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ABSTRACT 
 

 

Hundreds of miles of retaining wall systems exist in the western United States.  The California 

Department of Transportation (Caltrans) has a routine design for static applications that has been 

practiced by many public and private sectors.  However, seismic design of these retaining walls 

has not been extensively developed with a lack of accurate and reliable guidelines in the existing 

design codes and specifications. 

 

The objective of this research is to develop improved and validated rational guidelines for 

seismic design of retaining walls with/without sound wall to overcome the main drawbacks in 

the existing Caltrans design specifications and tools.  In the experimental research of this project, 

two test specimens are constructed based on Caltrans retaining wall design specifications.  The 

walls are backfilled with Caltrans specified soil and supported on flexible foundation in a soil 

box to be placed on the NEES Large High-Performance Outdoor Shake Table at the Englekirk 

Structural Engineering Center of the University of California, San Diego.  One of the specimens 

is a 1.83 m (6 ft) Type 1 Semi-Gravity Reinforced Concrete Cantilever Wall itself.  The other 

specimen is identical to the first wall but has a 1.83 m (6 ft) tall sound wall connected to the top.  

The soil container was subject to excitations with high and low frequencies on the shake table. 

 

During the subjected shakes, the test with and without sound wall have similar behavior in the 

backfill, but significant behavioral differences between the two tests were seen from the dynamic 

pressures measured on retaining wall with and without sound wall.  The pressure trend of the 

retaining wall without the sound wall has a similar pressure trend as the Mononobe-Okabe (M-

O) method, so the active resultant of pressure acts at one-third the height of the stem, which is 

the same location as the theoretical resultant based on the Coulomb and Rakine theories.  The 

addition of the sound wall had more dynamic pressure towards the top compared to bottom of 

stem, which created a non-linear pressure distribution along the height of the stem.  Therefore, 

the resultant of the active pressure does not act at one-third the height but at a taller height on the 

stem. 

 

This report presents the findings and results of the experimental tests of the retaining wall 

without the sound wall and the retaining wall with the sound wall designed according to Caltrans 

specifications.  It provides a description of the design of the test specimens, the experimental test 

set-up, the construction details of the test specimens, the results and analyses from the 

experimental tests, and the comparison of the test without the sound wall and the test with the 

sound wall. 
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1 Introduction 
 

As stated in the Caltrans Research Initial Scope of Work (California Department of 

Transportation 2008) on this research project, “Freeway retaining walls with and without sound 

walls are ubiquitous in California, and possess great potential for loss of life, property and 

facility closure under seismic excitations. Particularly the walls which support bridge abutments, 

buildings, critical utilities or other installation for which there is low tolerance for failure.” 

 

Caltrans routine design for static applications has been practiced by many public and private 

sectors.  However, seismic design of these retaining walls has not been extensively developed 

with a lack of accurate and reliable guidelines in the existing design codes and specifications.  

One key component in designing retaining wall systems is predicting the active lateral earth 

pressure.  Calculating the lateral earth pressure becomes more complicated and difficult to 

predict with earthquake loading.  The existing method to find the earth pressures exerted on 

retaining walls during earthquakes is based on the well-known Mononobe-Okabe method, which 

has several inherent limitations that assumes no water table is present and only valid for non-

cohesive soils.  Another method, being used more often, is so-called Newmark method.  

However, limitations also exist in this method, such as retaining walls with complex geometry 

and earthquake excitations with high peak ground accelerations. 

 

1.1 Background 

 

Despite the quantity of studies that have been carried out over the years, seismic response of 

retaining walls remains a very complex phenomenon that is far from being well understood.  The 

analyses of the seismic response of such systems may be classified into two groups: 1) the limit-

equilibrium analyses; and 2) the elastic analysis.  The limit-equilibrium analyses calculate the 

forces and moments in equilibrium to decide the factor of safety for failure of the retaining walls.  

The elastic analysis examines the walls based on their stiffnesses and bending them. 

 

The most representative method of the first group of methods is the well-known Mononobe-

Okabe method (1929).  The method was modified and simplified by Seed and Whitman (1970), 

and later developed by Richards and Elms (1979) in determining permanent (inelastic) outward 

displacements using the Newmark sliding block.  Representatives of the second group of 

methods are the contributions of Matuo and Ohara (1960), Wood (1973), and Veletsos and 

Younan (1994).  The Wood solution refers to an absolutely rigid wall fixed at its base and thus, 

the derived elastic dynamic earth pressures are more than two times higher than the pressures 

obtained from the limit-equilibrium methods.  This fact led to the widely-held impression that 

the elastic methods are conservative and inappropriate for practical use.  This was likely the main 

reason for the exclusive use of Mononobe-Okabe method in engineering practice. 

 

The Mononobe-Okabe (M-O) method is the pseudo-static analysis of seismic earth pressures on 

retaining structures, and it is one of the most widely used force-based methods.  The M-O 

method is based on the static Coulomb theory using pseudo-static conditions.  In the M-O 

analysis, pseudo-accelerations are taken into consideration to find the seismic earth pressures.  

The method is based on the assumptions that the wall and a wedge of soil behind it act as rigid 
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bodies with maximum shear stress mobilized along the potential planar sliding surface.  In other 

words, the wall is free to yield sufficiently to enable the full soil strength or active pressure 

conditions to be mobilized, which typically requires a relatively small wall displacement.  Since 

the M-O method is based on the Coulomb theory, they have the same limitations, and Coulomb’s 

theory is only applicable with non-cohesive soils with no water table present (Kramer 1996).  

From an earlier parametric study (Tavatli and Li 2007), shortcomings and limitations of the M-O 

method have been identified.  This study showed that a problem usually occurs when the backfill 

slope is greater than 15° and/or the horizontal acceleration coefficient is more than 0.3 g.  There 

are many cases that use higher horizontal acceleration coefficients and backfill slopes to design 

retaining walls. 

 

Even with the limitations and problems with the Mononobe-Okabe method, some cases have 

shown that the walls that have been designed with this method have withstood earthquakes.  

Fang et al. (2003) observed the failure of three retaining walls from the 1999 Chi-Chi earthquake 

in Taiwan.  To analyze the failure of the walls, they used a simplified analysis based on the 

Mononobe-Okabe method.  They reported that gravity walls designed based on the seismic earth 

pressure have generally performed well in earthquakes (Fang et al. 2003). 

 

With the limitations of the Mononobe-Okabe method, many engineers are looking at other 

methods to design retaining walls.  Newmark method, a displacement-based method, is a method 

that many engineers are researching to see if it overcomes the limitations of the M-O method.  

Newmark method is also known as the Newmark sliding block method.  This Newmark’s sliding 

block-on-a-plane model proves to be quite appropriate when considering the permanent 

deformation resulting from the internal and external sliding and sliding between the facing units.  

However, it still shares some basic assumptions with the pseudo-static method since the yielding 

acceleration is determined from a pseudo-static analysis and the failure surface exhibits rigid-

perfectly plastic shearing behavior.  Although a displacement-based design method is suggested 

by the AASHTO (2005), it inherently has the deficiencies of providing inaccurate estimates on 

earth pressures for cohesive soil with high back slope angles under high levels of seismicity.  

AASHTO recommends that this approach should not be used on retaining walls with complex 

geometry and retaining walls with earthquake loadings that have 0.3 g or greater peak 

accelerations (AASHTO 2005). 

 

1.1.1 Experimental Study 

 

To have a better understanding of the seismic behavior of retaining walls under earthquake 

loadings, experimental studies involving centrifuge tests and shake table tests have been 

investigated. 

 

1.1.1.1 Centrifuge Tests 

 

Bolten and Steedman (1982 and 1985) studied fixed base, relatively tall (46-ft prototype), micro-

concrete and aluminum, cantilever walls, retaining dry, cohesionless backfill.  The model walls 

were subjected to harmonic motions created by the “bumpy road” seismic simulator at 

Cambridge University.  They looked at flexible cantilever walls and dynamic bending moments 

in flexible cantilevers that can be approximated by triangular earth pressure distribution, so that 
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the line of thrust can be taken to act at one-third height of the wall.  They suggested that the 

effect of wall inertia should be accounted for in the analysis as a supplement to Mononobe-

Okabe earth pressure.  Richard and Elms (1979) also discussed this drawback in the M-O method 

of not taking into consideration the effects of wall inertia.  The exclusion of the wall inertia can 

lead to underestimation of the total force on the wall.  When looking at the seismic design of a 

wall, it is unreasonable to neglect the inertial forces because the weight of the wall takes most or 

all of the resistance to movement. 

 

Ortiz (1982) and Ortiz et al. (1983) conducted on 16-ft prototype flexible cantilever retaining 

model walls of two stiffnesses holding dry sand backfill.  Earthquake like motions were 

generated using a “toggle mechanism” connected to a hydraulic piston in conjunction with a 

spring.  Their centrifuge tests concluded that the static earth pressure theories as well as the 

Mononobe-Okabe theory predicted the resultant force in good agreement with experimental 

values from their centrifuge tests.  The earth pressure distributions were not linear with distance 

down the wall although a linear pressure distribution seems to be a reasonable “average” for the 

actual.  The residual values of all parameters after shaking were considerably greater than the 

static and a substantial percentage of the maximum.  Rankine and Coulomb theories found that 

the active pressure profile along the stem of a retaining wall should show the pressure increasing 

linearly with depth, which created a triangular distribution.  The active resultant pressure would 

be acting one-third from the bottom of the stem.  Seed and Whitman (1970) pointed out the fact 

that like the Coulomb analysis, the Mononobe-Okabe method was proposed to give the total 

force acting on the wall, but it did not necessarily give the distribution of the lateral pressure with 

the depth of the wall.  The location of the resultant force depends on the amount of wall 

movement and which way the wall movement occurs. 

 

Al Atik et al. (2007) performed two experiments on the dynamic centrifuge at the Center for 

Geotechnical Modeling at the University of California, Davis.  The two models were constructed 

in a rectangular flexible shear beam container.  The first model consists of two retaining walls, 

stiff and flexible, of approximately 6m height in prototype scale, spanning the width of the 

container.  The second model was performed on a uniform density sand model with the same 

stiff and flexible retaining wall structures that were used in first model.  The walls sit on 

approximately 12.5 m of dry medium dense sand and the backfill soil consists of dry medium 

sand.  From their tests, they have found that the motions are consistently amplified at the top of 

the walls, while the acceleration at the top of the soil indicates attenuation of the large magnitude 

input shaking in their centrifuge test.  The maximum dynamic earth pressures increase with 

depth and can be reasonably approximated by a triangular distribution analogous to that used to 

represent static earth pressure.  The current design methods do not consider the effective duration 

of loading and are quite conservative.  The traditional Mononobe-Okabe and Seed and Whitman 

(1970) design methods currently used in practice provide reasonably conservative estimates of 

the maximum induced seismic earth pressures.  The fact that the maximum loading occurs only 

for a very brief period needs to be carefully considered, especially in performance based design 

methodology. 

 

Another centrifuge test that agrees the Mononobe-Okabe method overestimated the total thrust 

on the wall was observed by Delwookar et al. (1994, 1996) and Stadler et al. (1995, 1996).  They 

studied 55-ft prototype cantilever, aluminum model walls with dry sand backfill.  One model had 
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a fixed base and another model a free base.  They investigated effects of frictional and 

frictionless wall-soil interfaces.  Near frictionless conditions were obtained by using oil-soaked 

latex membrane along the wall-soil interface.  For the fixed base case, the measured static 

pressure profiles did not increase linearly with depth.  However, they observed that the 

incremental dynamic pressures were not affected by the frictional properties of the wall, which 

also supported the Mononobe-Okabe equation.  The fixed base case had a dynamic pressure 

distribution between rectangular and inverted triangular.  For the free base case, dynamic 

pressure distribution was observed to be close to triangular.  The Mononobe-Okabe method 

overestimated the total thrust on the wall.  The measured and calculated (based on the M-O 

method) incremental dynamic earth pressures compared reasonably well for lower intensity base 

motions; the differences were greater for larger intensity base motions. 

 

Kutter et al. (1990) performed a series of centrifuge tests to study the behavior of sound walls 

mounted on the top of the retaining walls.  They were also interested in the behavior of 

reinforced soil, mechanically stabilized earth (MSE) walls, and reinforced concrete cantilever 

(Type I) retaining structures during earthquakes.  The models tested in this study represented 24-

ft high retaining walls with a dry granular backfill.  The concrete components of each system 

were modeled by aluminum.  The sound wall was also made of aluminum.  The sound wall was 

rigidly connected to the concrete cantilever retaining wall while the sound wall rested on an 

independent slab for the MSE wall.  The centrifuge results indicated that the permanent 

displacements are approximately two times greater for the MSE system than for the concrete 

retaining wall.  If the design of the retaining walls was based on minimizing permanent 

displacement, the conventional retaining wall design appeared to be superior to the MSE wall.  

The accelerations measured at the top of the sound wall are about five times larger for the 

conventional concrete retaining wall than for the MSE system.  The high accelerations for the 

reinforced concrete wall are attributed to the Type I system developed less damping than the 

MSE system.  In addition, the sound wall is clamped to the concrete retaining wall resulting in a 

long elastic continuous cantilever beam, which sustains large displacements and accelerations at 

top.  The large accelerations are detrimental to the stability of sound walls mounted on Type I 

retaining walls. 

 

1.1.1.2 Shake Table Tests 

 

A full-scale reinforced soil wall, 6 m high, was conducted for the metallic reinforcement by the 

Building Research Institute using the shaking table facilities available at the National Research 

Institute for Earth Science and Disaster Prevention (Futaki et al. 1996).  The resonance frequency 

and response were determined at several different heights: 2.5 m, 3.5 m, 4.5 m, and 6.0 m.  The 

wall was designed based on specifications to have a vertical spacing of 1.2 m, but the length of 

reinforcement was not reported.  The wall was constructed inside a laminar box (or shear box) 

3.0 m wide, 9.5 m long and 6.0 m high.  The box, which has a series of frictionless stacked rings 

of H-frames, eliminates the boundary effects at the end of the backfill.  The grease was used to 

eliminate side friction between the wall and backfill.  The static earth pressure recorded in the 

reinforcement was larger than that predicted using the earth pressure theory, which could be 

attributed to compaction effect.  With the shaking, the earth pressure increased following an 

increase in the input acceleration.  During shaking, the vertical stress at the bottom of the backfill 
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increased.  The accelerations in the backfill, concrete facing, and the reinforcement were slightly 

different, but all amplified toward the surface of the backfill. 

 

Ling et al. (2005) conducted full-scale tests on the large shaking table facility at the Japan 

National Research Institute of Agricultural Engineering.  The tested modular-block reinforced 

soil retaining walls were 2.8 m high, constructed on a soil foundation 20 cm thick.  A steel 

container was fabricated to accommodate the wall.  To prevent waves reflecting from the steel 

walls during shaking expanded polystyrene boards 10 cm thick were placed at the front and back 

ends of the steel container.  Side friction between the backfill and the box was reduced using a 

layer of grease isolated from the backfill by plastic sheets.  Fine sand was placed and compacted 

for the backfill and foundation.  The motions recorded during the Kobe earthquake were used in 

the tests with two excitations applied to each test.  Three walls with different reinforcement 

layouts were tested.  The reinforced soil retaining walls showed negligible deformation under 

simulated moderate earthquake.  Under earthquake loading, the lateral displacement was largest 

at the top of the wall.  A larger settlement occurred in the unreinforced zone of backfill, very 

likely to slight lateral slide of the reinforced mass.  The pressure distribution was not consistent 

for all three walls and it is hard to conclusively infer the shape of pressure distribution during 

shaking.  The pressure distribution was likely affected by the construction, in which a portion of 

the soil close to the facing in one of the walls could have been compacted more than others.  

However, a consistent trend is that the earth pressure increased with shaking and it was 

consistent with the displacement.  The peak and residual pressures during the first shaking did 

not differ much. 

 

A recent experimental study using shake-table was performed by Wilson and Elgamal (2009) at 

the same testing facility as this project.  This project used a similar test set-up, but they were 

mainly looking at the passive pressure on a heavily reinforced concrete wall under earthquake 

loading.  Wilson noticed that the modified Mononobe-Okabe method for estimating active 

pressure with cohesion was best predicted with input motions of 0.66 g or less.  The pressure was 

underestimated with stronger input motions.  He found that none of the theoretical methods that 

he used for predicting the dynamic earth pressure resultant force was accurate for the full range 

of input motions, which had the greatest peak input value of 1.20 g for their experiment. 
 

1.1.2 Numerical Study 

 

Veletsos and Younan (1994, 1997) created a simplified model of a flexible cantilever retaining 

wall that was elastically constrained against rotation at its base.  They concluded that when the 

dynamic amplification effects of the retained medium are neglected, the magnitude of the total 

wall force obtained for realistic wall flexibilities by the present method of analysis was in 

reasonable agreement with computed by the limit-state Mononobe-Okabe method.  Additionally, 

the effective wall height, which is the height by which the total wall force must be multiplied to 

obtain the overturning base moment, may well be of the order of 40 percent or less of the actual 

wall height.  These values are in close agreement with the one-third value involved in the 

original Mononobe-Okabe method, and substantially smaller than the 60 percent value 

recommended in the Seed-Whitman (1970) modification of the method.  For the soil-wall system 

examined, both the magnitudes and distributions of the wall displacement and the soil thrust 

induced by horizontal ground shaking are quite sensitive to the flexibilities of the wall and its 

base.  Increasing either flexibility reduces the horizontal extensional stiffness of the retained 
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medium relative to its shearing stiffness, and this reduction decreases the proportion of the soil 

inertia forces that gets transferred to the wall and, hence, the forces developed in it. 

 

Richard, Huang and Fishman (1999) have proposed a simplified kinematic method for the 

calculation of the earth thrust distribution, by taking into account the seismic response of the soil 

at the free field, assuming that it responds inelastic.  They found that the magnitude of the 

resultant seismic thrust at the active pressure limit-state can be defined by the stress state at the 

free field or the Mononobe-Okabe method.  The resultant effective seismic thrust acting point 

depends only on the shear modulus in-depth distribution and the wall displacement shape. 

 

Wu and Finn (1999) examined cases of homogenous and non-homogenous elastic soil layers.  

Moreover, a total of 250 combinations of earth acceleration and shear modulus distribution are 

examined.  The results (the resultant thrust values) are presented as a function of the cyclic 

frequency of the excitation to the fundamental cyclic eigenfrequency of the wall-soil system, 

which is estimated from an approximate procedure.  For the validation of their solution, they 

compare their results with those from other exact solutions (Wood 1973, Wu 1994, Finn et 

al.1994, Wu and Finn 1996) and conclude that the results match well.  For non-homogenous soil, 

the finite element method was used in this case.  The discretization of the retained soil is made 

by six-noded quadrilateral elements.  In order to validate the right operation of their model, the 

scholars compared the results for homogenous soil with those of the proposed closed form 

solution. 

 

1.2 Objectives 

 

In light of advances in bridge technology and requirements of seismic design, Caltrans has made 

significant improving changes to its Bridge Design Specifications (BDS 2004). However, 

seismic design of retaining walls has not been extensively addressed compared to other 

structures. Even though it is stated in Section 5.5.4 of BDS Chapter 5 that “the effect of 

earthquake shall be considered in the design of retaining walls which support bridge abutments, 

buildings, sound walls, critical utilities, or other installations for which there is a low tolerance 

for failure. The effect of wall inertia and probable amplification of active earth pressure and/or 

mobilization of passive earth masses by earthquake shall be considered,” only retaining walls 

that carry sound wall get seismically analyzed using the Suggested Design Procedure (the Office 

of Design of Technical Services 1993).  The design guidelines provided in the current Caltrans 

standards (only existent for the ones carrying sound wall) are based on simplistic analysis that do 

not explicitly account for a variety of factors (e.g., non-standard wall configurations, soil-

structure interactions, etc). These guidelines need to be validated with the assumptions used in 

the current design of retaining walls under seismic loading conditions in California. 

 

The objective of this project is to provide improved guidelines for seismic design of retaining 

walls based on full-scale experimental test using shake table testing method. 
 

1.3 Report Outline 

 

This report covers the preparation of the experimental testing to the results and the analysis of 

the test results.  Chapter 2 describes the design of the test specimens, which are based on the 
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Caltrans Specifications.  Chapter 3 gives the test set-up and loading protocol, which includes the 

description of the instrumentation and where the instrumentation was placed.  Chapter 4 provides 

the construction details of the test specimen and assembly of the large soil container, which was 

used to hold the test specimen under excitations.  Chapters 5 and 6 have the test results and 

analyses from the instrumentation used in the test without the sound wall and the test with the 

sound wall respectively.  Chapter 7 analyzes the comparison between the test without the sound 

wall and the test with the sound wall.  Chapter 8 has the comparison of the Mononobe-Okabe 

method to the results from both tests with and without sound wall.  Chapter 9 summarizes and 

concludes the report, and chapter 10 provides the references used in this report.  The appendices 

have additional information used to help with this project. 
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2 Design of Test Specimens 
 

Two full-scale shake table tests are performed on the Large High Performance Outdoor Shake 

Table at NEES-UC San Diego site.  The first test involves the retaining wall without the sound 

wall, and the second test has the retaining wall with the sound wall connected to the top.  These 

two retaining walls, including the dimensions and rebar layout, are designed according to the 

typical design plans in the Caltrans Bridge Standard Detail Sheets (California Department of 

Transportation 2008).  Both walls are semi-gravity reinforced concrete cantilever walls. 

 

2.1 Retaining Wall and Sound Wall Design 

 

The dimensions of the retaining wall are 2.21 m (7.25 ft) in height, which includes the height of 

the stem and footing, and 2.36 m (7.75 ft) in width (as shown in Figure 2.1).  The length of the 

wall is 2.69 m (8.83 ft) seen in Figure 2.2.  Both tests have the same set-up configuration on the 

shake table.  The sound wall involved in the second test is 1.83 m (6 ft) high and 2.64 m (8.67 ft) 

long.  The width of the sound wall is 0.20 m (8 in), which is the typical width of normal weight 

masonry blocks used in this project.  Steel reinforcement bars connect the sound wall to the 

retaining wall, and they extend from the top of the retaining wall to the top of the sound wall 

(1.83 m or 6 ft).  This reinforcement was placed every 0.30 m (1 ft) along the length of the 

retaining wall.  The sound wall is made of concrete masonry blocks with mortar bonding the 

blocks together.   After the masonry blocks are stacked on top of each other, grout is pumped 

into the holes of the blocks.  All of the material properties of the retaining walls and sound wall 

are given in Chapter 4 of this report. 

 

The wall with the design height of 1.83 m, which was the smallest design height out of the given 

design drawings from Caltrans, was chosen for this experiment.  This height is based on the size 

of the soil box because enough space was needed to be given to see the soil failure in the 

backfill.  The length of the backfill desired is at least twice the size of the design height of the 

wall in order to see the soil failure (Salgado 2006). 

 

As shown in Figure 2.7, the length of the retaining wall is 2.69 m (8.83 ft), and the inside 

dimension length of the soil container is 2.90 m (9.5 ft).  The joint seal is needed on the ends of 

the retaining wall length to give a frictionless boundary between the wall and the soil container 

used for testing.  With the retaining wall length at 2.69 m, there is enough space for the joint seal 

and the plastic sheeting at the ends of the wall. 

 

The height of the sound wall, 1.83 m (6 ft), was the minimum standard size sound walls that 

Caltrans uses.  Typically, a retaining wall with a design height of 1.83 m does not have a sound 

wall of greater length on top of it.  The height and width of the sound wall are shown in Figure 

2.3.  The length of the sound wall is determined on the placement of the rebar that connects the 

retaining wall to the sound wall.  This rebar goes through the holes of the masonry blocks used 

for the sound wall, so the blocks are spaced out evenly along the length of the retaining wall 

(2.69 m) with 25.4 mm (1 in) of space with no sound wall on the both sides of the retaining wall 

seen in Figure 2.4. 
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Figure 2.1 Spread footing section of retaining wall 

 

 

Figure 2.2 Top view of retaining wall 
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Figure 2.3 Spread footing section of retaining wall with sound wall 
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Figure 2.4 Top view of retaining wall with sound wall 

 

2.2 Layout of Laminar Soil Box 

 

In both tests, the retaining wall is backfilled with soil, both of which are contained in a steel 

laminar soil box placed on the shake table.  The laminar soil box is made of a number of W-

shape steel sections (rings) as shown in Figure 2.6.  Figure 2.6 shows the front side of the soil 

container (the south side).  For this project, 9 frames of W8x35 steel section is used for the top 

region of the box, and 10 frames of the W8x15 steel section is used for the region of the box.  

The inside dimensions of the laminar soil box are 6.71 m (22 ft) long, 2.90 m (9.5 ft) wide and 

3.35 m (11 ft) tall.  To lock the laminar beam in place and prevent the soil from leaking through 

the seams of the beam rings during the test, plywood is placed inside the box (Figure 2.5).  The 

soil box was fixed to the shake table and restrained laterally to act as a rigid box so that it moves 

as one body during the shaking, allowed for unidirectional movement.  To reduce the friction 

between the soil and the box during the test, plastic sheeting is placed on the inside of the soil 

box (Figure 2.7).  The retaining wall is positioned inside the soil box after 1.07 m (3.5 ft) of soil 

is deposited and compacted at the bottom of the box as observed in Figure 2.8.  Soil is not placed 

in front of the toe of the footing seen in Figure 2.8 in order to obtain results with the maximum 

translation of the retaining wall.  No soil in front of the footing allows the wall to slide more 

compared to soil in front of the footing, which adds resistance to sliding.  The backfills for both 

walls will have a zero slope.  The material properties of the soil and details of the set up of the 

soil laminar box are described in Chapter 4. 
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Figure 2.5 Lining of plywood inside soil container 

 

 

Figure 2.6 Steel laminar soil container 
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Figure 2.7 Plan view of test setup configuration 
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Figure 2.8 Section view of test setup configuration 

 

2.2.1 Bentonite 

 

In Figure 2.7 and Figure 2.8, the backside of the soil box has about a 101.6 mm (4 in) thick layer 

of bentonite that is used to serve as the absorbing material behind the soil to minimize stress-

wave reflections from the far end box boundary.  Bentonite is a clay-like material that consists of 

aluminium phyllosilicate.  It has a bulk density of 50 pounds per cubic foot.  The bentonite is 

enclosed by latex sheeting because the latex is flexible and has high tear resistance, which is 

needed during the shaking motions of the tests.  The bentonite came in a powder form in 50 

pound bags (Figure 2.9 (a)) from Geo Drilling Fluids, Inc. (Bakersfield, CA).  Bentonite chips 

(Figure 2.9 (b)) from Pacific Drilling Co. (San Diego, CA) were also used when the supply of the 

bentonite powder was an insufficient amount.  This material was added to a bucket and mixed 

with water using a paddle mixer (Figure 2.10) until there was a watery clay consistency.  The 

bentonite was made in small batches in order to get the uniform consistency.  These batches were 

then poured into the double layered heavy duty garbage bags that were duck tape shut, making 

sure that air did not get trapped inside the bags.  Garbage bags were used for easy transportation 

in order to place the bentonite in the laminar soil box and to ensure that the bentonite does not 

explode out during the test. 
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   (a)      (b) 

Figure 2.9 Bags of bentonite in (a) powder form and (b) chips 

 

 

Figure 2.10 Bentonite mixing 

 

2.2.2 Joint Seal 

 

Joint seals are expansion joints used for bridges and highways seen in Figure 2.11.  For this 

project, the purpose of the joint seal is to provide some frictionless boundary between the north 

and south sides of the wall as shown in Figure 2.7.  The joint seals are put in between the plastic 

sheeting and retaining wall on both north and south side.  The type of joint seal (shown in Figure 

2.12) that was used was the Wabo®Evazote UV from Watson Bowman Acme.  The seal 

accommodates movement allowing for 60 percent compression and 30 percent tension.  Also, it 
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allows up to 120 percent shear movement.  Table 2.1 provides the physical properties of the joint 

seal from Watson Bowman Acme.  The joint seal was 127 mm (5 in) by 152.4 mm (6 in) in size.  

Pockets are formed in the side of the retaining wall in order to fit the joint seals.  These pockets 

are 127 mm (5 in) long by 50.8 mm (2 in) wide. 
 

 

 

 

 

Figure 2.11 Wabo®Evazote UV Joint Seal (Watson Bowman Acme, 2007) 

 

 

Figure 2.12 Joint seal 
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Table 2.1 Physical properties of joint seal (Watson Bowman Acme, 2007) 
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3 Test Setup and Loading Protocol 
 

 

3.1 Testing Facility 

 

The experiment was conducted at the NEES Large High-Performance Outdoor Shake Table at 

the Englekirk Structural Engineering Center of the University of California, San Diego.  This 

facility houses the largest outdoor shake table in the world.  The dimensions of the table are 12.2 

m (40 ft) by 7.6 m (25 ft).  The shake table has the capacity to produce motions in the uniaxial 

direction with the maximum acceleration of 3 g, maximum velocity of 1.8 m/s, and maximum 

displacement of 0.75 m.  At the time of testing, the table was a triaxial system, but it has been 

upgraded to six degrees of freedom since January 2010, which was after the experimental testing 

was completed (Restrepo et al. 2005).  This project only used the shake table in the uniaxial 

direction, the normal direction to the retaining wall face. 

 

3.2 Instrumentation for the Test without the Sound Wall 

 

Instruments that are used for the tests are accelerometers, strain gages, inclinometers, earth 

pressure cells, linear variable displacement transducers, Flexiforce sensors, and MEM sensors.  

The retaining walls and soil are extensively instrumented to acquire reliable measurements of 

accelerations, displacements, strains, and earth pressures during the shaking.  Table 3.1 gives a 

summary of the instrumentation used in the tests, the purpose of the instrumentation, the general 

location of the instrumentation, and the output of the instrumentation from the data acquisition.  

The output units are given in parentheses. 
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Table 3.1 Summary of instrumentation used in experimental testing 

Type of 

Instrumentation 
Purpose of Instrumentation 

Location of 

Instrumentation 
Output 

MEM sensor Measure displacement along 

the length of the backfill 

Backfill Displacement 

(inches) 

Accelerometer Determine trend of 

acceleration along height of 

stem and acceleration along 

the length/depth of the backfill, 

can double integrate 

acceleration to find 

displacements also 

Backfill, Retaining 

Wall 

Acceleration 

(g) 

Flexiforce sensor Used to find pressure along the 

height of the stem and pressure 

along the length/depth of 

backfill 

Retaining Wall, 

MEM sensor (in 

backfill) 

Pressure 

(volts) 

Earth Pressure 

Cell 

Find lateral pressure 

distribution along the height of 

the stem and vertical bearing 

pressure along the width of the 

footing 

Retaining Wall Pressure 

(MPa) 

Inclinometer Obtain inclinations and 

rotations of along the height, 

length, and width of retaining 

wall 

Retaining Wall Rotation 

(degrees) 

Strain Gage Find strain on the rebar, back 

calculate strain to acquire 

pressure along the height of 

stem and pressure along the 

length/depth of backfill 

Rebar ( in retaining 

wall), Retaining 

Wall, MEM sensor 

(in backfill) 

Strain (no 

units) 

Linear Variable 

Displacement 

Transducer 

(LVDT) 

Measure horizontal 

displacement of retaining wall, 

vertical displacement of 

backfill (settlement/heaving) 

Backfill, Retaining 

Wall 

Displacement 

(inches) 

 

3.2.1 MEM Sensors 

 

The MEM sensors are evenly distributed in the backfill of the soil to record the inclination of the 

soil before and after the shaking of the tests but not during the shaking.  They measure the 

relative displacements in the backfill, so the displacement readings were taken before and after 

the shaking.  Accelerometers were placed in the backfill also to measure the acceleration during 

shaking that could be double integrated to find the displacements during the shaking.  The 

sensors are in-place inclinometer systems that contain a series of spaced inclinometers that 

measure the tilt readings in the horizontal or vertical direction of the backfill soil before and after 
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the shaking of each test.  These sensors are manufactured by GeoDAQ, Inc. (Sacramento, CA).  

Each sensor is made of a 3.20 m (10.5 ft) tube that consists of 10 inclinometers spaced out within 

the tube.  The network controller module operated on a 12-Volt battery, called the GCM, is 

connected to the sensors.  The GCM communicates the final results to the GeoDAQ, Inc. server 

in Sacramento, CA through a wireless modem with a sampling rate of 120.  GeoDAQ, Inc. sends 

these results of measured displacements in a spreadsheet.  The MEM sensors had been used as 

in-place inclinometers, real time monitoring of for deep excavation, foundation monitoring, and 

pile testing monitor. 

 

The outer housing of the sensors consists of ABS plastics.  Inside the sensors, the electronics are 

encapsulated in a marine grade water sealant, which gives corrosion resistant, durable, water 

tight housing.  The standard length of the module (sensor) is 2.44 m (8 ft) long, and the backfill 

has a depth of 3.17 m (10.43 ft), so GeoDAQ, Inc. added a 0.76 m (2.5 ft) module to the 2.44 m 

module.  A blue coupler bracket, seen in Figure 3.1, connects the 2.44 m module to the 0.76 m 

module (GeoDAQ, Inc 2010). 

 

 

Figure 3.1 Photograph of MEM sensor 
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Figure 3.2 MEM sensor connection detail and axis definition (GeoDAQ, Inc., 2010) 

 

3.2.2 Accelerometers 

 

The accelerometers were placed in the backfill and on the retaining wall to attain the trend of 

acceleration along the length and depth of the backfill and acceleration along the height of the 

stem.  The accelerometers were double integrated to obtain the trend of displacements in the 

backfill and on the retaining wall.  The displacements on the retaining wall were compared with 

the data of the displacements measured by the linear variable displacement transducers that were 

also placed on the wall. 

 

The accelerometers, shown in Figure 3.3, used for the testing is manufactured by Measurement 

Specialties, Inc, model 4000A.  The accelerometers are encased in aluminum housing, which is 

beneficial for transportation and instrumentation testing.  The dimensions of the accelerometer 

are 23.4 mm (0.92 in) wide by 20.92 mm (0.825 in) long by 8.6 mm (0.34 in) thick.  These 

sensors have a ±2 g to ±200 g dynamic range with signal conditioned output. 
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Figure 3.3 Photograph of accelerometer (Measurement Specialties, Inc., 2008) 

 

Accelerometers are placed in the backfill of the soil seen in Figure 3.4 and Figure 3.5.  The north 

side of the soil container is the furthest side of the container, and the south side is the closest side 

as shown in Figure 3.5.  They are set close to the MEM sensors so that the acceleration and 

inclination of the soil can be measured at similar spots in the soil.  There are ten MEM sensors 

placed in the backfill.  Additional accelerometers are put closer to the back of the retaining wall 

in the soil.  Four accelerometers were also attached to the retaining wall on the side with no 

backfill (east side) in Figure 3.6.  Two were on the top of the stem, and two on the middle of the 

stem.  There are 38 accelerometers that are used for the test. 

 

 

Figure 3.4 Section view with locations of MEM sensors and accelerometers 
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Figure 3.5 Plan view with location of MEM sensors and accelerometers 

 

 

Figure 3.6 Elevation view with location of accelerometers on east side of retaining wall 

 

3.2.3 Flexiforce Sensors 

 

The Flexiforce sensors were used as one of the ways to measure pressure along the height of the 

stem of the retaining wall and along the length and depth of the backfill.  They were very cost 

effective that a lot more of them were used in the testing compared to the other pressure 

measuring device, the earth pressure cells, which will be described later on in this chapter.  

However, the Flexiforce sensors give an indirect measurement of pressure unlike the pressure 

cells, which give a direct measurement of pressure.  Al Atik et al. (2007) used this sensor for 

their centrifuge test to measure the pressure along the height of stiff and flexible retaining walls.  
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In their project, the sensors were used more for qualitative interpretations rather than quantitative 

interpretations because there was significant drifting of the sensors. 

 

The Flexiforce sensors measure the force over an active sensing area seen in Figure 3.8.  The 

application for these sensors is to incorporate them into force-to-voltage circuits, which means 

that they need to be calibrated in order to convert the output to appropriate engineering units.  

When calibrating the flexiforce sensors, certain output voltages correspond to specific amounts 

of force.  The sensors are very sensitive to testing conditions that they are calibrated in 

conditions similar to the ones expected during the testing.  The sensors were mounted to a base 

plate of a small container shown in Figure 3.7.  The container was then filled with similar soil 

that was used in the backfill.  Known amounts of force were applied to the container and the 

responses of each Flexiforce sensor was recorded and used as calibration. 
 

  

Figure 3.7 Calibrating Flexiforce sensors 

 

Flexiforce sensor, manufactured by Tekscan, Inc, is an ultra-thin and flexible printed circuit that 

measures static and dynamic forces.  It is 0.208 mm (0.008 in) thick and 197 mm (7.75 in) long, 

as shown in Figure 3.8.  These sensors have an active sensing area on the ends of the sensors that 

is a 9.53 mm (0.375 in) diameter circle.  For this project, the Flexiforce sensors with the zero to 

one pound range (zero to 62.43 kPa pressure range) are used. 

 

 

Figure 3.8 Photograph of a flexiforce sensor (Tekscan, Inc., 2007) 

 

The Flexiforce sensors are positioned on the west side (side with backfill) of the retaining wall 

seen in Figure 3.9, both on the stem and the footing of the wall, and on the MEM sensors (in the 
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backfill) shown in Figure 3.10.  These sensors were used to measure the pressure on the wall 

from the backfill soil and the pressure in the soil.  Figure 3.10 illsutrates that all of the MEM 

sensors had six Flexiforce sensors attached along the height of each MEM sensor, except for the 

column of MEM sensors closest to the back of the soil container.  Figure 3.5 shows the two 

MEM sensors closest to the back of soil container.  These only had four Flexiforce sensors 

attached to each MEM sensor because there was a connection problem with a few of the 

Flexiforce sensors.  There are 73 Flexiforce sensors used in a test with 17 sensors on the 

retaining wall and 56 on the MEM sensors. 

 

 

Figure 3.9 Location of Flexiforce sensors on west side of retaining wall 
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Figure 3.10 Elevation view with location of Flexiforce sensor along the height of MEM 

sensor unit 

 

3.2.4 Earth Pressure Cells 

 

Among all of the devices used to measure pressure, the earth pressure cells were the most 

reliable instrumentation to attain pressure because they directly measured it.  The earth pressure 

cells were used to measure the pressure along the height of the stem while the Flexiforce sensors 

and strain gages (described later in the chapter) were indirectly measuring the pressure on the 

wall. 

 

Earth pressure cells are circular flat cells made of stainless steel discs welded around the 

periphery.  They are from Texas Measurements, Inc., and the type used for this project was 

KDE-200KPA.  These pressure cells are strain gage base transducers.  These kinds of cells have 

strain gages mounted to diaphragm of the cells.  When pressure is applied to the cell, an 

electrical signal is outputted, which is correlated to the earth pressure (Theroux et al 2000).  

There sensors are 50 mm (2 in) in diameter and 11.3 mm (0.449 in) thick.  They have a pressure 
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range of zero to 200 kPa based on the estimation of the expected pressure.  According to the 

manufacturer, these pressure cells should be able to withstand 300 kPa without damage.  The 

input/output cable comes out from the same side of the pressure cell, as shown in Figure 3.11.  

The cells mounted to the stem measure the lateral pressure along the height of the stem, and they 

are also mounted underneath the footing to measure the vertical distribution of pressure 
 

 

Figure 3.11 Photograph of earth pressure cell (Texas Measurements, Inc., 2008) 

 

Four other types of earth pressure cells were researched in addition to the ones used from Texas 

Measurement, Inc.  These four products are supplied by Geokon, Kulite, Encardio-Rite, and 

Interfels.  Table 3.1 shows a summary of the sensors by these suppliers. 
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Table 3.2 Summary of earth pressure cells 

Vendor Geokon Kulite Encardio-Rite Interfels 

Type Semi-conductor 

(Series 3500) 

Semi-conductor 

(LQ-080U) 

Vibrating wire (EPS-

30V-X) 
Vibrating wire 

Dimensions 
6230 mm 

Diameter/thickness 

> 5 
7200 mm 200 mm in diameter 

Output 2mV/V or 4-20 mA 100 mV Hz Hz 

Accuracy 
±0.5%F.S. 

±0.5%F.S.O. 

(Max) 
±0.5%F.S. ±0.5%F.S. 

Range 
100;250;400;600 kPa 

1;2;5;6 MPa 

0-10 psi 

0-50 psi 

0-100 psi 

Not Available 300-15,000 kPa 

Price 
$395/piezometer 

$0.76/foot (cable) 

$780/unit 

If >50 units 10% 

discount 

Not Available Not Available 

Reference “Measurement of 

Static and Dynamic 

Soil Stress and Strain 

using in-ground 

Instrumentation” 

(Miller et al. 2007) 

“Performance of a 

Cantilever 

Retaining Wall” 

(Bentler and Labuz 

2006) 

Not Available Not Available 

Observations 

Not Available 

Output monitored 

on most 

conventional 

instrument systems 

Not Available Not Available 

Contact 

Geokon, Inc. 

48 Spencer St. 

Lebanon, NH 03766 

USA 

(603) 448-1562 

geokon@geokon.com 

www.geokon.com 

Kulite 

Semiconductor 

Products, Inc. 

One Willow Tree 

Rd, Leonia, NJ 

07605 

Tel: (201) 461-

0900 

Fax: (201) 461-

0990 

www.kulite.com 

Encardio-Rite 

Electronics PVT. 

LTD. 

A-7 Industrial Estate, 

Talkatora Rd, 

Lucknow, PU-

226011, India 

Tel: +91 (522) 

2661044 

Fax: +91 (522) 

2661043 

sales@encardio.com 

www.encardio.com 

Interfels GmbH, Am 

Bahndamm 1, 48455 

Bad Bentheim, 

Germany 

Tel: +49 5922 99417 0 

Fax: +49 5922 99417 
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info@interfels.de 

www.interfels.com 

 

The earth pressure cells are mounted on the backside (east side) of the retaining wall in order to 

measure the soil pressure on the wall, shown in Figure 3.12.  The cells on the retaining wall were 

mounted by bonding them onto pre-drilled galvanized steel plates that are drilled into the wall, 

which was done by Bentler and Labuz (2006), in Figure 3.14.  Quick-setting mortar is placed 

between the steel plates and retaining wall to ensure smooth contact with the wall.  Additional 

pressure cells are installed underneath the footing of the retaining wall as seen in Figure 3.13.  
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During the construction process of the walls, molds that were the same size as the pressure cells 

were placed in the formwork of the footing before the concrete was poured shown in Figure 3.15.  

These molds were later removed when all of the instrumentation was placed on the wall.  These 

molds allow the pressure cells to be mounted underneath the footing so that the surface of the 

cell is flush with the wall surface.  Chapter 4 also describes in detail how the pressure cells were 

mounted.  For the test, thirteen earth pressure cells are used. 

 

 

Figure 3.12 Location of earth pressure cells on east side of retaining wall 

 
 

Figure 3.13 Plan view of location of earth pressure cells underneath wall footing 
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Figure 3.14 Pressure cells mounted to retaining wall 

 

 

Figure 3.15 Pressure cell mold in footing 

 

3.2.5 Inclinometers 

 

The inclinometers are placed on the retaining wall to obtain bending, inclination, and rotation of 

the wall from earthquake excitations.  AccuStar Electronic Clinometers, manufactured by 

Measurement Specialties, Inc, were the inclinometers used.  As shown in Figure 3.16, this 

inclinometer is 0.61 m (2 in) in diameter.  They are capacitance-based sensors.  The rotation of 

the sensor produces linear change in capacitance resulting in corresponding output signal.  The 

inclinometers have a total range of ±60 degrees and a linear range of ±45 degrees. 

 

Mold of Pressure Cell 
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Figure 3.16 Photograph of inclinometer (Measurement Specialties, Inc., 2007) 

 

The inclinometers are mounted on the stem and footing of the retaining wall through aluminum 

plates and bolts.  Two inclinometers were placed on the footing, two inclinometers were 

positioned on each end (north and south) of the top of the stem, and two were on the east side of 

the stem.  A total of six inclinometers were attached to the wall in order to measure the 

inclination along the height, width, and length of the wall. 

 

 

Figure 3.17 Location of inclinometers on north side of retaining wall 
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Figure 3.18 Location of inclinometer on south side of retaining wall 

 

 

Figure 3.19 Location of inclinometers on east side of retaining wall 

 

3.2.6 Strain Gages 

 

The data from the strain gages on the retaining wall and on the MEM sensors are used to 

indirectly measure the pressure developed from the surrounding soil.  Strains on the concrete 

wall and the steel reinforcing bars are measured in the critical regions along the wall height.  The 

pressure from the strain gages are compared with the measurements from the pressure cells.  

Strain gages on the rebar of the retaining wall can detect large strains on the rebar, where more 

bending is caused in the wall. 

 

All strain gages using during this test are supplied by Texas Measurements, Inc.  These strain 

gages are typical foil strain gages that measure in volts.  The strain gages on the rebar and the 

MEM sensors are 6 mm (0.24 in) long in Figure 3.20.  The strain gages on the retaining wall are 

30 mm (1.18 in) long in Figure 3.21.  All of the strain gages have the lead wires connected to the 

terminals, so no soldering is needed to connect the lead wires to the gages. 
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Figure 3.20 Photograph of strain gage on rebar and MEM sensor (Texas Measurements, 

Inc., 2008) 

 

 

Figure 3.21 Photograph of strain gage on retaining wall (Texas Measurements, Inc., 2008) 

 

Strain gages are placed on both sides of the stem of the retaining wall (Figure 3.23), steel rebars 

of the retaining wall (Figure 3.22) and the MEM sensors (Figure 3.24).  The strain gages on the 

reinforcing bars are placed on every other transverse bar to monitor the strain development in the 

reinforcement.  Figure 3.24 shows that all of the MEM sensors had six strain gages attached 

along the height of each MEM sensor.  A total of 168 strain gages are used for each test. 

 

 

Figure 3.22 Spread footing section with location of strain gages on Rebar 
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Figure 3.23 Location of strain gage on the east/west side of the retaining wall 
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Figure 3.24 Elevation view with location of strain gage along the height of MEM sensor 

unit 

 

3.2.7 Linear Variable Displacement Transducers 

 

Linear variable displacement transducers (potentiometers) were placed on retaining wall and on 

top of the backfill.  The potentiometers on the retaining wall measured the horizontal 

displacement of the wall with the earthquake excitations.  The ones on the top of the backfill give 

the vertical displacements to see if the excitations make the soil settle or heave along the backfill. 

 

The linear variable displacement transducers placed on the stem of the retaining wall are 

manufactured by Celesco.  These transducers are called cable-extension position transducer, 

which are also popularly known as string potentiometers.  A flexible cable is attached to the eye 

hook of the device, and it detects and measures the horizontal displacement of the retaining wall.  

It has a maximum signal output of 10 volts.  The output signal is proportional to the linear 

movement of its measuring cable.  The test used the sensors with a stroke length of 508 mm (20 

in).  The potentiometer is 141.2 mm (5.56 in) in length and 63.3 mm (2.49 in) in width seen in 

Figure 3.25. 
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Figure 3.25 Photograph of potentiometer on retaining wall (Celesco, 2010) 

 

The linear variable displacement transducers made by Penny & Giles (Figure 3.26) are selected 

to measure the vertical displacement of the soil (settlement or heaving).  These linear 

displacement sensors have varying stroke lengths of 150 mm (5.91 in) and 200 mm (7.87 in).  

The applied maximum voltage is 74 volts.  For the linear displacement sensor with a stroke 

length of 175 mm, the body length of the sensor is 260.8 mm (10.27 in) and for the sensor with a 

stroke length of 200 mm (7.87 in), the body length of the sensor is 285.8 mm (11.25 in). 

 

 

Figure 3.26 Photograph of potentiometer on top of backfill (Penny & Giles, 2008) 

 

The linear variable displacement transducers (potentiometers) are placed horizontally in the front 

face of the wall at different elevations to measure the displacement or sliding and tilting of the 

stem (Figure 3.27).  The vertical settlement of the backfill soil is measured using potentiometers 

installed at the soil top surface (Figure 3.28).  As mentioned earlier in this chapter, the north side 

of the soil container is the furthest side of the container, and the south side is the closest side as 

shown in Figure 3.28.  A total of 21 potentiometers are used in each test with 9 potentiometers 

on the retaining wall and 12 on the backfill. 

 

A frame was fabricated for the top of the soil container in order to hold the linear potentiometers 

upright to measure the vertical displacements.  The frame was made of aluminum C-channels 

that was bolted to the top of the soil container seen in Figure 3.29.  A shown in Figure 3.30, 

laminated boards, brought from a home improvement store, were placed underneath the 

potentiometers, so they could only slide in the direction of the shakes.  The boards were 3/8” 

thick plywood that were laminated for the potentiometers to easily slide on. 
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Figure 3.27 Elevation view with location of linear potentiometers 

 

Figure 3.28 Plan view with location of linear potentiometers 
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Figure 3.29 Aluminum frame for linear potentiometers on backfill 

 

 

Figure 3.30 Laminated boards placed underneath linear potentiometer 
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3.3 Instrumentation for the Test with the Sound Wall 

 

The same type of instrumentation and instrumentation layout were used for the retaining wall 

with the sound wall test.  Additional device was added to this test due to partial damage of 

certain instrumentations during the first test.  Also, a small amount of instrumentation was added 

to the sound wall to monitor the response of the sound wall structure. 

 

3.3.1 Earth Pressure Cells 

 

Additional five earth pressure cells were added to this test.  Three extra earth pressure cells were 

mounted to the backside of the retaining wall (Figure 3.31), and two extra earth pressure cells 

were placed underneath the footing (Figure 3.32).  The added pressure cells are circled in Figure 

3.31 and Figure 3.32. 

 

 

Figure 3.31 Location of earth pressure cells on east side of retaining wall 
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Figure 3.32 Plan view of location of earth pressure cells underneath wall footing 

 

3.3.2 Linear Variable Displacement Transducers 

 

Three linear variable displacement transducers, also known as string potentiometers, were added 

to the footing of the retaining wall in Figure 3.33 and Figure 3.35.  Potentiometers were placed 

on the footing order to see how much the stem displaces compared to the footing.  They were not 

attached onto the footing in the test without the sound wall because more bending of the stem 

was expected in this test with the sound wall on top of the retaining wall.  In the test without the 

sound wall, the stem and footing were supposed to move more as a rigid body. 

 

 

Figure 3.33 Location of linear potentiometers on east side of retaining wall 
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3.3.3 Instrumentation on Sound Wall 

 

In Figure 3.34 and Figure 3.35, two accelerometers and two string potentiometers were placed on 

the sound wall to compare the accelerations and the displacements to those on the retaining wall. 

 

 

 

Figure 3.34 Location of accelerometers and linear potentiometers on east side of sound wall 

 

 

Figure 3.35 Photograph of accelerometers and linear potentiometers on sound wall 

 

3.4 Loading Protocol 

 

3.4.1 General 

 

The loading protocol for the tests includes the input motions from the Northridge earthquake, the 

Kocaeli earthquake, and the Takatori earthquake shown in Table 3.3.  Each motion was tested at 

different percentages, 25% (25P), 50% (50P), 75% (75P), and 100% (100P).  The reason these 
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earthquakes were selected are explained below in Sections 3.4.2, 3.4.3, and 3.4.4.  The first 

motion performed on the shake table was the white noise shake at three percent root mean 

squared (RMS) for five minutes.  After the white noise shake, sinusoidal sweeps were applied for 

initial characterization of the test specimens before the earthquake motions.  Four sinusoidal 

sweeps were conducted on each test.  For the test without the sound wall, sweeps with 

amplitudes of 0.05 g and 0.075 g were conducted at gradual increases and decreases from 1 to 20 

Hz and 20 to 1 Hz.  The test with the sound wall had sweeps of amplitudes 0.01 g and 0.02 g 

with gradual increases and decreases of 1 to 20 Hz and 20 to 1 Hz.  Prior to each of these shake 

motions, white noise shake at three percent RMS was conducted on the soil-wall system. 

 

Table 3.3 Ground motions with peak input values 

Percent of Ground 

Motion 
Ground Motion 

PGA 

(g) 

PGV 

(m/s) 

PGD 

(mm) 

  Northridge 0.16 0.09 10.32 

25P Kocaeli 0.08 0.08 27.46 

  Takatori 0.16 0.20 46.70 

  Northridge 0.32 0.18 20.64 

50P Kocaeli 0.15 0.17 54.92 

  Takatori 0.31 0.40 92.88 

  Northridge 0.47 0.27 30.96 

75P Kocaeli 0.23 0.25 82.38 

  Takatori 0.47 0.60 138.70 

  Northridge 0.63 0.36 41.29 

100P Kocaeli 0.31 0.34 109.84 

  Takatori 0.62 0.80 185.77 

150P Northridge 0.94 0.54 61.93 

200P Northridge 1.26 0.71 82.57 

 

The soil container was subjected to the ground motions in the order that ground motions are 

shown in Table 3.3 for both tests.  The sequence of the loading protocol is shown in Table 3.4.  

The white noise, sinusoidal sweeps, and ground motions (in this order) were performed on the 

test without the sound wall first, and then this loading protocol was repeated again for the test 

with the sound wall. 
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Table 3.4 Loading protocol 

 Input Motion 

1 White noise shake, 3% RMS, 5 minutes 

2 Sinusoidal sweep at 1-20 Hz with 0.05 g amplitude* 

3 Sinusoidal sweep at 20-1 Hz with 0.05 g amplitude* 

4 Sinusoidal sweep at 1-20 Hz with 0.075 g amplitude
‡
 

5 Sinusoidal sweep at 20-1 Hz with 0.075 g amplitude
‡
 

6 Northridge 25P 

7 Kocaeli 25P 

8 Takatori 25P 

9 Northridge 50P 

10 Kocaeli 50P 

11 Takatori 50P 

12 Northridge 75P 

13 Kocaeli 75P 

14 Takatori 75P 

15 Northridge 100P 

16 Kocaeli 100P 

17 Takatori 100P 

18 Northridge 150P 

19 Northridge 200P 

*For the test with the sound wall, sinusoidal sweep has an amplitude of 0.01 g 
‡
For the test with the sound wall, sinusoidal sweep has an amplitude of 0.02 g 

 

3.4.2 Northridge Earthquake 

 

The 1994 Northridge earthquake has a magnitude of 6.7, and the main shock lasted about 15 

seconds.  This earthquake is a high frequency shake.  It produced the one of the strongest ground 

motions ever instrumentally recorded in an urban setting in North America.  Extensive damage 

to structures was caused by the Northridge earthquake.  Furthermore, the earthquake triggered 

many landslides in the mountains near the area (Mortezaei and Zahrai 2009).  The ground motion 

was chosen because it is one of the most famous earthquakes in California that caused a lot of 

damage.  Since this experiment is researching the guidelines of Caltrans retaining walls, a 

recorded earthquake from California is necessary for this test. 
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Figure 3.36 Time history of the Northridge earthquake 

 

3.4.3 Kocaeli Earthquake 

 

The earthquake of Kocaeli of 1999 is a low frequency shake, which happened in northwestern 

Turkey.  The earthquake has a magnitude of 7.4, and the duration of the earthquake is 20 

seconds.  It caused buildings to collapse from a rapid and smooth bilateral fault (Yagi and 

Kikuchi 2000).  This earthquake had relatively low peak ground acceleration out of the three 

earthquakes used as the input motions, but the maximum ground velocity is comparable to the 

Northridge and Takatori earthquakes with large peak ground accelerations.  The low peak ground 

acceleration with a long duration pulse may have damaging effects on structures. 
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Figure 3.37 Time history of the Kocaeli earthquake 
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3.4.4 Takatori Earthquake 

 

The next earthquake is the 1995 Takatori earthquake, which was part of the Kobe earthquake.  

The Takatori earthquake had a magnitude of 6.9 and had a strong motion duration of 7.5 seconds 

to 12.5 seconds.  This earthquake had a mixture of low and high frequencies.  The Takatori shake 

caused more than half the buildings suffer from collapse and damage in the city, so it was used 

as an input motion to see if it would cause damage to the retaining walls that were tested in this 

experiment (Mortezaei and Zahrai 2009). 
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Figure 3.38 Time history of the Takatori earthquake 
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3.4.5 Time Histories of Input Motions 

 

The following figures, Figure 3.39 through Figure 3.44, illustrate the time histories of the ground 

motions, Northridge, Kocaeli and Takatori, used in the testing.  These ground motions were 

tested at different percentages, 25%, 50%, 75%, and 100%.  Additional 150% and 200% of the 

Northridge earthquake was performed at the end of the loading protocol.  The time histories of 

the 100 % earthquakes were scaled down to provide the 25%, 50%, and 75% input motions.  

Also, the time histories of the 100 % Northridge earthquake were scaled up to give the 150% and 

200% input motion. 

 

The 25%, 50%, 75%, and 100% earthquakes were used to examine and compare the results at 

those different intensities, such as Northridge 25P, Northridge 50P, Northridge 75P, and 

Northridge 100P were compared with each other.  The Kocaeli and Takatori earthquakes were 

also compared at the different percentages.  In addition, all of the 25% earthquake, Northridge, 

Kocaeli, and Takatori, were analyzed together to see how the different motions effected the 

retaining wall and backfill.  This was also done with the 50%, 75%, and 100% motions.  With 

the high frequency of Northridge, Northridge 150P and Northridge 200P were performed at the 

end of the testing to observe the “worst case” failures of soil and damage.  Northridge 200P was 

the largest ground motion that would be allowed by the testing site while taking in safety on the 

shake table. 

 



47 

 

 

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0 5 10 15 20 25 30 35 40 45

Time (s)

A
c
c
e
le

ra
ti

o
n

 (
g

)

 
(a) Northridge earthquake 
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(b) Kocaeli earthquake 
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(c) Takatori earthquake 

Figure 3.39 Ground motions with 25P for (a) Northridge earthquake, (b) Kocaeli 

earthquake, (c) Takatori earthquake 
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(a) Northridge earthquake 
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(b) Kocaeli earthquake 
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(c) Takatori earthquake 

Figure 3.40 Ground motions with 50P for (a) Northridge earthquake, (b) Kocaeli 

earthquake, (c) Takatori earthquake 
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(a) Northridge earthquake 
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(b) Kocaeli earthquake 
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(c) Takatori earthquake 

Figure 3.41 Ground motions with 75P for (a) Northridge earthquake, (b) Kocaeli 

earthquake, (c) Takatori earthquake 
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(a) Northridge earthquake 
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(b) Kocaeli earthquake 
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(c) Takatori earthquake 

Figure 3.42 Ground motions with 100P for (a) Northridge earthquake, (b) Kocaeli 

earthquake, (c) Takatori earthquake 
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Figure 3.43 Ground motions with 150P Northridge earthquake 
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Figure 3.44 Ground motions with 200P Northridge earthquake 

 

3.5 Problems and Limitations in the Project 

 

There were several problems and limitations that had unexpectedly arised during this project.  

The major problem being that the Co-PI of this project did not cooperate to complete the 

numerical modeling and simulation of this experimental project, which was one of the 

deliverables that Caltrans wanted from this project.  The modeling and simulation did not have 

the same boundary conditions that were applied in the experimental testing.  The retaining walls 

in the model needed to take into consideration the flexibility of the wall in the higher intensity 

shakes with previous shakes already performed on them.  The specimens should not be too stiff 

in the model.  With an incomplete modeling, it could not be compared to the experimental 

results.  In addition, a design process, which predicted the lateral pressure on the wall of different 

heights, could not be concluded based on the modeling.  However, a simplified design process 

was concluded based on the test specimens and soil properties used in experimental test. 



52 

 

 

Other main problems and limitations in the experimental test: 

 Numerical modeling and simulation was not done before the experimental test to look for 

the maximum pressure experienced on the wall.  Some of the pressure cells placed 

underneath the footing of the retaining wall were damaged because the pressure 

measurements were beyond the capacity of the pressure cells used. 

 Only three locations that the pressure cells were placed along the height of the stem 

measured lateral pressure in test without sound wall, so the strain gages were back-

calculated to examine the pressure and assist in determing a pressure distribution.  In the 

test with sound wall, two extra pressure cells were added along the height in order to 

investigate the pressure distribution. 

 Accelerometers were placed at two locations (top and middle of stem) along the height of 

the stem.  No accelerometers were placed near the bottom of the stem, which could help 

investigate the movement stem.  A linear trend of movement was assumed when taking 

into consideration the moment inertia that was needed in the back-calculation of the 

strain gages to find lateral pressure on the wall. 

 An effective tracking device for soil failure profile (cracking development/propagation) 

along the length and height of the backfill soil was needed in this test.  Due to time and 

constraints of the soil container, a possible way of tracking the depths of the failure 

during each shake was not found. 

 With the bentonite used to minimize stress-wave reflections at the far end of the soil 

container, these wave reflections were still measured by the instrumentation at that region 

in the soil container. 

 The Flexiforce sensors experienced drift and the original calibration factors developed for 

these sensors could not be applied to the results. 
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4 Construction Details 
 

 

4.1 Materials 

 

4.1.1 Concrete 

 

The concrete used for the two retaining walls (test without the sound wall and test with the sound 

wall) had a design compressive strength of 3750 psi from Vulcan Materials Company from San 

Diego, CA.  It consisted of 43.23% of fine aggregate and 56.77% of coarse aggregate in the 

concrete mix.  Two separate concrete pouring were involved due to the 2-stage construction of 

the retaining wall: one for the footing and the other for the stem.  Two batches of concrete 

cylinders were made for each pour in order to monitor the development of the concrete strength 

shown in Figure 4.1 and Figure 4.2.  The concrete mix of the footing had a slump of 4 in, and the 

concrete mix for the stem had a slump of 5 in.  The University of California, San Diego campus 

laboratory tested the strengths of the cylinders according to the standard concrete compressive 

tests per ASTM Standard C39/C39M.  For the test without the sound wall, the concrete strength 

was recorded on the 86
th

 day, and for the test with the sound wall, the concrete strength was 

recorded on the 105
th

 day.  The concrete strength was higher for the footing than the stem.  The 

concrete strength was 6.15 ksi and 5.54 ksi for the footing and stem on the day of the test without 

the sound wall.  The concrete strength was 6.52 ksi and 6.17 ksi for the footing and stem on the 

day of the test with the sound wall. 
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Figure 4.1 Concrete strength of footing of retaining wall 
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Figure 4.2 Concrete strength of stem of retaining wall 

 

4.1.2 Steel Reinforcing Rebar 

 

All of the steel reinforcing rebar used in the retaining wall is #5 rebar with a yielding strength of 

60 ksi.  Standard uniaxial tensile tests were conducted per ASTM A370 on three #5 rebar 

specimens in the structural laboratory at the University of California, San Diego.  Figure 4.3 

gives the stress-strain curves of the three rebar specimens tested.  Table 4.1 has the stresses of 

the rebar specimens, and Table 4.2 has the strains of the rebar specimens.  The average yield 

stress (66.19 ksi) tested was higher than the given yield stress of 60 ksi.  The rebar started to 

rupture at 97.79 ksi, the average rupture stress, and the rebar ruptured around 31.6 ksi after it 

yields.  The average ultimate stress was slightly higher than the average rupture stress.  The 

standard deviations for the yield strength, ultimate strength, and rupture strength were very small 

that there was not much variance of strength.  The corresponding average yield strain and 

average ultimate strain to the average yield stress and average ultimate strain were 0.00457 in/in 

and 0.186 in/in respectively.  The standard deviations for the yield strain and ultimate strain 

varied more than the strength of the rebar with lower strains seen in Figure 4.3. 
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Figure 4.3 Stress-strain curve for rebar specimens 

 

Table 4.1 Test results on stress of the rebar specimens 

Specimen No. Yield Stress (ksi) Ultimate Stress (ksi) Rupture Stress (ksi) 

Specimen 1 66.11 106.47 97.90 

Specimen 2 66.63 106.84 96.86 

Specimen 3 65.82 105.72 98.61 

Average 66.19 106.34 97.79 

Standard Deviation 0.41 0.57 0.88 

 

Table 4.2 Test results on strain of the rebar specimens 

Specimen No. Yield Strain 

(in/in) 

Ultimate Strain 

(in/in) 

Specimen 1 0.00373 0.200 

Specimen 2 0.00453 0.166 

Specimen 3 0.00544 0.193 

Average 0.00457 0.186 

Standard Deviation 0.00086 0.018 

 

4.1.3 Soil Properties 

 

Caltrans wanted the soil in the backfill to have a sand equivalent value of not less than 20 and 

conform to Table 4.3 (California Department of Transportation 1999).  The soil should be a silty 

sand or gravely sand that was fairly clean of fines and had a cohesion of zero to 100 psf. 

 

Table 4.3 Grading of Soil 

Sieve Size % Passing 

3” 100 

# 4 35-100 

# 30 20-100 
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To investigate the soil properties of the soil used as the backfill for the tests, three soil tests were 

performed.  These tests were the sieve analysis, tri-axial test, and direct shear test.  Soil samples 

were taken, and these tests were done locally by Geocon Inc., San Diego, CA. 

 

The sieve analysis is a procedure (ASTM C136) used to assess the particle size distribution of 

the soil and helps classifies the soil.  Table 4.4 and Figure 4.4 give the grain distribution and 

classify the soil as a silty sand, which closely conforms to Table 4.3.  The percentage of 

cumulative passing, seen in Figure 4.4, is percentage of soil that passes through the sieve, which 

could be found by subtracting 100 percent from the percentage of soil retained from the sieve. 

 

Table 4.4 Sieve analysis of backfill 

Sieve Size % Passing 

3” (38.1 mm) 98 

1 1/2” (25.4 mm) 95 

3/4” (19 mm) 94 

1/2” (12.5 mm) 92 

3/8” (9.5 mm) 90 

#4 (4.75 mm) 80 

#8 (2.36 mm) 83 

#16 (1.18 mm) 66 

#30 (600 μm) 50 

#50 (300 μm) 32 

#100 (150 μm) 19 

#200 (75 μm) 11 
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Figure 4.4 Backfill soil grain distribution range 
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The tri-axial test (ASTM D4767) is a testing method used to determine the shear strength 

parameters of the soil and stress-strain properties.  The direct shear test (ASTM D3080) is 

performed on relatively undisturbed soil samples in order to also determine the shear strength 

parameters, such as the friction angle (φ) and the cohesion (c).  The first and second samples of 

soil were tested on July 30, 2009 and October 13, 2009 respectively.  The first soil sample was 

taken to obtain the soil properties before the test without the sound wall was performed.  Another 

sample was taken after the test with the sound wall to see if the soil properties changed.  The tri-

axial test was only tested once on July 30, 2009, and the direct shear test was tested twice on 

both dates because results of the shear strength parameters were the critical properties that 

needed to be evaluated. 

 

The Mohr circles for the total stress and effective stress, in Figure 4.5, develop the failure 

envelopes to find the friction angle (φ), effective friction angle (φ’), cohesion (c), and effective 

cohesion (c’).  The tri-axial test results suggested φ of 48.7 degrees, φ’ of 40.8 degrees, cohesion 

c of 0 psf, and c’ of 0 psf.  This test showed that the soil was cohesionless with the cohesion and 

effective cohesion of 0 psf, but the soil had a high friction angle and effective friction angle, 

which implied the soil was dense. 
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Figure 4.5 Strength parameters from tri-axial test 

 

For the direct shear test, two samples of soil were tested at each date.  The direct shear tests were 

performed on samples to failure at three different normal stresses.  On July 30, 2009, the first 



58 

 

sample showed a φ = 38.5 degrees and c = 111 psf.  The second sample had a φ = 37.0 degrees 

and c = 36 psf.  On October 30, 2009, the φ = 40.3 degrees and 37.7 degrees and c = 507 psf and 

208 psf respectively for the first and second samples of soil tested.  This showed the first sample 

having higher cohesion than the second sample because the first sample had a higher shear stress 

explained in Figure 4.6.  The samples from both dates were compared as shown in Figure 4.6.  

10/13 Sample 1 had a higher shear stress at a normal stress of 2000 psf, which was the only data 

point out of twelve data points to indicate any cohesion.  Geocon, Inc. clearly identified this soil 

as having very little cohesion even with that one data point. 
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Figure 4.6 Results from direct shear test 

 

Geocon, Inc. also helped compact the backfill and took nuclear gauge measurements to verify the 

dry density, moisture content, and relative compaction of the backfill. Table 4.5 and Table 4.6 

give the summary of these soil properties for each test (with and without sound wall).  For the 

test without the sound wall, the averages of the dry density, moisture content, and relative 

compaction were 113.9 lb/ft
3
, 11.2%, and 95.3%, respectively.  The averages of the dry density, 

moisture content, and relative compaction for the test with the sound wall were 113.5 lb/ft
3
, 

11.2%, and 95.0%, respectively. 
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Table 4.5 Summary of conducted nuclear gauge backfill density test measurements for test 

without sound wall  

Date Dry Density (pcf) Moisture Content 

(%) 

Relative Compaction 

(%) 

08/21/2009 113.9 11.0 95.3 

08/21/2009 113.8 11.4 95.2 

08/21/2009 114.2 11.1 95.6 

08/25/2009 113.6 9.6 95.1 

08/25/2009 113.7 9.8 95.1 

08/25/2009 114.0 10.2 95.4 

08/26/2009 114.7 12.2 96.0 

08/26/2009 113.8 11.3 95.2 

08/26/2009 113.4 12.2 94.9 

08/26/2009 113.4 10.4 94.9 

08/26/2009 114.1 11.8 95.5 

08/26/2009 112.9 13.2 94.5 

08/27/2009 113.2 11.9 94.7 

08/27/2009 114.8 11.2 96.1 

08/27/2009 114.6 10.1 95.9 

Average 113.9 11.2 95.3 

 

Table 4.6 Summary of conducted nuclear gauge backfill density test measurements for test 

with sound wall  

Date Dry Density (pcf) Moisture Content 

(%) 

Relative Compaction 

(%) 

09/21/2009 113.6 11.5 95.1 

09/21/2009 113.7 11.5 95.1 

09/21/2009 112.9 11.3 94.5 

09/22/2009 113.6 11.3 95.1 

09/22/2009 112.9 11.6 94.5 

09/22/2009 114.2 10.2 95.6 

09/23/2009 113.1 11.3 94.6 

09/23/2009 113.8 10.7 95.2 

09/23/2009 113.5 11.0 95.0 

Average 113.5 11.2 95.0 

 

4.1.4 Sound Wall Materials 

 

The masonry blocks that were used for the sound wall were concrete masonry unit (CMU) 

blocks that are medium weight.  The CMU blocks are considered Grade N, which means that 

they are suitable for below and above ground and can be exposed to weather.  The mortar used to 

bond the CMU blocks together had a compressive strength of 1500 psi.  The mortar was 

classified as Type S, commonly for exterior or interior use.  The grout that was pumped into the 
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holes of the CMU blocks had a strength of 2000 psi.  The CMU blocks, mortar, and grout 

conform to ASTM C90, ASTM C270, and ASTM C476 respectively.  The properties of the 

sound wall materials were given by New Dimensions Masonry, Inc., the San Diego, CA 

company that constructed the sound wall on top of the retaining wall for the project.  Those 

properties were not tested due to time constraints. 

 

4.2 Specimen Preparation 

 

4.2.1 Strain Gages on Rebar 

 

The retaining wall and sound specimens were constructed on site next to the shake-table testing 

facility in San Diego.  Before the construction, strain gages were applied onto the steel rebars 

used in the reinforced concrete retaining wall (stem and footing) in the home laboratory at UC 

Davis before the rebars were transported down to San Diego. 

 

4.2.2 Formwork and Rebar Layout 

 

On the site in San Diego, the construction process started with laying out the rebar and 

assembling the formwork for the retaining walls.  All of the formwork was built out of plywood.  

The formwork for the footing was constructed first, and the rebar for the footing was laid out and 

tied seen in Figure 4.8.  The rebar layout for the footing and stem is shown in Figure 4.7.  About 

three inches of soil was placed inside the bottom of the footing formwork to give a rough finish 

on the bottom of the concrete retaining wall because many cast-in-place walls have a rough 

surface on the bottom.  Also, the retaining wall could sit adequately in the soil during testing.  

Two PVC pipes are placed across the length of the footing within the formwork to preserve 

space for anchoring rods during the transportation of the walls from the concrete casting beds to 

the shake table.  The concrete for the footing was then poured into the formwork shown in Figure 

4.9.  Then, the rebar for the stem and sound wall were laid out and tied.  Snap-ties were attached 

into the stem of the wall to counteract the lateral pressure of the concrete once the concrete was 

poured.  The formwork for the stem was constructed around the rebar and snap-ties (as shown in 

Figure 4.10).  A closer picture showing the snap ties can be seen in Figure 4.11.  Four 1” 

diameter holes were made into the toe side of the wall so that the wires for the strain gages on the 

rebar could come out and connect to the data acquisition.  Pockets were formed in the side of the 

stem in order to fit the joint seals (Figure 4.13), which is discussed in Section 4.5.5.  These 

pockets were 5 inches long by 2 inches wide (Figure 4.43).  After all of the materials for the 

inside of the formwork for the stem were arranged, the concrete for the stem was poured day 

after the concrete was poured for the footing.  One day was needed to construct the stem. 



61 

 

 

Figure 4.7 Rebar layout of retaining wall 

 

 

Figure 4.8 Laying out rebar for footing 
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Figure 4.9 Concrete pour of footing 

 

 

Figure 4.10 Laying out rebar for stem 
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Figure 4.11 Snap ties on stem of retaining wall 

 

 

Figure 4.12 Concrete pour of stem 
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Figure 4.13 Pocket formed in side of retaining wall 

 

4.2.3 Formwork Removal 

 

After the concrete cured for two weeks, the formwork was stripped from the wall, and the PVC 

pipes are cut flush with the concrete surface.  After all of the formwork was taken off, the walls 

were painted white with oil-base paint.  Figure 4.14 illustrates the painted retaining wall. 
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Figure 4.14 Painted retaining wall with formwork removed 

 

4.2.4 Sound Wall 

 

During the setup of the first test (retaining wall contained no sound wall), the sound wall was 

constructed on top of the second retaining wall right next to the shake table.  The construction of 

the sound wall was done by New Dimensions Masonry, Inc. from San Diego, CA.  The concrete 

masonry sound wall was 1.83 m (6 ft) tall and 2.64 m (8.67 ft) in length.  The masonry blocks 

were stacked on top of each other with mortar, in Figure 4.15, which took a day to complete.  

The next day, after stacking the masonry blocks to a 1.83 m height, grout was placed inside the 

holes of the blocks.  The completed sound wall (Figure 4.15) took two days to construct. 

 

 

Figure 4.15 Constructing the sound wall 
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Figure 4.16 Completed sound wall 

 

The retaining wall with the sound wall needed to be transported into the soil box with the crane 

(Figure 4.17).  It was necessary to keep the sound wall intact while transferring it into the soil 

box, so site foreman was able to make a special lifting frame (brace) out of wood blocks in order 

to stabilize the wall seen in Figure 4.18. 
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Figure 4.17 Transporting of retaining wall with sound wall 
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Figure 4.18 Bracing for retaining wall with sound wall 

 

4.3 Instrumentation Installation 

 

4.3.1 Strain Gages Installation on Retaining Wall 

 

After the walls were painted, the strain gages were attached onto the front side (east side) and 

backside (west side) of the stem of the wall According to the pre-determined location as 

discussed in Chapter 3, the strain gages were placed on the wall with the strain gage wires 

trailing up the top of the wall in order to easily attach the wires to the data acquisition (shown in 

Figure 4.19 and Figure 4.20). 
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Figure 4.19 Strain gages on west side (backside) of retaining wall 

 

 

Figure 4.20 Strain gages on east side (front side) of retaining wall 

 

4.3.2 Earth Pressure Cell Plates on Retaining Wall 

 

The earth pressure cells were placed on the stem and footing of the retaining walls.  The idea of 

how to mount the pressure cells onto the wall was based on Bentler and Labuz (2006).  This 

paper described bonding the pressure cells onto pre-drilled galvanized steel plates, and these 



70 

 

steel plates were installed on the retaining wall.  The steel plates fabricated in this project were 

square plates with an indented circle in the middle to host the pressure cell unit (Figure 4.21).  

Holes for 1/4” screws were created in the corners of the steel plates.  Quick-setting mortar was 

placed between the steel plates and the concrete wall surface to ensure smooth contact with the 

wall, as suggested by Bentler and Labuz (2006). 

 

General instructions for attaching the steel plates are as follows: 

 

1). Mark the holes of where the steel plates are placed. 

2). Drill the 3/16” hole into the marked holes with a hammer drill. 

a. Drill at least 1.5” into the wall. 

3). Put mortar on the back of the steel plate. 

4). Place steel plate (with mortar) on desired place on the wall and screw 1/4” blue 

concrete screws with a drill in all four corners of the plate. 

a. Use 5/16” hex bit for the drill. 

b. If the screws do not go in all of the way, use a ratchet to finish tightening the 

screws. 

 

 

Figure 4.21 Steel plate attached for earth pressure cell 

 

Circular molds that were the same size as the pressure cells were placed in the formwork of the 

footing, before the concrete was poured, shown in Figure 4.22.  The retaining wall was tilted 

(Figure 4.23) to remove the molds of pressure cells and to place the pressure cells underneath the 

footing of the wall.  These molds allow the pressure cells to be mounted underneath the footing 

so that the surface of the cell is flush with the wall surface.  All of the pressure cells (on stem and 

footing) were place on the pressure cells plates with a small amount of quick drying epoxy. 
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Figure 4.22 Pressure cell mold in footing 

 

 

Figure 4.23 Tilting of retaining wall for pressure cell installation underneath the footing 

 

4.3.3 Inclinometer Plates on Retaining Wall 

 

The inclinometer plates (Figure 4.24) for the retaining wall were fabricated in a similar manner 

as the earth pressure cell plates that were made for the retaining wall.  The inclinometer plate 

was a square plate with holes for 1/4” screws in the corners of the plate.  There were also two 

small holes for screwing in the inclinometer.  Figure 4.25 has the inclinometer attached to the 

retaining wall with the steel plate. 

 

Below are the general instructions for attaching the steel plates: 

 

1). Mark the holes of where the steel plates are placed. 

2). Drill the 3/16” hole into the marked holes with a hammer drill. 

a. Drill at least 1.5” into the wall. 

Mold of Pressure Cell 
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3). Place the steel plate on the desired place on the wall and screw 1/4" blue concrete 

screws with a drill in all four corners of the plate. 

b. Use 5/16” hex bit for the drill. 

c. Recommended to screw in one corner and leave it a little loose, then do the 

diagonal screw, screwing in all of the way.  Screw in the other one all of the 

way afterwards. 

d. If the screws do not go in all of the way, use a ratchet to finish tightening the 

screws. 

 

 

Figure 4.24 Inclinometer plate 

 

 

Figure 4.25 Inclinometer attached to retaining wall 

 

4.3.4 Attaching Flexiforce Sensors to Retaining Wall 

 

The Flexiforce sensors were attached to the retaining wall with double stick tape, but in order for 

the tape to stick to the retaining wall, a smooth surface was needed on the wall.  The Flexiforces 

on the wall were placed right next to the strain gages, so epoxy was brushed right next to the 
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strain gages for a smooth surface for the double stick tape as shown in Figure 4.26.  The 

Flexiforce sensors were than attached to the wall. 

 

 

Figure 4.26 Epoxy on retaining wall for attachment of Flexiforce sensors 

 

4.3.5 Linear Potentiometers on Retaining Wall 

 

The linear potentiometers (string potentiometers) were setup on the retaining wall to measure the 

lateral displacement of the wall during the unidirectional shaking.  Wood blocks that were 2 in 

by 4 in were put on the front (east side) of the soil box so that the potentiometers could be bolted 

on.  Less than an inch hole was drilled into the retaining wall at designated spots to screw in eye 

hooks to connect the string from the potentiometers to the retaining wall.  Figure 4.27 shows 

potentiometers setup on the retaining wall with the photograph looking down onto the wall. 
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Figure 4.27 Potentiometer setup on retaining wall 

 

4.3.6 Accelerometers on Retaining Wall 

 

Attaching the accelerometers to the retaining wall was similar to the process of attaching the 

potentiometers to the wall.  Holes were drilled at selected spots on the retaining wall.  These 

holes were less than an inch long.  Accelerometers were fastened onto aluminum cubes that were 

screwed into the drilled holes. 

 

 

Figure 4.28 Accelerometer attached to retaining wall 



75 

 

 

4.3.7 Strain Gages on MEM Sensors 

 

GeoDAQ, Inc. from Sacramento, CA shipped the MEM sensors to the San Diego site by Fed-Ex.  

Since Fed-Ex only ships packages that were 8 feet or less in length, and the MEM sensors were 

10.5 feet long, GeoDAQ manufactured 8 ft long standard segments and additional 2.5 ft long 

attachments.  A small cable connecting the 8 foot sensor to the 2.5 foot sensor was provided, and 

a blue coupler snapping the two sensors into place was fabricated (Figure 4.29).  After the 

sensors were connected together, six strain gages, spaced 0.46 m (1.5 ft) were placed on each 

MEM sensor.  The strain gages were attached onto the side of the MEM sensors that face the 

retaining wall, which was east side of the soil container (Figure 4.30). 

 

 

Figure 4.29 Coupler for MEM sensor segments 

 

 

Figure 4.30 Strain gages on MEM sensors 
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4.3.8 Waterproofing Instrumentation Cables/Wires 

 

Since water was used during the compaction of the soil in the soil box, the cables and wires of 

the instrumentation were checked so that they were waterproof.  For the Flexiforce sensors, there 

were some exposed wires at the end of the sensors and the connecting wire to the circuit boxes.  

Liquid tape, which was also known as liquid rubber, was brushed onto the exposed electrical 

connections shown in Figure 4.32.  For the MEM sensors, the male cables that were placed at the 

base supports, at the bottom of the soil box, had some exposure where the cable enters the black 

connector shell.  These exposed areas were filled with silicone sealant seen in Figure 4.31. 

 

 

Figure 4.31 Waterproofing MEM sensor cables 

 

 

Figure 4.32 Waterproofing Flexiforce sensors 
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4.4 Assembling the Laminar Soil Box 

 

The laminar soil box the site consisted of a steel framed base and laminar frames that were 

manufactured from W-shape steel sections.  The base of the soil box was placed in the center of 

the shake table.  The base of the soil box was composed of three pieces.  These three pieces were 

securely fastened together, and the whole base was post-tensioned to the shake table as seen in 

Figure 4.33.  The frames were stacked on top of the base.  For this test, 9 frames of W8x35 steel 

section were used in the lower region of the box, and 10 frames of the W8x15 steel section were 

used for the upper region of the box. 

 

 

Figure 4.33 Assembling the base of the laminar soil box 

 

There were two towers that were also bolted to the sides of the soil box so that the box was 

locked in the direction of the shaking and provide additional restraint.  These towers sat on top of 

concrete blocks that were also post-tensioned to the shake table shown in Figure 4.34.  Steel 

beams were welded between the towers and the soil box (Figure 4.35) so that the soil box is fully 

locked when shaking. 

 

 

Figure 4.34 Laminar soil box with towers 
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Figure 4.35 Steel beam welded to tower and soil box 

 

4.5 Preparation of the Inside of the Soil Box 

 

4.5.1 Lining the Laminar Soil Box 

 

The steel I-beams in the laminar soil box were stacked directly one layer above the other.  

Therefore gaps existed between the layers which needed to be lined so that the soil did not leak 

out of the frames during the testing.  Pieces of 3/8” CDX plywood was placed on all four vertical 

sides of the box (Figure 4.36).  Tie wire was used to keep the plywood flat against the sides of 

the soil box.  The plastic sheeting (visqueen) was then stapled onto the plywood on the sides of 

the box.  After the plastic sheeting was in place, it was greased to create frictionless contact 

surface with backfill soil. 
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Figure 4.36 Lining of plywood inside soil box 

 

4.5.2 Placing MEM Sensors in Soil Box 

 

Base supports were fabricated for the MEM sensors seen in Figure 4.37.  These supports were 

glued down to the base of the soil box with silicone sealant at their designated spots to prevent 

the bottom of the sensors sliding during the test.  The MEM sensors were placed in the base 

supports, and the female cables were attached to the sensors.  The male wires were placed on the 

top of the MEM sensors.  The extension cable that was connected to the GCM, which 

communicates the data to the GeoDAQ, Inc. server, came out of the southwest corner of the soil 

box.  Figure 4.38 is the setup of the MEM sensors with the cable connection, which was created 

by GeoDAQ, Inc.  The sensors are flexible so they were tied with string to the towers to the sides 

of the soil box (Figure 4.39) to keep them as straight as possible while the soil was compacted. 

 

 

Figure 4.37 Base support for MEM sensor 
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Figure 4.38 MEM sensor setup 

 



81 

 

 

Figure 4.39 MEM sensors and latex sheeting bag in laminar soil box 

 

4.5.3 Putting the Latex Sheeting Bag in the Laminar Soil Box 

 

A bag made of latex sheeting (Figure 4.40), supplied by Hygenic Corporation, with the 

dimensions of 2.90 m (9.5 ft) long by 88.9 mm (3.5 in) thick by 3.66 m (12 ft) high was 

fabricated and positioned behind the backfill soil in the west end (Figure 4.39).  The latex 

sheeting has a modulus of elasticity of 130 psi and a tensile strength of 4000 psi (Hygenic 

Corporation 2008).  Garbage bags filled with compressible bentonite material were then 

deposited into this containing bag.  The bentonite material was used to allow the backfill soil near 

the end to move laterally so as to minimize the stress-wave reflections from the far end box boundary.  
Shoe glue was used to glue the latex sheeting together to get the dimensions that we needed for 

the containing bag.  Due to the fact that the shoe glue was not able to completely fill the seams in 

the joining lines, duck tape was also used over the seams to double make sure the bag contained 

the bentonite.  Tie wire was tied horizontally around the whole latex bag to the soil box to ensure 

that the bag stays up straight and not interfere with the compaction.  The locations of tying the tie 

wire were around the base, the middle, and toward the top of the bag.  At the very top of the bag, 

the bag was clamped to the soil box and stapled to the plywood lined inside the box. 
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Figure 4.40 Top part of the latex bag 

 

4.5.4 Placing Retaining Wall in Laminar Soil Box 

 

After a 1.07 m thick layer of soil foundation (3.5 ft) was deposited and compacted at the bottom 

of the box (Figure 4.41), the retaining wall was lifted by a heavy-duty crane from the ground and 

placed inside the laminar soil box seen in Figure 4.42.  Then, more soil was added until the 

compacted soil reached a height of 2.95 m (9.67 ft). 
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Figure 4.41 Soil distributed in the soil box 

 

 

Figure 4.42 Placing retaining wall into laminar soil box with crane 
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4.5.5 Joint Seal 

 

Once the retaining wall was positioned inside the laminar soil box, the joint seals (Figure 4.43) 

were inserted inside the pockets (127 mm by 50.8 mm or 5 in by 2 in) on both ends of the 

retaining wall to provide a frictionless boundary between the wall and the soil box.  The joint 

seal was 127 mm by 102 mm (5 in by 4 in), which had a length than the pocket made in the 

retaining wall.  The seal filled the small gap between wall and the soil box.  The joint seals are 

squeezed into these pockets via a metal guide, and it was able to compress while squeezing it 

through the pockets. 

 

 

Figure 4.43 Joint seal in pocket of retaining wall 

 

4.5.6 Backfill Soil Compaction in the Laminar Soil Box 

 

Before the soil was transported from the front of the site (a few hundred feet away from the 

shake table) to the shake table, a hose was used to spray the soil to keep it wet enough to have a 

moisture content around 12%.  Very little water was added to the soil if it became to wet and 

more water added when the soil was dry while compacting the soil.  The soil was transported 

with a shovel truck to the shake table seen in Figure 4.44.  The crane lifted the bucket, which 

held about a cubic yard of soil, full of soil into the soil box.  After two feet of soil was brought 

into the soil box, two gasoline powered whackers (Figure 4.45 and Figure 4.46) were used to 

compact the soil to around 95 percent as specified by Caltrans (California Department of 

Transportation 1999).  According to Geocon, the gasoline powered whacker had an impact force 

between 3500 to 4500 pounds with an average of 650 whacks per minute.  The whacker weighed 

approximately 150 pounds. 

 

127 mm 

50.8 mm 
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Figure 4.44 Transporting the soil from the front of the site to the shake table 

 

 

Figure 4.45 Compacting soil in soil container 
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Figure 4.46 Compacting soil with whacker 

 

Nuclear gauge tests were performed by Geocon Inc., San Diego, CA, throughout the soil 

compaction process (Figure 4.47).  These tests were taken after compaction of every two feet of 

soil.  For the first test without the sound wall, the soil showed an average unit weight of 113.9 

lb/ft
3
 with a 95.3% relative compaction average.  The second test with the sound wall illustrated 

the soil having an average unit weight of 113.5 lb/ft
3
 with an average relative compaction of 

95.0%.  Both tests had an average moisture content of 11.2%. 

 

 

Figure 4.47 Nuclear gauge test 

 

Plywood was put in between the latex sheeting bag and the compacted soil to leave room for the 

bags of bentonite.  The bentonite was poured into double layered heavy duty garbage bags for 
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easy transportation to place into the soil box.  Once a round of soil compaction was finished, 

bentonite bags were deposited behind the soil at the far west end.  The plywood was then moved 

up to the next layer of compaction until the box was filled up with soil to the designated height. 

 

4.5.7 Embedding Accelerometers into Backfill Soil 

 

During compaction, accelerometers were placed in the backfill at selected levels along the height 

of the soil.  Looking at the instrumentation layout of the accelerometers, in Chapter 3, the 

accelerometers are 0.79 m (2.58 ft) apart from each other in a row.  The cables of the 

accelerometers were wrapped around wooden dowels seen in Figure 4.48.  Having the 

accelerometers on wooden dowels helped keep them at the same level during compaction.  Two 

accelerometers would be wrapped around one dowel, and the accelerometers were placed 0.79 m 

apart.  These dowels would be embedded into the soil (Figure 4.49) at specific heights along the 

depth of the soil that were shown in the instrumentation layout.  The use of the wooden dowels 

was to find the accelerometers more easily when excavating the soil and prevent the 

accelerometers from being damage.  When excavating the soil with shovels, the shovel would 

more likely hit the dowels, and the soil would be carefully excavated around the area of the 

dowels so that the shovels would not break the accelerometers. 

 

 

Figure 4.48 Accelerometer on wooden dowel 
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Figure 4.49 Accelerometer placed in compacted soil 

 

4.6 Preparations on Top of Backfill 

 

4.6.1 Potentiometers Set-Up 

 

After the backfill soil was compacted, linear variable displacement transducers were installed on 

top of the soil to measure the settlement.  Aluminum C-channels were used to fabricate a frame 

that was bolted to the soil box to hold the potentiometers up right (pointing downward) seen in 

Figure 4.50.  Laminated boards were put underneath the potentiometers that allow the 

potentiometers to slide (Figure 4.51).  The boards were 3/8” thick plywood that were laminated 

for the potentiometers to easily slide on. 

 

 

Figure 4.50 Frame fabricated for the potentiometers on the soil 
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Figure 4.51 Potentiometer setup on soil 

 

4.6.2 Grid Pattern on Top of Backfill 

 

For the test without the sound wall, white sand was placed in a grid pattern on top of the soil to 

track any potential crack development in the backfill soil.  0.30 m (1 ft) by 0.30 m (1 ft) grid was 

made seen in Figure 4.52.  For the test with the sound wall, orange spray paint was used to make 

a grid pattern on top of the compacted soil instead of white sand because it is more visible and 

the white sand was falling in the cracks of the soil, based on the observations from the first test. 
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Figure 4.52 Grid pattern of white sand on compacted soil 
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5 Test Results of Retaining Wall without Sound Wall 
 

The test without the sound wall was the first test performed on the shake table.  This section 

discusses the detailed results on observations such as failure modes, displacement response of the 

retaining wall, soil pressure developed on the retaining wall and in the soil, settlement in the 

backfill soil.  Unnecessary and insignificant data from instrumentation can be found in Appendix 

F. 

 

 

5.1 Failure Mode 

 

During the testing of the retaining wall without the sound wall, no damage was observed from 

the ground motions up to Kocaeli 75P.  At the end of this Kocaeli 75P seismic motion, many of 

the potentiometers on the retaining wall hardly measured any displacement.  During Takatori 

75P, the first crack was observed from the top of the soil as shown in Figure 5.1.  This crack 

propagated along the width of the backfill soil and continued to grow throughout the subsequent 

shaking of the Northridge 100P.  During the next shaking of Kocaeli 100P, no further growth 

was found in this crack and no other cracks formed in the soil.  A second main crack was 

developed in the soil not far away from the retaining wall during the following Takatori 100P.  

After the Northridge 150P, four new cracks were also observed with the compacted soil 

slamming against the retaining wall.  The other cracks that formed earlier during the Takatori 

75P and Takatori 100P increased in size during this Northridge 150P.  During the last shaking, 

Northridge 200P showed even more thrusting of the backfill with the pressure cells measuring 

significant amounts of pressure increase that were not seen in the previous tests.  This shake 

substantially disrupted the backfill, as observed during the test.  Figure 5.2 illustrates all of the 

cracks in the soil after the Northridge 200P, which is the last shake of the test.  Figure 5.3 shows 

the crack pattern developed in the backfill at the end of each shake with the width of the cracks 

measured at the end of the entire test.  It should be noted that these crack widths were measured 

after the entire testing was completed due to safety reasons and accessibility difficulty to the top 

of the soil in between the shakes (while the shake table was on pause under high hydraulic 

pressure). 
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Figure 5.1 First crack in backfill for retaining wall without sound wall seen after Takatori 

75P 

 

 

Continuous 

crack in the 

backfill 
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Figure 5.2 Crack pattern in backfill for retaining wall without sound wall after Northridge 

200P 

 

 

Figure 5.3 Crack development in the backfill for retaining wall without sound wall 

 

Retaining 

wall 
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After all of the testing was finished, concrete cracks were observed at the joint between the stem 

and the footing along the length of the retaining wall on both sides, the side without the soil 

(Figure 5.4) and the side with the soil (Figure 5.5).  There were no other cracks on the stem and 

footing of the retaining wall caused by the ground motions.  The shakes with larger magnitudes 

triggered more bending motion of the wall stem in addition to sliding, which caused the joint 

between the stem and the footing to eventually form a crack.  Bending of the stem was also 

recognized with greater displacements at the bottom of the stem than near the top for the higher 

shakes based on the measurements from the potentiometers (to be discussed in the next section). 

 

 

Figure 5.4 Crack formed between stem and footing on side without soil after Northridge 

200P for test without sound wall 

 

 

Figure 5.5 Crack formed between stem and footing on side with soil after Northridge 200P 

for test without sound wall 

 

This project was particularly looking at the behavior of the active soil pressure behind the 

retaining wall.  The active pressure is when the wall moves away from the soil and failure occurs 
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as the soil wedge moves against the back of the wall, forming a plane.  Figure 5.6 shows a linear 

representation of the first active failure plane and failure plane angle (α).  Test without sound 

wall had the first failure plane occur in Takatori 75P and had a failure plane angle (α) of 57.4°.  

This failure plane happened 1.35 m from the heel side of the footing and 2.57 m from the stem of 

the wall. 

 

Coulomb and Rankine earth pressure theories predict the failure plane angle.  Their theories were 

developed with the assumptions that the soil is homogenous, isotropic, cohesionless, and well 

drained.  The equation for calculating the failure plane angle is α=45+(φ/2), whiere φ is the 

friction angle of the backfill.  With a backfill friction angle of 48.7° from the triaxial test, the 

failure plane angle would be 69.4°.  The predicted failure plane angle was 17% more than the 

failure plane angle in test without sound wall.  The failure based on Coulomb and Rankine 

theories estimated it to happen closer to the wall. 

 

 

Figure 5.6 First failure plane in test without sound wall 

 

 

α=57.4° 
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5.2 Lateral Wall Displacements from Potentiometers 

 

Nine string potentiometers were placed on the stem of the retaining wall seen in Figure 5.7.  

PW1-1, PW2-1, and PW3-1 were placed at the top of the stem.  PW1-2, PW2-2, and PW 3-2 

were 1.22 m (4 ft) from the bottom of the stem, and PW1-3, PW2-3, and PW3-3 were 0.61 m (2 

ft) from the bottom of the stem. 

 

 

 

Figure 5.7 Location of potentiometers on east side of retaining wall for test without sound 

wall 

 

There was a complication with the string potentiometers that were placed on the retaining wall.  

For the shakes from Northridge 25P to Takatori 50P, the potentiometers were not properly 

mounted to the soil container for relative displacement measurements of the stem.  Fortunately, 

very little relative displacement occurred during these lower ground motions as confirmed by 

other device such as accelerometers.  The problem was fixed before performing the Northridge 

75P with the potentiometers mounted onto the end of the soil container as shown in Figure 5.8. 
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Figure 5.8 Potentiometers with the corrected mounting to the soil container 

 

These results are presented on the relative displacement along the height of the stem for the 75% 

shakes and onward in the loading protocol.  The relative displacement is the difference between 

the measured displacements before and after each shake.  As mentioned above in this section, 

there was a complication with the string potentiometers that were placed on the retaining wall for 

the shakes from Northridge 25P to Takatori 50P caused by the incorrect positioning of the 

potentiometers onto the soil container.  Therefore, the results for the 25% and 50% shakes are 

not available here.  PW3-1 is not shown in all of the figures in this test due to some unexpected 

damage in the device during the earlier shakes. 

 

5.2.1.1 Relative Displacement from Potentiometers for Northridge 75P, Kocaeli 75P, and 

Takatori 75P 

 

Northridge 75P had the greatest amount of lateral relative displacement compared to Kocaeli 75P 

and Takatori 75P.  In Figure 5.9 below, the displacements at the top of the stem shows greater 

values than the ones near the bottom of the stem, indicating the bending effect experienced in the 

stem.  The south side of the stem had the top (PW1-1) displace 15% more than the bottom of the 

stem (PW1-3) while the middle of the stem had the top (PW2-1) displaced only 6% more than 

the bottom of the stem (PW2-3).  PW1-1 had the maximum displacement of 1.05 mm.  The left 

side of the retaining wall (PW1-1, PW1-2, and PW1-3) had slightly higher displacements than 

the right side (PW3-2, and PW3-3).  The left side had 2.5% or less displacement compared to the 

right side, which was fairly insignificant. 
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Figure 5.9 Test without sound wall Northridge 75P: horizontal displacement along the 

height of the stem 

 

Kocaeli 75P had the lowest relative displacements out of the 75% ground motions in Figure 5.10.  

PW3-2 had the greatest displacement of 0.05 mm in Kocaeli 75P.  The retaining wall hardly 

moved during this ground motion with displacements less than 0.05 mm. 
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Figure 5.10 Test without sound wall Kocaeli 75P: horizontal displacement along the height 

of the stem 

 

Like the Northridge 75P, Takatori 75P had greater displacements at the top of the stem and lesser 

displacements at the bottom of the stem as shown in Figure 5.11.  PW1-1 had 22% more relative 

displacement at the top compared to the bottom at the south end of the stem.  In the middle of the 

stem, PW2-1 had 16% more displacement at the top than the bottom. 
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Test Without Sound Wall: Takatori 75P
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Figure 5.11 Test without sound wall Takatori 75P: horizontal displacement along the 

height of the stem 

 

5.2.1.2 Relative Wall Displacement from Potentiometers for Northridge 100P, Kocaeli 

100P, and Takatori 100P 

 

The relative horizontal displacements along the height of the stem are shown in Figure 5.12.  

Northridge 100P had a similar trend to Northridge 75P and Takatori 75P, where the top of the 

stem had more relative displacements than the bottom of the stem.  PW1-1 and PW2-1 had the 

same displacement of 2.41 mm.  The south end of the stem had 0.25 mm more displacement at 

the top, and the middle of the stem had 0.35 mm more displacement at the top than the bottom. 
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Figure 5.12 Test without sound wall Northridge 100P: horizontal displacement along the 

height of the stem 

 

Kocaeli 100P showed much smaller relative displacements than Northridge 100P and Takatori 

100P (as seen in Figure 5.13).  PW1-3 gave the greatest displacement of 0.12 mm.  The top of 
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the stem and bottom of the stem had comparable displacements.  On the south side, the top of the 

wall displaced 0.10 mm (PW1-1) and the bottom displaced 0.12 mm (PW1-3).  The middle of 

the stem (mid-width) had the top (PW2-1) displace 0.11 mm and the bottom displace 0.10 mm. 
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Figure 5.13 Test without sound wall Kocaeli 100P: horizontal displacement along the 

height of the stem 

 

Takatori 100P (Figure 5.14) had greater relative displacements than Northridge 100P.  The stem 

had a different trend than the previous ground motions on the south side of the stem.  The south 

side showed 2% more displacement on the bottom than the top of the stem.  However, the middle 

of the wall had the top displace 3% more than the bottom of the stem.  PW2-2 had slightly more 

relative displacement of 2.77 mm than PW1-2 and PW3-2 with displacements of 2.71 mm and 

2.67 mm. 
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Figure 5.14 Test without sound wall Takatori 100P: horizontal displacement along the 

height of the stem 
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5.2.1.3 Relative Wall Displacement from Potentiometers for Northridge 150P 

 

The potentiometers of Northridge 150P had more relative displacement at the bottom of the stem 

and less displacement at the top (Figure 5.15), which was not seen in Northridge 75P and 

Northridge 100P.  The middle and south side of the stem had displaced 5% and 6% respectively 

more at the bottom than on the top.  Due to cumulative deformation from the previous shakes, 

the stem was not as rigid as in the beginning of Northridge 25P and gave the stem more 

flexibility at the bottom. 
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Figure 5.15 Test without sound wall Northridge 150P: horizontal displacement along the 

height of the stem 

 

5.2.1.4 Relative Wall Displacement from Potentiometers for Northridge 200P 

 

As compared to all the ground motions performed, the Northridge 200P showed the greatest 

relative displacements of the potentiometers (as seen in Figure 5.16).  Along the height of the 

stem, the middle of the wall had more displacement than the north end and the south end as 

shown in Figure 5.16.  The south side displaced 7% more on the top than the bottom.  In the 

middle of the wall, the top of the stem displaced 2% more than the bottom.  PW1-2 had the least 

amount of relative displacement, and it did not show the same trend as the north and south sides 

of the wall because it malfunctioned during this shake.  PW1-2 was located on the south side of 

the stem, and all of the other potentiometers on this side (PW1-1 and PW1-3) had more than 9 

mm more displacement measured.  In addition, the potentiometers along the middle width (PW2-

2 and PW3-2) had more than 6 mm of displacement compared to PW1-2. 
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Figure 5.16 Test without sound wall Northridge 200P: horizontal displacement along the 

height of the stem 

 

5.2.2 Summary of Lateral Wall Displacements from Potentiometers 

 

As mentioned in the beginning of this chapter, there were test set-up complications that the 

results for the 25% and 50% earthquakes (Northridge, Kocaeli, and Takatori) could not be 

recorded during the test.  However, the problem was fixed for the 75% earthquakes and onward.  

Greater displacements were observed near the top of the stem than near the bottom of the stem 

until Kocaeli 100P.  From Kocaeli 100P to Northridge 200P, on the other hand, the 

displacements were larger at the bottom of the stem than the top.  The larger shakes generated 

bending effect of the wall stem that caused the joint between the stem and the footing to form a 

crack at the end of Takatori 100P (as shown in Figure 5.4 and Figure 5.5). 

 

Along the height of the stem, Figure 5.17 shows the comparison of the relative horizontal 

displacements from the potentiometers on the middle of the wall from the 75% shakes, 100% 

shakes, Northridge 150P shake, and Northridge 200P shake.  The 75% and 100% shakes had less 

than 75% and 90% relative displacement compared to Northridge 150P and Northridge 200P 

respectively.  The stiffness response of the stem changed significantly in the last two shakes of 

the loading protocol, Northridge 150P and 200P. 

 

The Department of California Transportation (Caltrans) designs retaining walls based on the 

Mononobe-Okabe method based on the assumption that there is hardly any wall displacement 

under an earthquake with less than 0.3 g.  From Northridge 75P and onward, the wall was 

displacing, except in Kocaeli 75P and 100P.  Northridge 75P had a peak ground acceleration of 

0.47 g.  However, significant displacement was seen in Northridge 150P and 200P with 

displacements greater than 10 mm. 

 

The Newmark method, which is a displacement-based method, calculates the permanent 

displacements during seismic loading.  This method has similar characteristics as the Mononobe-

Okabe (M-O) method because the M-O method is used to find the yield acceleration (ky) for the 

Newmark method.  Newmark method has some of the same assumptions and inputs as the M-O 
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method.  Based on the dimensions and soil properties of this test, the allowable displacement is 

4.83 mm found by the Newmark method in AASHTO.  The potentiometers on the stem did not 

measure greater displacement than the allowable displacement of 4.83 mm until Northridge 

150P, which had a peak ground acceleration of 0.94 g. 

 

 

Figure 5.17 Comparison of relative horizontal displacements in the middle of the wall along 

height of stem from potentiometers in test without sound wall 

 

The cumulative horizontal displacement along the height of the stem after the shakes have been 

completed is shown in Figure 5.18.  This was the cumulative displacement for Northridge 75P 

through Northridge 200P.  The trend of displacement is similar among all three locations on the 

stem (the south end of the wall, middle of the wall, and north end of the wall) with slightly more 

cumulative displacement of 5% at the bottom compared to the top of the stem.  The middle 

potentiometer on the south end of the wall (PW1-2) did not have as much cumulative 

displacement as the other potentiometers along the width of the stem (PW2-2 and PW3-2).  

PW1-2 malfunctioned on the last shake (Northridge 200P) as the cumulative displacement was 

12% and 18% less than PW2-2 and PW3-2 respectively after Northridge 200P, which was not 

observed after the other shakes.  The cumulative displacements clearly showed the resulted 

flexibility at the bottom of the stem after the test was finished. 



104 

 

 

Figure 5.18 Cumulative horizontal displacement along height of stem after the loading 

protocol for test without sound wall 

 

The Northridge earthquake contains many high frequency motions, and the Takatori motion 

shows a mixed low and high frequencies.  The potentiometers were able to measure the high 

frequencies of Northridge and Takatori.  However, the Kocaeli earthquake has more low 

frequency motions than the Takatori, and these low frequency motions were not able to be 

recorded by the potentiometers.  In general, the dynamic responses had larger displacements for 

the Northridge and Takatori earthquakes than those of the Kocaeli earthquakes at different 

magnitudes. 
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5.3 Displacement Response of Soil on Top of Backfill 

 

The linear potentiometers on top of the soil measure the vertical displacement of soil (i.e., 

settlement) during the ground motions.  The vertical relative displacements have been adjusted to 

start from zero for each shake for the 12 potentiometers.  Figure 5.19 shows the location of the 

12 potentiometers on top of the backfill.  For the middle row along the length of the soil box, the 

potentiometers are placed 0.76 m (2.5 ft) apart.  Along the width of the soil box, they are placed 

0.91 m (3 ft) away from each other.  The 25% and 50% vertical displacement response on the top 

surface of the backfill can be seen in Appendix F.2. 

 

 

Figure 5.19 Location of potentiometers on top of backfill for the test without sound wall 

 

5.3.1 Displacement Response on Surface of Backfill for Northridge 75P, Kocaeli 75P, and 

Takatori 75P 

 

All of the 75% shakes (Figure 5.20-Figure 5.22) have the potentiometers closest to the retaining 

wall (PS5-1, PS5-2, PS6-1, PS6-2, and PS6-3) showing positive peak displacements at peak 

acceleration of the shakes while the other potentiometers have negative displacements at that 

time.  The positive displacements had upward displacement of soil, and the negative 

displacements had the soil settle more during the shaking.  For Northridge 75P and Takatori 75P, 

the potentiometers near the retaining wall started to heave after the peak acceleration of the 

ground motions in the bottom responses of Figure 5.20 and Figure 5.22 (PS6-1, PS6-2, and PS6-

3).  After the ground motion, the sensors measured positive displacements, which was also 

observed as heaving.  Kocaeli started to have more dynamic response near the retaining wall, but 

the potentiometers at the back of the soil container continued to have the greatest dynamic 
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responses.  PS1-2, which was 0.20 m from the back of the container, had around 50% more 

responses than PS2-2, which was 0.96 m from the back of the container, in Kocaeli 75P. 
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Figure 5.20 Test without sound wall Northridge 75P: dynamic response of potentiometers 

on soil 
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Figure 5.21 Test without sound wall Kocaeli 75P: dynamic response of potentiometers on 

soil 
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Figure 5.22 Test without sound wall Takatori 75P: dynamic response of potentiometers on 

soil 

 

5.3.2 Displacement Response on Surface of Backfill for Northridge 100P, Kocaeli 100P, 

and Takatori 100P 

 

In Figure 5.23-Figure 5.25, the vertical displacements on the backfill, measured by the 

potentiometers are shown for the three 100% shakes.  During these shakes, the potentiometers 

near the wall (PS5-1, PS5-2, PS6-1, PS6-2, and PS6-3) continued to have positive peak 

displacements at the peak acceleration of the shakes, which illustrated signs of heaving.  After 

the peak acceleration, these potentiometers started to measure positive vertical displacements for 

the rest of the shakes and after the ground motion stopped, which clearly showed that these 

potentiometers heaved.  PS5-1 and PS5-2 did not heave as much as PS6-1, PS6-2, and PS6-3 in 

Northridge 100P and Takatori 100P (Figure 5.23 and Figure 5.25).  In Figure 5.24, little 

movement was seen in the Kocaeli 100P near the front and middle compared to Northridge and 

Takatori.  Kocaeli 100P measured the most displacement at the back of the soil container (PS1-1, 

PS1-2, and PS1-3). 
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Figure 5.23 Test without sound wall Northridge 100P: dynamic response of potentiometers 

on soil 
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Figure 5.24 Test without sound wall Kocaeli 100P: dynamic response of potentiometers on 

soil 
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Vertical Displacement Along the Length of Backfill

 

Figure 5.25 Test without sound wall Takatori 100P: dynamic response of potentiometers on 

soil 

 

5.3.3 Displacement Response on Surface of Backfill for Northridge 150P 

 

The potentiometers near the back of the retaining wall showed more heaving in Northridge 150P 

than the previous shakes in Figure 5.26.  Heaving is the upward displacement of the backfill.  For 

the potentiometers closest to the retaining wall (PS6-1, PS6-2, and PS6-3) after shaking, they had 

positive vertical displacements of 4.95 mm, 5.23 mm, and 5.77 mm, respectively.  These 

potentiometers were heaving the most compared to the other two potentiometers, PS5-1 and PS5-

2, which were also heaving.  The other potentiometers that did not demonstrate heaving had 

more negative peak displacements during the shake with PS1-2 (close to the back of the soil 

container) showing settlement.  After the ground motion was over, PS1-2 measured negative 

displacement, which means the soil started to settle slightly in that region. 
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Test Without Sound Wall: Northridge 150P

Vertical Displacement Along the Length of Backfill

 

Figure 5.26 Test without sound wall Northridge 150P: dynamic response of potentiometers 

on soil 

 

5.3.4 Displacement Response on Surface of Backfill for Northridge 200P 

 

In the vertical displacements on the backfill for Northridge 200P (Figure 5.27), PS5-1 and PS5-2 

had more dynamic responses than PS6-1, PS6-2, and PS6-3 unlike Northridge 150P.  PS1-5, 

PS5-2, PS6-1, PS6-2, and PS6-3 were placed closest to the retaining wall.  A soil crack was 

found right next to PS5-1 and PS5-2 that largely opened up during this shake.  This caused the 

portion of the soil at the locations of PS5-1 and PS5-2 to be pushed up and caused the positive 

vertical displacements after shaking to be double the amount of displacement from PS6-1, PS6-2, 

and PS6-3.  After shaking, PS5-1 and PS5-2 had displacements of 41.69 mm and 40.54 mm, 

respectively.  PS6-1, PS6-2, and PS6-3 had vertical displacements of 19.04 mm, 19.72 mm, and 

20.11 mm, respectively, after shaking. 
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Figure 5.27 Test without sound wall Northridge 200P: dynamic response of potentiometers 

on soil 

 

5.3.5 Summary of Displacement Response of Soil on Top of Backfill 

 

In general, the potentiometers in the middle of the soil box (PS3-1, PS3-2, and PS4-2) had 

smaller dynamic responses than all of the other potentiometers for all of the shakes.  The 

potentiometers near the back of the soil box (PS1-1, PS1-2, PS1-3, and PS2-2) have shown the 

most dynamic response throughout all of the shakes.  During the more intense shakes 

(Northridge 75P, Takatori 75P, Northridge 100P, Takatori 100P, Northridge 150P, and 

Northridge 200P), the potentiometers closest to the retaining wall (PS5-1, PS5-2, PS6-1, PS6-2, 

and PS6-3) showed that the backfill surface heaved.  The potentiometers did not show the 

backfill surface settle as much as it heaved. 

 

For all the Kocaeli motions, there were barely any vertical displacements measured in the 

potentiometers in the middle of the soil box and near the back of the retaining wall compared to 

the potentiometers near the back of the soil box (PS1-1, PS1-2, PS1-3, and PS2-2).  The Kocaeli 
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earthquake with low frequencies did not seem to affect the backfill of the soil as much as the 

Northridge and Takatori did, which had higher frequency motions. 

 

Generally, more movement of the backfill near the back of the soil box was observed because of 

the stress-wave reflections at the end of the box.  During shaking, the compacted mass of soil 

rebounded against the end of the soil box through the bentonite layer, which caused noticeable 

movement in that local region.  During shakes with higher accelerations, the soil near the back of 

the retaining wall showed considerable amount of displacement.  This was due to the fact that a 

gap formed between the compacted soil and stem at stronger shaking where a thrusting action 

was also measured by the pressure cells near the top of the stem.  When the compacted soil 

moved back toward the stem, the soil started to build up close to the stem, which caused the soil 

to heave close to the retaining wall. 

 

The cumulative vertical displacement along the length of the backfill after all of the shakes is 

illustrated in Figure 5.28.  The cumulative vertical displacement was measured from Northridge 

25P through Northridge 200P.  There is very little cumulative settlement seen in the middle of 

the backfill.  Soil accumulated at the back end of the soil container that caused 12 mm of upward 

displacement after the loading protocol was completed.  With heaving observed in the responses 

of the potentiometers close to the retaining wall, the cumulative displacement was the greatest in 

this region than the other locations for the potentiometers in the backfill.  A large soil crack 

propagated open near the potentiometer at 3.25 m from the back of the soil container, which 

created large cumulative displacement after Northridge 200P. 

 

 

Figure 5.28 Cumulative vertical displacement along length of backfill after the loading 

protocol for test without sound wall 
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5.4 Lateral Displacement Responses in Backfill Measured by Accelerometers 

 

The data from the accelerometers were double integrated to obtain the dynamic response of the 

horizontal displacements of the soil.  The dynamic response was measured at three different 

heights along the length within the soil.  Ten accelerometers were placed at each level, with 5 

columns along the length and 2 rows along the width.  Starting from the bottom of the soil 

container, the three levels were 0.85 m (2.79 ft), 1.77 m (5.81 ft), and 2.83 m (9.28 ft) in Figure 

5.29. 

 

Figure 5.29 Location of accelerometers in backfill along the height of the soil container for 

the test without sound wall 

 

At each level, two rows of five accelerometers were placed 0.79 meters (2.58 ft) apart.  Each row 

of five accelerometers was 0.76 m (2.5 ft) from each other at all of three levels.  Figure 5.30 

through Figure 5.32 give the placements of the accelerometers at the three levels.  The 

accelerometers on the first level were near the bottom of the soil container, and the 

accelerometers on the third level were near the top surface of the soil. 

 

In Figure 5.30 through Figure 5.32, these figures have the accelerometers on the south side, 

AM1-X, AM2-X, AM3-X, AM4-X, and AM5-X, and the accelerometers on the north side, 

AM6-X, AM7-X, AM8-X, AM9-X, and AM10-X.  The “X” refers to the level where the 

accelerometer is placed.  For example, AM6-2 is the accelerometer on the north side of the 

backfill, seen in Figure 5.31, on the second level, which is at a depth of 1.77 m.  All the dynamic 

responses in this section show the accelerometers on the south side of the backfill on one page, 

and the accelerometers on the north side of the backfill on the next page for each shake.  When 

viewing the figures from bottom to top, they show the accelerometers towards the bottom of the 

soil container to higher in the container in order to obtain the trend of the displacements along 

the height.  During soil compaction, several accelerometers (AM1-2, AM3-1, AM7-3, and 

AM10-3) were damaged and their results were not shown in the figures below.  The 

displacements responses of the backfill measured by the accelerometers for the 25% through 

100% shakes are illustrated in Appendix F.4. 

Level 1 

Level 2 

Level 3 
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North Side 

 

 

South Side 

North Side 

 

 
South Side 

North Side 

 

 

South Side 

  

Figure 5.30 Location of accelerometers in backfill along width of soil container for 1
st
 level 

for test without sound wall 

 

  

Figure 5.31 Location of accelerometers in backfill along width of soil container for 2
nd

 level 

for test without sound wall 

 

  

Figure 5.32 Location of accelerometers in backfill along width of soil container for 3
rd

 level 

for test without sound wall 
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Generally, the lateral displacements of the backfill increased as the depth of the soil increased.  

Along the length of the soil container, the displacements were greater at the end of the soil 

container (west side of container) than other location in the soil container in the lower shakes 

because of the stress-wave reflections at the end of the container.  The displacements were larger 

closer to the retaining wall (east side of the soil container) in the more intense earthquakes from 

Takatori 75P and onward.  With these trends seen in the loading protocol, the displacement 

responses were shown for only Northridge 150P and 200P. 

 

During the 25% through 100% ground motions, Takatori shakes showed the greatest dynamic 

response than Northridge and Kocaeli shakes.  Kocaeli did not have much displacement, 

especially 25%, 50%, and 75%.  Kocaeli 100P had a peak displacement around 0.05 mm, which 

was still close to zero displacement.  However, Northridge 150P and 200P had the greatest 

effects on the backfill with almost all of the soil cracks forming in these two shakes. 

 

5.4.1 Displacement Responses in Backfill from Accelerometers in Northridge 150P 

 

Figure 5.33 and Figure 5.34 show the displacements measured by the accelerometers in the 

backfill for Northridge 150P.  AM7-1 malfunctioned in this shake, which was also seen in 

Takatori 50P and Northridge 100P.  Out of all of the previous shakes and this one, this shake had 

a greater difference seen between the peak displacement of the accelerometers on the first level 

(bottom) and the peak displacement of the third level (top) in the soil container, which was about 

2 mm.  The accelerometers on the middle level had greater peak displacements of about 5% than 

the accelerometers on the top level except for accelerometers closer to the end of the soil 

container (AM1-2, AM2-2, AM6-2, and AM7-2), which was not seen in the previous shakes.  

Along the length of the soil container, there was more movement of the soil being disrupted in 

the middle and closer to the retaining wall because more cracks formed, and older cracks that 

were formed in previous shakes propagated to a depth of 1.77 m. 
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Figure 5.33 Test without sound wall Northridge 150P: dynamic response of displacements in south side of backfill 
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Figure 5.34 Test without sound wall Northridge 150P: dynamic response of displacements in north side of backfill 
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5.4.2 Displacement Responses in Backfill from Accelerometers in Northridge 200P 

 

In Figure 5.35 and Figure 5.36, dynamic response of the accelerometers during the Northridge 

200P was shown where the most difference was found between the accelerometers near the 

bottom of the container and the accelerometers near the top of the container.  AM7-1 showed a 

very high displacement response not seen by any of the other accelerometers because it 

malfunctioned during the shake.  With Northridge 200P being the most intense shake of the 

loading protocol and the backfill being loosened by the previous shakes, the displacement 

responses were greater than the other shakes.  For the bottom, middle, and top levels, Northridge 

200P displaced about 60%, 65%, and 70% more compared to Northridge 150P.  The 

accelerometers on the first level had about 21 mm of peak displacement.  The displacement 

responses were greater near the end of the soil container and near the retaining wall compared to 

the middle of the container for the mid-depth and top depth.  The peak displacements on the top 

level were larger than the peak displacements on the middle level because the old soil cracks 

opening up and three new cracks that formed on the top surface.  There was also one crack that 

displaced large amounts of soil on top as seen in Figure 5.2 in Northridge 200P.  AM6-3, located 

at the back of the soil container near the top of the backfill, had the greatest peak response of 

33.37 mm.  This accelerometer had 71.8% more peak response in Northridge 200P compared to 

Northridge 150P. 
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Figure 5.35 Test without sound wall Northridge 200P: dynamic response of displacements in south side of backfill 
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Figure 5.36 Test without sound wall Northridge 200P: dynamic response of displacements in north side of backfill 
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5.4.3 Summary of Lateral Displacement Responses in Backfill Measured by 

Accelerometers 

 

Generally, the lateral displacements of the backfill were greater near the top of the soil container 

and smaller near the bottom of the container.  Along the length of the soil container, the 

displacements were greater at the end of the soil container (west side of container) compared to 

the middle of the container and towards the container at a depth of 2.83 m for the 50% shakes 

and onward.  At a depth of 1.77 mm, the displacements also were the greatest at the end of the 

soil container starting from Takatori 75P.  As seen from the potentiometers on the top surface of 

the backfill (Section 5.3), more movement of the backfill near the back of the soil box was 

observed because of the stress-wave reflections at the end of the box.  During the shaking, the 

compacted mass of soil rebounded against the end of the soil box through the bentonite layer, 

which caused noticeable movement in that local region. 

 

The displacements were larger closer to the retaining wall (east side of the soil container) in the 

more intense earthquakes from Takatori 75P and onward.  However, the top level of dynamic 

response showed comparable or greater results of the soil compared to the response of the 

retaining wall.  Soil cracking started to form in Takatori 75P close to the wall.  Another soil 

crack formed in Takatori 100P with accelerometers near the wall having more displacement 

response on the top and middle levels than the accelerometers in the middle of the container.  

Northridge 150P observed the soil cracks opening to a depth of 1.77 m, the level of the middle 

accelerometers.  In Northridge 200P, new soil cracks created and the old cracks propagated open 

more because a gap formed between the compacted soil and stem at stronger shaking where a 

thrusting action was also measured by the pressure cells near the top of the stem. 

 

Along the depth of the backfill, the dynamic responses of horizontal displacements were greater 

at the top than the bottom of the backfill.  The lower shakes showed similar responses in the 

middle and bottom level of accelerometers.  Those shakes did not have as a significant effect on 

backfill as the more intense shakes.  The 75% shakes started to observe an increasing response 

from the bottom level of accelerometers to the top level of accelerometers, except for Northridge 

150P, which had middle level accelerometers with slightly greater peak displacements than the 

top level accelerometers, except for accelerometers closer to the end of the soil container (AM1-

2, AM2-2, AM6-2, and AM7-2).  The compacted soil was disrupted and loosening at a depth of 

1.77 m in Northridge 150P. 
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North Side 

 

 
South Side 

 

5.5 Horizontal Relative Displacements along Length of Backfill 

 

The MEM sensors are evenly distributed in the backfill of the soil to record the horizontal 

relative displacements in the backfill.  Each MEM sensor is made of a 3.20 m (10.5 ft) soft tube that 

consists of 10 inclinometers spaced out inside the tube.  The standard length of the module (sensor) is 

2.44 m (8 ft) long.  Since the backfill has a depth of 3.17 m (10.43 ft), another 0.76 m (2.5 ft) long 

module was added to the top of the 2.44 m standard module by the manufacturer. 

 

Two rows (north side and south side) of sensors with five in each and 0.79 m (2.58 ft) apart were 

installed in place.  The spacing between the MEM sensors within each row is 0.76 meters (2.5 ft) 

shown in Figure 5.37.  All the responses presented in this section show the sensors on the south 

side of the backfill (MEM 1, MEM 2, MEM 3, MEM 4, and MEM 5) compared with their 

corresponding sensor on the north side of the backfill (MEM 6, MEM 7, MEM 8, MEM 9, and 

MEM 10) along the length of the backfill for Figure 5.38 through Figure 5.42.  The MEM 

sensors on the north side use the plus (+) symbol, and the MEM sensors on the south side use the 

diamond (◊) symbol in Figure 5.38 through Figure 5.42.  The 25% though 75% shakes for the 

horizontal relative displacement along the length of the backfill measured by the MEM sensors 

can be found in Appendix F.5. 

 

 

Figure 5.37 Location of MEM Sensors in backfill for test without sound wall 

 

The MEM Sensors measured the relative horizontal displacements in the soil, which are the 

displacements measured before and after each shake in the backfill.  The sensors were fixed to 

the base of the soil container, so there was zero displacement induced at the bottom of the 

backfill.  The sensors were filled with marine grade water sealant, which made them flexible and 

allowed them to move together with the soil during shaking. 
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5.5.1 Horizontal Relative Displacements in Backfill for Northridge 100P, Kocaeli 100P, 

and Takatori 100P 

 

The relative horizontal displacements in the backfill for the 100% shakes are shown in Figure 

5.38-Figure 5.40.  Northridge 100P had all the MEM sensors showing similar soil displacement 

profiles except for MEM 10.  The bentonite, which is used to serve as the absorbing material behind 

the soil to minimize stress-wave reflections from the far end box boundary, was right next to MEM 1 and 

MEM 10, and MEM 10 got stuck near the bentonite during shaking.  This did not allow MEM 10 

to fully displace near the top of the backfill.  This happened in Northridge 100P and Takatori 

100P and was also seen in Northridge 25P, Northridge 50P, and Takatori 50P.  Near the top of 

the soil, MEM 1 displaced the most for about 5.07 mm in Northridge 100P due to the reverse 

thrust in response to the movement of the wall back towards the far end of the soil container.  

Along the length of the soil container, in Figure 5.39 (Kocaeli 100P), the sensors on the south 

side of the soil box had different displacement profiles to the north side, except MEM 6, with the 

greatest displacements at the 2.90 m height and displayed movement away from the wall at the 

3.20 m height on the south side.  The first crack in soil occurred (shown in Figure 5.3) near 

MEM 7 that was located 2.36 m from the stem of the retaining wall in Takatori 75P.  With this 

soil crack opening more during Kocaeli 100P, the compacted soil loosened around MEM 7 and 

created more displacement of 39.3% than its counterpart, MEM 4.  MEM 8, MEM 9, and MEM 

10, on the north side, showed small displacements because the soil crack pushed the soil back 

towards the back of the soil container.  Comparing to the Northridge 100P, the Takatori 100P 

showed similar soil displacement profiles with little displacement from zero to 1.52 m of depth 

of the backfill, except for MEM 10 (as shown in Figure 5.40) along the length of the container.  

The disruption of the backfill was only observed near the top of the soil container in Takatori 

100P. 
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Figure 5.38 Test without sound wall Northridge 100P: relative horizontal displacements of 

backfill 
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Figure 5.39 Test without sound wall Kocaeli 100P: relative horizontal displacements of 

backfill 
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Figure 5.40 Test without sound wall Takatori 100P: relative horizontal displacements of 

backfill 

 

5.5.2 Horizontal Relative Displacements in Backfill for Northridge 150P 

 

Figure 5.41 illustrate more relative displacements towards the bottom of the soil container than 

Figure 5.38 through Figure 5.40 in the Northridge 150P.  The displacements became larger as the 

depth increased from the bottom.  The soil profiles on the north side were similar to the soil 

profiles on the south side.  During this shake, four new cracks formed in the compacted soil 

causing a slamming effect in soil against the retaining wall.  All of the sensors were moving 

towards the wall also due to the slamming effect.  The existing cracks that formed earlier during 

the Takatori 75P and Takatori 100P increased in crack size and further loosened the soil.  This 

caused the displacements to be greater than the displacements in previous shakes.  Near the top 

of the backfill, Northridge 150P had relative displacements around 13 mm.  Northridge 150P had 

about 75% more relative displacement compared to Takatori 100P seen in the backfill because 
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the top layer of soil was loosen from the previous shakes and the high frequencies of this shake 

had the backfill thrust against the stem of the retaining wall creating large displacement. 
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Figure 5.41 Test without sound wall Northridge 150P: relative horizontal displacements of 

backfill 

 

5.5.3 Horizontal Relative Displacements in Backfill for Northridge 200P 

 

The relative horizontal displacements from the MEM sensors are shown in Figure 5.42 for the 

Northridge 200P.  For all of the sensors, as the depth of the backfill increased, the relative 

displacements increased.  The top had relative displacements around 44 mm.  The upper part of 

the soil (from 2.5 m to the top of the sensor), the soil showed the soil moving and displacing 

more than the soil in the lower part of the soil container (i.e., 2.5 m below).  The cracks in the 

soil formed in previous shakes continued to propagate, and new cracks formed during the 

Northridge 200P, which made the compacted soil become further looser along the depth of the 



130 

 

backfill.  Also, the previous shakes did not have as much movement in the middle of the depth 

compared to this Northridge 200P.  With more displacements seen in the middle depth of the 

backfill, the soil cracks were likely to be able to propagate to that depth. 
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Figure 5.42 Test without sound wall Northridge 200P: relative horizontal displacements of 

backfill 

 

5.5.4 Summary of Horizontal Relative Displacements along Length of Backfill 

 

From all the shakes, more relative horizontal displacements were observed near the top of the 

backfill than the bottom because the ground motions were not able to loosen the backfill on the 

bottom.  This trend was also observed in the displacement response measured by the 

accelerometers in Section 5.4 with greater response seen from near the top surface compared to 

the bottom of the soil container. 
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In Northridge 25P, Northridge 50P, Takatori 50P, Northridge 100P, and Takatori 100P, MEM 

10, located at the end of the container next to the bentonite, got stuck near the bentonite during 

these shakes.  The bentonite is used to serve as the absorbing material behind the soil to minimize 

stress-wave reflections from the far end box boundary.  This did not allow MEM 10 to fully displace 

near the top of the backfill. 

 

Generally, the soil displacement profiles along the length and depth were similar among all of 

the sensors on the north and south sides of the soil container.  The 25% and 50% shakes 

introduced very small relative displacements with most movement of the sensors seen near the 

top of the backfill.  The 75% shakes started to increase the movement of the soil towards the 

middle depth of the backfill and not just near the top of the soil.  In addition, more displacement 

was measured near the retaining wall from MEM 5 and MEM 6 for the 75% shakes.  With cracks 

forming and starting to propagate during the 100% shakes, the compacted soil started to loosen.  

The Northridge 150P and 200P loosened the soil at lower depths than the 100% shakes. 

 

The MEM sensors closest to the retaining wall (MEM 5 and MEM 6) are important sensors to 

consider in this test because they give an indication of the movement of the retaining wall.  In the 

75% and 100% shakes, MEM 5 and MEM 6 showed the top of the backfill displacing towards 

the wall in Northridge and Takatori, but Kocaeli had them displace away from the wall.  The 

motions of Northridge and Takatori caused the top of the stem to move to the side without 

backfill while Kocaeli caused the top of the stem to move to the side with backfill.  With only 

top displacements observed in the 25% through 100% shakes, the stem of the retaining wall only 

illustrated some movement.  Northridge 150P and Northridge 200P had more displacement seen 

along the depth of the backfill than in the previous shakes because large translation was observed 

in these two shakes.  Northridge 150P showed displacement from 0.94 m to 3.20 m, and 

Northridge 200P showed displacement from 0.30 m to 3.20 m.  The retaining wall was placed at 

a depth of 1.07 m, and movement below that depth in Northridge 150P and Northridge 200P that 

the whole wall was moving in those shakes and not just the stem of the wall. 

 

Every crack observed on the surface of the soil was an exterior slip plane that developed behind 

the retaining wall.  With repeated earthquakes, there was one of the slip planes became the 

dominant one.  The soil cracks were created in the higher intensity shakes of Northridge and 

Takatori.  The dominant slip plane could be the one close to the wall, which could be seen in the 

MEM sensors in the backfill.  Among the sensors along the length of the backfill, the sensors 

closest to the wall showed the greatest displacements along the depth of the soil.  This formed in 

Northridge 150P and 200P. 
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5.6 Dynamic Lateral Pressure from Pressure Cells along Height of Stem 

 

The pressure cells were installed at three different heights along the stem of the retaining wall 

(Figure 5.43), 0.08H, 0.42H, and 0.75H, where H is the stem height of 1.83 m (6 ft) from bottom 

to top.  At each height location, two pressure cells were installed on the stem surface (as shown 

in Figure 5.44.  However, one of the two cells at the upper location, PCB2-2, malfunctioned 

during the test and therefore is not shown in Figure 5.44). 

 

Figure 5.43 Side view of placement of pressure cells along the height of the stem for test 

without sound wall 

 

Figure 5.44 Placement of pressure cells on west side (backside) of retaining wall for test 

without sound wall for test without sound wall 
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In Figure 5.48 through Figure 5.61, which show the dynamic response of the lateral pressure, the 

pressure cells that were at the same height on the stem were shown next to each other.  For this 

section, only the dynamic pressure was shown in the figures.  The static pressure was zeroed out 

at the start of each shake so that the dynamic pressure could be the focus, which is discussed in 

Section 5.6.9. They have a pressure range of zero to 200 kPa based on the estimation of the expected 

pressure.  According to the manufacturer, these pressure cells should be able to withstand 300 kPa 

without damage. 

 

Generally, as the ground motions became more intense, the dynamic pressure near the stem 

bottom became larger than that near the top.  In all of the shakes, PCB2-4 (at height of 0.76 m) 

and PCB3-6 (at a height of 0.15 m) started at higher initial values than their counterparts PCB1-4 

and PCB2-6, but the pressure cells at the same height behaved the same way in the dynamic 

response.  The pressure cells near the top (PCB3-2) and near the bottom of the stem (PCB2-6 and 

PCB3-6) had a similar amount of dynamic pressure for the 25% shakes.  For example, Takatori 

25P had these three pressure cells measure 1.10 kPa at peak acceleration.  The pressure cell at 

0.75H (PCB3-2) had a smaller response than the pressure cells at the other heights, which can be 

seen in the Northridge and Takatori shakes.  However, Northridge 200P had PCB3-2, the 

pressure cell near the top of the stem, show a lot of dynamic response between 10 and 20 

seconds.  The dynamic response for Northridge 200P of PCB3-2, PCB1-4, and PCB2-4 reached 

high pressures because this shake was more intense with the soil mass driving into the wall, 

which created high dynamic thrusts of pressure. 

 

According to the classical Rankine and Coulomb theories, the active pressure profile along the 

stem of a retaining wall should show the pressure linearly increasing with the stem height, 

resulting in a typical triangular distribution (Salgado 2006).  The active resultant pressure will 

thus be acting at one-third height from the bottom of the stem.  Several other research papers 

show that the distribution of active earth pressure could be non-linear (Fang and Ishibashi 1986 

and Paik and Salgado 2003), which is different from the assumption made by Coulomb and 

Rankine.  The test results obtained in this test on the pressure distribution behind the wall seem 

to follow this non-linear trend.  Numerical and experimental analyses have been conducted to 

look into this non-linear distribution of active pressure.  According to the research paper (Paik 

and Salgado 2003), arching effect could be one of the causes of this non-linear active pressure 

distribution.  The arching effect is typically developed in the soil when the retaining wall moves 

away from the backfill and a soil wedge slides down behind the wall that is moving back (as 

illustrated in Figure 5.45).  This causes the stress to redistribute and transfer around the local 

region of the soil, which reduces the stress in the soil.  Paik and Salgado (2003) formulated a 

numerical model of active pressure distribution taking into account the arching effect.  They 

compared their model with a full-scale experimental test.  The comparison, as shown in Figure 

5.46, showed that the model satisfactorily predicted the pressure distribution for varying wall 

heights.  They compared their results of pressure due to arching with the other methods by 

Coulomb (1776) theory, Handy (1985) equation, and Harrop-Williams (1989) equation.  It can 

be seen that the measured pressure shows a non-linear distribution along the height of the wall 

that is parabolic with the greatest pressure within the region measured from the bottom to the 

mid-height of the stem. 
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Figure 5.45 Stress redistribution caused by arching (Paik and Salgado, 2003) 

 

 

Figure 5.46 Comparison between predicted and measured pressures (Paik and Salgado, 

2003) 

 

Observations obtained from this test showed translational movement of the retaining wall with 

very little rotation measured during shaking in the experiment.  Fang and Ishibashi (1986) looked 

at three different modes of wall movements and their effects on the pressure distribution behind 

the wall.  The three wall movements investigated were rotation around the top of the wall, 

rotation around the base of the wall, and translation of the wall.  They also conducted 

experiments investigating these three wall movements and how they effected the pressure 

distribution along the height of a retaining wall.  Fang and Ishibashi found that translation caused 

the distribution of active horizontal pressure to be roughly parabolic.  They also noticed that at 

various depths along the wall, the lateral pressure decreased rapidly with the wall displacements.  

Figure 5.47 shows the results they found on the pressure distribution at different displacements 

(S) together with a comparison with the Coulomb theory. 
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Figure 5.47 Distribution of lateral earth pressure at different translational wall 

displacements (Fang and Ishibashi, 1986) 

 

In the current study reported here, arching effect was seen at the bottom of the stem, at a height 

of 0.15 m (0.5 ft) of the stem during the experiment.  This created the pressure distribution along 

the height of the stem to be non-linear.  The distribution was parabolic, which was due to the 

effects of arching described in Paik and Salgado (2003) and was also due to translation of the 

wall described Fang and Ishibashi (1986). 

 

5.6.1 Dynamic Lateral Pressure Response from Pressure Cells for Northridge 25P, 

Kocaeli 25P, and Takatori 25P 

 

Figure 5.48 through Figure 5.50 show the pressure along the height for all 25% shakes.  It can be 

seen that, when comparing the dynamic pressures near the top (PCB3-2) and near the bottom of 

the stem (PCB2-6 and PCB3-6), the pressure vs. time response is very similar in those two 

locations in terms of the response trend and pressure level.  In addition, the peak dynamic 

pressure measured near the middle of the stem (PCB1-4 and PCB2-4) is about 60% more than 

the peak measurements in other locations for all the 25P shakes.  The 25% shakes were small 

that the pressure did not vary much from the three different ground motions.  However, Takatori 

25P had the greatest dynamic response and Kocaeli 25P had the least dynamic response. 
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Figure 5.48 Test without sound wall Northridge 25P: dynamic response of pressure along 

height of stem 
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Figure 5.49 Test without sound wall Kocaeli 25P: dynamic response of pressure along 

height of stem 
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Figure 5.50 Test without sound wall Takatori 25P: dynamic response of pressure along 

height of stem 

 

5.6.2 Dynamic Lateral Pressure Response from Pressure Cells for Northridge 50P, 

Kocaeli 50P, and Takatori 50P 

 

The pressure along the height of the stem for the 50% ground motions are shown in Figure 5.51 

through Figure 5.53.  More noticeable pressure was observed at the top than the bottom of the 

stem during the subsequent 25 % Northridge and Takatori shakes.  The Kocaeli 50P showed a 

similar pressure response at the top and bottom, as shown in Figure 5.52.  However, the peak 

pressure at the mid-height of the stem was about 60% more than that measured during the 25% 

Kocaeli shake.  The Northridge 50P and Takatori 50P showed about 50% and 70% increase of 

the soil pressure in the middle than near the top and bottom of the stem.  These two shakes also 

had the same peak pressure towards the middle of the stem, but Takatori 50P had 0.2 kPa more 

peak pressure at the top of the stem.  From all three shakes, Kocaeli 50P had smallest dynamic 

response of pressure. 
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Figure 5.51 Test without sound wall Northridge 50P: dynamic response of pressure along 

height of stem 
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Figure 5.52 Test without sound wall Kocaeli 50P: dynamic response of pressure along 

height of stem 
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Figure 5.53 Test without sound wall Takatori 50P: dynamic response of pressure along 

height of stem 

 

5.6.3 Dynamic Lateral Pressure Response from Pressure Cells for Northridge 75P, 

Kocaeli 75P, and Takatori 75P 

 

Figure 5.54 through Figure 5.56 illustrate the dynamic response of pressure along the height of 

the stem for the 75% shakes.  The Northridge 75P, as shown in Figure 5.54, displays the same 

trend as in its 50% shake but the pressure at the mid-height is 50% and 70% higher than that near 

the top and bottom locations.  There was more of a quantitative difference in dynamic pressure 

from the top and bottom seen in Kocaeli, Figure 5.55.  The mid-height pressure was measured 

about 49% greater than that near the top and 57% greater than that near the bottom.  Among all 

the 75P earthquake motions, the Takatori 75P showed the most dynamic pressure with a peak 

pressure of 10.20 kPa in the mid-height (PCB2-4).  This pressure was about 83% and 50% higher 

when compared to the bottom and top of the stem, respectively, as seen in Figure 5.56.  

Northridge 75P and Takatori 75P showed a greater difference of pressure between the top and 

bottom of the stem than Kocaeli 75P.  Kocaeli 75P had 1.8 kPa and 1.5 kPa of peak pressure at 

the top and bottom of the stem.  Takatori 75P causes the most pressure out of all of the three 
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shakes performed with the first crack forming in this shake as seen in Figure 5.1.  The soil 

inclinometers closest to the retaining wall showed more displacement from the top of the wall to 

the placement of PCB1-4 and PCB2-4 than the 25% and 50% shakes in Takatori 75P (Figure 

5.56).  The soil started to loosen around the wall with more pressure from the 75% shakes. 
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Figure 5.54 Test without sound wall Northridge 75P: dynamic response of pressure along 

height of stem 
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Figure 5.55 Test without sound wall Kocaeli 75P: dynamic response of pressure along 

height of stem 
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Figure 5.56 Test without sound wall Takatori 75P: dynamic response of pressure along 

height of stem 

 

5.6.4 Dynamic Lateral Pressure Response from Pressure Cells for Northridge 100P, 

Kocaeli 100P, and Takatori 100P 

 

The pressure responses along the height of the stem for the 100% earthquakes are shown in 

Figure 5.57 through Figure 5.57.  Northridge had 51% and 79% more pressure in the middle than 

the top and bottom as seen in Figure 5.57.  Kocaeli 100P had 45% more pressure at the middle 

than the top and 66% more at the middle than the bottom, as seen in Figure 5.58.  In the 100% 

shakes, Takatori showed a different trend than its previous shakes, as seen in Figure 5.59.  The 

bottom dynamic pressure was 7.5% higher than the middle pressure.  The peak pressure at mid-

height was measured as 6.40 kPa (in PCB2-4), but for Takatori 75P, this peak pressure was about 

10.20 kPa.  This was caused from a gap forming between the stem and soil that the pressure cell 

was not able to fully measure all of the pressure at mid-height.  Northridge and Kocaeli still had 

more pressure in the middle of the stem.  In the 100% shakes, Northridge 100P caused the crack 

in Takatori 75P to grow in width, and another crack formed close to the wall in Takatori 100P 

(Figure 5.3) because in general, greater pressure was measured in these shakes compared to the 
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previous shakes.  In addition, the accelerometers that measured the displacement in the soil 

began to have more movement near the retaining wall than the middle of the soil container for 

Northridge 100P and Takatori 100P along the 1.77 m and 2.83 m depth.  The backfill closest to 

the retaining wall became more loose with Northridge 100P showing small amounts of thrusting 

from PCB1-4 and PCB2-4 (Figure 5.57) that disrupted the soil. 
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Figure 5.57 Test without sound wall Northridge 100P: dynamic response of pressure along 

height of stem 
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Figure 5.58 Test without sound wall Kocaeli 100P: dynamic response of pressure along 

height of stem 
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Figure 5.59 Test without sound wall Takatori 100P: dynamic response of pressure along 

height of stem 

 

5.6.5 Dynamic Lateral Pressure Response from Pressure Cells for Northridge 150P 

 

Figure 5.60 shows the dynamic response of pressure along the height of the stem for Northridge 

150P.  For this shake, the peak dynamic pressure near the middle of the stem was lower than in 

the Northridge 100P (Northridge 150P had a peak pressure of 9.40 kPa and Northridge 100P had 

a peak pressure of 12.10 kPa, based on PCB2-4).  The middle pressure was only 30% and 21% 

greater than the top and bottom dynamic pressures shown in Figure 5.60.  The relative 

displacements along the height of stem showed had greater displacement at the top than the 

bottom generally in the 75% and 100% shakes, but in Northridge 150P, more displacement was 

observed at the bottom of the stem than the top.  The 75% and 100% shakes had the stem 

bending at the top, but more bending was seen at the bottom of the stem compared to the top in 

Northridge 150P.  This created less pressure seen in the middle of the stem in Northridge 150P 

than Northridge 100P. 
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Figure 5.60 Test without sound wall Northridge 150P: dynamic response of pressure along 

height of stem 

 

5.6.6 Dynamic Lateral Pressure Response from Pressure Cells for Northridge 200P 

 

In Figure 5.61, the pressure along the height of the stem for the Northridge 200P earthquake is 

shown.  Near the top of the stem, there were high thrusts of dynamic pressure that peaked at 

161.90 kPa from PCB3-2.  PCB1-4 and PCB2-4 also showed a high thrust of pressure at 13.31 

seconds (Figure 5.61).  The bottom pressure had a lot of response even after the peak 

acceleration of the ground motion.  During this shake, a gap of soil of at least 1.07 meters in 

depth, which was where PCB1-4 and PCB2-4 were placed, opened up between the stem of the 

retaining wall and the compacted backfill because of the thrusting action seen in the dynamic 

responses of the top and middle pressure cells. 
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Figure 5.61 Test without sound wall Northridge 200P: Dynamic Response of Pressure along 

Height of Stem 

 

5.6.7 Summary of Dynamic Lateral Pressure at Peak Acceleration of Earthquake 

Motions 

 

Figure 5.62 through Figure 5.64 compare the dynamic pressure at peak acceleration of all three 

ground motions of 25%, 50%, 75%, and 100% along the normalized height of the stem.  The 

pressure at peak acceleration is the difference of the peak pressure at peak acceleration and the 

static pressure (initial value). 

 

As seen in the dynamic responses of pressure, the pressure at peak acceleration near the top of 

the stem (PCB3-2) was the smallest, and the pressure towards the middle of the stem (PCB2-4) 

was the greatest for all the earthquake motions.  PCB3-2 (close to the top of the stem) had little 

change of pressure between all intervals of the ground motions.  The pressure at the bottom had 

more increase in pressure from the lower to higher shakes.  Kocaeli had pressure of less than 5 

kPa for all four of its shakes.  Northridge had the most pressure, especially seen for PCB2-4 

(middle of the stem).  For Northridge 100P (Figure 5.62), PCB2-4 (middle of the stem) had a 

pressure of 12.1 kPa. 
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After the 100% shakes, Northridge 150P had the same trend of pressure along the height of the 

stem as the previous shakes (Figure 5.65).  However, in Figure 5.65, Northridge 200P had the 

most pressure seen at the top among the pressure cells with 162 kPa and the least amount of 

pressure at the bottom of the stem.  As explained in Section 5.6.6, there were high thrusts of 

dynamic pressure observed in the top and middle pressure cells. 

 

 

Figure 5.62 Test without sound wall Northridge Earthquakes: Pressure at Peak 

Acceleration of Shake along Normalized Height of Stem 
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Figure 5.63 Test without sound wall Kocaeli Earthquakes: Pressure at Peak Acceleration of 

Shake along Normalized Height of Stem 

 

 

Figure 5.64 Test without sound wall Takatori Earthquakes: Pressure at Peak Acceleration 

of Shake along Normalized Height of Stem 
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Figure 5.65 Test without sound wall Northridge 150P & 200P: Pressure at Peak 

Acceleration of Shake along Normalized Height of Stem 

 

5.6.8 Experiment by Wilson and Elgamal (2009) 

 

Wilson and Elgamal (2009) conducted a series of tests that investigated the static and dynamic 

pressure distribution on a 1.7 m (5.5 ft) high bridge abutment wall, which did not have a footing 

at the bottom.  The test setup was similar to this study using the same laminar soil container that 

was restrained with two large towers on both sides of the container (hence the soil container 

acted as a rigid box).  Four jack and load cell stacks were placed behind the wall specimen to 

push the wall into the backfill in order to record the static passive force-displacement 

relationships.  Pressure cells were attached to the wall where soil was filled to measure the 

pressure along three locations along the height of the wall. 

 

The dynamic pressure from the pressure cell results (Figure 5.48 through Figure 5.61) had 

comparable trend of dynamic pressure for the at-rest condition along the height of the wall with 

the most pressure near the middle of the wall and low amount near the bottom of the wall (as 

shown in Figure 5.66) conducted by Wilson and Elgamal (2009).  It can be seen that the pressure 

distribution did not follow the theoretical prediction of pressure linearly increasing with depth.  

Figure 5.66 shows the scaled versions of the earthquake motion (EM) and the harmonic motion 

(HM) used, where “3xEM” and “3.3xEM” mean 3 and 3.3 times the original input motion.  Also, 

“1.5HM” was 1.5 times the harmonic motion.  The earthquake motion used was a modified 

Century City station record of the 1994 Northridge earthquake, and the harmonic motion used 

was gradually increasing from 1 to 5 Hz.  Wilson (2009) found a very slight movement of the 

test wall away from the backfill near the bottom that could have caused the reduction in pressure.  

The pressure measured by the wall at the wall-soil interface could be affected by any relative 

movements. 
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Figure 5.66 Recorded dynamic pressure along normalized height at the instant of peak 

measured load cell force (Wilson, 2009) 

 

5.6.9 Static Lateral Pressure 

 

The static pressure behind the retaining wall is the measured initial pressure before any ground 

motion was applied during the test.  Theoretically, this static pressure is estimated to vary 

linearly along the height of the wall stem, according to the well-known Rankine’s theory for a 

rigid and unyielding wall.  In other words, the pressure at the top of the wall should be around 

zero, and the pressure at the bottom of the stem should have the greatest pressure.  During this 

shake-table test, the static pressure was found to be the greatest about half way up the stem 

(0.42H) and close to zero near the bottom of the stem (0.08H) as shown in Figure 5.69.  This 

observation is apparently not in agreement with the theoretical static pressure provided by the 

Rankine’s theory.  However, similar observations of greater static pressure near the middle of the 

stem and lower near the bottom of the stem were reported in Wilson (2009).  Figure 5.68 below 

shows the static (initial) values of the pressure from the dynamic responses of at-rest conditions 

during their test that were extracted from the reference for elaboration purpose.  The location of 

their pressure cells, which are labeled “PT,” along the height of the wall for Wilson’s experiment 

is shown in Figure 5.67.  Figure 5.68shows the distribution of the static pressure along the height 

of the wall, which was 1.7 m (5.5 ft) tall.  Note that Wilson (2009) used scaled versions of the 

earthquake motion (EM) and the harmonic motion (HM) in their test.  The earthquake motion 

used was a modified Century City station record of the 1994 Northridge earthquake, and the 

harmonic motion used was gradually increasing from 1 to 5 Hz.  In our test, the maximum static 

pressure was found to be around 40 kPa at a height of 0.0.76 m, measured from the bottom of the 

stem.  The pressure cells placed on the middle of the stem of the wall had lower static pressure 

than expected, and the pressure cells placed on the bottom of the stem of the wall had higher 

static pressure than expected. 
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Figure 5.67 Location of pressure cells (PT) along height of wall (Wilson, 2009) 
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Figure 5.68 Static pressure along height of wall (Wilson, 2009) 
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Figure 5.69 Static pressure along height of stem measured before beginning of test without 

sound wall 

 

One possible cause of this larger measured static pressure than the calculated theoretical static 

pressure is the compaction of soil behind the wall during the construction stage.  Bentler and 

Labuz (2006) and Aggour and Brown (1974) address this issue of effect of compaction on the 

static pressure.  Bentler and Labuz (2006) evaluated the lateral static pressure on a 6.70 m (22 ft) 

tall concrete cantilever retaining wall and showed increases in the pressure after compacting the 

backfill.  This increase of pressure lasted till the backfill was compacted up to 1.52 m above the 

footing.  The pressure in the backfill was monitored up to a height of 3.7 m of the compacted 

soil.  The measured pressure was greater than the theoretical pressure with the greatest measured 

pressure near the stem bottom.  However, this observation was not seen in this experiment and in 

Wilson’s experiment.  This is likely due to the fact that the pressure cells in the test by Bentler 

and Labuz (2006) did not experience the arching effect, which was actually observed in the 

bottom pressure cells in this current experiment.  The authors explained this in their paper due to 

compaction of the backfill that caused the residual lateral pressure.  Aggour and Brown (1974) 

performed numerical simulations of effect of compaction on lateral pressures along the height of 

the retaining wall.  It was stated in their paper that when loose sand is compacted, the density of 

the sand would increase, and thus, this would increase the stiffness of the soil.  The major factors 

that could affect the static pressure were the number of compacting passes, the end wall 

constraints, the flexibility of the wall, and the backfill geometry.  Their numerical simulations 

illustrated more static pressure near the top of the wall for a 6.09 m (20 ft) wall as shown in 

Figure 5.70(b).  Figure 5.70 also illustrates the deflections and static pressure vs. wall height 

before compaction, which is labeled “initial,” and the deflections and static pressure after 

compaction, which is labeled “final.”  Also, the static pressure plot shows the theoretical static 

pressure (“At rest” pressure).  Bentler and Labuz (2006) and Aggour and Brown (1974) found 
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that the effect of compaction can cause the static pressure along the height of the wall to not 

follow the same trend of pressure as the theoretical static pressure. 

 

 

Figure 5.70 Initial and final conditions of (a) deflection and (b) static pressure (Aggour and 

Brown, 1974) 

 

5.6.10 Summary of Dynamic Lateral Pressure from Pressure Cells along Height of Stem 

 

The general trend of the pressure along the height of the stem shows a larger amount of pressure 

towards the middle of the stem.  The dynamic pressure near the top showed the least amount of 

response compared to the bottom and middle of the stem.  The beginning shakes had similar 

amounts of pressure at the top and bottom of the stem.  As the earthquakes became more intense, 

the pressure near the bottom of the stem became greater.  This trend was seen for all three 

earthquake inputs at 100P: Northridge, Kocaeli, and Takatori.  The most intense earthquake, 

Northridge 200P, did not follow this similar trend.  It introduced more pressure near the top of 

the stem.  This was caused by the soil mass that was driven into the wall at the top under the 

large seismic excitation, which was not observed during the smaller shakes. 

 

Among the three earthquake input (Northridge, Kocaeli and Takatori), Kocaeli showed the least 

amount of dynamic pressure response at each interval of shakes (25%, 50%, 75%, and 100%).  

From the 25 percent to 100 percent shakes, Northridge 100P had the greatest peak dynamic 

response of 12.10 kPa in Figure 5.57.  The Takatori shakes had the most amount of dynamic 

pressure for the 25%, 50%, and 75% shakes.  The peak response (difference between peak 

pressure and pressure at initial value) of these shakes (25% through 100%) was all between 0 

kPa and 13 kPa. 

 

In this experiment, the trend of dynamic pressure along the height of the stem did not follow the 

same trend as predicted by the Rankine and Coulomb theories, which has the pressure increasing 

linearly with depth, resulting in a triangular distribution.  The experiment conducted by Wilson 

and Elgamal (2009) had comparable trend of dynamic pressure for the at-rest condition along the 

height of the wall with the most pressure near the middle of the wall and low amounts of 

pressure near the bottom of the wall.  Fang and Ishibashi (1986) and Paik and Salgado (2003) 

illustrated that the measured pressure shows a non-linear distribution along the height of the wall 

that is parabolic with the greatest pressure within the region measured from the bottom to the 

mid-height of the wall.  This was also observed during this experiment.  According to Paik and 
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Salgado (2003), arching effect was one of the causes of this non-linear active pressure 

distribution.  During this experiment, arching was also seen at the bottom of the stem, at a height 

of 0.15 m (0.5 ft) of the stem.  Because of arching at the bottom of the stem, the pressure 

distribution was parabolic.  If the test specimen had a reverse L shaped footing, it is likely the 

arching effect would not be measured by the pressure cells, and the pressure distribution would 

be linear instead. 

 

The static pressure was not included in the results of the dynamic pressure along the height of the 

stem (Figure 5.48 through Figure 5.61) because the static pressure did not conform to the 

theoretical static pressure provided by the Rankine’s theory.  The static pressure measured during 

this experiment was also observed by Wilson (2009) with greater static pressure near the middle 

of the stem and lower near the bottom of the stem.  Wilson (2009) found that there was a slight 

movement of the test wall away from the backfill near the bottom that could have caused the 

reduction in static pressure.  The pressure measured by the wall at the wall-soil interface could 

be affected by any relative movements.  Another possible reason for large static pressure was 

compaction during the construction process that was accounted for in Bentler and Labuz (2006) 

and Aggour and Brown (1974)’s work.  Aggour and Brown (1974) explained that the number of 

compacting passes, the end wall constraints, the flexibility of the wall, and the backfill geometry 

could have caused the large static pressure. 
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5.7 Dynamic Response of Vertical Pressure along Width of Footing 

 

The current design practice is based on the conventional Mononabe-Okabe method, which 

calculates the bearing resistance assuming a linearly distributed vertical pressure over the 

effective length of the footing for the factor of safety in overturning.  The current AASHTO 

design practice states that if the resultant bearing resistance is within the middle one-third of the 

base, then the pressure distribution is trapezoidal.  If the resultant bearing resistance is outside 

the middle one-third of the base, then it forms a triangular pressure distribution along the footing 

(AASHTO 2005). 

 

Using the Mononabe-Okabe method, the calculated static vertical pressure distribution 

underneath the footing for this test has a trapezoidal distribution with the minimum pressure at 

the toe of the footing (without backfill) and the maximum pressure at the heel (with backfill).  

When calculating the vertical pressure under the seismic condition using this method, the 

pressure distribution is trapezoidal, but the maximum pressure is at the heel of the retaining wall 

and minimum pressure at the toe.  The seismic condition accounts for the static and seismic 

forces acting on the wall.  The Mononabe-Okabe method uses force-equilibrium equation of the 

taking the moment around the toe of the footing to find the distribution of vertical pressure.  The 

added seismic forces cause the wall to have a higher chance of overturning in the seismic 

condition than static condition.  The calculation of the vertical distribution of pressure 

underneath the footing using the Mononabe-Okabe method is found in the Appendix D. 

 

During this test, the pressure cells installed underneath the footing (along the width) are expected 

to measure the vertical pressure distribution underneath the footing.  This vertical pressure then 

provides the bearing resistance needed to evaluate the overturning stability of the retaining wall. 

 

In this first test without the sound wall, five pressure cells were placed underneath the footing as 

illustrated in Figure 5.71.  Due to unexpected damages, the pressure cell PCF1-2 was not able to 

respond properly during the test (not shown in all the response plots).  All of the shakes showed 

the general trend of dynamic pressure at peak acceleration, which is the difference between the 

peak pressure at peak acceleration and the static pressure (initial value) (Figure 5.72 through 

Figure 5.76).  Appendix F.7 shows the pressure history over time during 25% through 75%.  

PCF2-2, PCF3-1, and PCF3-2 showed a lot of noise during these smaller shakes.  However, 

these cells showed slightly larger response during Takatori 100P, Northridge 150P, and 

Northridge 200P, as seen in Figure 5.74 through Figure 5.76.  In general, the vertical pressure 

was higher on the heel side of the footing with backfill than the toe side without any backfill 

except for in Northridge 200P (Figure 5.76).  During the higher ground motions, since more 

substantial sliding and lateral movement of the retaining wall was observed, the pressure cells on 

the side without soil also started to measure dynamic responses instead of noise, such as Figure 

5.75 and Figure 5.76.  Rotation of the footing was observed in Northridge 200P that caused the 

pressure cells on the toe side (side without soil) to have dynamic response. 

 

It is worthy of mentioning that the pressure cells used during this test all have a pressure capacity 

range of 0 kPa to 200 kPa.  These pressure cells with this range of pressure were chosen based on 

the estimation of the expected pressure.  According to the manufacturer, the sensors can 
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withstand up to 300 kPa without damage caused in the cell itself.  There was more vertical 

pressure measured than predicted from one of the pressure cells (PCF1-2) during this test.  This 

pressure cell, PCF1-2 as seen in Figure 5.71, reached a pressure beyond 300 kPa during the 

testing, which gave unreliable results; therefore its results were not included in the plots. 

 

  

Figure 5.71 Placement of pressure cells underneath the footing for test without sound wall 

 

5.7.1 Dynamic Vertical Pressure Measured from Pressure Cells for Northridge 100P, 

Kocaeli 100P, and Takatori 100P 

 

In the figures (Figure 5.72-Figure 5.74) with the vertical pressure along the width of the footing 

during the 100% shakes, all pressure cells were showing noticeable dynamic response, except for 

Kocaeli 100P.  PCF3-1 and PCF3-2 had small peak pressures of less than 1 kPa in Northridge 

100P.  PCF2-2 had a small peak pressure with residual pressure of 1 kPa more seen after the 

shake than before the shake.  PCF1-3 had the most response with a peak pressure of 46.7 kPa in 

the Northridge 100P.  The Kocaeli 100P did not show noticeable pressure responses for PCF2-2, 

PCF3-1, and PCF3-2, which was seen for the previous Kocaeli shakes.  During this Kocaeli 

100P, PCF1-3 measured a peak pressure of 8.6 kPa.  Takatori 100P again had the most response 

from all cells among the three 100P shakes.  PCF1-3 had a peak pressure of 48.6 kPa during 

Takatori 100P.  PCF2-2 and PCF3-1 had the same response with a peak pressure of 5 kPa, but 

PCF3-2 had a smaller response with a peak pressure of less than 1 kPa in Takatori 100P. 

 

Heel Side  
(side with backfill) 

Toe Side 
(side without backfill) 
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Figure 5.72 Test without sound wall Northridge 100P: dynamic response of pressure along 

width of footing 
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Figure 5.73 Test without sound wall Kocaeli 100P: dynamic response of pressure along 

width of footing 
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Figure 5.74 Test without sound wall Takatori 100P: dynamic response of pressure along 

width of footing 

 

5.7.2 Dynamic Vertical Pressure Measured from Pressure Cells for Northridge 150P 

 

Figure 5.75 illustrates the vertical pressure along the width of the footing underneath the bottom 

of the wall during this 150P shake.  PCF2-2 peaked at 37 kPa and the pressure was seen to flat 

after the shaking.  PCF3-1 and PCF3-2 were showing similar responses, but PCF3-1 reached a 

high maximum pressure 93.3 kPa.  PCF1-3 had the greatest peak pressure than any of the other 

pressure cells with 139.6 kPa.  PCF1-3, PCF3-1, and PCF3-2 have residual pressure at the end of 

the shake 26.6 kPa, 32.3 kPa, and 12.1 kPa respectively. 
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Figure 5.75 Test without sound wall Northridge 150P: dynamic response of pressure along 

width of footing 

 

5.7.3 Dynamic Vertical Pressure Measured from Pressure Cells for Northridge 200P 

 

Figure 5.76 shows the vertical pressure along the width of the wall under the final shake of 

Northridge 200P.  This was the first and only time the wall measured more vertical pressure on 

the side without backfill (PCF3-1) than the side with backfill (PCF1-3).  PCF1-3 had a lower 

pressure after shaking than before the shaking started while PCF3-1 and PCF3-2 had higher 

pressure after shaking than before the shaking in Northridge 200P because the backfill was 

thrusting into the wall, which caused more pressure on the side without the backfill.  This 

thrusting motion could be seen in Figure 5.61 that showed the pressure along the height of the 

stem for Northridge 200P with a large amount of pressure near the top of the stem.  PCF3-1 had 

a maximum pressure of 120 kPa, and PCF3-2 had a maximum pressure of 106 kPa.  The pressure 

cell directly under the stem of the wall, PCF2-2, flat lined during the shake, and reached a 

maximum pressure of 32 kPa.  It might be indicated that the wall was susceptible to overturning 

Side with backfill 
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with a peak input acceleration of 1.26 g with the largest relative displacements out of all of the 

shakes seen in Figure 5.16. 
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Figure 5.76 Test without sound wall Northridge 200P: dynamic response of pressure along 

width of footing 

 

5.7.4 Phase Difference of the Pressure Cells 

 

The pressure cell installed under the footing of the retaining wall on the side with backfill, PCF1-

3, and the pressure cell on the side without backfill, PCF3-1, had a notable phase difference 

when comparing their dynamic responses (as shown in Figure 5.77 and Figure 5.78).  This phase 

difference happens to the most intense shakes when PCF3-1 was showing pressure response that 

happened in Takatori 100P, Northridge 150P, and Northridge 200P.  The Northridge 150P and 

Northridge 200P were only shown because the phase difference was the most noticeable in these 

shakes.  While PCF1-3 had an increase in pressure, PCF3-1 would have a decrease in pressure, 

and vice versa.  For example, in Figure 5.77 for Northridge 150P, at 16 seconds, PCF1-3 

Side with backfill 
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measured -38.46 kPa and PCF3-1 measured 54.03 kPa.  The phase difference, in Figure 5.77 and 

Figure 5.78, could be seen clearly in Northridge 150P and 200P for this test because PCF3-1 was 

showing the most dynamic response in these shakes.  The figures of the phase difference show 

the dynamic responses in a 10 second window in order to clearly see the phase differences 

between the two pressure cells.  The phase differences in these shakes showed that the retaining 

wall was trying to rotate towards the backfill that was also observed in the inclinometers on the 

retaining wall in seen in Appendix F.6. 
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Figure 5.77 Test without sound wall Northridge 150P: phase difference of pressure cells 

PCF1-3 and PCF3-1 
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Figure 5.78 Test without sound wall Northridge 200P: phase difference of pressure cells 

PCF1-3 and PCF3-1 

 

5.7.5 Summary of Dynamic Response of Vertical Pressure along Width of Footing 

 

Many of the pressure cells (PCF2-2, PCF3-1, and PCF3-2) measuring the vertical pressure had 

noise during the 25% through 75% shakes, and they did not show response until the 100% 

shakes.  However, PCF1-3, the pressure cell on the side with backfill had measureable pressure 

response for all of the shakes.  The vertical pressure on the side of the wall with backfill had 

more pressure than the side without backfill, except in Northridge 200P.  The pressure cells on 

the side without backfill had substantial responses in Takatori 100P, Northridge 150P, and 

Northridge 200P as compared to the lower shakes.  Also, during these shakes, there was a phase 

difference between the side with backfill and side without backfill that was noticed, which 

observed movement of the wall towards the backfill.  The more intense shakes had substantial 

sliding and lateral movement of the retaining wall that the pressure cells on the side without soil 

started to measure dynamic responses instead of noise. 
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5.8 Dynamic Lateral Pressure from Strain Gages along Height of Stem 

 

Strain gages were placed on steel rebar in the wall to measure the strain along the height of the 

wall so that the pressure on the wall could be back-calculated.  Figure 5.79 show the locations of 

the strain gages on the rebar, and the circled strain gages on the stem were the ones used to find 

the pressure.  The bending moment is calculated by using the strain data, modulus of elasticity of 

the rebar, and cross-sectional area of the rebar.  The modulus of elasticity of the rebar was 345 

MPa (50 ksi).  Once the bending moment is found, it can be used to obtain the pressure through 

differentiation and Euler–Bernoulli beam theory.  The process of back-calculating the strain is 

shown in Appendix C.  This was to provide an indirect means to qualitatively verify the direct 

pressure measurement by the pressure cells that were installed on the wall. 

 

The pressure cells are instrumentation that gives direct earth pressure measurements, which only 

include the soil-wall interactions.  On the other hand, the pressure from the strain gages is 

calculated from the moment on the wall, which includes the soil-wall interactions and the wall 

inertial effects.  In order to compare the pressure from the pressure cells and strain gages, the 

force due to wall inertia is subtracted from the pressure back-calculated from the strain gages.  

This wall inertial force is equal to the mass of an object multiplied by the acceleration of that 

object during movement.  There were two sets of accelerometers placed at the top and middle of 

the stem.  From these accelerometers, the measured accelerations at the peak acceleration of the 

shake were used to obtain the wall inertial force.  The accelerometers were only placed on two 

locations (top and middle) on the height of the stem, so the acceleration was linearly interpreted 

at the bottom of the stem. 
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Figure 5.79 Location of strain gages on steel rebar in test without sound wall 

 

Note that the wall stem was essentially a cantilevered structure that little bending effect was 

experienced near the top.  Therefore, the strain gages near the top measure much less strain than 

those close to the bottom of the wall.  The corresponding pressure was thus higher near the 

bottom than the top and the pressure was more significant in the higher intensity shakes. 

 

5.8.1 Lateral Pressure at Peak Acceleration of Shake Based on Strain Measurements 

 

Figure 5.80 through Figure 5.82 show the dynamic pressures calculated from the strain gages at 

the peak accelerations of the shake along the height of the stem for 75% shakes and onward.  For 

all of the shakes (Figure 5.80 through Figure 5.82), except Northridge 200P, the strain gages at 

the very top of the rebar (1.52 m from bottom of stem) showed significant amounts of noise that 

dynamic pressures at the peak acceleration were not able to be extracted from their dynamic 

responses.  This observation was also seen for the strain gages second to the top of the rebar 

(1.14 m from bottom of stem) in the 25% through 75% shakes as seen in Figure 5.80.  The 25% 

and 50% shakes had the same trend as the 75% shakes. 

 

In 75% and 100% shakes, the trend of the pressure distribution based on the strain gage 

measurements shows a similar trend to the prediction by the Coulomb and Rakine theories, 

which had the pressure linearly increasing with the depth of the wall.  The Kocaeli shakes had 
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less pressure along the height compared to the Northridge and Takatori shakes.  These pressure 

levels based on the strain gage readings did not show any arching effect near the bottom of the 

stem, unlike the pressure cell measurements as previously discussed.  A pressure cell 

measurement is a function of the relative stiffness of the pressure cell with respect to the soil.  As 

pointed out by Dewoolkar et al. (2001), one of the potential problems with using pressure cells is 

introducing the arching effect in the soil due to the presence of the pressure cells that cause 

disturbance to the stress field in the local region.  The effect of arching redistributes the stress to 

be transferred around a region of the soil mass, which then becomes subject to lower stresses. 

 

 

Figure 5.80 Test without sound wall 75P shakes: dynamic pressure response from strain 

gages along height of stem 
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Figure 5.81 Test without sound wall 100P shakes: dynamic pressure response from strain 

gages along height of stem 

 

Northridge 150P and 200P (Figure 5.82) did not have a linear dynamic pressure distribution as 

seen in the 75% and 100% shakes.  The pressure at the bottom of the stem was greater than the 

pressure at any of the other locations on the stem.  All of the bending from the previous shakes 

caused large amounts of bottom pressure at that region.  In addition, large pressure was measured 

at the top of the stem for Northridge 200P.  This was also seen in the pressure cell results.  The 

loosened backfill was observed slamming into the top of the stem, which caused a large pressure 

at the top of the stem measured by the strain gages. 
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Figure 5.82 Test without sound wall Northridge 150P and 200P: dynamic pressure 

response from strain gage along height of stem 

 

5.8.2 Summary of Dynamic Lateral Pressure from Strain Gages along Height of Stem 

 

The strain gages at the top of the stem had a lot of noise and had the most spikes of negative and 

positive pressure for all shakes because little bending was experienced at the top of the wall.  

With little bending, the top strain gages were not able to measure much strain.  The trend seen 

from all of the shakes, except Northridge 150P and 200P, had increasing amounts of pressure 

from top to bottom of the stem (nearly a linear trend).  Northridge 150P and 200P measured lots 

of pressure at the bottom of the stem because all of the bending from the previous shakes, so 

there were unusual large of strain measured in that region.  Large pressure was also measured at 

the top of the stem in Northridge 200P due to thrusting of the backfill into the wall. 
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5.9 Comparison of Dynamic Lateral Pressure from Pressure Cells and Strain Gages 

 

For the test without sound wall, dynamic pressure measured by the strain gages and pressure 

cells were compared along the height of the stem.  Figure 5.83 shows the strain gages at heights 

0.00 m, 0.38 m, 0.76 m, 1.14 m, and 1.52 m on the stem.  Figure 5.84 illustrates the pressure 

cells at heights 0.15 m, 0.76 m, and 1.37 m on the stem.  It should be noted that the inertial 

forces measured by the strain gages were subtracted from the pressure calculated through the 

back-calculation process in order to directly compare the measurements from the pressure cells 

and strain gages. 

 

Figure 5.83 Location of strain gages along height of stem for pressure comparison in test 

without sound wall 

 

 

Figure 5.84 Location of pressure cells along height of stem for pressure comparison in test 

without sound wall 
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In general, all the shakes did not show the same pressure profiles along the height of the stem 

when comparing the pressure cell and strain gage results in Figure 5.85 through Figure 5.92.  

The pressures from both instrumentation were measured at the peak acceleration of the shakes.  

The strain gages had more pressure at the bottom of the stem than the pressure cells.  The 

pressure based on strain gage measurements tended to increase linearly from the top to the 

bottom of the stem, similar to the distribution of pressure seen in Rankine and Coulomb theories 

of lateral earth pressure.  The pressure cells displayed the most pressure at a height of 0.76 m, 

and the least amount of pressure at the top of the stem.  The low pressure at the bottom of the 

stem from the pressure cells was caused by the arching effect, which was discussed in the 

previous section about the pressure cell results.  As mentioned in Section 5.8, the strain gages at 

a height of 1.52 m did not have pressure responses until Northridge 200P, and the strain gages at 

a height of 1.14 m did not have pressure responses until Northridge 100P.  The 25% and 50% 

shakes were not shown because they had similar trends to the 75% shakes. 

 

5.9.1 Comparison of Lateral Pressure from Pressure Cells and Strain Gages for 

Northridge 75P, Kocaeli 75P, and Takatori 75P 

 

Figure 5.85 through Figure 5.87 show the comparison of peak pressure along the height of the 

stem measured by the pressure cells and the strain gages.  All the 75% shakes had very similar 

trend, where the pressure cells measured more pressure than the strain gages at 0.76 m from the 

bottom of the stem.  The strain gages on the rebar did not have as much pressure as the pressure 

cells near the middle of the stem (0.76 m height) because there was little movement during the 

75% shakes.  The stem acted rigid that large strains were not measured on the rebar.  The bottom 

strain gages measured greater pressure than the bottom pressure cells due to arching. 
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Figure 5.85 Comparison of dynamic peak pressure along the stem for test without sound 

wall Northridge 75P 

 

 

Figure 5.86 Comparison dynamic peak pressure along the stem for test without sound wall 

Kocaeli 75P 
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Figure 5.87 Comparison of dynamic peak pressure along the stem for test without sound 

wall Takatori 75P 

 

5.9.2 Comparison of Lateral Pressure from Pressure Cells and Strain Gages for 

Northridge 100P, Kocaeli 100P, and Takatori 100P 

 

Figure 5.88 through Figure 5.90 show the comparison of pressure at peak acceleration of the 

100% shakes based on the pressure cell measurements and strain gage readings.  At a height of 

0.76 m from the bottom of the stem, the pressure cell measured 17.4% more pressure than the 

strain gage.  However, Kocaeli 100P and Takatori 100P measured 11.1% and 42.1%, 

respectively, more pressure from the strain gage compared to the pressure cell at that height.  The 

bottom strain gages measured the cantilevered effect with more dynamic pressure on the bottom 

then the top of the stem.  The bottom pressure cells did not read higher pressure at the bottom 

compared to the top of the stem. 
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Figure 5.88 Comparison of dynamic peak pressure along the stem for test without sound 

wall Northridge 100P 

 

 

Figure 5.89 Comparison of dynamic peak pressure along the stem for test without sound 

wall Kocaeli 100P 
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Figure 5.90 Comparison of dynamic peak pressure along the stem for test without sound 

wall Takatori 100P 

 

5.9.3 Comparison of Lateral Pressure from Pressure Cells and Strain Gages for 

Northridge 150P 

 

Figure 5.91 shows the comparison of the dynamic responses for Northridge 150P.  The pressure 

cell near mid-height on the stem had greater pressure than the strain gage because it measured 

more of the thrusting from the backfill on the wall.  The pressure at the bottom of the stem was 

greater than the pressure at any of the other locations on the stem from the strain gages.  All of 

the accumulation of bending from the previous shakes caused large amounts of bottom strain to 

be measured. 
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Figure 5.91 Comparison of dynamic peak pressure along the stem for test without sound 

wall Northridge 150P 

 

5.9.4 Comparison of Lateral Pressure from Pressure Cells and Strain Gages for 

Northridge 200P 

 

Figure 5.92 illustrates the dynamic response of pressure from the pressure cells and the strain 

gages.  Northridge 200P had the most sliding out of all the shakes with the top potentiometers on 

the stem measuring an average relative horizontal displacement of 41.88 mm.  The middle 

potentiometers on the stem had an average relative displacement of 38.11 mm.  The pressure 

cells measured thrusting on the top and middle of the stem.  However, the strain gages had 

greater peak pressure at the bottom of the stem from measuring large strain. 
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Figure 5.92 Comparison of dynamic peak pressure along the stem for test without sound 

wall Northridge 200P 

 

5.9.5 Summary of Comparison of Dynamic Lateral Pressure from Pressure Cells and 

Strain Gages 

 

The comparison of the pressure cells with the strain gages did not show the same pressure 

profiles along the height of the stem.  The strain gages on the rebar had less pressure than the 

pressure cells near the middle of the stem (0.76 m height) because there was little movement 

during the 75% shakes, and the rigid stem did not measure large strains on the rebar.  Lower 

pressure at this height from the strain gages was also seen in Northridge 150P and 200P 

compared to the pressure cells because the pressure cells measured the thrusting of the backfill 

on the wall.  The strain gages had more pressure at the bottom of the stem than the pressure cells 

due to the arching effect, explained in the pressure cell results.  The pressure based on strain 

gage measurements had the trend of pressure increasing linearly from the top to the bottom of the 

stem, similar to the trend seen in Rankine and Coulomb theories of earth pressure.  The pressure 

cells displayed the most pressure at a height of 0.76 m, and the least amount of pressure at the 

bottom of the stem, showing a parabolic distribution. 
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5.10 Test without Sound Wall Results Summary 

 

From all of the detailed results given in this chapter, observations and conclusions are presented 

in this section below. 

 

 Lateral Wall Displacements from Potentiometers: 

 Bending of the stem was recognized until Kocaeli 100P with increasing relative 

displacements from bottom to top of the stem.  Takatori 75P had the most difference 

in displacement seen in the top and bottom of the stem.  There was 20% more 

displacement from the top compared to the bottom. 

 From the Kocaeli 100P to Northridge 200P, the trend changed with the displacements 

larger at the bottom of the stem than the top.  This observation implied that the 

backfill was pushing against the wall with the wall rotating towards the backfill.  The 

bottom had greater displacement by less than 5% from the top of the stem for Kocaeli 

100P through Northridge 200P. 

 The larger shakes generated bending effect of the wall stem that caused the joint 

between the stem and the footing to form a crack at the end of the 100% shakes.  This 

was also observed in the different trend of the relative displacement in the lower 

shakes than the higher shakes where more displacement at the bottom was measured 

than the top in the higher shakes. 

 The potentiometers were able to capture the dynamic response of the high frequencies 

of the Northridge and Takatori motions.  However, the Kocaeli earthquake had more 

low frequency motions than the Takatori, and those low frequency motions were not 

able to be recorded properly by the potentiometers.  In general, the dynamic 

responses had larger displacements for the Northridge and Takatori earthquakes than 

those of the Kocaeli earthquakes at different magnitudes. 

 

 Vertical Displacement Response of Soil on Top of Backfill: 

 Generally, more movement of the surface of the backfill near the back of the soil box 

was observed because of the stress-wave reflections at the end of the box.  During 

shaking, the compacted mass of soil rebounded against the end of the soil box 

through the bentonite layer, which caused noticeable movement in that local region. 

 During the higher intensity ground motions (Northridge 75P, Takatori 75P, 

Northridge 100P, Takatori 100P, Northridge 150P and 200P), the soil near the 

retaining wall showed considerable amount of displacement.  This was due to the fact 

that a gap (crack) formed between the compacted soil and stem at stronger shaking 

and created thrusting action into the wall. 

 Heaving was observed close to the back of the retaining wall because when the 

compacted soil moved back toward the stem, the soil started to build up in that area 

during the more intense shakes. 

 While the displacements in the backfill showed the most heaving towards the 

retaining wall, settlement was also seen, mostly during the last two shakes, 

Northridge 150P and 200P, which caused little settlement in the middle of the 

backfill. 
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 Horizontal Displacement Responses in Backfill Measured by Accelerometers: 

 For the horizontal acceleration in the soil, higher acceleration was measured near the 

top of the compacted backfill than towards the bottom.  Due to translation of the 

retaining wall, slightly larger acceleration was observed near the back of the wall than 

anywhere else in the backfill soil during the Takatori 75P and onward.  Northridge 

150P and 200P had 5% and 15%, respectively, more displacement from the middle 

depth to top depth of the soil. 

 With the soil cracks forming and propagating during the shakes with higher 

accelerations, the accelerometers in the soil near the top and middle levels measured 

greater acceleration compared to the bottom of the soil container.  During the lower 

shakes, the accelerometers near the middle and bottom levels did not measure as 

much acceleration as the accelerometers at the top level. 

 The Northridge 150P and 200P caused a gap between the compacted soil and the stem 

where a thrusting action was also measured by the pressure cells near the top of the 

stem.  Comparing to the other lower shakes, the compacted soil was disrupted and 

loosening at the lower depths as during these last two shakes. 

 

 Horizontal Relative Displacement along Length of Backfill by MEM Sensors: 

 From all the shakes, more relative horizontal displacements were observed near the 

top of the backfill than the bottom because the ground motions were not able to 

loosen the backfill near the stem bottom.  This trend was consistent with the 

displacement response measured by the accelerometers that showed greater response 

seen from near the top surface compared to the bottom of the soil container.  

Generally, the soil relative horizontal displacement profiles along the length and 

depth were similar among all the sensors on the north and south sides of the soil 

container. 

 The 25% and 50% shakes introduced very small relative displacements with most 

movement of the sensors seen near the top of the backfill.  The 75% shakes started to 

increase the movement of the soil towards the middle depth of the backfill and not 

just near the top of the soil.  With cracks forming and starting to propagate during the 

100% shakes, the compacted soil started to loosen.  The Northridge 150P and 200P 

further loosened the soil at lower depths after all the 100% shakes. 

 As the soil cracks started to form near the retaining wall first, the sensors closer to the 

retaining wall measured larger displacements in all the sensors during the 75% and 

larger shakes. 

 

 Dynamic Lateral Pressure from Pressure Cells along Height of Stem: 

 Along the height of the stem, more dynamic pressure from the pressure cells was seen 

near the middle of the stem at a height of 0.76 m (5/12 height of the stem).  The 

bottom of the stem showed larger increase in pressure between shakes than the top of 

the stem, especially during the more intense earthquakes when the stem was showing 

more bending in addition to sliding. 

 The Northridge 200P did not follow the trend described above.  It introduced more 

pressure near the top of the stem than the bottom.  This was caused by the soil mass 

that was driven into the wall at the top under the large seismic excitation, which was 

not observed during the smaller shakes. 
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 The top of the stem showed least amount of incremental pressure from one shake to 

the next.  Along the stem, there was a non-linear parabolic distribution with low 

amounts of pressure near the top and bottom and greater pressure near the middle. 

 Theoretically, the pressure at the bottom of the stem was predicted to be greater than 

observed with a linearly increasing trend along the depth, but this was not observed in 

this test.  This was caused by the so-called arching effect and translation of the wall, 

as elaborated in other studies by Paik and Salgado (2003) and Fang and Ishibashi 

(1986).  The dynamic lateral pressure distribution from this test was actually similar 

to an earlier study conducted by Wilson and Elgamal (2009), where a small part of 

the backfill was moved away from the bottom that could have caused a lower 

pressure near the bottom of the wall (Wilson, 2009). 

 

 Dynamic Response of Vertical Pressure along Width of Footing: 

 Many of the pressure cells measuring the vertical pressure had noise during the 25% 

through 75% shakes, and they did not show response until the 100% shakes. 

 Except for the Northridge 200P, the pressure underneath the footing on the heel side 

(the side with backfill) had 33% and more pressure than the toe side (side without 

backfill).  The pressure cells on the side without backfill had substantial responses 

during the Takatori 100P, Northridge 150P and 200P.  Also, during these shakes, 

there was a phase difference noticed between the toe side and heel side, where 

movement of the wall towards the backfill was observed. 

 The vertical pressure did not have any notion to overturning until the very last shake, 

Northridge 200P, with more pressure toe side than the heel side after the shaking.  

During this last shake, the wall had a tendency to overturn towards the toe side (side 

without backfill). 

 

 Dynamic Lateral Pressure from Strain Gages along Height of Stem: 

 The strain gages at the top of the stem had a lot of noise and had the most spikes of 

negative and positive pressure for most of the shakes because little bending was 

experienced at the top of the wall.  With little bending, the strain gages were not able 

to measure much strain. 

 The strain gage measurements along the height of the stem were used to back 

calculate the lateral pressure.  The results showed greater amount of pressure towards 

the bottom of the stem than the pressure cell measurements, and they had a similar 

trend as the theoretical predictions, which has the lateral pressure increasing linearly 

from the top to the bottom of the stem. 

 The results showed more bending occurring near the bottom of the stem than the top 

and middle of the stem.  The wall was more flexible and larger amount of pressure 

were seen in that region. 

 

 Comparison of Dynamic Lateral Pressure from Pressure Cells and Strain Gages: 

 The comparison of the pressure cells with the strain gages did not show the same 

pressure values along the height of the stem.  Therefore, the comparison was intended 

to provide a qualitative comparison of the pressure trend. 

 The strain gages had more pressure at the bottom of the stem than the pressure cells 

due to arching, explained in the pressure cell results.  The pressure based on strain 
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gage measurements had the trend of pressure increasing linearly from the top to the 

bottom of the stem, similar to the trend as predicted by the Rankine and Coulomb 

theories of earth pressure.  The pressure cells displayed the most pressure at a height 

of 0.76 m (close to half the height of the stem), and the least amount of pressure at the 

bottom of the stem, showing a parabolic distribution along the height. 
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6 Test Results of Retaining Wall with Sound Wall 
 

The test with the sound wall was performed after the test without the sound wall.  This test had 

the same test set up and loading protocol as the previous test.  The only difference between the 

two tests was that this test has a sound wall on top of the retaining wall.  This section discusses 

the detailed results on observations such as failure modes, displacement response of the retaining 

wall, soil pressure developed on the retaining wall and in the soil, and settlement in the backfill 

soil.  Unnecessary and insignificant data from instrumentation can be found in Appendix G. 

 

 

6.1 Failure Mode 

 

During the testing of the retaining wall with the sound wall, there was no damage observed from 

Northridge 25P to Takatori 50P.  In the motion of Northridge 75P, the sound wall swayed a lot 

more than in the previous shakes.  The swaying motion of the sound wall seemed to have 

weakened the joint between the sound wall and retaining wall.  During Northridge 100P, some of 

the mortar joints in the sound wall cracked.  Also, there were many cracks that formed in the 

backfill near the retaining wall with Figure 6.1 showing the three cracks that formed.  The next 

shake, Kocaeli 100P, showed no other cracks forming in the soil and no further growth of the 

soil cracks from Northridge 100P.  Although, Takatori 100P made the existing cracks from 

Northridge 100P grow in width.  There were two new cracks created in the soil after Northridge 

150P.  The width of these cracks opened up more in Northridge 200P, and new cracks closer to 

the middle of the backfill were seen from Northridge 200P.  Figure 6.2 gives the picture of all of 

the cracks formed in the backfill after Northridge 200P, which was the last shake performed of 

the test.  Figure 6.3 has the crack pattern that developed in the backfill with the width of the 

cracks measured after all of the shakes were performed.  It should be noted that these crack 

widths were measured after the entire testing was completed due to safety reasons and 

accessibility difficulty to the top of the soil in between the shakes (while the shake table was on 

pause under high hydraulic pressure).  The whole sound wall was rocking back and forth on top 

of the retaining wall for the more intense shakes.  The accelerometers on the sound wall were 

measuring accelerations up to 7g. 

 



185 

 

 

Figure 6.1 Cracks formed in backfill for retaining wall with sound wall after Northridge 

100P 
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Figure 6.2 Crack pattern in backfill for retaining wall with sound wall after Northridge 

200P 

 

 

Figure 6.3 Crack development in the backfill for retaining wall with sound wall 

 

Retaining wall 

with sound wall 
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After all of the testing was finished, concrete cracks at the joint where the footing and stem were 

observed due to bending of the stem during the larger shakes.  The string potentiometers on the 

stem of the wall generally showed greater displacements near the bottom of the stem.  With the 

addition of the sound wall, more bending was seen near the bottom of the stem, which caused 

cracking at the joint of the footing and stem in Figure 6.6 and Figure 6.7.  There were no other 

cracks seen on the stem and footing in this test.  The sound wall was still intact after all of the 

ground motions, but there was mortar cracking of the joint between the retaining wall and sound 

wall in Figure 6.5.  Almost all of the mortar joints of the sound wall had cracks after all of the 

testing seen in Figure 6.4.  The reinforcement that connected the retaining wall and sound wall 

together kept the sound wall from collapsing during the shaking. 

 

 

Figure 6.4 Sound wall after Northridge 200P 
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Figure 6.5 Crack between joint of retaining wall and sound wall after Northridge 200P 

 

 

Figure 6.6 Crack formed between stem and footing on side without soil after Northridge 

200P for test with sound wall 
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Figure 6.7 Crack formed between stem and footing on side with soil after Northridge 200P 

for test with sound wall 

 

This project was particularly looking at the behavior of the active soil pressure behind the 

retaining wall.  The active pressure is when the wall moves away from the soil and failure occurs 

as the soil wedge moves against the back of the wall, forming a plane.  Figure 6.8 shows a linear 

representation of the first active failure plane and failure plane angle (α).  Test without sound 

wall had the first failure plane occur in Northridge 100P and had a failure plane angle (α) of 

75.8°.  This failure plane happened 0.53 m from the heel side of the footing and 1.75 m from the 

stem of the wall.  Test with sound wall had the failure plane happen closer to the wall with a 

greater failure plane angle compared to test without sound wall. 

 

Coulomb and Rankine earth pressure theories predict the failure plane angle.  Their theories were 

developed with the assumptions that the soil is homogenous, isotropic, cohesionless, and well 

drained.  The equation for calculating the failure plane angle is α=45+(φ/2), whiere φ is the 

friction angle of the backfill.  With a backfill friction angle of 48.7° from the triaxial test, the 

failure plane angle would be 69.4°.  The predicted failure plane angle was 1.4% less than the 

failure plane angle in test with sound wall.  The retaining wall with sound wall had reverse thrust 

seen towards the top of the stem, which caused the failure plane to closer to the wall than wall 

without sound wall. 
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Figure 6.8 First failure plane in test with sound wall 

 

α=75.8° 
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6.2 Lateral Wall Displacements from Potentiometers 

 

There were nine string potentiometers that were placed on the stem of the retaining wall in 

Figure 6.9.  PW1-1, PW2-1, and PW3-1 were placed at the top of the stem.  PW1-2, PW2-2, and 

PW 3-2 were 1.22 m (4 ft) from the bottom of the stem.  PW1-3, PW2-3, and PW3-3 were 0.61 

m (2 ft) from the bottom of the stem. 

 

 

 

Figure 6.9 Location of potentiometers on retaining wall for test with sound wall 

 

The results on the relative displacement along the height of the stem were shown for the 75% 

shakes and onward.  The relative displacement is the difference between the measured 

displacements before and after each shake. 

 

Generally, the trend for the dynamic responses of the potentiometers showed larger responses on 

top of the stem and smaller responses closer to the bottom of the stem.  Northridge 25P, Kocaeli 

25P, Takatori 25P, and Kocaeli 50P did not clearly show dynamic responses because the ground 

motions were small.  The Kocaeli shakes had smaller displacements of less than 1 mm.  

Northridge showed greater displacements than Takatori, especially when comparing at 

Northridge 100P and Takatori 100P. 

 

6.2.1.1 Relative Wall Displacements of Potentiometers for Northridge 75P, Kocaeli 75P, 

and Takatori 75P 

 

The Northridge 75P showed more relative displacements (Figure 6.10) compared to its 25% and 

50% shakes.  The relative displacements of Northridge 75P had more displacement at the bottom 

of the stem than the top of the stem in Figure 6.10.  PW1-3 had the largest relative displacement 

of 1.15 mm.  The extra weight of the sound wall made the stem of the retaining wall more 

flexible, so the bottom of the stem had a greater displacement of 13% on the south side of the 
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stem than the top.  The north side of the stem had only 2% greater displacement of the bottom 

than the top of the stem. 
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Figure 6.10 Test with sound wall Northridge 75P: horizontal displacement along the height 

of stem 

 

Kocaeli 75P still had relative displacements (Figure 6.11) very close to zero with the most 

displacement from PW2-2 of 0.1 mm and the least displacement from PW1-2 of -0.04 mm. 
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Figure 6.11 Test with sound wall Kocaeli 75P: horizontal displacement along the height of 

stem 

 

Takatori 75P were showing different trends at different locations on the stem of the retaining 

wall in Figure 6.12.  The north side of the stem had greater displacement at the bottom than the 

top.  The middle and south side of the stem had more displacement at top than the bottom.  When 

comparing the top and bottom relative displacements on the wall, PW3-3 and PW3-1 (north side) 
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had a difference was 0.1 mm.  The difference between PW2-1 and PW2-3 (middle of wall) was 

0.07 mm, and the difference between PW1-1 and PW1-3 (south side) was 0.02 mm. 
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Figure 6.12 Test with sound wall Takatori 75P: horizontal displacement along the height of 

stem 

 

6.2.1.2 Relative Wall Displacements of Potentiometers for Northridge 100P, Kocaeli 100P, 

and Takatori 100P 

 

Figure 6.13 Test with sound wall Northridge 100P: horizontal displacement along the height of 

stem had the relative displacement on the bottom with greater displacement than on the top in 

Northridge 100P.  PW2-3 had the greatest displacement of 1.32 mm.  When looking at the top 

and bottom potentiometers, the difference between PW1-1 and PW3-1 (north side) was 0.08 mm, 

and the difference between PW1-3 and PW3-3 (south side) was 0.10 mm. 
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Figure 6.13 Test with sound wall Northridge 100P: horizontal displacement along the 

height of stem 



194 

 

 

Kocaeli 100P did not have any negative relative displacements, in Figure 6.14, which was not 

seen in its previous shakes (Kocaeli 25P, Kocaeli 50P, and Kocaeli 75P).  PW1-2, PW2-3, and 

PW3-3 have the greatest relative displacement of 0.08 mm.  Compared to the other 100% shakes 

(Northridge 100P and Takatori 100P), the movement of the retaining wall was very small. 
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Figure 6.14 Test with sound wall Kocaeli 100P: horizontal displacement along the height of 

stem 

 

Takatori 100P had more relative displacement at the bottom of the stem compared to the top of 

the stem shown in Figure 6.15.  The south end of the stem had the most relative displacement 

between bottom and top of 0.22 mm. 
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Figure 6.15 Test with sound wall Takatori 100P: horizontal displacement along the height 

of stem 
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6.2.1.3 Relative Wall Displacements of Potentiometers for Northridge 150P 

 

The relative displacements along the height of the stem had more displacement near the bottom 

of the stem than near the top of the stem in Figure 6.16 in Northridge 150P.  The bottom of the 

stem had 10% more displacement than the top of the stem.  During this shake, the backfill was 

pushing the stem more towards the toe of the footing with more sliding seen in this shake. 
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Figure 6.16 Test with sound wall Northridge 150P: horizontal displacement along the 

height of stem 

 

6.2.1.4 Relative Wall Displacements of Potentiometers for Northridge 200P 

 

In Figure 6.17, the relative displacements are close together, which showed the retaining wall 

sliding more than bending of the stem in Northridge 200P.  The wall was sliding as a rigid body 

with similar horizontal displacements.  PW3-2 had the most relative displacement of 52.94 mm. 
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Test With Sound Wall: Northridge 200P
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Figure 6.17 Test with sound wall Northridge 200P: horizontal displacement along the 

height of stem 

 

6.2.2 Summary of Lateral Wall Displacements from Potentiometers 

 

The trend for the relative horizontal displacements for the potentiometers on the retaining wall 

was insignificant because the displacements were all around zero mm for the 25% and 50% 

shakes, and the 75% and larger shakes usually had greater displacements on the bottom than the 

top of the stem.  Bending of the stem was observed in these more intense shakes.  The crack 

between the stem and footing formed during the 75% shakes with more movement seen at the 

bottom of the stem (Figure 6.6 and Figure 6.7). 

 

The Department of California Transportation (Caltrans) designs retaining walls based on the 

Mononobe-Okabe method based on the assumption that there is hardly any wall displacement 

under an earthquake with less than 0.3 g.  From Northridge 75P and onward, the wall was 

displacing, except in Kocaeli 75P and 100P.  Northridge 75P had a peak ground acceleration of 

0.47 g.  However, significant displacement was seen in Northridge 150P and 200P with 

displacements greater than 13 mm. 

 

The Newmark method, which is a displacement-based method, calculates the permanent 

displacements during seismic loading.  This method has similar characteristics as the Mononobe-

Okabe (M-O) method because the M-O method is used to find the yield acceleration (ky) for the 

Newmark method.  Newmark method has some of the same assumptions and inputs as the M-O 

method.  Based on the dimensions and soil properties of this test, the allowable displacement is 

4.83 mm found by the Newmark method in AASHTO.  The potentiometers on the stem did not 

measure greater displacement than the allowable displacement of 4.83 mm until Northridge 

150P, which had a peak ground acceleration of 0.94 g. 

 

Along the height of the stem, Figure 6.18 illustrates the comparison of the relative horizontal 

displacements from the potentiometers on the middle of the wall from the 75% shakes, 100% 

shakes, Northridge 150P, and Northridge 200P.  The 75% and 100% shakes had less than 90% 

and 95% relative displacement compared to Northridge 150P and Northridge 200P respectively.  
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The stiffness response of the stem changed significantly in the last two shakes of the loading 

protocol, Northridge 150P and 200P. 

 

 

Figure 6.18 Comparison of relative horizontal  displacements in the middle of the wall 

along height of stem from potentiometers in test with sound wall 

 

The cumulative horizontal displacement along the height of the stem after all of the shakes have 

been completed is shown in Figure 6.19.  This was the cumulative displacement for Northridge 

25P through Northridge 200P.  The trend of displacement is similar among all three locations on 

the stem (the south end of the wall, middle of the wall, and north end of the wall).  The bottom of 

the stem accumulated 10% more displacement compared to the top of the stem.  The cumulative 

displacements clearly showed the resulted flexibility at the bottom of the stem after the test was 

finished.  The concrete cracks between the stem and footing were created noticeably from the 

cumulative displacements also. 
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Figure 6.19 Cumulative horizontal displacement along height of stem after the loading 

protocol for test without sound wall 
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6.3 Displacement Response of Soil on Top of Backfill 

 

The linear potentiometers on top of the soil measure the vertical displacement (i.e., settlement) 

throughout the ground motions.  The vertical relative displacements have been adjusted to start 

from zero for each shake for the 12 potentiometers in Figure 6.20.  The middle row along the 

length of the soil box, the potentiometers are placed 0.76 m (2.5 ft) from each other.  Along the 

width of the soil box, they are placed 0.91 m (3 ft) from each other.  The 25% and 50% vertical 

displacement response on the top surface of the backfill can be seen in Appendix G.2. 

 

 

Figure 6.20 Location of potentiometers on top of backfill for test with sound wall 

 

6.3.1 Displacement Response on Surface of Backfill for Northridge 75P, Kocaeli 75P, and 

Takatori 75P 

 

Figure 6.21 through Figure 6.23 have the dynamic response of the vertical displacement on the 

backfill for the 75% shakes.  Northridge 75P and Takatori 75P started to have small amounts of 

heaving of 1 mm from the potentiometers closest to the retaining wall (PS6-1, PS6-2, and PS6-

3).  Heaving is the upward displacement of the backfill.  The potentiometers that showed heaving 

with positive displacements at the peak acceleration of the shake, and they continued to have 

positive displacements after the peak acceleration and after the shake ended.  Kocaeli did not 

have any heaving, but it had more movement of the backfill in the back of the soil container and 

towards the retaining wall.  There was hardly any response from the potentiometers near the 

middle of the container (PS3-1, PS3-2, and PS4-2) in Kocaeli 75P. 
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Figure 6.21 Test with sound wall Northridge 75P: dynamic response of potentiometers on 

soil 
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Figure 6.22 Test with sound wall Kocaeli 75P: dynamic response of potentiometers on soil 
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 Figure 6.23 Test with sound wall Takatori 75P: dynamic response of potentiometers on soil 

 

6.3.2 Displacement Response on Surface of Backfill for Northridge 100P, Kocaeli 100P, 

and Takatori 100P 

 

Takatori (Figure 6.26) had more response from the potentiometers on top of the backfill than 

Northridge (Figure 6.24) and Kocaeli (Figure 6.25) in the 100% shakes.  Northridge 100P and 

Takatori 100P continued to heave from the potentiometers closer to the retaining wall (PS6-1, 

PS6-2, and PS6-3).  Northridge showed more heaving than Takatori.  PS5-1 and PS5-2, close to 

potentiometers PS6-1, PS6-2, and 6-3, began to heave also in Northridge 100P and Takatori 

100P.  Kocaeli 100P did not displace soil near the retaining wall and in the middle of the soil 

container.  There was not much disturbance of the backfill from the Kocaeli shake. 
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Figure 6.24 Test with sound wall Northridge 100P: dynamic response of potentiometers on 

soil 
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Figure 6.25 Test with sound wall Kocaeli 100P: dynamic response of potentiometers on soil 
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Figure 6.26 Test with sound wall Takatori 100P: dynamic response of potentiometers on 

soil 

 

6.3.3 Displacement Response on Surface of Backfill for Northridge 150P 

 

Figure 6.27 shows the potentiometers on the backfill that measure the vertical displacements for 

Northridge 150P.  The potentiometers located in the middle and near the back of the soil 

container measured large amounts of negative displacement because the soil began to settle in 

those areas during Northridge 150P.  At the end of the shake, PS5-1 and PS5-2 had smaller 

displacements than PS6-1, PS6-2, and PS6-3.  These potentiometers are placed closer to the 

retaining wall.  PS5-1 and PS5-2 had displacements of 4.46 mm and 4.30 mm while the 

displacements of PS6-1, PS6-2, and PS6-3 were 5.96 mm, 6.39 mm, and 6.76 mm.  More soil 

was being displaced closer to the wall (PS6-1, PS6-2, and PS6-3) as the stem was bending and 

the wall of sliding during the shake. 
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Figure 6.27 Test with sound wall Northridge 150P: dynamic response of potentiometers on 

soil 

 

6.3.4 Displacement Response on Surface of Backfill for Northridge 200P 

 

In the vertical displacements on the backfill for Northridge 200P (Figure 6.28), some of the 

potentiometers started to have some settlement.  The settlements of the potentiometers were 

noticed with them measuring negative displacement after Northridge 200P.  PS4-2, located in the 

middle of the soil container, settled the most with 5.10 mm.  The other potentiometers that 

settled were PS1-1, PS3-1, and PS2-2 (installed closer to the back of the soil container), but they 

measured less than 1 mm of settlement after the shaking.  The potentiometers (PS5-1, PS5-2, 

PS6-1, PS6-2, and PS6-3) that were heaving were placed near the retaining wall.  PS5-1 and 

PS5-2 had vertical displacements of 36.15 mm and 37.63 mm after the ground motion.  Also, 

PS6-1, PS6-2, and PS6-3 had displacements of 20.75 mm, 17.87 mm, and 17.72 mm after the 

shaking.  A large crack developed between potentiometers 2.15 m away from the stem of the 

wall (PS5-1 and PS5-2) and potentiometer 2.91 m away from the stem of the wall (PS4-2) that 
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caused more soil to displace upward near PS5-1 and PS5-2 compared to PS6-1, PS6-2, and 6-2 

(potentiometers located 1.39 m from the stem). 
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Figure 6.28 Test with sound wall Northridge 200P: dynamic response of potentiometers on 

soil 

 

6.3.5 Summary of Displacement Response of Soil on Top of Backfill 

 

The potentiometers in the middle of the soil box (PS3-1, PS3-2, and PS4-2) had smaller dynamic 

responses than all of the other potentiometers for all of the shakes.  The potentiometers near the 

back of the soil box (PS1-1, PS1-2, PS1-3, and PS2-2) showed the most dynamic response for all 

of the shakes.  During the more intense shakes (Northridge 75P, Takatori 75P, Northridge 100P, 

Takatori 100P, Northridge 150P, and Northridge 200P), the potentiometers closest to the 

retaining wall (PS5-1, PS5-2, PS6-1, PS6-2, and PS6-3) showed the backfill surface heaving.  

The potentiometers did not show the backfill surface settle as much as it heaved.  Heaving 

displaced the soil to measure positive displacements.  It was recognized in the dynamic 

responses with spike with positive displacements at the peak acceleration of the shake, and the 
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responses continuing to measure positive displacements after the peak acceleration and after the 

shake ended.  All of the Kocaeli shakes did not have any heaving, and had very small 

displacement responses compared to Northridge and Takatori. 

 

The cumulative vertical displacement along the length of the backfill after all of the shakes is 

illustrated in Figure 6.29.  The cumulative vertical displacement was measured from Northridge 

25P through Northridge 200P.  There is very little cumulative settlement seen in the middle and 

back end of the soil container.  With heaving observed in the responses of the potentiometers 

close to the retaining wall, the cumulative displacement was the greatest in this region than the 

other locations for the potentiometers in the backfill.  A large soil crack propagated open near the 

potentiometer at 3.25 m from the back of the soil container, which created large cumulative 

displacement after Northridge 200P. 

 

 

Figure 6.29 Cumulative vertical displacement along length of backfill after the loading 

protocol for test with sound wall 
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6.4 Lateral Displacement Responses in Backfill Measured by Accelerometers 

 

The data from the accelerometers were double integrated to obtain the dynamic response of the 

displacements of the soil.  The accelerometers were placed in the backfill at three different levels 

in the soil container.  Ten accelerometers were laid out at each level.  The results of the dynamic 

response were compared to observe the trends at the three levels and different places within the 

soil.  Starting from the bottom of the soil container, the three levels were 0.85 m (2.79 ft), 1.77 m 

(5.81 ft), and 2.83 m (9.28 ft) in Figure 6.30. 

 

Figure 6.30 Location of accelerometers in backfill along the height of the soil container for 

test with sound wall 

 

At each level, two rows of five accelerometers were 0.79 meters (2.58 ft) between them.  The 

rows on the north and south sides were 0.76 meters (2.5 ft) from each other at all of three levels 

(Figure 6.31 through Figure 6.33).  Figure 6.31 through Figure 6.33 gave the placements of the 

accelerometers at the three levels.  The accelerometers on the first level were near the bottom of 

the soil container, and the accelerometers on the third level were near the top surface of the soil. 

 

Figure 6.31 through Figure 6.33 show the accelerometers placed at each of the three levels.  

These figures have the accelerometers on the south side, AM1-X, AM2-X, AM3-X, AM4-X, and 

AM5-X, and the accelerometers on the north side, AM6-X, AM7-X, AM8-X, AM9-X, and 

AM10-X.  The “X” refers to the level where the accelerometer is placed.  For example, AM6-2 is 

the accelerometer on the north side of the backfill, seen in Figure 6.32, on the second level, 

which is at a depth of 1.77 m.  All the dynamic responses in this section show the accelerometers 

on the south side of the backfill on one page, and the accelerometers on the north side of the 

backfill on the next page for each shake.  When viewing the figures from bottom to top, they 

show the accelerometers towards the bottom of the soil container to higher in the container in 

order to obtain the trend of the displacements along the height. 

 

Level 1 

Level 2 

Level 3 
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North Side 

 

 

South Side 

North Side 

 

 

South Side 

North Side 

 

 

South Side 

  

Figure 6.31 Location of accelerometers in backfill along width of soil container for 1
st
 level 

for test with sound wall 

 

  

Figure 6.32 Location of accelerometers in backfill along width of soil container for 2
nd

 level 

for test with sound wall 

 

  

Figure 6.33 Location of accelerometers in backfill along width of soil container for 3
rd

 level 

for test with sound wall 
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Some of the accelerometers were damaged after the soil was compacted on top of them.  

Accelerometers AM1-2, AM2-3, AM3-1, AM3-3, AM4-2, AM7-3, AM9-1, AM10-2, and 

AM10-3 were not working.  The accelerometers that were damaged were not shown in Figure 

6.34 through Figure 6.37.  When looking at the figures (Figure 6.34 through Figure 6.37) from 

bottom to top, they show the accelerometers towards the bottom of the soil container to higher in 

the container.  The displacements responses of the backfill measured by the accelerometers for 

the 25% through 100% shakes are illustrated in Appendix G.4. 

 

The 25% and 50% shakes showed the middle and bottom level of accelerometers having similar 

responses.  Those shakes did not have as a significant effect on backfill as the more intense 

shakes.  The 75% shakes started to observe an increasing response from the bottom level of 

accelerometers to the top level of accelerometers.  The difference between the displacements of 

the top level and bottom level kept increasing from the 100% shakes to Northridge 150P to 

Northridge 200P. 

 

There was a lot of movement seen in the backfill in Northridge motion compared to Kocaeli and 

Takatori motions.  Kocaeli had very small movements in the backfill.  When comparing all three 

ground motions at each interval (25%, 50%, 75%, and 100%), Northridge displaced the soil the 

most.  The high frequencies of Northridge affected the movement of the retaining wall with the 

sound wall more than Takatori.  The last two shakes (Northridge 150P and 200P) of the loading 

protocol had the greatest effects on the backfill with most of the soil cracks forming in these 

shakes. 

 

6.4.1 Displacement Responses in Backfill from Accelerometers in Northridge 150P 

 

Figure 6.34 and Figure 6.35 have the displacements measured by the accelerometers in the 

backfill for Northridge 150P.  AM7-1 malfunctioned in this shake because it did not follow the 

motion of the shake as seen by the other accelerometers.  Northridge 150P had the peak response 

of the top layer of accelerometers displace about 17% more than the middle and about 28% more 

than the bottom layer.  The accelerometers at the end of the soil container had 8.2% and 2.5% 

more displacement compared to the accelerometers in the middle of the container for the middle 

and top depths.  Near the retaining wall, AM5-3 had less peak displacement of 15.78 mm than 

AM5-2 had peak displacement of 15.55 mm.  Northridge 150P had the cracks closer to the 

retaining wall (from Northridge 100P) propagating to the depth of 1.77 m (level of AM5-2). 

Along the length of the soil container, there was more movement of the soil being disrupted in 

the middle and closer to the retaining wall because more cracks formed. 
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Figure 6.34 Test with sound wall Northridge 150P: dynamic response of displacements in south side of backfill 
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Figure 6.35 Test with sound wall Northridge 150P: dynamic response of displacements in north side of backfill 
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6.4.2 Displacement Responses in Backfill from Accelerometers in Northridge 200P 

 

In Figure 6.36 and Figure 6.37, dynamic response of the accelerometers, Northridge 200P 

showed the most difference between the accelerometers near the bottom of the container and the 

accelerometers near the top of the container.  AM7-1 malfunctioned in this shake, which was 

also seen in Northridge 100P, Takatori 100P, and Northridge 150P.  Another accelerometer that 

malfunctioned was AM8-2 only in this shake.  Northridge 200P had about 30% more 

displacement in the top than middle layer and about 35% more displacement in the top than 

bottom layer of accelerometers.  With Northridge 200P being the most intense shake of the 

loading protocol and the backfill being loosened by the previous shakes, the displacement 

responses were greater than the other shakes.  The accelerometers on the first level had about 26 

mm of peak displacement.  The displacement responses were greater near the end of the soil 

container and near the retaining wall compared to the middle of the container for the mid-depth 

and top depth.  The peak displacements on the top level were larger than the peak displacements 

on the middle level because the old soil cracks opening up and two new cracks that formed on 

the top surface.  There was also one crack that displaced large amounts of soil on top as seen in 

Figure 6.2 in Northridge 200P.  AM6-3, located at the back of the soil container near the top of 

the backfill, had the greatest peak response of 38.92 mm. 
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Figure 6.36 Test with sound wall Northridge 200P: dynamic response of displacements in south side of backfill 
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Figure 6.37 Test with sound wall Northridge 200P: dynamic response of displacements in north side of backfill 
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6.4.3 Summary of Lateral Displacement Responses in Backfill Measured by 

Accelerometers 

 

When looking at the figures from left to right (bottom to top of soil container), the dynamic 

responses of the displacements generally become larger.  Along the length of the soil container, 

the displacements were greater at the end of the soil container (west side of container) compared 

to the middle of the container and towards the container at a depth of 2.83 m for the 75% shakes 

and onward.  The 75% shakes loosened the top surface of the compacted soil.  At a depth of 1.77 

mm, the displacements also were the greatest at the end of the soil container starting from 

Northridge 100P.  As seen from the potentiometers on the top surface of the backfill (Section 

6.2), more movement of the backfill near the back of the soil box was observed because of the 

stress-wave reflections at the end of the box.  During the shaking, the compacted mass of soil 

rebounded against the end of the soil box through the bentonite layer, which caused noticeable 

movement in that local region. 

 

The displacements were larger closer to the retaining wall (east side of the soil container) in the 

more intense earthquakes from Northridge 100P and onward.  Soil cracking started to form in 

Northridge 100P close to the wall.  These soil cracks propagated observed in Takatori 100P with 

more movement in the middle and top level accelerometers.  Northridge 150P observed the soil 

cracks opening to a depth of 1.77 m, the level of the middle accelerometers.  With Northridge 

200P being the most intense shake of the loading protocol and the backfill being loosened by the 

previous shakes, the displacement responses were greater than the other shakes.  In Northridge 

200P, new soil cracks created and the old cracks propagated open more because a gap formed 

between the compacted soil and stem at stronger shaking where a thrusting action near the top of 

the stem. 
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North Side 

 

 

South Side 

 

6.5 Horizontal Relative Displacement along Length of Backfill 

 

The MEM sensors are evenly distributed in the backfill of the soil to record the horizontal 

relative displacements in the backfill.  Each MEM sensor is made of a 3.20 m (10.5 ft) soft tube that 

consists of 10 inclinometers spaced out inside the tube.  The standard length of the module (sensor) is 

2.44 m (8 ft) long.  Since the backfill has a depth of 3.17 m (10.43 ft), another 0.76 m (2.5 ft) long 

module was added to the top of the 2.44 m standard module by the manufacturer. 

 

Two rows (north side and south side) of sensors with five in each and 0.79 m (2.58 ft) apart were 

installed in place.  The spacing between the MEM sensors within each row is 0.76 meters (2.5 ft) 

shown in Figure 6.38.  All the responses presented in this section show the sensors on the south 

side of the backfill (MEM 1, MEM 2, MEM 3, MEM 4, and MEM 5) compared with their 

corresponding sensor on the north side of the backfill (MEM 6, MEM 7, MEM 8, MEM 9, and 

MEM 10) along the length of the backfill for Figure 6.39 through Figure 6.43.  The MEM 

sensors on the north side use the plus (+) symbol, and the MEM sensors on the south side use the 

diamond (◊) symbol in Figure 6.39 through Figure 6.43.  The 25% through 75% shakes for the 

horizontal relative displacement along the length of the backfill measured by the MEM sensors 

can be found in Appendix G.5. 

 

  

Figure 6.38 Location of MEM sensors for test without sound wall 

 

The MEM Sensors measured the relative horizontal displacements in the soil, which are the 

displacements measured before and after each shake in the backfill.  The sensors were fixed to 

the base of the soil container, so there was zero displacement induced at the bottom of the 

backfill.  The sensors were filled with marine grade water sealant, which made them flexible and 

allowed them to move together with the soil during shaking. 
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6.5.1 Horizontal Relative Displacements in Backfill for Northridge 100P, Kocaeli 100P, 

and Takatori 100P 

 

Figure 6.39 through Figure 6.41 have the relative horizontal displacement from the MEM 

sensors along the length of the backfill for the 100% earthquakes.  Along the length of the 

backfill, from the far end of the soil container to close to the retaining wall, the movement at the 

top of the backfill becomes greater in Northridge 100P and Kocaeli 100P.  Many cracks formed 

near the retaining wall in Northridge 100P, so most of the movement of the soil was observed at 

the top of the soil near the wall seen in Figure 6.1.  Kocaeli 100P also illustrated greater 

displacements near the retaining wall, and the displaced the most at the top of the sensors.  

MEM1 and MEM 10 were located next to the bentonite, which was used to serve as the absorbing 

material behind the soil to minimize stress-wave reflections from the far end box boundary, and they got 

stuck near the bentonite during Takatori 100P.  This did not allow MEM 10 to fully displace near 

the top of the backfill.  There were greater displacements at a depth of 2.59 m to 3.20 m for all of 

the sensors, except MEM 10, along the depth of backfill for Takatori 100P. 
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Figure 6.39 Test with sound wall Northridge 100P: relative horizontal displacements of 

backfill 
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Figure 6.40 Test with sound wall Kocaeli 100P: relative horizontal displacements of backfill 
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Figure 6.41 Test with sound wall Takatori 100P: relative horizontal displacements of 

backfill 

 

6.5.2 Horizontal Relative Displacements in Backfill for Northridge 150P 

 

Northridge 150P, Figure 6.42, illustrated the most relative displacements along the depth of the 

backfill compared to the previous shakes.  For all of the MEM sensors, the displacements 

became larger as the depth increased, except at the depth of 1.52 meters for MEM 5 and MEM 6, 

the sensors closest to the retaining wall.  A large soil crack started to open up near these two 

sensors, and this crack had a width of 3.2 mm (0.125 in) at the end of all of the testing as seen in 

Figure 6.3.  A depth of 1.52 m showed more displacement for MEM 5 and MEM 6, so the crack 

had propagated to that depth.  At the top of the backfill, Northridge 150P had relative 

displacements around 14 mm.  Northridge 150P had about 80% more relative displacement 

compared to Takatori 100P seen in the backfill because the top layer of soil was loosen from the 

previous shakes and the high frequencies of this shake had the backfill thrust against the stem of 

the retaining wall creating large displacements. 
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Figure 6.42 Test with sound wall Northridge 150P: relative horizontal displacements of 

backfill 

 

6.5.3 Horizontal Relative Displacements in Backfill for Northridge 200P 

 

The relative horizontal displacements from the MEM sensors are shown in Figure 6.43 for 

Northridge 200P.  For all of the sensors, as the depth of the backfill increased, the displacements 

increased, except at the depth of 1.52 m for MEM 5 and MEM 6.  This trend was observed in 

Northridge 150P also.  The crack that opened in Northridge 150P had grown even more during 

Northridge 200P that the compacted soil pushed the soil to a greater horizontal displacement 

compared to Northridge 150P at 1.52 m.  The top displacements of Northridge 200P were about 

52 mm.  The cracks in the soil formed in previous shakes continued to propagate, and new cracks 

formed during the Northridge 200P, which made the compacted soil become loosen along the 

depth of the backfill.  Also, the previous shakes did not have as much movement in the middle of 
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the depth compared to this Northridge 200P.  With more displacements seen in the middle depth 

of the backfill, the soil cracks were likely to be able to propagate to that depth. 
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Figure 6.43 Test with sound wall Northridge 200P: relative horizontal displacements of 

backfill 

 

6.5.4 Summary of Horizontal Relative Displacement along Length of Backfill 

 

From all the shakes, more relative horizontal displacements were observed near the top of the 

backfill than the bottom because the ground motions were not able to loosen the backfill on the 

bottom.  This trend was also observed in the displacement response measured by the 

accelerometers in Section 6.4 greater response seen from near the top surface compared to the 

bottom of the soil container. 

 

MEM 1 and MEM 10 in Takatori 50P and MEM 10 in Takatori 100P got stuck near the 

bentonite during these shakes.  MEM 1 and MEM 10 were located at the end of the container 
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next to the bentonite.  The bentonite is used to serve as the absorbing material behind the soil to 

minimize stress-wave reflections from the far end box boundary.  This did not allow MEM 1 and 

MEM 10 to fully displace near the top of the backfill. 

 

Generally, the soil displacement profiles along the length and depth were similar among all of 

the sensors on the north and south sides of the soil container.  The 25% through 75% shakes had 

small relative displacements with most movement of the sensors observed closest to the top of 

the backfill.  The sound wall added more mass onto the retaining wall, so these shakes were not 

able to displace the wall.  In the 100% shakes, movement was observed, so cracks started to form 

in the backfill with more cracking near the retaining wall.  The MEM sensors had more 

movement closer to the retaining wall on the top among all of the sensors along the length of the 

container in the 100% shakes.  The soil cracks had grown to lower depths in the backfill for 

Northridge 150P and Northridge 200P with larger displacements seen not only near the top of the 

backfill but also at mid-depth than the previous shakes. 

 

The MEM sensors closest to the retaining wall (MEM 5 and MEM 6) are important sensors to 

consider in this test because they give an indication of the movement of the retaining wall.  In the 

100% shakes, MEM 5 and MEM 6 showed the top of the backfill displacing towards the wall in 

all three shakes.  The ground motions caused the top of the stem to move to the side without 

backfill.  With only top displacements observed in the 25% through 100% shakes, the stem of the 

retaining wall only illustrated some movement.  Northridge 150P and Northridge 200P had more 

displacement seen along the depth of the backfill than in the previous shakes.  Northridge 150P 

and Northridge 200P showed displacement from 0.94 m to 3.20 m.  The retaining wall was 

placed at a depth of 1.07 m, and movement below that depth in Northridge 150P and Northridge 

200P that the whole wall was moving in those shakes and not just the stem of the wall. 

 

Every crack observed on the surface of the soil was an exterior slip plane that developed behind 

the retaining wall.  With repeated earthquakes, there was one of the slip planes became the 

dominant one.  The soil cracks were created in the higher intensity shakes of Northridge.  The 

dominant slip plane could be the one close to the wall, which could be seen in the MEM sensors 

in the backfill.  Among the sensors along the length of the backfill, the sensors closest to the wall 

showed the greatest displacements along the depth of the soil.  This formed in Northridge 150P 

and 200P. 
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6.6 Dynamic Lateral Pressure from Pressure Cells along Height of Stem 

 

After the test without the sound wall was completed, two pressure cells were added to the stem in 

order to obtain a better profile of the lateral pressure along the height of the stem to this test 

(Figure 6.44).  The stem height (H) was 1.83 m (6 ft).  The pressure cells placed on the stem, 

starting from the bottom of the stem, were at 0.08H, 0.25H, 0.42H, 0.58H, and 0.75H (seen in 

Figure 6.45).  In Figure 6.47 through Figure 6.60, the dynamic responses of pressure for the test 

with the sound wall were shown as the pressure cells were placed on the stem from top to 

bottom. 

 

The static pressure was zeroed out at the start of each shake so that the dynamic pressure could 

be the focus in the Figure 6.47 through Figure 6.60 for this section.  The reason to zero out the 

static pressure at the start of each shake was discussed in Chapter 5 in the pressure along the 

height of the stem. They have a pressure range of zero to 200 kPa based on the estimation of the 

expected pressure.  According to the manufacturer, these pressure cells should be able to withstand 

300 kPa without damage. 

 

 

Figure 6.44 Side view of placement of pressure cells along the height of the stem for test 

with sound wall 
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Figure 6.45 Placement of pressure cells on west side (backside) of retaining wall for test 

with sound wall 

 

The horizontal displacements on the wall were small on the retaining wall, and small dynamic 

pressure was also seen in the 25% and 50% shakes.  For the 75% and larger earthquakes, the 

dynamic pressure distribution showed more pressure towards the middle and bottom with more 

translation observed from the wall.  The distribution of the pressure along the height of the stem 

showed the most dynamic pressure at the top of the wall (PCB3-2) with lesser amounts of 

pressure at the bottom. From Northridge 100P and onward, the bottom of the stem (PCB3-6) had 

a larger pressure response.  Jung and Bobet (2008) conducted a numerical model to look at the 

relative flexibilities on the seismic pressures behind the wall.  The transitional flexibility (dH) 

was focused in Figure 6.46 and tried various horizontal relative flexibilities.  They found that the 

maximum location of pressure was towards the top of the wall.  The pressure was increasing near 

the top and reducing near the bottom of the stem.  A similar trend was seen in the lower shakes 

of the testing, but in the higher shakes, more pressure was near the bottom.  The bottom of the 

stem was becoming more flexible in the higher shakes, which resulted in more pressure at that 

location. 
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Figure 6.46 Pressure distribution along normalized wall height with different transitional 

flexibilities (dH) (Jung and Bobet, 2008) 

 

6.6.1 Dynamic Lateral Pressure Response from Pressure Cells for Northridge 25P, 

Kocaeli 25P, and Takatori 25P 

 

In Figure 6.47 through Figure 6.49, the pressure cell at the top (PCB3-2) had around 65% more 

dynamic pressure than the other four pressure cells for all of the 25% shakes.  Excluding PCB3-

2, PCB1-4 had the greatest response for Northridge, and PCB2-5 had the greatest response for 

Kocaeli and Takatori. 
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Figure 6.47 Test with sound wall Northridge 25P: dynamic response of pressure along 

height of stem 
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Figure 6.48 Test with sound wall Kocaeli 25P: dynamic response of pressure along height 

of stem 
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Figure 6.49 Test with sound wall Takatori 25P: dynamic response of pressure along height 

of stem 

 

6.6.2 Dynamic Lateral Pressure Response from Pressure Cells for Northridge 50P, 

Kocaeli 50P, and Takatori 50P 

 

For all three 50% shakes (Figure 6.50-Figure 6.52), the top dynamic pressure was the greatest 

and had around 85% more pressure than the bottom, which had the least amount of dynamic 

pressure.  The pressure cells in the middle of the stem, PCB2-3, PCB1-4, and PCB2-5, were 

giving similar responses of dynamic pressure, but PCB2-5 was showing the greatest response out 

of the three pressure cells.  Kocaeli 50P had the smallest pressure response compared to 

Northridge 50P and Takatori 50P. 
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Figure 6.50 Test with sound wall Northridge 50P: dynamic response of pressure along 

height of stem 
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Figure 6.51 Test with sound wall Kocaeli 50P: dynamic response of pressure along height 

of stem 
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Figure 6.52 Test with sound wall Takatori 50P: dynamic response of pressure along height 

of stem 

 

6.6.3 Dynamic Lateral Pressure Response from Pressure Cells for Northridge 75P, 

Kocaeli 75P, and Takatori 75P 

 

In Figure 6.53 and Figure 6.55, the dynamic pressures along the height of the stem are illustrated 

for the 75% earthquakes.  Northridge and Takatori had 87% more dynamic pressure at the top 

than the bottom while Kocaeli had 81% more dynamic pressure at the top compared to the 

bottom.  Northridge did not have as much pressure response as Kocaeli and Takatori.  With the 

extra weight of the sound wall, a lot of vibration from the retaining wall was observed, so the 

shakes with the lower frequencies showed a lot more response as seen in Kocaeli 75P and 

Takatori 75P. 
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Figure 6.53 Test with sound wall Northridge 75P: dynamic response of pressure along 

height of stem 

 



235 

 

5 10 15 20 25 30 35

-20
-10

0
10
20

PCB3-2

Time (sec)

P
re

s
s
u
re

 (
k
P

a
)

5 10 15 20 25 30 35

-20
-10

0
10
20

PCB2-3

Time (sec)

P
re

s
s
u
re

 (
k
P

a
)

5 10 15 20 25 30 35

-20
-10

0
10
20

PCB1-4

Time (sec)

P
re

s
s
u
re

 (
k
P

a
)

5 10 15 20 25 30 35

-20
-10

0
10
20

PCB2-5

Time (sec)

P
re

s
s
u
re

 (
k
P

a
)

5 10 15 20 25 30 35

-20
-10

0
10
20

PCB3-6

Time (sec)

P
re

s
s
u
re

 (
k
P

a
)

Test With Sound Wall: Kocaeli 75P

Dynamic Pressure Along the Height of the Stem

 

Figure 6.54 Test with sound wall Kocaeli 75P: dynamic response of pressure along height 

of stem 
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Figure 6.55 Test with sound wall Takatori 75P: dynamic response of pressure along height 

of stem 

 

6.6.4 Dynamic Lateral Pressure Response from Pressure Cells for Northridge 100P, 

Kocaeli 100P, and Takatori 100P 

 

For the 100% shakes, the bottom dynamic pressure was greater than the middle dynamic 

pressure (PCB2-3, PCB1-4, and PCB2-5) in Figure 6.56 through Figure 6.58.  Northridge and 

Takatori have around 60% greater pressure at the top than the bottom of the stem.  Kocaeli had 

only 52% more dynamic pressure at the top than the bottom.  For the bottom dynamic pressure 

(PCB3-6), Northridge, Kocaeli, and Takatori respectively had 78%, 55%, and 69% more 

pressure from 75% to 100% shakes.  At peak acceleration for the bottom pressure, Northridge 

had 13.40 kPa, Kocaeli had 2.90 kPa, and Takatori had 10.00 kPa.  With larger responses from 

the bottom pressure cell, there was more disturbance of the backfill at a lower depth for the 

100% shakes.  Generally, for these shakes, the relative horizontal displacements on the stem had 

greater displacement on the bottom compared to the top.  The movement on the bottom of the 

stem created more pressure there than towards the middle of the wall.  Four cracks formed in 
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Northridge 100P near the retaining wall that caused disturbance of the backfill.  The soil 

loosened and let the stem of the wall bend more than the previous shakes. 
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Figure 6.56 Test with sound wall Northridge 100P: dynamic response of pressure along 

height of stem 
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Figure 6.57 Test with sound wall Kocaeli 100P: dynamic response of pressure along height 

of stem 
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Figure 6.58 Test with sound wall Takatori 100P: dynamic response of pressure along 

height of stem 

 

6.6.5 Dynamic Lateral Pressure Response from Pressure Cells for Northridge 150P 

 

In Figure 6.59, all of the pressure cells, except for PCB3-2, had a lot of vibration after the motion 

of the Northridge 150P shake, which could be seen after 20 seconds.  At peak acceleration, 

PCB3-2 had 53.14 kPa of pressure and PCB3-6 had 18.10 kPa of pressure.  With the greater 

response of PCB3-6, a larger gap of space was opening between the stem and the backfill during 

shaking with the potentiometers near the bottom of the stem having greater relative horizontal 

displacements in Figure 6.16. 



240 

 

5 10 15 20 25 30 35
-70
-35

0
35
70

PCB3-2

Time (sec)

P
re

s
s
u
re

 (
k
P

a
)

5 10 15 20 25 30 35
-70
-35

0
35
70

PCB2-3

Time (sec)

P
re

s
s
u
re

 (
k
P

a
)

5 10 15 20 25 30 35
-70
-35

0
35
70

PCB1-4

Time (sec)

P
re

s
s
u
re

 (
k
P

a
)

5 10 15 20 25 30 35
-70
-35

0
35
70

PCB2-5

Time (sec)

P
re

s
s
u
re

 (
k
P

a
)

5 10 15 20 25 30 35
-70
-35

0
35
70

PCB3-6

Time (sec)

P
re

s
s
u
re

 (
k
P

a
)

Test With Sound Wall: Northridge 150P

Dynamic Pressure Along the Height of the Stem

 

Figure 6.59 Test with sound wall Northridge 150P: dynamic response of pressure along 

height of stem 

 

6.6.6 Dynamic Lateral Pressure Response from Pressure Cells for Northridge 200P 

 

For Northridge 200P, the dynamic pressure along the height of the stem is shown in Figure 6.60.  

There was a lot of thrusting motion of pressure seen along the stem of the retaining wall, except 

for on the bottom of the stem.  PCB3-6 showed a lot of vibration after 15 seconds while the other 

pressure cells did not have much response during that time.  The top dynamic pressure was only 

greater by 19% compared to the bottom dynamic pressure.  PCB3-2 did not have as much 

response in Northridge 200P as it did in Northridge 150P because of all of the soil cracking 

behind the retaining wall, which had loosen the soil shown in Figure 6.2. 
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Figure 6.60 Test with sound wall Northridge 200P: dynamic response of pressure along 

height of stem 

 

6.6.7 Summary of Dynamic Lateral Pressure at Peak Acceleration of Earthquake 

Motions 

 

The pressure at peak acceleration for all of the earthquakes had the greatest pressure near the top 

of the stem (PCB3-2) in Figure 6.61 through Figure 6.63.  With the extra mass of the sound wall 

on top of the retaining wall, there was a larger gap opening between the backfill and retaining 

wall at the top of the backfill during shaking.  This caused more the backfill to thrust more into 

the wall at the location of PCB3-2. 

 

There was a large increase of peak pressure at the bottom of the stem (PCB3-6) from Northridge 

75P and Takatori 75P to Northridge 100P and Takatori 100P respectively.  With the large 

increase of pressure, the stem became more flexible, which added more pressure near the stem 

bottom at Northridge 100P and Takatori 100P. 
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The distribution of pressure at peak acceleration for the Kocaeli earthquakes had generally 

constant pressure from a height of 0.15 m to 1.07 m.  The top pressure cell was measuring the 

most pressure with the largest amount of pressure in Kocaeli 75P of 6.76 kPa. 

 

After Takatori 100P, Northridge 150P and Northridge 200P had a similar trend of dynamic 

pressure along the height of the stem as the previous shakes in Figure 6.64.  Both Northridge 

150P and Northridge 200P had more pressure near the top (PCB3-2) and the least amount of 

pressure near the middle (PCB1-4), so the distribution had the pressure decrease from top to 

middle of the stem then the pressure increased from the middle to the bottom of the stem. 

 

 

Figure 6.61 Test with sound wall Northridge earthquakes: pressure at peak acceleration of 

shake along normalized height of stem 
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Figure 6.62 Test with sound wall Kocaeli earthquakes: pressure at peak acceleration of 

shake along normalized height of stem 

 

 

Figure 6.63 Test with sound wall Takatori earthquakes: pressure at peak acceleration of 

shake along normalized height of stem 
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Figure 6.64 Test with sound wall Northridge 150P & 200P: pressure at peak acceleration of 

shake along normalized height of stem 

 

6.6.8 Static Lateral Pressure 

 

The static pressure behind the retaining wall is the measured initial pressure before any ground 

motion was applied during the test.  Theoretically, this static pressure is estimated to vary 

linearly along the height of the wall stem, according to the well-known Rankine’s theory for a 

rigid and unyielding wall.  In other words, the pressure at the top of the wall should be around 

zero, and the pressure at the stem bottom should have the greatest pressure.  As discussed in 

Section 5.8.9, the static pressure along the height of the stem did not conform to Rankine’s 

theory.  The static pressure measured before the beginning of the test, in Figure 6.65, had the 

greatest amount of pressure at a height of 1.07 m (PCB2-3) and the least amount of pressure at 

the bottom of the stem at a height of 0.46 m (PCB2-5).  The low static pressure towards the 

bottom height of the wall was also observed in the experiment conducted by Wilson and Elgamal 

(2009).  Wilson (2009) explained that a slight movement of the test wall away from the backfill 

near the bottom could have caused the reduction in static pressure.  The pressure measured by 

the wall at the wall-soil interface could be affected by any relative movements.  The high static 

pressure measured towards the top of the wall could have been affected from the compaction of 

the backfill.  Aggour and Brown (1974) address this issue of effect of compaction on the static 

pressure.  They performed numerical simulations of effect of compaction on lateral pressures 

along the height of the retaining wall.  It was stated in their paper that when loose sand is 

compacted, the density of the sand would increase, and thus, this would increase the stiffness of 

the soil.  The major factors that could affect the static pressure were the number of compacting 

passes, the end wall constraints, the flexibility of the wall, and the backfill geometry.  Their 

numerical simulations illustrated more static pressure near the top of the wall for a 6.09 m (20 ft) 

wall as seen in our test.  The factors discussed here have contributed to the measured static 
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lateral pressure for this test, which was not the same as the trend predicted from Rankine’s 

theory. 

 

 

Figure 6.65 Static pressure along height of stem measured before beginning of test with 

sound wall 

 

6.6.9 Summary of Dynamic Lateral Pressure from Pressure Cells along Height of Stem 

 

The dynamic pressure near the top of the stem (PCB3-2) showed a different response than the 

other pressure cells because it was near the top of the stem, and there was more thrust coming 

from the compacted soil.  Also, the addition of the sound wall on top of the retaining wall caused 

more movement and pressure at the top of the stem. 

 

Despite the dynamic response of PCB3-2, the other pressure cells had very small responses until 

Northridge 75P.  PCB1-4 had more response than PCB2-3, PCB2-5, and PCB3-6 in 75% ground 

motions.  However, from Northridge 100P and onward, PCB3-6 had large responses.  For the 

dynamic pressure in the smaller shakes (25% and 50%), the translation of the retaining wall was 

small with the mass of the sound wall on top of the retaining wall.  With little translation, the 

dynamic pressure was also small.  For the 75% and larger earthquakes, the dynamic pressure 

distribution showed more pressure towards the middle and bottom compared to the previous 

shakes.  After the 75% shakes, the bottom pressure (PCB3-6) showed more response than the 

pressure cells in the middle of the stem (PCB2-3, PCB1-4, and PCB2-5).  During the intense 

shaking, translation of the wall caused a rough parabolic shape of pressure distribution along the 

height of the stem (Jung and Bobet, 2008). 

 

From the 75% shakes to the 100% shakes, the pressure cell near the bottom of the stem (PCB3-6) 

showed a significant difference in pressure, which could be seen in Figure 6.61 through Figure 
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6.63.  The stem of the retaining wall was becoming more flexible at the bottom, and more 

disturbance of the backfill was at a greater depth of 1.68 m (5.5 ft) from the top of the stem, the 

depth of the bottom pressure cell. 

 

The static pressure was not included in the results of the dynamic pressure along the height of the 

stem (Figure 6.47 through Figure 6.60) because the static pressure did not conform to the 

theoretical static pressure provided by the Rankine’s theory.  The static pressure measured during 

this experiment was also observed by Wilson (2009) with lower static pressure near the bottom 

of the stem.  Wilson (2009) found that there was a slight movement of the test wall away from 

the backfill near the bottom that could have caused the reduction in static pressure.  The pressure 

measured by the wall at the wall-soil interface could be affected by any relative movements.  The 

large static pressure at towards the top of the stem was due to compaction during the construction 

process that was accounted for Aggour and Brown (1974)’s work.  Aggour and Brown (1974) 

explained that the number of compacting passes, the end wall constraints, the flexibility of the 

wall, and the backfill geometry could have caused the large static pressure. 
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6.7 Dynamic Response of Vertical Pressure along Width of Footing 

 

The dynamic maximum resisting force is the bearing pressure under the retaining wall and can 

be obtained by calculating the soil resistance in the seismic state using the Mononabe-Okabe 

method.  The eccentricity of the bearing pressure is used to find the distribution of the bearing 

pressure.  The eccentricity of the bearing pressure is the moment due to the forces acting on the 

retaining wall divided by the weight of the retaining wall, weight of the soil, vertical component 

of the active pressure, and vertical component of the seismic active pressure.  If the eccentricity 

is greater than one sixth of the base width of the retaining wall, then the wall is unsafe.  This 

means that there is no tension between the foundation and soil, so one side of the foundation will 

lift off the ground. 

 

Using the Mononabe-Okabe method, the calculated static vertical pressure distribution 

underneath the footing for this test has a trapezoidal distribution with the minimum pressure at 

the toe of the footing (without backfill) and the maximum pressure at the heel (with backfill).  

When calculating the vertical pressure under the seismic condition using this method, the 

pressure distribution is trapezoidal, but the maximum pressure is at the heel of the retaining wall 

and minimum pressure at the toe.  The seismic condition accounts for the static and seismic 

forces acting on the wall.  The Mononabe-Okabe method uses force-equilibrium equation of the 

taking the moment around the toe of the footing to find the distribution of vertical pressure.  The 

added seismic forces cause the wall to have a higher chance of overturning in the seismic 

condition than static condition.  The calculation of the vertical distribution of pressure 

underneath the footing using the Mononabe-Okabe method is found in the Appendix D. 

 

During this test, the pressure cells installed underneath the footing (along the width) are expected 

to measure the vertical pressure distribution underneath the footing.  This vertical pressure then 

provides the bearing resistance needed to evaluate the overturning stability of the retaining wall. 

 

An extra two pressure cells (PCF1-1 and PCF2-1) were added underneath the footing seen in 

Figure 6.66.  Pressure cells PCF2-1 and PCF3-2 did not respond during testing, but PCF1-1, 

PCF1-2, PCF1-3, PCF2-2, and PCF3-1 did read pressure.  It should be noted that the pressure 

cells that were used during testing can measure 0 kPa to 200 kPa.  These pressure cells with this 

range of pressure were chosen based on the estimation of expected pressure.  According to the 

manufacturer, the sensors can withstand up to 300 kPa without damage caused in the cell itself.  

There was more vertical pressure measured than predicted from a couple of the pressure cells.  

These pressure cells reached a pressure beyond 300 kPa during the testing, which gave unreliable 

results. 

 

PCF1-1, PCF1-2, and PCF1-3 were the pressure cells placed on heel side (the side with backfill), 

but PCF1-2 showed more dynamic pressure than PCF1-1 and PCF1-3 in Figure 6.67 through 

Figure 6.71.  PCF1-3 did not have much change in pressure until Northridge 150P (Figure 6.70) 

and Northridge 200P (Figure 6.71).  PCF2-2 did not have much dynamic response for the lower 

shakes, but more dynamic response could be seen with this pressure cell in Northridge 100P 

(Figure 6.67), Takatori 100P (Figure 6.69), Northridge 150P (Figure 6.70), and Northridge 200P 

(Figure 6.71).  PCF3-1 showed the most dynamic pressure out of all of the working pressure 
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cells for this test.  On Takatori 50P, the pressure reaches 300 kPa.  From Northridge 75P and 

onward, except for Kocaeli 75P and Kocaeli 100P, the dynamic pressure goes beyond 300 kPa, 

so the results of PCF3-1 for these shakes were not be reliable.  When this pressure cell was taken 

back to the manufacturer to be fixed after all of the testing was done, they said that the pressure 

cell was severely overloaded, which was seen by this test.  PCF3-1 was not able to measure any 

pressure half way through Northridge 200P (Figure 6.71).  Appendix G.7 shows the pressure 

history over time during the 25% through 75% shakes. 

 

  

Figure 6.66 Placement of pressure cells underneath the footing for test with sound wall 

 

6.7.1 Dynamic Vertical Pressure Measured from Pressure Cells for Northridge 100P, 

Kocaeli 100P, and Takatori 100P 

 

PCF1-3 did not show pressure in the 100% shakes as seen in Figure 6.67 through Figure 6.69.  

The pressure underneath the stem of the wall, PCF2-2, showed small pressure responses in 

Northridge 100P and Takatori 100P.  Pressure cell on the side without backfill (PCF3-1) had 

pressure measured over its range in Northridge 100P and Takatori 100P, but still not in Kocaeli 

100P.  PCF3-1 had a peak pressure of 129.2 kPa in Kocaeli 100P.  At the end of the Northridge 

100P and Takatori 100P, the pressure on the side with backfill, PCF1-1 and PCF1-2, had positive 

pressure. 

 

Heel Side  
(side with backfill) 

Toe Side 
(side without backfill) 
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Figure 6.67 Test with sound wall Northridge 100P: dynamic response of pressure along 

width of footing 
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Test With Sound Wall: Kocaeli 100P

Dynamic Pressure Along the Width of the Footing

 

Figure 6.68 Test with sound wall Kocaeli 100P: dynamic response of pressure along width 

of footing 
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Test With Sound Wall: Takatori 100P

Dynamic Pressure Along the Width of the Footing

 

Figure 6.69 Test with sound wall Takatori 100P: dynamic response of pressure along width 

of footing 

 

6.7.2 Dynamic Vertical Pressure Measured from Pressure Cells for Northridge 150P 

 

In Figure 6.70, PCF3-1, pressure on the side with no soil, measured pressure out of the range that 

it could actual measure, but there was negative pressure seen after the shake.  The pressure cells 

on the side with soil, PCF1-1, PCF1-2, and PCF1-3, had positive pressure at the end of the shake.  

With the wall sliding more during Northridge 150P, the footing seemed to be pushing into the 

backfill while the toe side with no soil was being lifted off the ground. 
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Dynamic Pressure Along the Width of the Footing

 

Figure 6.70 Test with sound wall Northridge 150P: dynamic response of pressure along 

width of footing 

 

6.7.3 Dynamic Vertical Pressure Measured from Pressure Cells for Northridge 200P 

 

Figure 6.71 has the dynamic vertical pressure underneath the footing of the wall for Northridge 

200P.  The wall had lower pressure on the side of the footing with backfill (PCF1-1, PCF1-2, and 

PCF1-3) and lots of pressure on the side of the footing without backfill (PCF3-1) during the 

shaking.  It might be indicated that the wall was susceptible to overturning with a peak input 

acceleration of 1.26 g with the largest relative displacements out of all of the shakes seen in 

Figure 6.17. 
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Figure 6.71 Test with sound wall Northridge 200P: dynamic response of pressure along 

width of footing 

 

6.7.4 Phase Difference of the Pressure Cells 

 

In this test, the pressure cell on the side with backfill, PCF1-2, and the pressure cell on the side 

without backfill, PCF3-1, had a notable phase difference when comparing their dynamic 

responses shown in Figure 6.72 and Figure 6.73.  While PCF1-2 had an increase in pressure, 

PCF3-1 would have a decrease in pressure, and vice versa.  This phase difference happens to all 

of the shakes when both PCF1-2 and PCF3-1 are responding.  However, PCF3-1 was measuring 

pressure over 300 kPa for all of the higher shakes, which could be unreliable, so the phase 

difference was shown for Northridge 25P and Northridge 50P.  Figure 6.72 and Figure 6.73 show 

the dynamic responses in a 10 second window in order to clearly see the phase differences 

between the two pressure cells.  The phase differences in these shakes showed that the retaining 

wall was trying to rotate away from the backfill that was also observed in the inclinometers on 

the retaining wall in Appendix G.6. 
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Figure 6.72 Test with sound wall Northridge 25P: phase difference of pressure cells PCF1-2 

and PCF3-1 
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Figure 6.73 Test with sound wall Northridge 50P: phase difference of pressure cells PCF1-2 

and PCF3-1 

 

6.7.5 Summary of Dynamic Response of Vertical Pressure along Width of Footing 

 

The pressure cells installed on the heel side (side with backfill) were PCF1-1, PCF1-2, and 

PCF1-3, and PCF1-2 showed more dynamic pressure than PCF1-1 in all of the figures that show 

the dynamic vertical pressure.  PCF1-3 had a pressure response until Northridge 150P and 

Northridge 200P.  PCF1-3 did not show any negative dynamic pressure unlike PCF1-1 and 

PCF1-2, which have similar dynamic responses in the more intense shakes. 

 

PCF2-2, the pressure cell directly underneath the stem of the retaining wall, did not have much 

dynamic response for the lower shakes, but more dynamic response could be seen in Northridge 

100P, Takatori 100P, Northridge 150P, and Northridge 200P.  PCF2-2 had the least amount of 

dynamic response compared to the other pressure cells during all of the shakes. 

 

PCF3-1, on the toe side (side without backfill), showed the most dynamic pressure out of all of 

the working pressure cells throughout all of the ground motions.  However, in Takatori 50P, the 

pressure reached 300 kPa, which is above the range that the pressure cells were able to measure.  
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From Northridge 75P and onward, except for Kocaeli 75P and Kocaeli 100P, the dynamic 

pressure went beyond 300 kPa, so the results of PCF3-1 for these shakes were not be reliable.  In 

Northridge 200P, the pressure showed a huge jump in pressure halfway through the shake, and 

PCF3-1 completely died.  With more pressure seen on the side without backfill than the side with 

backfill, the retaining wall had more lateral movement towards the side without backfill.  In 

addition, during the shakes, there was a phase difference between the side with backfill and side 

without backfill that was noticed, which observed movement of the wall away from the backfill. 
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6.8 Dynamic Lateral Pressure from Strain Gages along Height of Stem 

 

Strain gages were placed on steel rebar in the wall to measure the strain along the height of the 

wall so that the pressure on the wall could be back-calculated.  Figure 6.74 show the locations of 

the strain gages on the rebar, and the circled strain gages on the stem were the ones used to find 

the pressure.  The bending moment is calculated by using the strain data, modulus of elasticity of 

the rebar, and cross-sectional area of the rebar.  The modulus of elasticity of the rebar was 345 

MPa (50 ksi).  Once the bending moment is found, it can be used to obtain the pressure through 

differentiation and Euler–Bernoulli beam theory.  The process of back-calculating the strain is 

shown in Appendix C.  This was to provide an indirect means to qualitatively verify the direct 

pressure measurement by the pressure cells that were installed on the wall. 

 

The pressure cells are instrumentation that gives direct earth pressure measurements, which only 

include the soil-wall interactions.  On the other hand, the pressure from the strain gages is 

calculated from the moment on the wall, which includes the soil-wall interactions and the wall 

inertial effects.  In order to compare the pressure from the pressure cells and strain gages, the 

force due to wall inertia is subtracted from the pressure back-calculated from the strain gages.  

This wall inertial force is equal to the mass of an object multiplied by the acceleration of that 

object during movement.  There were two sets of accelerometers placed at the top and middle of 

the stem.  From these accelerometers, the measured accelerations at the peak acceleration of the 

shake were used to obtain the wall inertial force.  The accelerometers were only placed on two 

locations (top and middle) on the height of the stem, so the acceleration was linearly interpreted 

at the bottom of the stem. 
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Figure 6.74 Location of strain gages on steel rebar in test with sound wall 

 

Note that the wall stem was essentially a cantilevered structure, but did not have the effect of a 

cantilevered structure with the strain gages near the top measure much less strain than those 

close to the bottom of the stem.  The sound wall on top of the retaining wall added another 

dimension to the system.  The retaining wall and sound wall did not behave like a cantilevered 

structure because they had different stiffnesses.  Also, the joint between the retaining wall and 

sound wall changed the way the specimen bends during the ground motions. 

 

6.8.1 Lateral Pressure at Peak Acceleration of Shake Based on Strain Measurements 

 

The pressure measured by the strain gages along the height of stem showed a non-linear trend, 

and more pressure was measured near the top of the stem in Figure 6.75 through Figure 6.78.  In 

25% through 100% shakes, the Kocaeli motion had less pressure along the height compared to 

the Northridge and Takatori motions.  The pressure distributions of the 25% shakes were similar 

to the distributions of the 50% shakes (Figure 6.75).  The 25% and 50% shakes did not show the 

large pressure at the bottom of the stem as seen in the 75% shakes and onward.  Concrete crack 

at the joint between the footing and stem started in the 75% shakes with greater pressure seen in 

Figure 6.76.  With accumulation of shakes from the loading protocol, the bottom pressure 

became greater as the intensity of the shake became higher.  In addition, the rebar began to yield 

at the bottom of the stem in the Northridge 200P shake, which created large amounts of bottom 
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pressure.  The 100% shakes (Figure 6.77) and Northridge 150P and 200P (Figure 6.78) have 

similar pressure distributions as the 75% shakes.  Along the height of stem, the most pressure 

was measured at 1.14 m from bottom of stem compared to any other strain gage location.  If 

there were separate tests for each ground motion, the pressure at the bottom of the stem would be 

similar to the 50% shakes (Figure 6.75). 

 

 

Figure 6.75 Test with sound wall 50P shakes: dynamic pressure response from strain gages 

along height of stem 

 

 

Figure 6.76 Test with sound wall 75P shakes: dynamic pressure response from strain gages 

along height of stem 
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Figure 6.77 Test with sound wall 100P shakes: dynamic pressure response from strain 

gages along height of stem 

 

  

Figure 6.78 Test with sound wall Northridge 150P and 200P: dynamic pressure response 

from strain gages along height of stem 
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6.8.2 Summary of Dynamic Lateral Pressure from Strain Gages along Height of Stem 

 

In this test, even though the test specimen was basically a cantilevered structure, it clearly did not 

have same effect as a cantilevered structure with the strain gages measuring large amounts of 

strain near the top of the stem.  The sound wall on top of the retaining wall changed the dynamic 

pressure profile because the retaining wall and sound wall had different stiffnesses.  The mortar 

joint between the retaining wall and sound wall also altered the way the specimen bends during 

the shakes.  The dynamic pressure distribution measured by the strain gages was clearly non-

linear.  Along the height of stem, the most pressure was measured at 1.14 m from bottom of stem 

compared to any other strain gage location.  The pressure at the bottom of the stem started to 

become large in the 75% shakes and onward because concrete crack at the joint between the 

footing and stem and the steel rebar began to fail in tension with great amounts of bending 

observed. 
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6.9 Comparison of Dynamic Lateral Pressure from Pressure Cells and Strain Gages 

 

For the test without sound wall, dynamic pressure measured by the strain gages and pressure 

cells were compared along the height of the stem.  Figure 6.79 shows the strain gages at heights 

0.00 m, 0.38 m, 0.76 m, 1.14 m, and 1.52 m on the stem.  Figure 6.80 illustrates the pressure 

cells at heights 0.15 m, 0.46 m, 0.76 m, 1.07 m, and 1.37 m on the stem.  It should be noted that 

the inertial forces measured by the strain gages were subtracted from the pressure calculated 

through the back-calculation process in order to directly compare the measurements from the 

pressure cells and strain gages. 

 

Figure 6.79 Location of strain gages along height of stem for pressure comparison in test 

with sound wall 
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Figure 6.80 Location of pressure cells along height of stem for pressure comparison in test 

with sound wall 

 

All the shakes did not show the same pressure profiles along the height of the stem when 

comparing the pressure cell and strain gage results in Figure 6.81 through Figure 6.85.  

Generally, the strain gages had greater dynamic pressure distribution than the pressure cells 

because the strain gages on the rebar were able to measure more bending from the stem 

compared to the pressure cells.  The strain gages have the largest amount of pressure at a height 

of 1.14 m for all of the shakes.  The pressure cells have the largest amount of pressure at the top 

of the stem, a height of 1.37 m, because of the reverse thrust of the stem. 

 

6.9.1 Comparison of Lateral Pressure from Pressure Cells and Strain Gages for 

Northridge 100P, Kocaeli 100P, and Takatori 100P 

 

Figure 6.81 through Figure 6.83 have the comparison of dynamic pressure along the height of the 

stem measured by the pressure cells and strain gages at the peak acceleration of the 100% 

earthquakes.  The 25% through 75% shakes had the same comparison as the 100% shakes.  The 

Both instrumentation basically followed a similar trend of pressure with more pressure towards 

the top of the stem.  However, the pressure trend was different at the bottom of the stem between 

the pressure cells and strain gages.  As mentioned in Section 6.8, the bottom strain gages 

measured large strains because of a crack at the joint between the footing and stem started to 

appear.  This caused more pressure at the bottom of the stem from the strain gages than the 

pressure cells. 



264 

 

 

Figure 6.81 Comparison of dynamic peak pressure along the stem for test with sound wall 

Northridge 100P 

 

 

Figure 6.82 Comparison of dynamic peak pressure along the stem for test with sound wall 

Kocaeli 100P 
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Figure 6.83 Comparison of dynamic peak pressure along the stem for test with sound wall 

Takatori 100P 

 

6.9.2 Comparison of Lateral Pressure from Pressure Cells and Strain Gages for 

Northridge 150P 

 

Figure 6.84, which has the comparison of the peak dynamic pressure from the pressure cells and 

the strain gages for Northridge 150P.  The pressure continued to become larger compared to the 

previous shakes at the bottom of the stem.  Both the strain gages and pressure cells measured the 

reverse thrust near the top of the stem, but strain gages measured more of it than the pressure 

cells. 
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Figure 6.84 Comparison of dynamic peak pressure along the stem for test with sound wall 

Northridge 150P 

 

6.9.3 Comparison of Lateral Pressure from Pressure Cells and Strain Gages for 

Northridge 200P 

 

Figure 6.85 illustrates the dynamic peak response of pressure from the pressure cells and the 

strain gages for Northridge 200P.  The comparison of the pressure cells and strain gages showed 

the same trend as Northridge 150P with the strain gages measuring more pressure than the 

pressure cells.  Both the strain gages and pressure cells illustrated large pressure at the top of the 

stem because of the reverse thrust, and large pressure was observed at the bottom of the stem 

because of the concrete cracking between the footing and stem. 
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Figure 6.85 Comparison of dynamic peak pressure along the stem for test with sound wall 

Northridge 200P 

 

6.9.4 Summary of Comparison of Dynamic Lateral Pressure from Pressure Cells and 

Strain Gages 

 

The pressure profiles were not the same when comparing the pressure responses from the strain 

gages and pressure cells.  The strain gages generally had greater dynamic pressure distribution 

than the pressure cells because the strain gages on the rebar were able to measure more bending 

from the stem compared to the pressure cells.  The strain gages and pressure cells showed the 

greatest amount of pressure near the top of the stem with the strain gages measuring large 

pressure at a height of 1.14 m, and the pressure cells measuring large pressure at a height of 1.37 

m among the strain gages and pressure cell locations on the stem.  The strain gages measured 

more pressure at the bottom of the stem compared to the pressure cells because of bending from 

previous shakes.  The pressure distribution from both instrumentation showed a non-linear 

distribution. 
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6.10 Test with Sound Wall Results Summary 

 

From all of the detailed results given in this chapter, observations and conclusions are presented 

in this section below. 

 

 Lateral Wall Displacements from Potentiometers: 

 Very little or no displacement was measured along the height of the stem in the lower 

shakes (25% and 50% shakes).  With the higher shakes, Northridge 75P to Northridge 

200P, the displacements were generally larger on the bottom of the stem compared to 

the top by 5% or more. 

 The addition of the sound wall on top of the retaining wall caused the stem to have 

large bending towards the bottom.  The crack between the stem and footing probably 

started to form during one of the 75% shakes with more movement seen at the bottom 

of the stem than the top. 

 The potentiometers were able to capture the dynamic response of the high frequencies 

of the Northridge and Takatori motions.  However, the Kocaeli earthquake had more 

low frequency motions than the Takatori, and those low frequency motions were not 

able to be recorded properly by the potentiometers.  In general, the dynamic 

responses had larger displacements for the Northridge and Takatori earthquakes than 

those of the Kocaeli earthquakes at different magnitudes. 

 

 Vertical Displacement Response of Soil on Top of Backfill: 

 Generally, more movement of the surface of the backfill near the back of the soil box 

was observed because of the stress-wave reflections at the end of the box.  During 

shaking, the compacted mass of soil rebounded against the end of the soil box 

through the bentonite layer, which caused noticeable movement in that local region. 

 During the higher intensity ground motions (Northridge 75P, Takatori 75P, 

Northridge 100P, Takatori 100P, Northridge 100P, Takatori 100P, Northridge 150P, 

and Northridge 200P), the soil near the retaining wall showed considerable amount of 

displacement.  This was due to the fact that a gap formed between the compacted soil 

and stem at stronger shaking. 

 Hardly any settlement was measured in the backfill rather mostly heaving was 

observed.  Heaving was observed close to the wall because when the compacted soil 

moved back toward the stem, the soil started to build up there in the intense shakes. 

 

 Horizontal Displacement Responses in Backfill Measured by Accelerometers: 

 For the horizontal acceleration in the soil, higher acceleration was measured near the 

top of the compacted backfill than towards the bottom.  Due to translation of the 

retaining wall, slightly larger acceleration was observed near the back of the wall than 

anywhere else in the backfill soil in Northridge 100P and onward. 

 In the lower shakes, the middle and bottom levels of accelerometers measured less 

acceleration as the top level of accelerometers.  During the 75% shakes, the top 

surface of compacted soil started to loosen.  With the soil cracks forming and 

propagating in the higher acceleration shakes, the top and middle levels of 

accelerometers in the soil container measured greater acceleration compared to the 

bottom in the 100% shakes and onward. 
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 Northridge 150P observed the soil cracks opening to a depth of 1.77 m, the level of 

the middle accelerometers.  Northridge 150P had 17% and 28% more displacement 

near the top depth of backfill compared to middle and bottom depths.  With 

Northridge 200P being the most intense shake of the loading protocol and the backfill 

being loosened by the previous shakes, the displacement responses were greater than 

all of the other shakes.  Northridge 200P measured 30% and 35% greater 

displacement from top depths than middle and bottom depths of the backfill. 

 

 Horizontal Relative Displacement along Length of Backfill by MEM Sensors: 

 From all the shakes, more relative horizontal displacements were observed near the 

top of the backfill than the bottom because the ground motions were not able to 

loosen the backfill on the bottom.  This trend was consistent with the displacement 

response measured by the accelerometers with greater response seen from near the 

top surface compared to the bottom of the soil container.  Generally, the soil relative 

displacement profiles along the length and depth were similar among all of the 

sensors on the north and south sides of the soil container. 

 The 25% through 75% shakes had small relative displacements with most movement 

of the sensors observed closest to the top of the backfill.  The sound wall added more 

mass onto the retaining wall, so these shakes did not cause the wall to move.  In the 

100% shakes, movement was observed, so cracks started to form in the backfill with 

more cracking near the retaining wall.  The Northridge 150P and 200P loosened the 

soil at lower depths than the 100% shakes seen not only near the top but also at the 

mid-depth of the backfill. 

 As the soil cracks started to form near the retaining wall first, the sensors closer to the 

retaining wall measured larger displacements in all the sensors during the 100% and 

larger shakes. 

 

 Dynamic Lateral Pressure from Pressure Cells along Height of Stem: 

 From the pressure cells on the stem, the dynamic lateral pressure was greater near the 

top of the stem (3/4 of the stem height) than any other location along the height of the 

stem due to reverse thrusting at the top. 

 For the dynamic pressure in the smaller shakes (25% and 50%), the translation of the 

retaining wall was small with the mass of the sound wall on top of the retaining wall.  

With little translation, the dynamic pressure was also small.  For the 75% and larger 

motions, the dynamic pressure distribution showed more dynamic pressure towards 

the middle and bottom than the previous shakes.  The pressure at the bottom started to 

increase significantly in the more intense earthquakes (100% shakes and onward) 

because the stiffness response of the stem started to change, and the stem was 

becoming more flexible as more shakes were performed on the wall. 

 The sound wall on top of the retaining wall changed the pressure distribution with 

more pressure near the top of the wall.  The distribution of pressure showed a non-

linear distribution of similar amounts of pressure along the height of the stem except 

for the pressure cell near the top of the stem that had the greatest amount of pressure 

for the shakes.  During the intense shakes, translation of the wall caused a rough 

parabolic shape of pressure distribution along the height of the stem (Jung and Bobet, 

2008). 



270 

 

 

 Dynamic Response of Vertical Pressure along Width of Footing: 

 The pressure cells placed underneath the footing of the wall measured the vertical 

pressure.  The distribution of vertical pressure along the width the footing could not 

be seen until the more intense shakes, towards the end of the loading protocol, 

because most of the pressure cells showed significant amounts of noise in the lower 

shakes. 

 The wall had lower pressure on the heel side (the side with backfill) and lots of 

pressure on the toe side (the side without backfill) during the larger shakes.  The 

pressure cell on the toe side could be unreliable because it was overloading during 

this test although the wall looked susceptible to overturning in the last shake.  During 

Northridge 200P, the wall seemed to overturn towards the heel side (side with 

backfill).  In addition, during the shakes, there was a phase difference between the toe 

side and heel side that was noticed, which observed movement of the wall away from 

the backfill. 

 

 Dynamic Lateral Pressure from Strain Gages along Height of Stem: 

 The strain gages had dynamic response for all of the shakes, including the lower 

(25% and 50%) shakes, which was not seen in the test without the sound wall. 

 From all of the shakes, the most pressure was measured at a height of 1.14 m from the 

bottom of stem compared to any other strain gage location along the height of the 

stem.  The pressure at the bottom of the stem started to become large in the 75% 

shakes and onward because of the concrete crack at the joint between the footing and 

stem. 

 The sound wall on top of the retaining wall changed the dynamic pressure profile 

because the retaining wall and sound wall had different stiffnesses.  The mortar joint 

between the retaining wall and sound wall altered the way the specimen bends during 

the shakes.  The dynamic pressure distribution measured by the strain gages was 

clearly non-linear. 

 

 Comparison of Dynamic Lateral Pressure from Pressure Cells and Strain Gages: 

 The comparison of the pressure cells with the strain gages did not show the same 

pressure profiles along the height of the stem.  The strain gages generally had greater 

dynamic pressure distribution than the pressure cells because the strain gages on the 

rebar were able to measure more bending from the stem compared to the pressure 

cells. 

 Along the height of the stem, both the strain gages and pressure cells showed the 

greatest amount of pressure near the top of stem with the strain gages measuring large 

pressure at a height of 1.14 m, and the pressure cells measuring large pressure at a 

height of 1.37 m.  The strain gages measured more pressure at the bottom of the stem 

compared to the pressure cells because of the cumulative effect of bending from 

previous shakes.  The pressure distribution from both instrumentation showed a non-

linear distribution. 
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7 Comparisons of the Tests with and without Sound Wall 
 

This chapter compares the performance of the retaining wall without the sound wall and the one 

with the sound wall during the Northridge, Kocaeli, and Takatori earthquakes.  Lateral 

displacement of the retaining wall, settlement and displacement in the backfill soil, lateral 

dynamic pressure behind the retaining wall, and acceleration on the wall are discussed below. 

 

7.1 Lateral Wall Displacements from Potentiometers 

 

The response from the potentiometers on the wall exhibited more response in the test with sound 

wall than the one without the sound wall because of more vibrations of the sound wall mass on 

top of the retaining wall.  However, the relative horizontal displacements (the difference between 

the displacements before and after each shake) measured from the potentiometers were greater in 

the test without sound wall, except for Northridge 150P and Northridge 200P, which had greater 

relative displacements in the test with the sound wall.  With more mass to displace in the test 

with sound wall, the high excitations of Northridge 150P and 200P were able to move the wall 

with sound wall more compared to the wall without sound wall.  Greater bending was also 

observed the test with sound wall for the higher intensity shakes.  In general, the test without 

sound wall had greater relative displacements at the top than at the bottom of the stem, and the 

test with sound wall had the opposite behavior (as shown in Figure 7.1 through Figure 7.3).  As 

mentioned in Chapter 5, there were complications of the potentiometers on the retaining wall for 

the test without the sound wall for the lower (25% and 50%) shakes; therefore the 25% and 50% 

shakes were not compared in this section. 

 

7.1.1 Relative Displacement from Potentiometers for Northridge Earthquakes 

 

In both tests, Northridge 75P (Figure 7.1(a)) had similar displacements along the height of the 

stem, except near the bottom.  Test with sound wall had 10% to 20% more displacement on the 

bottom of the stem than test without sound wall.  Northridge 100P clearly showed the test 

without sound wall having greater relative horizontal displacements than the test with sound wall 

(Figure 7.1 (b)).  More displacement was seen at the top than at the bottom of the stem in the 

Northridge 75P and 100P in the test without sound wall.  This was because there was more 

bending in the top of the stem.  In both tests, Northridge 150P (Figure 7.1(c)) showed more 

displacement near the bottom than the top of the stem.  During the Northridge 200P, the stem of 

the wall with sound wall was nearly moving as one rigid body with very similar relative 

displacements along the entire height of the stem.  The potentiometer on the middle row of south 

side of the wall (PW2-1) did not have enough stroke because it malfunctioned in Northridge 

200P test without sound wall (Figure 7.1(d)).  During the Northridge 150P and 200P, 12% and 

16%, respectively, more displacement were shown in the test with sound wall than the one 

without (as seen in Figure 7.1(c) and (d)).  The Northridge 150P had a peak input motion of 

0.95g, and the Northridge 200P had a peak input motion of 1.26g.  Therefore, the retaining wall 

with sound wall appeared to displace more when the peak input motion was greater than 0.95g. 
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(a) Northridge 75P 

 
(b) Northridge 100P 
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(c) Northridge 150P 

 
(d) Northridge 200P 

 

Figure 7.1 Comparison of relative horizontal displacements along the height of stem of the 

tests with and without sound wall measured by potentiometers for (a) Northridge 75P, (b) 

Northridge 100P, (c) Northridge 150P, and (d) Northridge 200P 
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7.1.2 Relative Displacement from Potentiometers for Kocaeli Earthquakes 

 

The relative horizontal displacements along the height of the stem for the Kocaeli shakes are 

shown in Figure 7.2.  Overall, the Kocaeli earthquakes in both tests had very small displacements 

of less than 0.14 mm, which were not significant comparing to the other shakes.  In the test with 

sound wall, Kocaeli 75P introduced negative relative displacements of about 0.025 mm as seen 

in Figure 7.2(a).  The small negative displacements meant the wall was moved toward the 

backfill.  The potentiometer in the middle of the wall (PW2-2) in test with sound wall clearly 

measured the most displacement among all of the potentiometers in Kocaeli 75P.  This 

potentiometer did not have the same response as the other potentiometers in the middle row 

(PW1-2 and PW3-2) though this was not seen in any of the other shakes.  The two tests had 

opposite trends of bending in Kocaeli 100P (Figure 7.2(b)).  From the potentiometers in the 

middle and bottom rows, the potentiometers on the north side (PW3-2 and PW3-3) had more 

noise than the other potentiometers in the same row.  This gave the north side a different trend of 

relative displacement compared to the middle and south sides along the height. 

 

 
(a) Kocaeli 75P 
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(b) Kocaeli 100P 

 

Figure 7.2 Comparison of relative horizontal displacements along the height of stem of the 

tests with and without sound wall measured by potentiometers for (a) Kocaeli 75P and (b) 

Kocaeli 100P 

 

7.1.3 Relative Displacement from Potentiometers for Takatori Earthquakes 

 

Figure 7.3 illustrates the relative horizontal displacements along the height of the stem for the 

Takatori earthquakes.  There was not much change between the relative displacements of 

Takatori 75P (Figure 7.3(a)) in the test with and without sound wall.  This was not seen in 

Takatori 100P (Figure 7.3(b)), which had 75% more displacement in wall without sound wall 

then wall with sound wall.  In Takatori 100P, extra weight from the sound wall caused a lot more 

sliding in test without sound wall compared to test with sound wall. 
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(a) Takatori 75P 

 
(b) Takatori 100P 

 

Figure 7.3 Comparison of relative horizontal displacements along the height of stem of the 

tests with and without sound wall measured by potentiometers for (a) Takatori 75P and (b) 

Takatori 100P 
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7.2 Displacement Response of Soil on Top of Backfill 

 

This section compares the behavior of the soil on the surface of the backfill during the test with 

and without the sound wall.  The potentiometers near the retaining wall heaved during the more 

intense shakes, which were Northridge 75P, Takatori 75P, Northridge 100P, Takatori 100P, 

Northridge 150P, and Northridge 200P.  All the Kocaeli shakes did not show much heaving or 

settling along the backfill.  Comparing to the test without sound wall, the test with sound wall 

had more dynamic response measured by the potentiometers in the middle of the container 

(backfill) and near the back of the retaining wall.  The potentiometers near the back of the soil 

container were comparable in both tests. 

 

The two tests compared the potentiometers on the surface of the backfill along the length of the 

backfill seen in Figure 7.4.  The comparison between the two tests were shown below with tables 

(Table 7.1 through Table 7.8) that summarize the relative vertical displacements after the ground 

motion to compare the heaving or settling in the backfill.  Table 7.1 through Table 7.8 provide 

the distances of the potentiometers from the back of the soil container with PS1-2 being the 

closest to the back and PS6-2 being the furthest away from the back.  Note that the tables do not 

show the 25% shakes and 50% shakes because the displacements after the ground motion were 

very close to zero for those shakes.  In addition, figures with the relative displacements along the 

length of the backfill in the soil container were shown in Figure 7.5 through Figure 7.7. 

 

 

Figure 7.4 Location of potentiometers on top of backfill for the comparison of the tests with 

and without sound wall 

 

7.2.1 Displacement Response on Surface of Backfill for Northridge Earthquakes 

 

In both tests, most of the relative vertical displacements of the backfill were seen near the back 

of the retaining wall in Northridge 25P, Northridge 50P, Northridge 75P, and Northridge 100P as 

shown in Figure 7.5(a), (b), (c), and (d).  Also, the Northridge 25P and 50P had relative 



278 

 

displacements close to zero for both tests with most movement from the potentiometers close to 

the wall (PS5-2 and PS6-2) among all of the potentiometers.  During the Northridge 75P, 

towards the back of the retaining wall, PS5-2 (3.24 m from back of soil container) had 34% more 

displacement and PS6-2 (4.00 m from back of soil container) had 36% more displacement in the 

test with sound wall than the one without (Figure 7.5(c)).  However, the Northridge 100P showed 

that PS5-2 displaced 6% more and PS6-2 displaced 19% more in the test without sound wall than 

the one with (Figure 7.5(d)).  Soil cracks formed near the retaining wall in the 75% shakes for 

test without sound wall and in the 100% shakes for test with sound wall.  Thus, test without 

sound wall had more soil build up at the wall than with sound wall in Northridge 75P, but more 

soil build up at the wall was seen in test with sound wall than without sound wall for Northridge 

100P. 

 

During the Northridge 150P and 200P, the relative vertical displacements in both tests had 

similar trends along the length of the backfill with the most settlement difference before and after 

the shake among all shakes.  During Northridge 150P, the relative displacement in the test with 

sound wall was 17% and 19% larger in PS5-2 (3.24 m from back of soil container) and PS6-2 

(4.00 m from back of soil container), respectively, than the one without sound wall.  During the 

Northridge 200P, this trend was reversed, where the test without sound wall had 6% and 9% 

greater relative displacements in PS5-2 and PS6-2 than the one with sound wall.  In the two tests, 

among the potentiometers along the backfill, Northridge 150P (Figure 7.5(e)) had the most 

vertical displacement at a distance of 4.00 m measured from back of soil container, and 

Northridge 200P (Figure 7.5(f)) had the most vertical displacement at a distance of 3.25 m from 

end of soil container.  There was a soil crack that propagated to a larger width in the more 

intense shakes close to PS5-2 in each test.  More vertical displacement was measured from PS5-2 

compared to PS6-2 in Northridge 200P for both tests, which was generally not seen in the 

previous shakes. 
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(a) Northridge 25P 

 
(b) Northridge 50P 
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(c) Northridge 75P 

 
(d) Northridge 100P 
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(e) Northridge 150P 

 
(f) Northridge 200P 

 

Figure 7.5 Comparison of relative vertical displacements along the length of backfill for the 

tests with and without sound wall measured by potentiometers for (a) Northridge 25P, (b) 

Northridge 50P, (c) Northridge 75P, (d) Northridge 100P, (e) Northridge 150P, and (f) 

Northridge 200P 
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In Northridge 75P and 100P (Table 7.1 and Table 7.2), the test without sound wall had 35% 

greater measured displacements after the shakes than the test with sound wall, except for the 

potentiometers closest to the retaining wall (PS5-2 and PS6-2).  With the extra weight of the 

sound wall, there was more movement close to the wall, which caused more soil displacement on 

the surface in wall with sound wall than wall with sound wall.  After the shakes, some of the 

potentiometers have displacements of zero or close to zero, but PS5-2 and PS6-2 measured 

significant positive displacements, which were considered heaving. 

 

Table 7.1 Northridge 75P: relative vertical displacements measured after the ground 

motion for the tests with and without sound wall 

Potentiometer Distance of 

potentiometer from back 

of soil container (m) 

Without Sound Wall 

(mm) 

With Sound Wall 

(mm) 

PS1-2 0.20 0.04 -0.07 

PS2-2 0.96 0.07 -0.03 

PS3-2 1.72 0.08 0.05 

PS4-2 2.48 0.08 0.00 

PS5-2 3.24 0.24 0.39 

PS6-2 4.00 0.57 0.87 

 

Table 7.2 Northridge 100P: relative vertical displacements measured after the ground 

motion for the tests with and without sound wall 

Potentiometer Distance of 

potentiometer from back 

of soil container (m) 

Without Sound Wall 

(mm) 

With Sound Wall 

(mm) 

PS1-2 0.20 0.15 -0.01 

PS2-2 0.96 0.14 -0.01 

PS3-2 1.72 0.23 0.00 

PS4-2 2.48 0.23 0.00 

PS5-2 3.24 0.46 0.44 

PS6-2 4.00 1.35 1.06 

 

The Northridge 75P and 100P (Table 7.1 and Table 7.2) generally excited more vertical 

displacement in the soil after the shakes in the test without sound wall than test with sound wall.  

Northridge 150P illustrated 17% more displacement in the potentiometers near the retaining wall 

in Table 7.3 for wall with sound wall compared to wall without sound wall.  Northridge 200P, 

shown in Table 7.4, had the opposite trend of Northridge 150P with 7% greater displacements 

after the shake in the test without sound wall than test with sound wall.  In the potentiometers, 

settlement was observed by significant negative displacements after the Northridge 150P and 

200P shakes.  During the Northridge 150P of the test without sound wall, PS1-2 (closest 

potentiometer to far end of soil container) showed some settlement.  Settlement was also 

measured during the Northridge 200P in PS1-2, PS3-2, and PS4-2 of the test without sound wall 

and PS2-2 and PS4-2 of the test with sound wall, as shown in Table 7.4.  Large heaving, which is 

upward displacement of backfill, was measured by the potentiometers near the wall (PS5-2 and 

PS6-2) in Northridge 150P and 200P.  When the compacted soil was thrusting into the back the 
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stem in these shakes, the soil started to build up close to the stem.  This caused the soil to heave 

close to the retaining wall. 

 

Table 7.3 Northridge 150P: relative vertical displacements measured after the ground 

motion for the tests with and without sound wall 

Potentiometer Distance of 

potentiometer from back 

of soil container (m) 

Without Sound Wall 

(mm) 

With Sound Wall 

(mm) 

PS1-2 0.20 -2.33 0.27 

PS2-2 0.96 0.68 0.19 

PS3-2 1.72 0.20 0.18 

PS4-2 2.48 1.55 0.38 

PS5-2 3.24 3.60 4.30 

PS6-2 4.00 5.22 6.39 

 

Table 7.4 Northridge 200P: relative vertical displacements measured after the ground 

motion for the tests with and without sound wall 

Potentiometer Distance of 

potentiometer from back 

of soil container (m) 

Without Sound Wall 

(mm) 

With Sound Wall 

(mm) 

PS1-2 0.20 -10.27 0.76 

PS2-2 0.96 0.12 -0.74 

PS3-2 1.72 -2.09 0.82 

PS4-2 2.48 -0.65 -5.10 

PS5-2 3.24 40.42 37.65 

PS6-2 4.00 19.59 17.92 

 

7.2.2 Displacement Response on Surface of Backfill for Kocaeli Earthquakes 

 

Generally, among the potentiometers along the length of the backfill, these shakes generated less 

relative vertical displacements in the potentiometers near the back of the soil container and more 

relative settlement in the potentiometers near the retaining wall during the Kocaeli earthquakes, 

as shown in Figure 7.6(a), (b), (c), and (d).  All the relative vertical displacements were very 

close to zero.  The test with sound wall had 25% greater relative displacements near the back of 

the retaining wall compared to the test without sound wall, but the difference between both tests 

was not very noticeable.  The negative relative displacements measured more displacement after 

the shake compared to before the shake.  However, some of the relative displacements were 

positive because the potentiometers measured less settlement on the surface of the backfill after 

the shake compared to before the shake.  The positive displacements were caused by some of the 

soil particles accumulating on top of the laminated boards that were placed underneath the 

potentiometers that allow the potentiometers to slide during the shakes.  These positive 

displacements were observed in Kocaeli 50P, Kocaeli 75P, and Kocaeli 100P (Figure 7.6(b), (c), 

and (d)). 
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(a) Kocaeli 25P 

 
(b) Kocaeli 50P 
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(c) Kocaeli 75P 

 
(d) Kocaeli 100P 

 

Figure 7.6 Comparison of relative vertical displacements along the length of backfill for the 

tests with and without sound wall measured by potentiometers for (a) Kocaeli 25P, (b) 

Kocaeli 50P, (c) Kocaeli 75P, and (d) Kocaeli 100P 
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Table 7.5 and Table 7.6 list the measurements of the vertical displacement after Kocaeli 75P and 

100P for both tests.  All the potentiometers had displacements close to zero after the shakes 

indicating little settlement or heaving in the soil for the Kocaeli shakes in both tests.  Kocaeli 

75P and 100P had little effect on the top of the backfill. 

 

Table 7.5 Kocaeli 75P: relative vertical displacements measured after the ground motion 

for the tests with and without sound wall 

Potentiometer Distance of 

potentiometer from back 

of soil container (m) 

Without Sound Wall 

(mm) 

With Sound Wall 

(mm) 

PS1-2 0.20 -0.02 0.00 

PS2-2 0.96 -0.01 -0.01 

PS3-2 1.72 -0.01 0.01 

PS4-2 2.48 0.00 -0.01 

PS5-2 3.24 0.00 0.03 

PS6-2 4.00 -0.01 0.03 

 

Table 7.6 Kocaeli 100P: relative vertical displacements measured after the ground motion 

for the tests with and without sound wall 

Potentiometer Distance of 

potentiometer from back 

of soil container (m) 

Without Sound Wall 

(mm) 

With Sound Wall 

(mm) 

PS1-2 0.20 -0.07 -0.02 

PS2-2 0.96 -0.03 -0.02 

PS3-2 1.72 -0.01 -0.01 

PS4-2 2.48 0.00 0.00 

PS5-2 3.24 0.00 0.01 

PS6-2 4.00 0.03 0.04 

 

7.2.3 Displacement Response on Surface of Backfill for Takatori Earthquakes 

 

The relative vertical displacements along the length of the backfill for the Takatori shakes are 

shown in Figure 7.7.  The relative vertical displacements for the Takatori 25P and 50P (Figure 

7.7(a) and (b)) were close to zero.  The relative vertical displacements were 90% larger near the 

back of the retaining wall than any other location along the backfill during the Takatori 75P and 

100P (Figure 7.7(c) and (d)).  The potentiometers near the wall (PS5-2 and PS6-2) measured 

17% and 3% greater displacement in test with sound wall than the test without sound wall in 

Takatori 75P.  In Takatori 100P, the test without the sound wall had 67% and 68% greater 

displacement in PS5-2 and PS6-2 than test with sound wall. 
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(a) Takatori 25P 

 
(b) Takatori 50P 
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(c) Takatori 75P 

 
(d) Takatori 100P 

 

Figure 7.7 Comparison of relative vertical displacements along the length of backfill for the 

tests with and without sound wall measured by potentiometers for (a) Takatori 25P, (b) 

Takatori 50P, (c) Takatori 75P, and (d) Takatori 100P 
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During the Takatori 75P and 100P, all the potentiometers in the two wall tests (except for PS5-2 

and PS6-2 in Takatori 75P) showed 80% and greater relative displacements after the ground 

motion in the test without sound wall than the one with sound wall.  Table 7.7 and Table 7.8 list 

the measured values in Takatori 75P and 100P.  Out of the potentiometers, the ones towards the 

end of the soil container and towards the middle of the soil container had less displacement, and 

the ones near the wall had more displacement in both tests.  Heaving was observed in PS5-2 

(3.24 m from end of soil container) and PS6-2 (4.00 m from end of soil container) in both tests, 

with the most heaving occurring in the Takatori 100P in the test without sound wall (Table 7.7). 

 

Table 7.7 Takatori 75P: relative vertical displacements measured after the ground motion 

for the tests with and without sound wall 

Potentiometer Distance of 

potentiometer from back 

of soil container (m) 

Without Sound Wall 

(mm) 

With Sound Wall 

(mm) 

PS1-2 0.20 0.05 -0.01 

PS2-2 0.96 0.06 -0.01 

PS3-2 1.72 0.13 0.04 

PS4-2 2.48 0.07 0.00 

PS5-2 3.24 0.17 0.22 

PS6-2 4.00 0.50 0.53 

 

Table 7.8 Takatori 100P: relative vertical displacements measured after the ground motion 

for the tests with and without sound wall 

Potentiometer Distance of 

potentiometer from back 

of soil container (m) 

Without Sound Wall 

(mm) 

With Sound Wall 

(mm) 

PS1-2 0.20 0.17 0.06 

PS2-2 0.96 0.16 -0.01 

PS3-2 1.72 0.07 -0.05 

PS4-2 2.48 0.22 -0.02 

PS5-2 3.24 0.79 0.27 

PS6-2 4.00 1.58 0.51 
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7.3 Lateral Wall Displacements from Accelerometers 

 

In both tests, accelerometers showed little difference of acceleration from the top to the middle 

of the stem in the lower intensity shakes.  In the higher intensity shakes, there was a larger 

difference observed between the accelerometers on the top of the stem and the accelerometers on 

the middle of the stem compared to the lower shakes.  Greater acceleration was measured at the 

top than the middle of the stem.  The accelerometers were having higher dynamic responses than 

the input motions for the tests.  The stiffness of the stem of the retaining wall was changing in 

the more intense ground motions. 

 

In comparing the two tests, the displacements at the peak of the ground motion were measured 

by accelerometers during the tests and the results are plotted for each shake (Figure 7.8 through 

Figure 7.10).  The retaining wall without sound wall had more displacement than the one without 

sound wall in the lower intensity shakes.  With more bending experienced in the retaining wall 

with sound wall in the most intense shakes, more peak displacement was generally seen along 

the height of the stem than the wall without sound wall. 

 

7.3.1 Displacements Measured by Accelerometers for Northridge Earthquakes 

 

Predominantly, Northridge earthquake consists of high frequency motions and had the most 

effect on the stem of the retaining wall, as seen in Figure 7.8, which show the peak 

displacements along the stem.  During the Northridge 25P (Figure 7.8(a)), for both tests, the 

accelerometers showed similar displacements at the top and middle.  Note that this was the very 

first earthquake performed on the specimens, so the stem was stiff and the stem and footing of 

the retaining wall was moving together as a rigid body.  However, all of the other Northridge 

shakes (Figure 7.8(b), (c), (d), (e), and (f)) had more movement from the top than the middle of 

the stem.  Northridge 25P and Northridge 50P had 30% larger peak displacements in test without 

sound wall than test with sound wall, but the rest Northridge shakes had around 50% larger 

displacements in one with sound wall than one without.  This illustrates that comparing to the 

wall without sound wall, the retaining wall with sound wall experienced more bending near the 

top of the stem with higher peak accelerations at those locations.  The comparison of the peak 

displacements on the stem in Northridge 150P and 200P (Figure 7.8(e) and (f)) showed the 

biggest influence of the presence of the sound wall on top of the retaining wall.  The peak 

displacements at the top of the wall were almost doubled for the test with sound wall compared 

to the one without in Northridge 150P and Northridge 200P.  In addition, Northridge 200P had 

the greatest difference of 15% between the peak displacements of the top accelerometers and 

middle accelerometers than the other shakes. 
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(a) Northridge 25P 

 
(b) Northridge 50P 
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(c) Northridge 75P 

 
(d) Northridge 100P 
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(e) Northridge 150P 

 
(f) Northridge 200P 

 

Figure 7.8 Comparison of peak lateral wall displacements measured by accelerometers for 

the tests with and without sound wall measured by potentiometers for (a) Northridge 25P, 

(b) Northridge 50P, (c) Northridge 75P, (d) Northridge 100P, (e) Northridge 150P, and (f) 

Northridge 200P 
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7.3.2 Displacements Measured by Accelerometers for Kocaeli Earthquakes 

 

In both tests, the Kocaeli shakes generally showed the same amount of peak displacement at the 

top and middle of the wall in Figure 7.9.  Both test specimens (wall with and without sound wall) 

acted as rigid bodies along the stem in all of the Kocaeli shakes.  All of the shakes had around 

30% more lateral movement from the test without sound wall than test with sound wall.  Among 

the Kocaeli shakes, Kocaeli 100P (Figure 7.9(d)) had the greatest difference of displacement 

between wall with and without sound wall.  The one without sound wall had 35% more 

displacement compared to the one with sound wall.  The low frequencies of the Kocaeli shakes 

did not generate as much effect on the stem of the wall as the Northridge and Takatori motions. 

 

 
(a) Kocaeli 25P 
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(b) Kocaeli 50P 

 
(c) Kocaeli 75P 
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(d) Kocaeli 100P 

 

Figure 7.9 Comparison of peak lateral wall displacements measured by accelerometers for 

the tests with and without sound wall measured by potentiometers for (a) Kocaeli 25P, (b) 

Kocaeli 50P, (c) Kocaeli 75P, and (d) Kocaeli 100P 

 

7.3.3 Displacements Measured by Accelerometers for Takatori Earthquakes 

 

The peak displacements on the stem for the Takatori earthquakes are shown in Figure 7.10.  

Takatori 25P, Takatori 50P, and Takatori 100P had 20% more displacements from test without 

sound wall than test with sound wall.  This was not observed in Takatori 75P, which had 45% 

more displacements from one with sound wall than one without sound wall.  This was also seen 

for relative horizontal displacements on the wall in Takatori 75P and 100P.  Takatori 75P (Figure 

7.10(c)) showed larger bending in wall with sound wall than wall without sound wall.  The 

combined nature of low and high frequencies of the Takatori earthquake and the existence of the 

sound wall on top of the retaining wall created less movement in the retaining wall with sound 

wall in the Takatori 100P (Figure 7.10(d)), as compared to the first test without sound wall. 
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(a) Takatori 25P 

 
(b) Takatori 50P 
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(c) Takatori 75P 

 
(d) Takatori 100P 

 

Figure 7.10 Comparison of peak lateral wall displacements measured by accelerometers for 

the tests with and without sound wall measured by potentiometers for (a) Takatori 25P, (b) 

Takatori 50P, (c) Takatori 75P, and (d) Takatori 100P 
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7.4 Dynamic Lateral Pressure from Pressure Cells along Height of Stem 

 

During all the earthquakes, larger dynamic pressures were observed near the top of the stem of 

the retaining wall with sound wall because of the extra mass of the sound wall.  The earthquakes 

with higher frequencies, Northridge (Figure 7.11) and Takatori (Figure 7.13), generally caused 

the same trends in the middle and bottom of the stem.  More pressure was seen in the middle and 

bottom of the stem during the test without the sound wall compared to the test with the sound 

wall.  However, during the Kocaeli shakes (Figure 7.12), larger pressures were measured near 

the middle of the stem in the test without the sound wall than the one with the sound wall.  The 

pressures near the bottom of the stem were similar in both tests. 

 

7.4.1 Dynamic Lateral Pressure Response from Pressure Cells for Northridge 

Earthquakes 

 

Figure 7.11 shows the pressure along the normalized height of the stem at peak acceleration of 

the Northridge earthquakes (25P, 50P, 75P, 100P, 150P, and 200P) for the two tests.  From the 

Northridge 25P to Northridge 75P, the dynamic pressure near the middle and bottom of the stem 

were about 20% larger in the test without the sound wall, but the dynamic pressure at the top of 

the stem was 75% larger in the test with the sound wall in Figure 7.11(a), (b), and (c).  However, 

in the Northridge 100P (Figure 7.11(d)), the bottom of the stem showed 50% more pressure in 

the test with the sound wall mainly because more bending of the stem was experienced in the 

wall during this test. 

 

With the most intense shakings of both tests, Northridge 150P and Northridge 200P (Figure 

7.11(e) and (f)), the trend of the dynamic pressure is different from the one at lower shakes (25P, 

50P, 75P, and 100P).  The Northridge 150P caused 83% and 45% higher dynamic pressure on 

the top and bottom of the stem with the sound wall than the one without.  During the test without 

the sound wall, the pressure at the top peaked at 162 kPa under the Northridge 200P (Figure 

7.11(f)), due to the thrusting and sliding of the retaining wall.  The top pressure in the wall with 

the sound wall, on the other hand, was only 33 kPa with much less thrusting effect caused due to 

the existence of the extra mass of the sound wall on the top.  As seen in the Northridge 100P in 

the test with the sound wall, the bottom created 45% and 52% more pressure both in Northridge 

150P and 200P compared to test without sound wall. 
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(a) Northridge 25P 

 
(b) Northridge 50P 
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(c) Northridge 75P 

 
(d) Northridge 100P 
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(e) Northridge 150P 

 
(f) Northridge 200P 

 

Figure 7.11 Comparison of dynamic pressure along the height of stem of the tests with and 

without sound wall measured by pressure cells for (a) Northridge 25P, (b) Northridge 50P, 

(c) Northridge 75P, (d) Northridge 100P, (e) Northridge 150P, and (f) Northridge 200P 

 

7.4.2 Dynamic Lateral Pressure Response from Pressure Cells for Kocaeli Earthquakes 

 

The pressures along the normalized height of the stem for the peak of Kocaeli earthquakes for 

both tests are shown in Figure 7.12.  All the Kocaeli shakes show 25% larger pressure near the 
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middle of the stem and 75% smaller pressure near the top of the stem in the wall without the 

sound wall than wall with sound wall.  The pressure at the bottom of the stem has a similar 

amount in both tests, except for the Kocaeli 75P.  When looking at the Northridge and Kocaeli at 

each percentage interval (25P, 50P, 75P, and 100P), both motions had the same trend of dynamic 

pressure in the comparison between the two tests except Kocaeli 75P (Figure 7.12(c)).  Kocaeli 

75P showed test without the sound wall having 60% greater pressure than test with sound wall at 

a height of 0.76 m, which was not observed in Northridge 75P.  All of the Kocaeli motions had 

less dynamic pressure than the Northridge motions in the tests. 

 

 
(a) Kocaeli 25P 

 
(b) Kocaeli 50P 
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(c) Kocaeli 75P 

 
(d) Kocaeli 100P 

 

Figure 7.12 Comparison of dynamic pressure along the height of stem of the tests with and 

without sound wall measured by pressure cells for (a) Kocaeli 25P, (b) Kocaeli 50P, (c) 

Kocaeli 75P, and (d) Kocaeli 100P 

 

7.4.3 Dynamic Lateral Pressure Response from Pressure Cells for Takatori Earthquakes 

 

The pressures along the height for the peak acceleration of the Takatori earthquakes are 

illustrated in Figure 7.13.  As observed in the Kocaeli and Northridge earthquakes, the pressure 
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near the top of the stem was larger in the wall with sound wall than the one without.  This is 

similar during the Takatori earthquakes.  In the Takatori 25P to 75P, 30% higher pressure was 

generally measured at the middle of the stem in the test without the sound wall compared to the 

test with the sound wall.  The bottom of the stem had similar amounts of pressure for both tests.  

In Takatori 100P (Figure 7.13(d)), the test with the sound wall started to have 49% and 30% 

greater pressure at the middle and bottom of the stem, respectively, than the test without the 

sound wall.  In the two tests, Takatori had more dynamic pressure in the 25%, 50%, and 75% 

shakes than Northridge, but Takatori had less pressure in 100% shakes than Northridge though 

Kocaeli had the least amount of pressure out of all three ground motions. 

 

 
(a) Takatori 25P 

 
(b) Takatori 50P 
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(c) Takatori 75P 

 
(d) Takatori 100P 

 

Figure 7.13 Comparison of dynamic pressure along the height of stem of the tests with and 

without sound wall measured by pressure cells for (a) Takatori 25P, (b) Takatori 50P, (c) 

Takatori 75P, and (d) Takatori 100P 
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7.5 Dynamic Response of Vertical Pressure along Width of Footing 

 

The vertical pressure measuring the residual pressure after the ground motion during the two 

tests is compared in Table 7.9 through Table 7.16, where the results provide some indications on 

whether or not the retaining wall would be susceptible to overturning.  The pressure cells 

discussed in this section were all placed underneath the footing of the retaining walls as shown in 

Figure 7.14.  PCF1-1, PCF1-2, and PCF1-3 were on the side with the backfill (heel side), PCF2-

1 and PCF2-2 was right underneath the stem of the wall, and PCF3-1 and PCF3-2 were on the 

side without the backfill (toe side).  Table 7.9 through Table 7.16 give the location of the 

pressure cells (either on the side with backfill, underneath the stem, or on the side without 

backfill) seen in Figure 7.14.  There were five pressure cells (PCF1-2, PCF3-1, PCF2-2, PCF3-1, 

and PCF3-2) installed underneath the footing in the test without the sound wall.  An extra two 

pressure cells (PCF1-1 and PCF2-1) were added underneath the footing in the test with the sound 

wall.  PCF2-1 did not work during the test with the sound wall, so it was not included in Table 

7.9 through Table 7.16.  The results during the lower shakes, 25% and 50%, were not compared 

in the tables below because there was no significant pressure seen after the shakes.  Among all 

shakes, the Northridge 200P was the only one that showed susceptibility to overturning in both 

tests. 

 

 

Figure 7.14 Placement of pressure cells underneath the footing 

 

7.5.1 Dynamic Vertical Pressure Measured from Pressure Cells in Northridge 

Earthquakes 

 

Table 7.9 through Table 7.12 give the dynamic vertical pressure measured at the end of each 

Northridge shake.  In Northridge 25P through Northridge 75P, there was no significant dynamic 

response measured in PCF2-2 for both tests.   As shown in Table 7.9 and Table 7.10, PCF2-2, 

Heel Side  
(side with backfill) 

Toe Side  
(side without backfill) 
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underneath the stem, had positive pressure after the shake of 0.47 kPa in Northridge 75P and 

1.60 kPa in Northridge 100P in test without sound wall.  However, in the test with sound wall, it 

went back to zero or close to zero pressure after the shake.  In the test without sound wall, PCF1-

3 (located underneath the backfill side), measured negative pressure after the shaking in 

Northridge 75P and Northridge 100P, but it did not measure any residual pressure in the test with 

sound wall because there was less movement and translation seen in the test with sound wall 

compared to the test without sound wall for these shakes.  The retaining wall with sound wall 

had the pressure cells on the backfill side of the footing, PCF1-1 and PCF1-2, end with positive 

pressure after the shakes in Northridge 75P through Northridge 150P (Table 7.9 through Table 

7.11).  However, in retaining wall with sound wall, these pressure cells had no response.  During 

the test without sound wall, the pressure cells PCF3-1 and PCF3-2 (on the side without backfill) 

did not have measureable dynamic response until the Northridge 150P and Northridge 200P.  

These cells, however, measured a significant amount of positive pressure after the shaking in the 

test with sound wall.  PCF3-1 had negative pressure after the shaking, which is not shown in 

Table 7.11 and Table 7.12 because it reached an unrealistic pressure that was higher than 300 

kPa, which is the pressure range of the pressure cells according to the manufacturer’s data.  For 

all the Northridge shakes, PCF3-1 had a lot higher pressure in the test with sound wall than the 

test without sound wall. 

 

As mentioned earlier, the Northridge 200P was the only shake that showed indication of 

overturning (Table 7.12).  During the test without sound wall, the side with the backfill 

experienced negative pressure while the side without backfill had positive pressure after that 

shake, indicating an overturn effect in the retaining wall towards the side without any backfill.  

During the test with sound wall, PCF1-2 and PCF1-3 had positive pressure, which was the side 

with backfill.  Although the pressure value for PCF3-1 (on the side without backfill) was not 

included here due to the unrealistically high pressure in the cell (beyond the cell’s capacity), the 

values it recorded were negative at the end of the Northridge 200P.  This implies the fact that the 

retaining wall with sound wall could have experienced an overturn effect in the retaining wall 

towards the side with backfill, which was opposite trend observed in the retaining wall without 

sound wall. 

 

Table 7.9 Northridge 75P: pressure measured after the ground motion for the tests with 

and without sound wall 

Pressure cell Location of pressure cell 

along width of wall 

Without Sound Wall 

(kPa) 

With Sound Wall 

(kPa) 

PCF1-1 side with backfill N/A 2.54 

PCF1-2 side with backfill N/A 25.57 

PCF1-3 side with backfill -7.38 -0.05 

PCF2-2 underneath stem 0.47 0.05 

PCF3-1 side without backfill 0.03 N/A 

PCF3-2 side without backfill 0.01 N/A 
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Table 7.10 Northridge 100P: pressure measured after the ground motion for the tests with 

and without sound wall 

Pressure cell Location of pressure cell 

along width of wall 

Without Sound Wall 

(kPa) 

With Sound Wall 

(kPa) 

PCF1-1 side with backfill N/A 11.20 

PCF1-2 side with backfill N/A 28.23 

PCF1-3 side with backfill -5.16 -0.05 

PCF2-2 underneath stem 1.60 0.00 

PCF3-1 side without backfill 0.06 N/A 

PCF3-2 side without backfill 0.07 N/A 

 

Table 7.11 Northridge 150P: pressure measured after the ground motion for the tests with 

and without sound wall 

Pressure Cell Location of pressure cell 

along width of wall 

Without Sound Wall 

(kPa) 

With Sound Wall 

(kPa) 

PCF1-1 side with backfill N/A 3.92 

PCF1-2 side with backfill N/A 23.92 

PCF1-3 side with backfill 26.59 0.11 

PCF2-2 underneath stem N/A -0.11 

PCF3-1 side without backfill 32.30 N/A 

PCF3-2 side without backfill 12.08 N/A 

 

Table 7.12 Northridge 200P: pressure measured after the ground motion for the tests with 

and without sound wall 

Pressure cell Location of pressure cell 

along width of wall 

Without Sound Wall 

(kPa) 

With Sound Wall 

(kPa) 

PCF1-1 side with backfill N/A -13.06 

PCF1-2 side with backfill N/A 6.50 

PCF1-3 side with backfill -59.42 50.85 

PCF2-2 underneath stem N/A (positive) 8.15 

PCF3-1 side without backfill 103.56 N/A (negative) 

PCF3-2 side without backfill 68.58 N/A 

 

7.5.2 Dynamic Vertical Pressure Measured from Pressure Cells in Kocaeli Earthquakes 

 

The vertical pressure measured after the Kocaeli shakes are shown in Table 7.13 and Table 7.14.  

In the test without sound wall, the only pressure cell that output dynamic response was PCF1-3 

(on the side with backfill).  The Kocaeli 75P and Kocaeli 100P had PCF1-3 measure positive 

pressure in both tests even though the pressure magnitude was very small in the test with sound 

wall.  Hardly any residual pressure was observed in the Kocaeli 75P in both tests.  During the 

Kocaeli 100P, PCF3-1 (on the side of the footing with no backfill) measured the most pressure 

among all pressure cells in the test with sound wall.  With little movement of the wall in the 

Kocaeli earthquakes, they did not show as much residual pressure underneath the footing as the 

Northridge and Takatori earthquakes. 
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Table 7.13 Kocaeli 75P: pressure measured after the ground motion for the tests with and 

without sound wall 

Pressure cell Location of pressure cell 

along width of wall 

Without Sound Wall 

(kPa) 

With Sound Wall 

(kPa) 

PCF1-1 side with backfill N/A 0.15 

PCF1-2 side with backfill N/A 0.00 

PCF1-3 side with backfill 1.21 0.20 

PCF2-2 underneath stem 0.38 0.00 

PCF3-1 side without backfill 0.13 -0.16 

PCF3-2 side without backfill 0.07 N/A 

 

Table 7.14 Kocaeli 100P: pressure measured after the ground motion for the tests with and 

without sound wall 

Pressure cell Location of pressure cell 

along width of wall 

Without Sound Wall 

(kPa) 

With Sound Wall 

(kPa) 

PCF1-1 side with backfill N/A -0.07 

PCF1-2 side with backfill N/A -0.60 

PCF1-3 side with backfill 2.50 0.10 

PCF2-2 underneath stem 0.54 0.00 

PCF3-1 side without backfill 0.02 5.43 

PCF3-2 side without backfill 0.05 N/A 

 

7.5.3 Dynamic Vertical Pressure Measured from Pressure Cells in Takatori Earthquakes 

 

Table 7.15 and Table 7.16 summarize the vertical pressure measured by the pressure cells at the 

end of the Takatori shakes.  For the test without sound wall, PCF1-3 (heel side) was the only 

pressure cell that measured dynamic response during the Takatori 75P.  During the Takatori 

100P, PCF2-2 (underneath stem) and PCF3-1 (toe side) had similar dynamic responses but larger 

pressure magnitude in PCF2-2.  On the toe side, pressure cells PCF3-1 and PCF3-2 showed very 

little residual pressure in the test without sound wall.  Takatori 75P and Takatori 100P had 

similar amounts of residual pressure in all of the pressure cells for the test with the sound wall.  

PCF1-1 and PCF1-2, which were both placed on the heel side, had the similar dynamic 

responses, but PCF1-2 measured a lot more residual pressure than PCF1-1.  In both tests, the 

pressure cells did not measure significant residual pressure as Northridge 150P and Northridge 

200P. 
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Table 7.15 Takatori 75P: pressure measured after the ground motion for the tests with and 

without sound wall 

Pressure cell Location of pressure cell 

along width of wall 

Without Sound Wall 

(kPa) 

With Sound Wall 

(kPa) 

PCF1-1 side with backfill N/A 1.11 

PCF1-2 side with backfill N/A 34.00 

PCF1-3 side with backfill -2.36 -0.10 

PCF2-2 underneath stem 0.49 0.00 

PCF3-1 side without backfill -0.01 N/A 

PCF3-2 side without backfill -0.02 N/A 

 

Table 7.16 Takatori 100P: pressure measured after the ground motion for the tests with 

and without sound wall 

Pressure cell Location of pressure cell 

along width of wall 

Without Sound Wall 

(kPa) 

With Sound Wall 

(kPa) 

PCF1-1 side with backfill N/A 1.26 

PCF1-2 side with backfill N/A 34.00 

PCF1-3 side with backfill -1.45 0.10 

PCF2-2 underneath stem 3.76 0.00 

PCF3-1 side without backfill 0.33 N/A 

PCF3-2 side without backfill -0.05 N/A 
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7.6 Dynamic Lateral Pressure due to Bending from Strain Gages along Height of Stem 

 

For all the shakes, the trend of the lateral dynamic pressure along the height of the stem was 

different for the test with and without sound wall (Figure 7.15 through Figure 7.17).  The test 

without sound wall had the lateral pressure linearly increasing from the top to the bottom of the 

stem.  With the addition of the sound wall, this test showed greater amounts of pressure at 

towards the top of the stem compared to test without sound wall.  For the shakes shown below, 

the test with sound wall generally had more pressure at the peak acceleration than the test 

without sound wall.  Figure 7.15 through Figure 7.17 did not display the strain gages at heights 

of 1.14 m and 1.52 m because they had a lot of noise that the peak pressure could not be 

extracted from these strain gage readings in the 75% shakes for the test without sound wall.  This 

was also seen in the 100% shakes and Northridge 150P, but only at a height of 1.52 m on the 

stem. 

 

7.6.1 Dynamic Lateral Pressure Response from Strain Gages for Northridge Earthquakes 

 

Figure 7.15 show the pressure along the height of the stem measured by the strain gages for the 

Northridge earthquakes for both tests.  Northridge 75P, Northridge 100P, and Northridge 150P 

showed around 75% more pressure at the top of the stem from test with sound wall.  Northridge 

200P had 76% greater pressure from test without sound wall then with sound wall with more 

thrusting of the backfill in test without sound wall.  Northridge 75P and 100P illustrated that 

large flexibility of the stem earlier in the loading protocol in test with sound wall than without 

sound wall because 19% and 53% (Northridge 75P and 100P) greater pressure was measured at 

the bottom of the stem in one with sound wall.  However, the larger strains were observed in test 

with sound wall in Northridge 150P and 200P when looking at the bottom pressures.  Thus, the 

concrete crack between the stem and footing was made deeper in the wall without sound wall, 

but the crack started earlier in wall with sound wall.  Also, in test with sound wall for Northridge 

200P, the rebar began to yield at the bottom of the stem.  The stem of the retaining wall with 

sound wall experienced more bending than the retaining wall without sound wall, especially near 

the top of the stem, in the higher Northridge shakes while the retaining wall in test without the 

sound wall was more rigid. 
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(a) Northridge 75P 

 
(b) Northridge 100P 
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(c) Northridge 150P 

 
(d) Northridge 200P 

 

Figure 7.15 Comparison of dynamic pressure along the height of stem of the tests with and 

without sound wall measured by strain gages for (a) Northridge 75P, (b) Northridge 100P, 

(c) Northridge 150P, and (d) Northridge 200P 
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7.6.2 Dynamic Lateral Pressure Response from Strain Gages for Kocaeli Earthquakes 

 

In Figure 7.16, the pressure along the height of the stem measured by the strain gages are shown 

at the peak of Kocaeli 75P and 100P of the test with and without sound wall.  Both of these two 

Kocaeli shakes generated 45% and greater pressure on the top half of the stem in the wall 

without sound wall than the wall with sound wall.  More bending on the top of the stem was 

observed in the test with sound wall than test without sound wall.  Kocaeli 75P and 100P showed 

opposite trends of pressure at the bottom of the stem.  Among the two tests, Kocaeli 75P 

generally had greater dynamic pressure from test without sound wall, and Kocaeli 100P 

generally had greater dynamic pressure from test with sound wall.  In Kocaeli 75P, there was 

very little movement from the bottom of the stem in test with sound wall, so this caused the 

pressure to be 51% smaller in one with sound wall than one without sound wall. 

 

 
(a) Kocaeli 75P 
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(b) Kocaeli 100P 

 

Figure 7.16 Comparison of dynamic pressure along the height of stem of the tests with and 

without sound wall measured by strain gages for (a) Kocaeli 75P and (b) Kocaeli 100P 

 

7.6.3 Dynamic Lateral Pressure Response from Strain Gages for Takatori Earthquakes 

 

Figure 7.17 show the pressure along the height of the stem measured by the strain gages for the 

peak acceleration of the Takatori earthquakes.  As similar to the results for the Northridge 75P 

and 100P shakes, Takatori 75P and 100P had 38% and greater pressure along the height of the 

stem due to bending with the added sound wall on top in test with sound wall compared to test 

without sound wall.  The around 60% more pressure was observed at the very bottom and at a 

height of 1.14 m from test with sound wall than without sound wall. 
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(a) Takatori 75P 

 
(b) Takatori 100P 

 

Figure 7.17 Comparison of dynamic pressure along the height of stem of the tests with and 

without sound wall measured by strain gages for (a) Takatori 75P and (b) Takatori 100P 
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7.7 Comparisons of the Tests with and without Sound Wall Summary 

 

The results of the tests with and without sound wall had similar behavior in the backfill during 

the ground motions.  There was higher acceleration near the top of the compacted backfill than 

towards the bottom in both tests.  Larger acceleration in the soil was measured near the back of 

the retaining wall because of the translation (lateral displacement) of the wall, which was also 

seen in both tests.  However, significant behavioral differences between the two tests were found 

from the displacements and dynamic pressures measured on test specimens (retaining wall with 

and without sound wall).  From the comparisons given in this chapter, observations and 

conclusions are further summarized below. 

 

 Lateral Wall Displacements from Potentiometers: 

 In general, test without sound wall had larger horizontal relative displacements in all 

of the shakes, except the last two shakes of the loading protocol (Northridge 150P and 

200P) than test with the sound wall.  Northridge 150P and 200P had greater relative 

displacements in wall with sound wall compared to the one without. 

 For the test without sound wall, the stem displaced more near the top until the Kocaeli 

100P after which shake, the stem displaced more on the bottom.  For the test with 

sound wall, it showed the trend of more displacement at the bottom of the stem than 

the top for the Northridge 75P and above (till Northridge 200P).  The lower shakes 

caused very little or no displacement. 

 The high excitations of Northridge 150P and 200P generated more movements in the 

wall with sound wall than the wall without sound wall.  Bending was observed in 

both tests, making the stem more flexible as more shakes were performed on the 

retaining walls. 

 

 Vertical Displacement Response of Soil on Top of Backfill: 

 In both tests, the vertical relative displacements in the soil were greater in regions 

closer to the back of the retaining wall than any other locations in the backfill with 

heaving seen during more intense shakes.  Small relative vertical displacements were 

observed at the back of the soil container (near the far end of the box). 

 Noticeable settlement was seen in the last shake (Northridge 200P) of test without 

sound wall near the end of the soil container, but this was not seen in test with sound 

wall.  Only little settlement was observed in Northridge 200P of test with sound wall 

in the middle of the soil container. 

 When the compacted soil was thrusting into the back of the stem in the more intense 

shakes, especially Northridge 150P and 200P, the soil started to build up close to the 

stem.  This caused the soil to build up and heave close to the retaining wall for both 

tests. 

 

 Lateral Wall Displacements from Accelerometers: 

 Acceleration at the top of the retaining wall was greater than the bottom of the stem in 

both tests.  The retaining wall without sound wall had 30% and more displacement 

than the one with sound wall in the lower intensity shakes.  During the late shakes of 



319 

 

the loading protocol, more bending was experienced in the retaining wall with sound 

wall than the one without. 

 The biggest influence of the sound wall on top of the retaining wall for the peak 

displacements on the stem was seen in Northridge 150P and 200P.  During these two 

shakes, the peak displacements at the top of the wall were almost doubled for the test 

with sound wall compared to the one without.  In addition, Northridge 200P had the 

greatest difference of 15% between the peak displacements of the top accelerometers 

and middle accelerometers than the other shakes. 

 The accelerometers and potentiometers had the same general trend of peak 

displacement with more on top of the stem than towards the middle of the stem 

during all shakes in both tests.  However, the accelerometers were more consistent in 

measuring the lateral movement of the stem including the peak displacements of the 

dynamic response than the potentiometers during the two tests. 

 

 Dynamic Lateral Pressure from Pressure Cells along Height of Stem: 

 For all the shakes, more dynamic pressure was measured near the top of the stem for 

the test with sound wall than the one without.  In the wall with sound wall, greater 

bending was experienced at the top of the stem than the one without, which produced 

more pressure in this region. 

 There was 20% and more pressure was generally seen in the middle and bottom of the 

stem during the test without sound wall as compared to the one with sound wall.  

However, in the 100% shakes, the pressure at the bottom of the stem became 30% 

and greater in the wall with sound wall than the one without.  The one with sound 

wall had crack formed between the joint of the stem and footing open up more as 

compared to the one without sound wall, which caused greater pressure observed at 

the bottom of the stem in the retaining wall with sound wall. 

 With the most intense shaking of the input motions (Northridge 200%), a different 

trend was seen between the two tests than all other shakes both test specimens were 

subjected.  For the test without sound wall, there was 80% more pressure at the top of 

the stem than the test with sound wall, due to the thrusting and sliding of the retaining 

wall. 

 

 Dynamic Lateral Pressure from Strain Gages along Height of Stem: 

 The test without sound wall had the lateral dynamic pressure linearly increasing from 

the top to the bottom of the stem.  The test with sound wall had a non-linear pressure 

distribution along the height of stem. 

 On top half of stem, all the shakes generated greater pressure in the test with sound 

wall than the test without sound wall.  The top of the retaining wall experienced more 

bending than the one without. 

 Generally, the 75% and 100% shakes showed larger strains earlier in the loading 

protocol in test with sound wall then test without sound wall with greater pressure 

observed at the bottom of the stem in wall with sound wall. 

 However, in the last two shakes of the loading protocol, Northridge 150P and 200P, 

the strain gages measured 30% and 76%, respectively, more dynamic pressure in test 

without sound wall compared to test with sound wall when examining the bottom 
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pressures.  Thus, the concrete crack between the stem and footing was made deeper in 

the wall without sound wall, but the crack started earlier in wall with sound wall. 

 

 Dynamic Response of Vertical Pressure along Width of Footing: 

 In the two tests, the heel side (side with backfill) had the most dynamic pressure 

measured until Northridge 150P and 200P as compared to the middle (underneath the 

stem) and the toe side (side without backfill).  Among all shakes, the Northridge 200P 

was the only one that showed susceptibility to overturning in both tests. 

 During the Northridge 200P of test without sound wall, the heel side experienced 

negative pressure while the toe side had positive pressure after that shake, indicating 

an overturn effect in the retaining wall towards the toe side (rotating away from the 

backfill). 

 In the test with sound wall, the heel side had positive pressure in Northridge 200P.  

Although the pressure value for the toe side was not included here due to the 

unrealistically high measurement in the cell (beyond the cell’s capacity), the values it 

recorded were negative at the end of the Northridge 200P.  This implies the fact that 

the wall could have experienced an overturn effect in the retaining wall towards the 

backfill (heel side), which was opposite to what was observed in the previous test (the 

retaining wall without sound wall). 
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8 Comparison of Mononobe-Okabe Method to Test Results 
 

The retaining walls with sound wall may not be designed the same way as the retaining walls 

without sound wall because of the different pressure distributions between the two tests.  The 

Mononobe-Okabe (M-O) method agrees with the Coulomb and Rakine theoretical resultant 

acting at one-third the height of the stem.  When accounting for the pressure measured by the 

pressure cells and strain gages, the retaining wall without the sound wall has a similar trend of 

active pressure along the height of the stem for retaining wall without sound wall.  The retaining 

wall with sound wall had greater pressure near the top half of the stem, so the resultant of the 

active pressure would act higher than one-third the height.  The addition of the sound wall 

caused a higher mode shape than the wall without the sound wall, and the higher mode shape 

created more dynamic pressure towards the top of the stem compared to the bottom. 

 

Figure 8.1 through Figure 8.12 illustrate the comparison of the M-O method to the pressure cells 

and strain gages on the stem of the retaining wall for both test with and without sound wall.  The 

lateral dynamic pressure distribution along the height of the stem from the pressure cells 

(magenta square data points), strain gages (dark blue diamond data points), and M-O method 

(black dashed line) are given in Figure 8.1 through Figure 8.12.  All of the figures (Figure 8.1 

through Figure 8.12) also have the resultants of lateral pressure from the M-O method (RM-O), 

pressure cells (RPC), and strain gages (RSG).  The dynamic pressure resultant for the M-O method 

is usually represented as ∆Pae in calculations. 

 

8.1 Mononobe-Okabe Method 

 

The Mononobe-Okabe (M-O) method is the pseudo-static analysis of seismic earth pressures on 

retaining structures, and it is one of the most widely used force-based methods.  The M-O 

method is based on the static Coulomb theory using pseudo-static conditions.  In the M-O 

analysis, pseudo-accelerations are taken into consideration to find the seismic earth pressures.  

Since the M-O method is based on the Coulomb theory, they have the same limitations, and 

Coulomb’s theory is only applicable with non-cohesive soils with no water table present (Kramer 

1996).  From an earlier parametric study (Tavatli and Li 2007), shortcomings and limitations of 

the M-O method have been identified.  This study showed that a problem usually occurs when 

the backfill slope is greater than 15° and/or the horizontal acceleration coefficient is more than 

0.3 g.  There are many cases that use higher horizontal acceleration coefficients and backfill 

slopes to design retaining walls. 

 

The resultant of dynamic pressure from the M-O method for the Northridge 200P shake in both 

tests is unable to be calculated because this method has limitations when using high peak ground 

accelerations.  Northridge 200P had a peak ground acceleration of 1.26g.  Northridge 150P and 

200P were not included in this comparison for both tests because these shakes measured different 

pressure trends from the cumulative damages and effects of the previous shakes. 

 

Below are the equations used to find the dynamic pressure resultant (ΔPae).  The unit weight of 

soil (γs) was measured from the nuclear gauge test, and the friction angle of soil (φ) was 

measured from the triaxial test.  These soil properties were tested by Geocon, Inc. 
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Find the active earth pressure coefficient (Ka) using the soil properties: 

Ka = 
2
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Find the dynamic active earth pressure coefficient (Kae) using the soil and earthquake properties: 

         kv = vertical acceleration coefficient = 0 g 

         θ = tan
-1

(kh/(1-kv)) 

Kae = 
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Determine ∆Kae: 

∆Kae = Kae – Ka 

 

Determine the dynamic earth pressure resultant (ΔPae): 

ΔPae = ½∆Kaeγs(H)² 

 

 

 

 

 

 

 

 

H 

F 

B C 

W 

Size Dimensions: 

top thick = 1’ 

H = 6’ 

F = 1.25’ 

C = 2.75’ 

B = 5’ 

W = 7.75’ 

 

Soil Properties: 

φ = friction angle of soil = 48.7° (from triaxial test) 

δ = angle of friction between wall and soil = 0° 

β = slope of back of the wall to vertical = 0° 

i = backfill slope angle = 0° 

γs = unit weight of soil = 114 pcf (from nuclear gauge test) 

 

γW = unit weight of concrete = 150 pcf 

top thick 
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8.2 Test without Sound Wall 

 

8.2.1 Table Summary of Pressure Resultants and Height of Pressure Resultants for Test 

without Sound Wall 

 

Table 8.1 illustrates the summary of the pressure resultants and heights of the pressure resultants 

from the test results and M-O method for test without sound wall.  The heights of the resultants 

in Table 8.1 measure the height from the bottom of the stem.  All of the shakes generally have a 

smaller resultant height from the pressure cells compared to M-O method.  The strain gages did 

not have a greater pressure resultant than the M-O method until the 100% shakes because the 

gages located on the rebar measured low amounts of strain with a rigid stem in the 25% through 

75% shakes.  Also, the strain gages towards the top of the stem measured only significant 

amounts of noise.  This only allowed 3 data points to be plotted along the height of the stem from 

the strain gages in the 25% through 75% shakes.  However, the 100% shakes, 4 data points could 

be plotted along the height.  The magnitudes of the resultants were larger in the pressure cells 

and strain gages in most of the shakes, especially in the larger earthquake motions, than M-O 

method with cumulative effects from the previous shakes of the smaller earthquake motions. 

 

Table 8.1 Summary of pressure resultants and height of pressure resultants from pressure 

cells results, strain gage results, and Mononobe-Okabe (M-O) method for test without 

sound wall 

 Pressure Cell Results Strain Gage Results M-O Method 

Earthquake 

Motion 

Resultant 

(kN/m) 

Height of 

Resultant 

(m)* 

Resultant 

(kN/m) 

Height of 

Resultant 

(m)* 

Resultant 

(kN/m) 

Height of 

Resultant 

(m)* 

Northridge 25P 2.40 0.61 2.00 0.60 2.08 0.61 

Kocaeli 25P 1.75 0.59 1.95 0.33 0.97 0.61 

Takatori 25P 3.58 0.57 1.98 0.58 2.08 0.61 

Northridge 50P 6.85 0.54 3.83 0.57 4.81 0.61 

Kocaeli 50P 2.92 0.59 1.93 0.70 1.93 0.61 

Takatori 50P 6.93 0.53 4.56 0.57 4.61 0.61 

Northridge 75P 9.27 0.54 7.99 0.56 8.13 0.61 

Kocaeli 75P 3.72 0.54 5.32 0.35 3.18 0.61 

Takatori 75P 13.89 0.50 6.21 0.57 8.13 0.61 

Northridge 100P 16.07 0.51 13.82 0.54 12.80 0.61 

Kocaeli 100P 5.72 0.56 6.64 0.56 4.61 0.61 

Takatori 100P 7.60 0.58 15.17 0.50 12.64 0.61 

*Heights of pressure resultants were measured from the bottom of the stem 

 

 

 

8.2.2 Comparison of Mononobe-Okabe Method with Test without Sound Wall Results 

 

The test specimen, retaining wall without sound wall, showed a linear trend of pressure along the 

height of the stem based on the results from the pressure cells and strain gages.  Figure 8.1 
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through Figure 8.6 give the comparison of lateral dynamic pressure from the M-O method and 

the results from the pressure cells and strain gages in the test without sound wall for the 75% and 

100% shakes.  The 25% and 50% shakes showed a similar comparison of pressure as the 75% 

shakes.  The results from pressure cells placed at the bottom of the stem were not included from 

Figure 8.1 through Figure 8.6 because they measured low amounts of pressure that may be due to 

effects of arching.  A linear pressure trend was assumed for the pressure cells along the height of 

the stem because this trend was also seen in the strain gages.  The strain gages placed towards 

the top of the stem measured lots of noise, so pressure measurements at that location was not 

shown in the figures.  Generally, the pressure cell trend had the most dynamic pressure compared 

to the strain gages and M-O method, except in Takatori 100P.  The strain gages at the bottom of 

the stem had more pressure than the M-O method due to the increase flexibility of the stem in the 

100% shakes.  The heights of the pressure resultants from the strain gages and pressure cells 

were close to the heights calculated from the M-O method.  The heights from the test results 

were decreasing as the loading protocol continued on.  M-O method had the resultant at one-third 

the height of the stem (0.33H). 

 

 

Figure 8.1 Test without sound wall Northridge 75P: comparison of Mononobe-Okabe 

method to lateral dynamic pressure trend on stem from pressure cells and strain gages 
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Figure 8.2 Test without sound wall Kocaeli 75P: comparison of Mononobe-Okabe method 

to lateral dynamic pressure trend on stem from pressure cells and strain gages 

 

 

Figure 8.3 Test without sound wall Takatori 75P: comparison of Mononobe-Okabe method 

to lateral dynamic pressure trend on stem from pressure cells and strain gages 

 



326 

 

 

Figure 8.4 Test without sound wall Northridge 100P: comparison of Mononobe-Okabe 

method to lateral dynamic pressure trend on stem from pressure cells and strain gages 

 

 

Figure 8.5 Test without sound wall Kocaeli 100P: comparison of Mononobe-Okabe method 

to lateral dynamic pressure trend on stem from pressure cells and strain gages 
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Figure 8.6 Test without sound wall Takatori 100P: comparison of Mononobe-Okabe 

method to lateral dynamic pressure trend on stem from pressure cells and strain gages 

 

8.3 Test with Sound Wall 

 

8.3.1 Table Summary of Pressure Resultants and Height of Pressure Resultants for Test 

with Sound Wall 

 

Table 8.2 illustrates the summary of the pressure resultants and heights of the pressure resultants 

from the test results and M-O method for test with sound wall.  The heights of the resultants in 

Table 8.2 measure the height from the bottom of the stem.  All of the earthquake motions have a 

greater resultant height from the pressure cells and strain gages compared to M-O method due to 

the sound wall on top of the retaining wall.  The magnitudes of the resultants were generally 

larger in the pressure cells and strain gages than M-O method in most of the shakes. 
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Table 8.2 Summary of pressure resultants and height of pressure resultants from pressure 

cells results, strain gage results, and Mononobe-Okabe (M-O) method for test with sound 

wall 

 Pressure Cell Results Strain Gage Results M-O Method 

Earthquake 

Motion 

Resultant 

(kN/m) 

Height of 

Resultant 

(m)* 

Resultant 

(kN/m) 

Height of 

Resultant 

(m)* 

Resultant 

(kN/m) 

Height of 

Resultant 

(m)* 

Northridge 25P 2.63 0.86 4.06 0.98 2.08 0.61 

Kocaeli 25P 1.80 0.88 2.89 0.88 0.97 0.61 

Takatori 25P 2.88 0.87 4.15 0.92 2.08 0.61 

Northridge 50P 4.20 0.93 12.82 0.97 4.81 0.61 

Kocaeli 50P 2.21 0.90 4.03 0.96 1.93 0.61 

Takatori 50P 5.34 0.92 17.18 0.98 4.61 0.61 

Northridge 75P 9.73 0.91 28.45 0.91 8.13 0.61 

Kocaeli 75P 3.10 0.89 9.03 0.97 3.18 0.61 

Takatori 75P 12.84 0.89 28.21 0.83 8.13 0.61 

Northridge 100P 17.01 0.87 42.15 0.79 12.80 0.61 

Kocaeli 100P 3.22 0.84 24.30 0.85 4.61 0.61 

Takatori 100P 11.73 0.86 33.55 0.85 12.64 0.61 

*Heights of pressure resultants were measured from the bottom of the stem 

 

8.3.2 Comparison of Mononobe-Okabe Method with Test with Sound Wall Results 

 

The test with sound wall (retaining wall with sound wall) had a different pressure distribution 

from the pressure cells and strain gages than M-O method.  For the 75% and 100% shakes, 

Figure 8.7 through Figure 8.12 have the comparison of the lateral dynamic pressure from the M-

O method and the test results (pressure cells and strain gages) in the test with sound wall.  The 

test results showed a non-linear pressure distribution in these figures (Figure 8.7 through Figure 

8.12).  The dynamic pressure was greater at the bottom half of the stem from M-O method than 

pressure cells, and lower dynamic pressure at the top half of the stem from M-O method 

compared to pressure cells in all of the shakes.  The strain gages measured more pressure than 

the M-O method except at a height of 0.38 m from the bottom of the stem.  Large amounts of 

bending were measured by the strain gages in this test that could not be calculated in the M-O 

method.  The pressure cell and strain gage near the top of the stem had more dynamic pressure 

compared to the other pressure cells because of the reverse thrusting of the wall at the top due to 

the sound wall.  This was observed in all of the shakes.  The pressure resultants from pressure 

cells and strain gages were at a larger height than calculated from M-O method.  The pressure 

resultants for the strain gages and pressure cells were around one-half the height of the stem 

(0.50H).  The M-O method had the resultant at a smaller height of one-third the height of the 

stem (0.33H). 
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Figure 8.7 Test with sound wall Northridge 75P: comparison of Mononobe-Okabe method 

to lateral dynamic pressure trend on stem from pressure cells and strain gages 

 

 

Figure 8.8 Test with sound wall Kocaeli 75P: comparison of Mononobe-Okabe method to 

lateral dynamic pressure trend on stem from pressure cells and strain gages 
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Figure 8.9 Test with sound wall Takatori 75P: comparison of Mononobe-Okabe method to 

lateral dynamic pressure trend on stem from pressure cells and strain gages 

 

 

Figure 8.10 Test with sound wall Northridge 100P: comparison of Mononobe-Okabe 

method to lateral dynamic pressure trend on stem from pressure cells and strain gages 
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Figure 8.11 Test with sound wall Kocaeli 100P: comparison of Mononobe-Okabe method to 

lateral dynamic pressure trend on stem from pressure cells and strain gages 

 

 

Figure 8.12 Test with sound wall Takatori 100P: comparison of Mononobe-Okabe method 

to lateral dynamic pressure trend on stem from pressure cells and strain gages 
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9 Conclusions 
 

The primary damages during the tests with and without sound wall are associated with large 

lateral displacements of the retaining wall induced by high seismically induced lateral earth 

pressure behind the wall, settlement of the soil, or slumping of the backfills.  Typical damages 

observed in retaining walls from earthquakes are found to be insufficient in the seismic design.  

The seismic design guidelines currently used by the California Department of Transportation 

(Caltrans) are based on simplistic analysis that do not explicitly account for a variety of factors.  

The assumptions used in the current design of retaining walls under seismic loading conditions 

need to be validated. 

 

Many public and private engineering sectors use the procedure that is primarily developed based 

on the conventional pseudo-static analysis method that has inherent limitations, and in certain 

cases even gives non-conservative estimates.  The most well known and most used method is the 

Mononobe-Okabe (M-O) method.  The M-O method finds the lateral earth pressures acting on 

retaining walls in order to design for the walls.  Calculating these pressures becomes more 

complicated and difficult to predict with earthquake loading.  Limitations have been found with 

the M-O method.  The uncertainty and inaccuracy of the Mononobe-Okabe method still remains 

unresolved for many cases. 

 

During this experiment, two full-scale retaining wall specimens were constructed according to 

the Caltrans retaining wall design specifications.  Both specimens were 1.83 m (6 ft) tall Type 1 

Semi-Gravity Reinforced Concrete Cantilever Wall.  One specimen had a standard concrete 

masonry sound wall built on top of it and the other one did not.  The walls were backfilled with 

typical Caltrans soil and supported on flexible foundation in a steel soil container placed on the 

shake table.  The soil container was subject to excitations with high and low frequency 

earthquake motions on the shake table.  The retaining wall without sound wall was tested first 

followed by the one with sound wall.  The same set up configuration and loading protocol were 

applied to both walls in order to make direct comparisons between the two tests. 

 

 

9.1 Test Observations 

 

The test specimens are tested under a loading protocol with input motions performed at 25% 

intervals increasing to 100% (25%, 50%, 75%, and 100%).  Additionally, the 150% and 200% of 

Northridge were performed after 100% of all three earthquakes.  With all these shakings done on 

the specimens, there are effects of a prior shaking on the outcome of the ensuing one.  In both 

tests, the compacted soil started to loosen near the top of the backfill in the beginning shakes, 

which caused the soil to crack and have large movements at the top in the last shakes.  The stem 

of the walls became more flexible as the loading protocol progressed.  This was clearly observed 

close to the bottom of the stem with cracking created in the joint between the stem and footing.  

Also, large displacements were measured at the bottom of the stem in the last shakes.  More 

damages should come from this experiment than a test that only has one shake performed on a 

test specimen. 
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In this project, no collapse occurred in either wall (including the sound wall) during and after the 

most severe shakes.  However, concrete cracking along the length of the retaining wall was 

observed in the joint region between the stem and footing for both tests.  There was no other 

concrete cracks seen on the stem and footing in the two tests.  For the retaining wall with sound 

wall, mortar cracking was observed along the length of the seam between the retaining wall and 

the sound wall.  The sound wall remained substantially intact because the steel reinforcement 

from the sound wall that was extended into the retaining wall was able to keep the sound wall 

from toppling over. 

 

 Failure Mode for Test without Sound Wall: 

 Cracking in the backfill soil started during the Takatori 75P and continued during the 

subsequent shakes with more intensity.  Northridge 150P and 200P created the most 

cracking in the backfill, some of which were propagated in width and depth from the 

cracks developed in earlier shakes. 

 Along the length of the backfill, most of the early cracking that formed was seen 

closer to the retaining wall.  Soil cracks started opening up towards the middle region 

of the backfill along longitudinal direction of the soil box (shaking direction) during 

the Northridge 150P and 200P.  No soil cracks formed in the Kocaeli shakes. 

 

 Failure Mode for Test with Sound Wall: 

 Soil cracking began to form in the Northridge 100P (after the Takatori 75P).  Since 

there was not as much lateral movement of the retaining wall during the lower shakes, 

the soil cracking started slightly later than in the test without sound wall (where the 

soil started to crack during the Takatori 75P). 

 During the 100% shakes, the cracks developed near the wall.  The most soil damage 

was from Northridge 150P and 200P.  The Northridge 200P created the soil cracks 

near the middle length of the backfill.  No cracks formed in the soil during the 

Kocaeli shakes also (as seen in test without sound wall). 

 

 Comparison of Soil Cracking from Both Tests: 

 First soil crack seem to be caused by the thrusting effects from the soil displacing 

towards the back of the soil container opposite of the wall location.  This could be a 

reverse thrust because of the response to the movement of the wall back towards the 

soil when out of phase with the soil mass. 

 Low frequency motion, which was the Kocaeli shake, had no out of phase behavior.  

However, the out of phase behavior was observed in the higher intensity shakes of 

Northridge, which was the high frequency motion.  All of the soil cracks in test with 

sound wall were created during the Northridge shakes while the soil cracks in test 

without sound wall were created during the Takatori and Northridge shakes.  The 

Takatori motion has a mixture of low and high frequencies. 

 The first soil cracks for the one with sound wall were closer to the retaining wall than 

one without sound wall.  More soil cracks created in test with sound wall compared to 

test without sound wall. 

 Soil cracks observed on the surface of backfill are exterior slip planes that developed 

behind the retaining wall.  With more than one shake performed on the test specimen, 

one of the slip planes should be become the dominant one.  The dominant slip plane 
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was one of the soil cracks created close to the wall, which could be seen in the MEM 

sensors (soil inclinometers) in the backfill because inclinometers close to the 

retaining wall showed the greatest movement along the length among the sensors in 

both tests. 

 The stiffness response of the retaining wall, as observed by the potentiometers on the 

wall, did not change at the same time as the surface soil cracks newly formed.  The 

stiffness response of the stem changed in Kocaeli 100P for test without sound wall 

and in Northridge 75P for test with sound wall, which did not have soil cracks form in 

these shakes. 

 

The test specimens were subjected to multiple shakings that it became difficult to examine the 

damages from each ground motion.  Time and cost constraints did not allow for each shake to 

have separate tests.  This would have help compare the damages seen in each shake instead of 

the cumulative effect of all the shakes.  However, the cumulative effect of the shakes is 

applicable to California’s existing retaining wall systems.  California is predicted to have a high 

intensity earthquake in the future, and the state has experienced many earthquakes with little 

damage to structures.  Failure occurred in the 100% shakes for both tests as seen by the changes 

in the wall movements compared to the 25% through 75% shakes.  In addition, most of the soil 

cracking happened in the 100% shakes and onward.  Soil cracking that developed in the backfill 

can create slide planes.  A slide plane can cause a soil wedge to act like an anvil thrusting into 

the retaining wall and displace the wall more when it experiences multiple earthquakes.  The soil 

wedge did not have this behavior until Northridge 150P, so large failure was seen in Northridge 

150P and 200P.  With successive earthquakes, the high intensity earthquake is likely to cause 

concrete cracks on the walls and large cracks in the backfill from the largest earthquake 

performed on the test specimens. 

 

The boundary conditions (plastic lining, joint seals, and bentonite) worked as anticipated during 

the experiment except the bentonite.  The bentonite layer was used to decrease the stress-wave 

reflections at the far end of the soil container although the potentiometers on top of the backfill 

observed large movements from the end of the soil container throughout the loading protocol in 

both tests.  If a similar experiment is performed in the future, other options should be researched 

to serve as the absorbing material for the stress-wave reflections. 

 

9.2 Test without Sound Wall 

 

The results on observations such as displacement response of the retaining wall and in soil, soil 

pressure developed on the retaining wall and in the soil, settlement in the backfill soil for test 

without sound wall are concluded below. 

 

 Lateral Wall Displacements from Potentiometers: 

 There was more bending at the top of the stem with greater horizontal displacements 

near the top than near the bottom by 20% or less until Kocaeli 100P.  From Kocaeli 

100P to Northridge 200P, the displacements were larger at the bottom by less than 

5% compared to the top of the stem.  The backfill pushed against the wall with the 

wall rotating towards the backfill in the higher shakes. 
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 At the end of the 100% shakes, the change of the larger displacements at the bottom 

of the stem meant the stem was becoming more flexible and the concrete crack 

between the joint of the footing and stem started to open up at that point. 

 

 Vertical Displacement Response of Soil on Top of Backfill: 

 Generally, more movement of the backfill surface near the back of the soil container 

was observed because of the stress-wave reflections at the end of the container.  

During shaking, the compacted mass of soil rebounded against the end of the 

container through the bentonite layer, which caused noticeable movement in that local 

region. 

 During the higher intensity ground motions of Northridge and Takatori, the soil near 

the retaining wall showed considerable displacement response because a gap formed 

between the compacted soil and stem at stronger shaking and created thrusting action. 

 When the compacted soil moved back toward the stem in the intense shakes, the soil 

started to build up there, which created heaving close to the wall. 

 While the displacements on the backfill showed the most heaving towards the wall, 

settlement was mostly seen in Northridge 200P, which had settlement at the end of 

the container. 

 

 Displacement Responses in Backfill Measured by Accelerometers: 

 Greater acceleration was measured near the top of the compacted backfill than 

towards the bottom.  Due to translation of the retaining wall, slightly larger 

displacement was observed near the wall than any other location in the backfill in 

Takatori 75P and onward.  Northridge 150P and 200P had 5% and 15%, respectively, 

more displacement from the middle depth to top depth of the soil. 

 With the soil cracks forming and propagating in the higher acceleration shakes, the 

top and middle levels of accelerometers in the soil container measured greater 

displacements compared to the bottom.  The compacted soil was disrupted and 

loosening at lower depths compared to the other lower shakes. 

 

 Horizontal Relative Displacement along Length of Backfill by MEM Sensors: 

 From all the shakes, more relative horizontal displacements were observed near the 

top of the backfill than the bottom because the ground motions were not able to 

loosen the soil on the bottom.  Generally, the soil relative displacement profiles along 

the length and depth were similar on the north and south sides of the soil container 

from the sensors.  These results were consistent with the trend seen in the 

displacement responses measured by the accelerometers in the backfill. 

 As the soil cracks started to form near the retaining wall first, the sensors close to the 

retaining wall had larger displacements among all of the sensors in the 75% and 

larger shakes. 

 With cracks forming and starting to propagate during the 100% shakes, the 

compacted soil started to loosen.  The Northridge 150P and 200P loosened the soil at 

lower depths than the 100% shakes. 
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 Dynamic Lateral Pressure from Pressure Cells along Height of Stem: 

 The distribution of dynamic pressure along the stem had low pressure near the top 

with an increase of pressure near the middle, and a decrease of pressure near the 

bottom from the pressure cells, which created a non-linear parabolic distribution.  The 

dynamic lateral pressure distribution from this test was similar to an earlier study 

conducted by Wilson and Elgamal (2009) where a small part of the backfill was 

moved away from the bottom that could have caused a lower pressure near the bottom 

of the wall (Wilson, 2009). 

 The pressure cells showed more dynamic pressure near the middle of the stem at a 

height of 0.76 m (5/12 the height of the stem) compared to any other pressure cell 

location on the stem.  The bottom of the stem showed larger dynamic pressure than 

the top, especially during the more intense earthquakes when the stem was showing 

bending in addition to sliding. 

 Northridge 200P did not follow the trend described above.  There was 50% and 80% 

more pressure introduced near the top than middle and bottom of the stem, which was 

caused by the soil mass driven into the wall at the top under the large seismic 

excitation. 

 Theoretically, the pressure on the bottom of the stem was predicted to be greater with 

the pressure linearly increasing with depth, but this was not observed in this test.  

This was due to the arching effect and translation of the wall supported from other 

experimental results, Paik and Salgado (2003) and Fang and Ishibashi (1986).  

Because of arching at the bottom of the stem, the pressure distribution was parabolic.  

If the test specimen had a reverse L shaped footing, it is likely the arching effect 

would not be measured by the pressure cells, and the pressure distribution would be 

linear instead. 

 

 Dynamic Response of Vertical Pressure along Width of Footing: 

 Most of the pressure cells underneath the footing did not have response until the 

100% shakes.  The pressure cells on the side without backfill had substantial 

responses in Takatori 100P, Northridge 150P, and Northridge 200P.  The pressure on 

the heel side (side with backfill) had 33% and more pressure than the toe side (side 

without backfill), except in Northridge 200P. 

 From the last shake (Northridge 200P), the pressure was susceptible to overturning 

with positive pressure measured on the toe side and negative pressure measured on 

the heel side after the shaking stopped.  The retaining wall was trying to overturn 

towards the toe side. 

 

 Dynamic Lateral Pressure due to Bending from Strain Gages along Height of Stem: 

 The strain gages at the top of the stem had a lot of noise and had the most spikes of 

negative and positive pressure for most of the shakes because little bending was 

experienced at the top of the wall.  With little bending at the top, the strain gages 

were not able to measure much strain. 

 The strain gage measurements along the height of the stem were used to back 

calculate the lateral pressure.  The results showed a similar trend as the theoretical 

predictions, which have the lateral pressure increasing linearly from the top to the 

bottom of the stem. 
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 The results showed more bending occurring near the bottom of the stem than the top 

and middle of the stem.  The wall was more flexible and larger amount of pressure 

were seen in that region. 

 

 Comparison of Dynamic Lateral Pressure from Pressure Cells and Strain Gages: 

 The comparison of the pressure cells with the strain gages did not show the same 

pressure values along the height of the stem.  Therefore, the comparison was intended 

to provide a qualitative comparison of the pressure trend. 

 The strain gages had more pressure at the bottom of the stem than the pressure cells 

due to the arching effect, explained in the pressure cell results.  The trend of pressure 

measured by the strain gages increased linearly from the top to the bottom of the 

stem, similar to the trend seen in Rankine and Coulomb theories of earth pressure.  

The pressure cells displayed the most pressure at a height of 0.76 m (almost at half 

the stem height), and the least amount of pressure at the top of the stem, showing a 

parabolic distribution.  From the strain gage measurements, it can be confirmed that 

the pressure should be linearly increasing from top to bottom of the stem. 

 

9.3 Test with Sound Wall 

 

For the test with sound wall, the results on observations such as displacement response of the 

retaining wall and in soil, soil pressure developed on the retaining wall and in the soil, settlement 

in the backfill soil are concluded below. 

 

 Lateral Wall Displacements from Potentiometers: 

 Little horizontal displacement was measured along the height of the stem in the lower 

shakes (25% and 50% shakes).  With the higher shakes, Northridge 75P through 

Northridge 200P, the displacements were generally 5% or greater on the bottom of 

the stem than the top. 

 The addition of the sound wall on top of the wall caused the stem to bend more 

towards the bottom because the concrete crack between the stem and footing started 

to form during the 75% shakes with more movement seen at the bottom than the top 

of the stem. 

 

 Vertical Displacement Response of Soil on Top of Backfill: 

 In general, more movement of the soil surface was seen near the back of the soil 

container due to the stress-wave reflections at the end of the container.  The 

compacted mass of soil rebounded against the end of the container through the 

bentonite layer, which caused substantial movement in that local region. 

 During the higher intensity ground motions, the soil near the retaining wall showed 

large amounts of heaving because a gap formed between the compacted soil and stem 

at stronger shaking. 

 Barely any settlement was detected in the backfill rather generally heaving was 

measured.  However, little settlement was observed in Northridge 200P towards the 

middle of the backfill. 
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 Displacement Responses in Backfill Measured by Accelerometers: 

 For the acceleration in the soil, higher acceleration was measured near the top of the 

compacted backfill compared to the bottom.  Due to movement of the retaining wall, 

slightly larger displacement was observed near the wall than any other location along 

the length of the backfill in Northridge 100P through Northridge 200P. 

 From 100% shakes and larger, the soil cracks were forming and propagating.  The top 

and middle levels of accelerometers in the soil container measured greater 

displacement compared to the bottom level in these shakes. 

 With Northridge 200P being the most intense shake of the loading protocol and the 

backfill being loosened by the previous shakes, the displacement responses were 

greater than all of the other shakes.  Northridge 200P measured 30% and 35% greater 

displacement from top depths than middle and bottom depths of the backfill. 

 

 Horizontal Relative Displacement along Length of Backfill by MEM Sensors: 

 From all of the shakes, more relative horizontal displacements were observed near the 

top of the backfill than the bottom due to the fact that the ground motions were not 

able to loosen the backfill on the bottom.  Generally, the soil displacement profiles 

along the length and depth were similar among all of the sensors on the north and 

south sides of the soil container.  These results were consistent with the displacement 

responses of the backfill measured by the accelerometers. 

 In the 100% shakes, cracks started to form in the backfill near the retaining wall 

because there was more movement from the wall compared to the previous shakes.  

The Northridge 150P and 200P loosened the soil at lower depths than the 100% 

shakes with more response from the accelerometers at top depth and mid-depth of the 

soil than the accelerometers at the bottom of the container. 

 

 Dynamic Lateral Pressure from Pressure Cells along Height of Stem: 

 From the pressure cells on the stem, the dynamic pressure was 70% and greater near 

the top of the stem than any other location along the height of the stem for all of the 

shakes.  The sound wall made the top of the stem have a thrusting motion of pressure 

near the top (0.75 the height of the stem) of the retaining wall. 

 With little translation seen in the smaller shakes, the dynamic pressure was also small 

in these shakes.  For the 75% and larger earthquakes, the dynamic pressure 

distribution showed more dynamic pressure towards the middle and bottom of the 

stem than the previous shakes.  The pressure at the bottom of the stem started to 

increase significantly in the 100% shakes and onward.  Northridge 150P and 200P 

had 66% and 19% more pressure at the top than the bottom of the stem.  The crack 

between the joint of the stem and footing opened up in the 100% shakes, which 

caused large pressure observed at the bottom of the stem. 

 The distribution of pressure showed a non-linear parabolic distribution of along the 

height of the stem.  During the intense shaking, translation of the wall caused a rough 

parabolic shape of pressure distribution (Jung and Bobet, 2008). 

 

 Dynamic Response of Vertical Pressure along Width of Footing: 

 The pressure cells placed underneath the footing of the wall measured the vertical 

pressure that could not see a distribution of pressure along the width the footing until 
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the more intense shakes.  The specimen had lower amounts of pressure on the heel 

side (side with backfill) and lots of pressure on the toe side (side without backfill) 

during shaking. 

 The pressure cell on the toe side could be unreliable because it was overloading 

during testing although the wall looked susceptible to overturning in the last shake.  

The wall could have experience an overturn effect in the wall towards the heel side. 

 

 Dynamic Lateral Pressure due to Bending from Strain Gages along Height of Stem: 

 From all of the shakes, the most pressure was measured at a height of 1.14 m from the 

bottom of stem compared to any other strain gage location along the height of the 

stem.  The pressure at the bottom of the stem started to become large in the 75% 

shakes and onward because of the concrete crack at the joint between the footing and 

stem.  Also, the steel rebar began to yield at the bottom of the stem in the last shake 

of the loading protocol (Northridge 200P). 

 The sound wall on top of the retaining wall changed the dynamic pressure profile 

because the retaining wall and sound wall had different stiffnesses.  The mortar joint 

between the retaining wall and sound wall altered the way the specimen bends during 

the shakes.  The dynamic pressure distribution measured by the strain gages was 

clearly non-linear. 

 

 Comparison of Dynamic Lateral Pressure from Pressure Cells and Strain Gages: 

 The comparison of the pressure cells with the strain gages did not show the same 

pressure profiles along the height of the stem.  The strain gages generally had greater 

dynamic pressure distribution than the pressure cells because the strain gages on the 

rebar were able to measure more bending from the stem compared to the pressure 

cells. 

 Along the height of the stem, both the strain gages and pressure cells showed the 

greatest amount of pressure near the top of stem with the strain gages measuring large 

pressure at a height of 1.14 m, and the pressure cells measuring large pressure at a 

height of 1.37 m.  The strain gages measured more pressure at the bottom of the stem 

compared to the pressure cells because of the cumulative effect of bending from 

previous shakes.  The pressure distribution from both instrumentation showed a non-

linear, parabolic distribution. 

 

9.4 Comparisons of Test with and without Sound Wall 

 

The results of the tests with and without sound wall had similar behavior in the backfill during 

the ground motions.  Greater acceleration was at the top of the compacted soil compared to the 

bottom of the soil container in both tests.  Slightly higher acceleration and displacement in the 

soil was near wall because of the translation (lateral displacement) of the wall.  More heaving 

was seen near the wall for the two tests with little settlement.  However, significant behavioral 

differences between the two tests were seen from the displacements and dynamic pressures 

measured on retaining wall with and without sound wall. 

 

 Lateral Wall Displacements from Potentiometers: 
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 The tests generally showed that the wall with no sound wall had greater 

displacements than the one with sound wall until the very intense earthquakes 

(Northridge 150P and 200P).  Bending was observed in both tests, making the stem 

more flexible as more shakes were performed on the retaining walls. 

 For test without sound wall, along the height of the stem, the top displaced more until 

the Kocaeli 100P, and then from Kocaeli 100P to the end of the loading protocol, the 

bottom displaced more.  For test with sound wall, more displacement was at the 

bottom of the stem than the top for the Northridge 75P and higher (till Northridge 

200P), and the lower shakes caused very little displacement. 

 The greatest amount of displacement seen for one shake was less than the allowable 

deformation allowed by the AASHTO specified criteria.  Also, the greatest amount of 

cumulative displacement for each test was less than the allowable deformation from 

AASHTO.  The allowable deformation from AASHTO is 2-4 in (50.8-101.6 mm). 

 

 Vertical Displacement Response of Soil on Top of Backfill: 

 In both tests, the vertical relative displacements were greater at the far end of the soil 

container (opposite end of the wall) because of the stress-wave reflections cause more 

movement on the surface at that region than any of the other locations along the 

backfill.  In the more intense shakes, there were large relative displacements near the 

retaining wall with heaving also observed towards the wall in the two tests. 

 The only noticeable settlement was seen in the last shake (Northridge 200P) at the end 

of the soil container in test without sound wall.  Little settlement was observed in the 

middle of the soil container in Northridge 200P for test with sound wall. 

 When the compacted soil was thrusting into the back the stem in the more intense 

shakes, especially Northridge 150P and 200P, the soil started to build up close to the 

stem.  This caused the soil to build up and heave close to the retaining wall for two 

tests. 

 

 Lateral Wall Displacements from Accelerometers: 

 The accelerometers measured 30% and greater acceleration on the top than the 

bottom of the stem in both tests.  The retaining wall without sound wall had more 

displacement than the one with sound wall in the lower shakes.  More bending was 

experienced in the retaining wall with sound wall than without sound wall during the 

high intensity ground motions. 

 The biggest influence of the sound wall on top of the retaining wall was shown in the 

peak displacements on the stem in Northridge 150P and 200P.  The peak 

displacements at the top of the wall were almost doubled for the test with sound wall 

compared to the one without in these shakes.  The wall without sound wall acted 

more rigid than wall with sound wall. 

 The accelerometers and potentiometers had the same general trend of peak 

displacement with more on top of the stem than towards the middle of the stem 

during all shakes in both tests. 

 

 Dynamic Lateral Pressure from Pressure Cells along Height of Stem: 

 The sound wall on top of the retaining wall changes the trend of dynamic pressure 

along the height of the stem than the wall with no sound wall.  In test with sound 
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wall, the pressure was generally 60% and larger at the top of the stem than test 

without sound wall for all of the shakes because more bending was experienced at the 

top of the stem in one with sound wall. 

 More pressure was seen in the middle and bottom of the stem during the test without 

the sound wall compared to the test with the sound wall in the 25% through 75% 

shakes.  However, in the 100% shakes, the pressure at the bottom of the stem became 

30% and greater in the wall with sound wall compared to wall without sound wall.  

The one with sound wall had the crack between the joint of the stem and footing open 

up more compared to the one without sound wall, which caused large pressure 

observed at the bottom of the stem. 

 With the Northridge 200P, a different comparison was seen between the two tests 

than all of the previous shakes.  In the test without sound wall, there was 80% more 

pressure at the top of the stem than test with sound wall because of the thrusting and 

sliding of the retaining wall. 

 

 Dynamic Lateral Pressure from Strain Gages along Height of Stem: 

 The test without sound wall had the lateral dynamic pressure linearly increasing from 

the top to the bottom of the stem.  The test with sound wall had a non-linear pressure 

distribution along the height of stem. 

 On top half of stem, all the shakes generated greater pressure in the test with sound 

wall than the test without sound wall.  The top of the retaining wall experienced more 

bending than the one without. 

 Generally, the 75% and 100% shakes showed larger strains earlier in the loading 

protocol in test with sound wall then test without sound wall with greater pressure 

measured at the bottom of the stem in wall with sound wall. 

 However, in the last two shakes of the loading protocol, Northridge 150P and 200P, 

the strain gages measured 30% and 76%, respectively, more dynamic pressure in test 

without sound wall compared to test with sound wall when examining the bottom 

pressures.  Thus, the concrete crack between the stem and footing was made deeper in 

the wall without sound wall, but the crack started earlier in wall with sound wall. 

 

 Dynamic Response of Vertical Pressure along Width of Footing: 

 In both tests, the heel side (side with backfill) had greater dynamic pressure compared 

to underneath the stem and the toe side (side without backfill) until the last two 

shakes of the loading protocol (Northridge 150P and 200P).  From all shakes, the 

Northridge 200P was the only one that showed susceptibility to overturning in the 

two tests. 

 Test without sound wall had the heel side experience negative pressure while the toe 

side had positive pressure after Northridge 200P, indicating an overturn effect in the 

retaining wall towards the toe side in that shake. 

 In the test with sound wall, the heel side had positive pressure in Northridge 200P.  

Although the pressure value for the toe side was not included in the results due to the 

unrealistically high pressure in the cell (beyond the cell’s capacity), the values it 

recorded were negative at the end of the Northridge 200P.  This implied that the wall 

with sound wall could have experienced an overturn effect in the wall towards the 

heel side, which was opposite trend observed in the wall without sound wall. 
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9.5 Design Recommendations 

 

As mentioned in the section discussing the test observations, cracking was observed in both test 

specimens.  Retaining walls with and without sound wall had cracking along the joint between 

the footing and stem.  This was the same location where the rebar began to yield in test with 

sound wall for the last shake (Northridge 200P).  In addition, in the test with sound wall, there 

was cracking seen along the seam between the retaining wall and the sound wall.  These appear 

to be the critical areas that may need to be examined in the retaining wall design, especially 

under high intensity earthquakes where significant amount of bending is expected in the 

retaining wall and the sound wall. 

 

The retaining walls with sound wall cannot be designed the same way as the retaining walls 

without sound wall because of the different pressure distributions between the two tests seen in 

the results.  The Mononobe-Okabe method agrees with the Coulomb and Rakine theoretical 

resultant acting at one-third the height of the stem.  When accounting for the pressure measured 

by the pressure cells and strain gages, the retaining wall without the sound wall would have an 

active resultant pressure also acting at one-third the height.  The retaining wall with the sound 

wall had greater pressure near the top half of the stem, so the resultant of the active pressure 

would act higher than one-third the height.  The strain gages and pressure cells found the 

resultant pressure to be around one-half the height of the stem in the test with sound wall. 

 

9.6 Simplified Design Process Based on Tests with and without Sound Wall 

 

Due to problems working with the Co-PI on the numerical modeling of this project, a design 

process to predict the lateral pressure on the wall of different heights was not able to be 

concluded.  A simplified design process was created based on the test specimens and soil 

properties used in this project instead.  The dynamic pressure resultant at various peak ground 

input accelerations were plotted for each test.  The three ground motions, Northridge, Kocaeli, 

and Takatori, were shown in separate figures for the pressure resultants from the pressure cells 

and strain gages.  These ground motions have different kinds of frequencies.  Northridge had 

high frequencies, Kocaeli had low frequencies, and Takatori had a mixture of low and high 

frequencies.  The heights of the dynamic pressure resultants versus the pressure resultants were 

also plotted.  It should be noted that the height of the resultants were measured from the bottom 

of the stem.  Only the 25% through 100% shakes were included in these figures because 

Northridge 150P and 200P showed different pressure trends from all of the cumulative damages 

and effects of the previous shakes.  The size dimensions of the retaining wall and soil properties 

of the backfill from the project are given below. 
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9.6.1 Design Process for Test without Sound Wall 

 

The dynamic pressure resultants from the pressure cells plotted at peak ground input 

accelerations for the Northridge, Kocaeli, and Takatori earthquakes are illustrated in Figure 9.1 

through Figure 9.3 for test without sound wall.  These figures showed a linear trend of increasing 

pressure resultants with increasing peak acceleration.  This trend was not seen in the Takatori 

shakes (Figure 9.3) because pressure cell close to mid-height of the stem measured lower 

pressure than expected in Takatori 100P (peak acceleration of 0.62 g), which was caused by a 

gap opening between the backfill and wall from the previous shakes in the loading protocol.  

Figure 9.4 had the heights of dynamic pressure resultants versus the pressure resultants based on 

the pressure cell results is shown for test without sound wall.  The heights of the pressure 

resultants based on the pressure cell results were close to the predicted height from the 

Mononobe-Okabe (M-O) method, which was one-third the height of the stem.  For this test 

specimen, the predicted height would be 0.61 m.  The heights were becoming slightly lower as 

the pressure resultants were increasing because the stem was less rigid as the loading protocol 

progressed. 

 

H 

F 

B C 

W 

Size Dimensions: 

top thick = 1’ 

H = 6’ 

F = 1.25’ 

C = 2.75’ 

B = 5’ 

W = 7.75’ 

 

Soil Properties: 

φ = friction angle of soil = 48.7° (from triaxial test) 

δ = angle of friction between wall and soil = 0° 

β = slope of back of the wall to vertical = 0° 

i = backfill slope angle = 0° 

γs = unit weight of soil = 114 pcf (from nuclear gauge test) 

 

top thick 
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Figure 9.1 Dynamic pressure resultants measured from pressure cells vs. peak ground 

input acceleration from Northridge earthquakes for test without sound wall 

 

 

Figure 9.2 Dynamic pressure resultants measured from pressure cells vs. peak ground 

input acceleration from Kocaeli earthquakes for test without sound wall 
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Figure 9.3 Dynamic pressure resultants measured from pressure cells vs. peak ground 

input acceleration from Takatori earthquakes for test without sound wall 

 

 

Figure 9.4 Height of dynamic pressure resultants vs. dynamic pressure resultant based on 

pressure cell results for test without sound wall 
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Figure 9.5 through Figure 9.7 give the dynamic pressure resultants from the strain gages at the 

peak ground input acceleration for Northridge, Kocaeli, and Takatori earthquakes for test without 

sound wall.  The resultants from the strain gages showed as the peak acceleration of the shake 

increased, the pressure resultant also increased.  The pressure cell results showed a linear trend 

of the pressure resultant versus peak acceleration, but this was not seen as clearly in the strain 

gage results because the stem of the wall was very rigid in the lower shakes that little movement 

was measured by the gages.  This was seen in Kocaeli 25P (peak acceleration of 0.08 g) and 

Kocaeli 50P (peak acceleration of 0.15 g), which had almost the same magnitudes of pressure 

resultants in Figure 9.6.  The higher shakes of the all the earthquakes had significant increase in 

the pressure resultants compared to the lower shakes because the strain gages measured more 

pressure at the bottom of the stem.  Figure 9.8 has the heights of the dynamic pressure resultants 

versus the dynamic pressure resultants based on the strain gage results.  The heights of the 

pressure resultants were close to the predicted height from the Mononobe-Okabe (M-O) method, 

which was one-third the height of the stem.  The predicted height for this wall would be 0.61 m.  

Two data points, which were Kocaeli 25P and 50P, did not have of height close to 0.61 m 

because of a rigid stem.  As mentioned in the pressure cell results on the height of the dynamic 

pressure resultants, the heights were becoming slightly lower as the pressure resultants were 

increasing because the stem was less rigid as the loading protocol progressed. 

 

 

Figure 9.5 Dynamic pressure resultants measured from strain gages vs. peak ground input 

acceleration from Northridge earthquakes for test without sound wall 
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Figure 9.6 Dynamic pressure resultants measured from strain gages vs. peak ground input 

acceleration from Kocaeli earthquakes for test without sound wall 

 

 

Figure 9.7 Dynamic pressure resultants measured from strain gages vs. peak ground input 

acceleration from Takatori earthquakes for test without sound wall 
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Figure 9.8 Height of dynamic pressure resultants vs. dynamic pressure resultant based on 

strain gage results for test without sound wall 

 

9.6.2 Design Process for Test with Sound Wall 

 

Figure 9.9 through Figure 9.11 show the dynamic pressure resultants from the pressure cells 

plotted at peak ground input accelerations for the Northridge, Kocaeli, and Takatori earthquakes 

are illustrated in for test with sound wall.  These figures showed an exponential trend of 

increasing pressure resultants with increasing peak acceleration.  This trend was not seen in the 

Takatori shakes (Figure 9.3) because pressure cell towards middle height of the stem had lower 

expected pressure in Takatori 100P (peak acceleration of 0.62 g), which was caused by a gap 

opening between the backfill and wall from the previous shakes in the loading protocol.  This 

observation was also seen in the test without sound wall.  Figure 9.12 showed the heights of 

dynamic pressure resultants versus the pressure resultants based on the pressure cell results for 

the test with sound wall.  The heights of the pressure resultants based on the pressure cell results 

were taller than the predicted height from the Mononobe-Okabe (M-O) method, which was one-

third the height of the stem (0.61 m for this test specimen).  The pressure cell results have a 

height of around 0.88 m from the bottom of the stem, which was about one-half the height of the 

stem. 
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Figure 9.9 Dynamic pressure resultants measured from pressure cells vs. peak ground 

input acceleration from Northridge earthquakes for test with sound wall 

 

 

Figure 9.10 Dynamic pressure resultants measured from pressure cells vs. peak ground 

input acceleration from Kocaeli earthquakes for test with sound wall 
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Figure 9.11 Dynamic pressure resultants measured from pressure cells vs. peak ground 

input acceleration from Takatori earthquakes for test with sound wall 

 

 

Figure 9.12 Height of dynamic pressure resultants vs. dynamic pressure resultant based on 

pressure cell results for test with sound wall 
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Figure 9.13 through Figure 9.15 give the dynamic pressure resultants from the strain gages at the 

peak ground input acceleration for Northridge, Kocaeli, and Takatori earthquakes for test with 

sound wall.  The resultants from the strain gages showed as the peak acceleration of the shake 

increased, the pressure resultant also increased.  The magnitudes of the pressure resultants from 

the strain gages were greater than ones seen in the pressure cells because the strain gages on the 

rebar measured more bending of the stem.  Figure 9.16 has the heights of the dynamic pressure 

resultants versus the dynamic pressure resultants based on the strain gage results.  The heights of 

the pressure resultants were higher on the stem compared to the predicted height from the 

Mononobe-Okabe (M-O) method, which was one-third the height of the stem (0.61 m).  For the 

lower shakes, the height of the resultant was around 0.95 m, which was around one-half the 

height of the stem.  The higher shakes have lower heights of pressure resultants then the lower 

shakes because the stem was more flexible in the higher shakes. 

 

 

Figure 9.13 Dynamic pressure resultants measured from strain gages vs. peak ground input 

acceleration from Northridge earthquakes for test with sound wall 
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Figure 9.14 Dynamic pressure resultants measured from strain gages vs. peak ground input 

acceleration from Kocaeli earthquakes for test with sound wall 

 

 

Figure 9.15 Dynamic pressure resultants measured from strain gages vs. peak ground input 

acceleration from Takatori earthquakes for test with sound wall 
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Figure 9.16 Height of dynamic pressure resultants vs. dynamic pressure resultant based on 

strain gage results for test with sound wall 

 

9.7 Future Research 

 

There are problems that are needed to be investigated that this project was not able to explore 

and examine due to cost and time constraints. 

 

1. A series of separate tests for each ground motion would be desirable with the same boundary 

and testing conditions.  This would help compare the damages seen in each ground motion 

instead of the cumulative effect of all ground motions selected in this project. 

2. A series of separate tests for walls with different wall geometry would be desirable as well.  

The specimens tested in this project had a stem height of only 1.83 m (6 ft).  The low 

frequencies may affect the taller retaining walls than what was observed in this experiment. 

3. The distribution of the vertical pressure underneath the footing during the dynamic tests of 

retaining walls needs to be further investigated. 

4. Effective tracking device for soil failure profile (cracking development/propagation) along 

the length and height of the backfill soil is needed for future tests. 

5. Sophisticated numerical modeling and simulation is needed to carefully compare the test 

without sound wall to the test with sound wall with the same boundary conditions that were 

used in the experimental test (note that the numerical component of this project led by the 

Co-PI did not incorporate the exact same boundary conditions as tested).  The retaining walls 

in the model need to take into consideration the flexibility of the wall in the higher intensity 

shakes with previous shakes already performed on them.  The specimens cannot be too stiff 

in the model. 
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6. Modeling of the tested specimens using software programs, such as SLIDE (slope stability 

program) or QUAD-4M program is recommended to develop a better numerical model for 

the research problem. 
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Appendix A California Department of Transportation Standard Drawings 

 

The specimens tested were based on the Caltrans standard drawings of the Type 1 Semi-Gravity 

Reinforced Concrete Cantilever Wall and Masonry Sound Wall, which are given in Figures A.1 

through A.3. 

 

Figure A.1 gives the drawing of the Retaining Wall Type 1SW, which has the dimensions of the 

retaining wall and the rebar details, which include the rebar details of connection between the 

retaining wall and the sound wall.  This drawing has been altered from the official Caltrans 

drawing because the official drawing has a shear key shown in the spread footing section.  The 

test specimens had a design height (H) of 6 ft with a constant wall thickness and without a shear 

key.  The shear key was not used in the test specimens because Caltrans wanted to observe the 

most damage and excitation that the test specimens could withstand.  The shear key would allow 

less movement of the wall during shaking. 

 

Figure A.2 and Figure A.3 provide the details of the masonry sound wall that was built on top of 

one of the retaining walls tested.  The sound wall had a height (H) of 6 ft.  The drawings have the 

reinforcement needed for the sound wall and details on the grout needed to fill the masonry block 

cells of the sound wall. 

 



361 

 

 
Figure A.1 Caltrans Standard Drawing of Retaining Wall Type 1SW (California Department of Transportation, 2008) 

http://www.dot.ca.gov/hq/esc/techpubs/manual/bridgemanuals/bridge-standard-detail-sheets/pdf_files/xs14-210e.pdf 

http://www.dot.ca.gov/hq/esc/techpubs/manual/bridgemanuals/bridge-standard-detail-sheets/pdf_files/xs14-210e.pdf
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Figure A.2 Caltrans Standard Drawing of Sound Wall Masonry Block on Footing Details Part 1 (California Department of 

Transportation, 2007) 

http://www.dot.ca.gov/hq/esc/oe/project_plans/Errata/Errata-2006/2006_StdPln_Errata_No.7/rspb15-01.pdf 

http://www.dot.ca.gov/hq/esc/oe/project_plans/Errata/Errata-2006/2006_StdPln_Errata_No.7/rspb15-01.pdf
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Figure A.3 Caltrans Standard Drawing of Sound Wall Masonry Block on Footing Details Part 2 (California Department of 

Transportation, 2007) 

http://www.dot.ca.gov/hq/esc/oe/project_plans/highway_plans/stdplans_US-customary-units_06/viewable_pdf/b15-02.pdf 

 

http://www.dot.ca.gov/hq/esc/oe/project_plans/highway_plans/stdplans_US-customary-units_06/viewable_pdf/b15-02.pdf


364 

 

Appendix B Mononobe-Okabe and Newmark Methods 

 

More engineers are looking into the Newmark method to design retaining walls because they 

want to see if this method can overcome the limitations of Mononobe-Okabe (M-O) method.  

Newmark method is also known as the Newmark sliding block method.  This Newmark’s sliding 

block-on-a-plane model proves to be quite appropriate when considering the permanent 

deformation resulting from the internal and external sliding and sliding between the facing units.  

However, it still shares some basic assumptions with the pseudo-static method (M-O method) 

since the yielding acceleration is determined from a pseudo-static analysis and the failure surface 

exhibits rigid-perfectly plastic shearing behavior.  This method takes the yield acceleration, 

which is the point where the factor of safety in sliding is 1.0, and uses the yield acceleration to 

calculate the displacement of the retaining wall.  This method still uses the M-O method to find 

the yield acceleration.  A comparison of the Mononobe-Okabe method and Newmark method are 

described below.  In addition, a parametric study of the Newmark method was conducted to 

study the effect of the variables on Type I Retaining Walls according to the existing Caltrans 

specifications and guidelines. 

 

B.1  Newmark Method in AASHTO 

 

The Newmark method was adopted by American Association of State Highway and 

Transportation Officials (AASHTO) (2005) in 1992.  AASHTO developed a pseudo-static 

approach that uses the Mononobe-Okabe method to find the retaining wall displacement.  

AASHTO formulated an empirical equation that computes the wall displacement based on the 

peak ground acceleration for a given yield acceleration (N).  This equation B.1, was derived from 

limited studies with earthquake accelerations. 

 

 d = 
42

087.0












A

N

Ag

V
    eq. (B.1) 

 

AASHTO gives suggested values of 0.5g for A and 30 in/s for V to be used in the equation. 

 

AASHTO specified criteria on the amount of allowable deformation of the retaining wall in 

Article 11.6.5 of the 2007 AASHTO LRFD Bridge Design Specifications. 

 

In general, typical practice among states located in seismically active areas is to design 

walls for reduced seismic pressures corresponding to 2 to 4 inches of displacement.  

However, the amount of deformation which is tolerable will depend on the nature of the 

wall and what supports, as well as what is in front of the wall. 

 

AASHTO recommended that retaining walls with complex geometry should not use this 

approach.  In addition, walls with peak ground accelerations 0.3g or greater were recommended 

to not use this approach. 
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B.2  Comparison of Mononobe-Okabe Method and Newmark Method 

 

The Mononobe-Okabe method and Newmark method have similar characteristics because the 

Mononobe-Okabe method is used within the Newmark method as seen in the above table.  The 

M-O method is used to find the yield acceleration (ky) for the Newmark method.  This illustrates 

that the Newmark method has the same assumptions and inputs as the M-O method.  Plus, the 

Newmark method has some additional assumptions and inputs to find the displacement of the 

retaining wall using the earthquake history. 

 

However, the outputs and drawbacks are different for each method.  The M-O method finds the 

maximum moment, shear, and axial loads.  The factor of safety is calculated for sliding and 

overturning for the retaining wall, and the factor of safety needs to be greater than 1.5 for both 

sliding and overturning, or the retaining wall will fail.  The drawbacks of the M-O method are 

that the horizontal seismic acceleration cannot exceed around 0.3g and the backfill slope cannot 

become greater than approximately 15 degrees because the moment demand exceeds the moment 

capacity or an error occurs in the dynamic active earth pressure coefficient (Kae).  The Newmark 

method calculates the yield acceleration (ky) and the ground motion displacement of the retaining 

wall.  The yield acceleration is when the factor of safety in sliding is 1.0.  The Newmark method 

is a method that engineers are starting to research, so they are still looking into the method to 

find drawbacks, but the National Cooperative Highway Research Program (NCHRP) (2009) 

addresses some drawbacks that they found.  These drawbacks are that the design motion time 

history is not often available, so rely on the PGA and PGV to calculate the displacement, and this 

shows the insensitivity to earthquake magnitude by using average acceleration time history.  

AASHTO recommends a PGA of 0.5 g and a PVA of 30 in/s.  These values might not be 

accurate with the time history of some earthquakes in order to predict the displacement of a 

retaining wall. 

 

The M-O method and Newmark method can be difficult to compare because the M-O method is 

used within the Newmark method.  More research is being done on the Newmark method to see 

if this method can overcome some of the limitations of the M-O method. 
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Table B.1 Comparison of Mononobe-Okabe Method and Newmark Method 
 Mononobe-Okabe Newmark 

Type of Method Force equilibrium based approach Displacement based approach 

Assumptions a) The active wedge of soil is homogenous, 

cohesionless material  

b) Uniform cohesive backfill 

c) No water table present 

a) The active wedge of soil is homogenous, cohesionless 

material  

b) Uniform cohesive backfill 

c) No water table present 

d) Displacement of retaining walls is through sliding 

e) Treats soil as a rigid body on a yielding base 

f) Acceleration time history of this rigid body is assumed to 

correspond to the average acceleration time history of the 

failure mass 

Input a)   kh = horizontal acceleration coefficient 

b)   kv = vertical acceleration coefficient 

c)   φ = friction angle of soil 

d)   δ = angle of friction between wall and soil 

e)   i = backfill slope angle 

f)   Batter of retaining wall 

g)   Unit weight of backfill soil  

h)   Unit weight of weight of retaining wall  

i)   Dimensions of retaining wall (H, W, C, B, F,  

thickness of the top of the stem) 

 

a)   kh = horizontal acceleration coefficient 

b)   kv = vertical acceleration coefficient 

c)   φ = friction angle of soil 

d)   δ = angle of friction between wall and soil 

e)   i = backfill slope angle 

f)   Batter of retaining wall 

g)   Unit weight of backfill soil  

h)   Unit weight of weight of retaining wall  

i)   Dimensions of retaining wall (H, W, C, B, F, thickness of the 

top of the stem) 

j)   PGA (peak ground acceleration) 

k)  PGV (peak ground velocity) 

Output a) Maximum moment, shear, and axial load demands 

b) Factor of Safety for sliding and overturning (want 

factor of safety > 1.5) 

a) ky = yield acceleration (where factor of safety is equal to 1.0) 

b) Ground motion displacement of retaining wall  

Drawbacks a) Horizontal seismic acceleration cannot exceed 

around 0.3g 

b) Backfill slope cannot become greater than 

approximately 15° 

a) Design motion time history is not often available, so rely on 

the PGA and PGV to calculate the displacement 

b) Show insensitivity to earthquake magnitude by using 

average acceleration time history 

Application Used by Caltrans Adopted by AASHTO 
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B.3 Parametric Study of Newmark Method 

 

The parametric study focused on a soil friction angle (φ) of 35 degrees with various design 

heights (H) of Type I retaining walls from Caltrans and various backfill angles.  It should be 

noted that the unit weight of concrete of the retaining wall and unit weight of soil are 150 pounds 

per cubic foot and 120 pounds per cubic foot respectively.  With the higher soil friction angle of 

40 degrees, the driving moment becomes greater than the resisting moment making the retaining 

wall unstable.  The soil friction angle affects the forces that resist the driving forces, so a higher 

friction angle causes the resisting forces to be smaller.  A smaller soil friction angle (φ) of 30 

degrees results in very high retaining wall displacements that are unreasonable for design.  A 

retaining wall with a design height (H) of 4 ft, a soil friction angle of 30 degrees, and a backfill 

height (i) of 0 degrees gives a displacement of 6.70 in.  With greater design heights and backfill 

heights, the displacements become greater. 

 

From Figure B.1 through Figure B.3, the smallest design height (H) gives the smallest 

displacements.  As the design height increase, the retaining wall displacements increase.  The 

backfill angle (i) also effects the displacement.  When the backfill angle increases, the 

displacement increases.  With a higher yield acceleration (ky), the displacement is lower.  The 

higher backfill angles show lower yield accelerations, which give higher displacements. 

 

Displacement vs. Design H for φ = 35°
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Figure B.1 Retaining wall displacement vs. design height for soil friction angle (φ) of 35° 
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ky vs. Design H for φ = 35°
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Figure B.2 Yield acceleration (ky) vs. design height for soil friction angle (φ) of 35° 
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Figure B.3 Retaining wall displacement vs. yield acceleration (ky) for soil friction angle (φ) 

of 35° 

 

B.3.1 Factor of Safety in Sliding 

 

When using the Newmark method, the yield acceleration is horizontal acceleration coefficient 

when the factor of safety in sliding equal to 1.0.  The sliding stability is evaluated by finding the 

factor of safety in sliding.  The factor of safety in sliding is defined as the ratio of the horizontal 

resisting forces to the horizontal driving forces.  The horizontal driving forces are the active earth 

pressure and the seismic active earth pressure.  The horizontal resisting forces consist of the 

maximum resisting force, the passive earth pressure, and the seismic passive earth pressure.  The 

passive earth pressure and seismic earth pressure are assumed to be zero, so the horizontal 
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resisting force is equal to only the maximum resisting force, which is the force between the wall 

footing and the foundation soil.   

 

The maximum resisting force is the bearing pressure under the retaining wall and can be 

obtained by calculating the soil resistance in the seismic state.  The eccentricity of the bearing 

pressure is used to find the distribution of the bearing pressure.  The eccentricity of the bearing 

pressure is the moment due to the forces acting on the retaining wall divided by the weight of the 

retaining wall, weight of the soil, vertical component of the active pressure, and vertical 

component of the seismic active pressure.  If the eccentricity is greater than one sixth of the base 

width of the retaining wall, then the wall is unsafe.  This means that there is no tension between 

the foundation and soil, so one side of the foundation will lift off the ground.   

 

The bearing pressure distribution is calculated using the eccentricity and the base width of the 

retaining wall.  From most of my calculations, the bearing pressure is found to be positive at one 

end and negative at the other end.  A high bearing pressure at one end may cause large 

settlement.  Thus, excessive tilting of the foundation happens.  With a bearing pressure less than 

zero at one end, the pressure needs to be redistributed.  The redistributed pressure is triangular.  

A lever arm (Lx) is calculated to help redistribute the bearing pressures.  The lever arm also 

involves the eccentricity (e) and base width of the retaining wall (W). 

 

      Lx = ½(3W-6e)   eq. (B.2) 

 

When the eccentricity is large, the lever arm becomes negative.  In many cases of calculating the 

horizontal acceleration coefficient when the factor of safety in sliding equal to 1.0 with different 

friction angles of soil and backfill slope angles, the lever arm is negative in the parametric study, 

especially seen with a soil friction angle of 40 degrees. 

 

B.3.2 Influence of the Vertical Acceleration 

 

There has been a discussion about the influence of the vertical acceleration coefficient (kv) and 

whether it really has an effect on the seismic active earth pressure coefficient (Kae).  In Seed and 

Whitman (1970), they discuss that kv can be neglected for practical purposes.  Their research 

showed that for the horizontal acceleration coefficient kh that had values between 0 and 0.1 and 

the kv value equal to 0.2, the Kae increases or decreases 15 to 20 percent.  When the kh is equal 

to 0.2, the Kae increase or decreases 10 percent.  The influence of kv on Kae become less as the 

kh becomes greater.  They concluded that most earthquakes have significantly greater kh values 

than kv that it is reasonable to neglect kv when calculating the lateral pressures.  The negligence 

of kv is also supported in the NCHRP (2009).  The NCHRP describes why they think kv can be 

neglected in Section 7.2.1. 

 

The rationale for neglecting vertical loading is generally attributed to the fact that the higher 

frequency vertical accelerations will be out of phase with the horizontal accelerations and will 

have positive and negative contributions to wall pressures, which on average can reasonably be 

neglected for design. 
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However, sources are now saying that kv cannot be neglected in the calculation of Kae.  In 

Article A11.1.1.1 of AASHTO (2005), it states that positive values of kv have considerable effect 

on kh when kh is greater than 0.2.  The parametric study did not use the vertical acceleration 

coefficient, and assumed kv to be zero. 
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Appendix C Back-Calculation Process of the Strain Gages to Find Lateral Pressure 

 

The process of back-calculating the strain to pressure is shown here.  This process entails the 

bending moment, which can be calculated by using the bending strain, modulus of elasticity, and 

cross section area.  Once the bending moment is found, it can be used by differentiating it to 

obtain the distributed load (pressure) at a specific point on the stem of the retaining wall.  The 

stem of the wall was essentially a cantilevered structure, so the cantilever boundary conditions 

applied.  This was to provide an indirect means to qualitatively verify to the pressure that the 

wall was subjected to during the shaking and was directly measured by the pressure cells. 

 

It should be noted that the force due to wall inertia was subtracted from the back-calculated 

pressure from the strain gages in order to compare the pressure from the pressure.  This wall 

inertial force is equal to the mass of an object multiplied by the acceleration of that object during 

movement.  There were two sets of accelerometers placed at the top and middle of the stem.  

From these accelerometers, the measured accelerations at the peak acceleration of the shake were 

used to obtain the wall inertial force.  The accelerometers were only placed on two locations (top 

and middle) on the height of the stem, so the acceleration was linearly interpreted at the bottom 

of the stem. 

 

Test without Sound Wall: 

 

 

 

 

 

  

 

 

Apply boundary conditions from a cantilever beam at x=L (free end): 

  

 

E is the modulus of elasticity of the steel rebar (in retaining wall), and I is the moment of inertia 

for a rectangular cross section of the retaining wall. 

 

E = 200 GPa = 200×10
9
 Pa 

, where r is the radius 

r =0.127 m 

I = 0.000204 m
4
 

 

Differential equations that show the relationship between the distributed load (w), shear (V), 

moment (M), rotation (θ), and deflection (y) for triangular distributed load on cantilever beam: 
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Stress-strain relations: 

where ε is the strain and c is the distance from the neutral axis to the outer surface where 

the maximum stress occurs, which is c=h/2 (half of the height of the cross section of the 

stem) 

 

 

 

 

 
 

Plug in the moment (M) equation found to the strain equation to solve for the distributed load 

(w): 

 

 

 

 

 
 

Applying boundary conditions to obtain the distributed load (w) equation with the strain (ε): 
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Test with Sound Wall: 

 

 

 

 

 

 

  

 

 

 
 

 

Stress-strain relations: 

where ε is the strain and c is the distance from the neutral axis to the outer surface where 

the maximum stress occurs, which is c=h/2 (half of the height of the cross section of the 

stem) 

 

 

 

 

 
 

Integrating distributed load (w) to obtain shear (V) and moment (M) along height of stem, x, on 

retaining wall: 

 

 

 
 

Apply boundary conditions to beams to find constants: 

     at x=2L (free end):  
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Also apply boundary conditions due to continuity between the 2 beam sections, assuming beam 

is continuous so beam moment and shear on either side of the joint must be equal in order to 

obtain C1 and C2 

 at x=L:  
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Appendix D Calculation of Mononabe-Okabe Method to Obtain Distribution of Vertical 

Pressure along Footing of Retaining Wall 

 

Mononabe-Okabe Method was used to calculate the static and dynamic distribution of pressure 

underneath the footing of the test specimen.  The Mononabe-Okabe (M-O) method is the pseudo-

static analysis of seismic earth pressures on retaining structures.  The M-O method is based on 

the static Coulomb theory using psuedostatic conditions.  Coulomb theory assumes that a force is 

acting on the back of a retaining wall from a wedge of soil.  In the M-O analysis, 

psuedoaccelerations are taken into consideration to find the seismic earth pressures.  Type I 

Retaining Walls are semi-gravity walls that need the external and internal stability checked.  The 

internal stability is checked using the M-O method.  This design procedure follows the Caltrans 

Policy in seismic design of retaining walls. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Weight/foot for each component of the sliding block and the level arm about the point mentioned 

on the toe of the retaining wall: 

 

 

 

 

 

 
 

top thick 

H 

F 

B C 

W 

Size Dimensions: 

top thick = 1’ 

H = 6’ 

F = 1.25’ 

C = 2.75’ 

B = 5’ 

W = 7.75’ 

 

Soil Properties: 

φ = friction angle of soil = 48.7° (from triaxial test) 

δ = angle of friction between wall and soil = 0° 

β = slope of back of the wall to vertical = 0° 

i = backfill slope angle = 0° 

γs = unit weight of soil = 114 pcf (from nuclear gauge test) 

 

γW = unit weight of concrete = 150 pcf 

Take moment around this point on 

the toe of the retaining wall 
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Find the active earth pressure coefficient (Ka) using the soil properties: 

Ka = 
2

2

2

)cos()cos(

)sin()sin(
1)cos(cos

)(cos
























i

i
 = 0.142 

 

Find the dynamic active earth pressure coefficient (Kae) using the soil and earthquake properties: 

 Using Northridge 100P: kh = horizontal acceleration coefficient = 0.569 g 

         kv = vertical acceleration coefficient = 0 g 

         θ = tan-1(kh/(1-kv)) = 8.1° 

Kae = 
2

2

2

)cos()cos(

)sin()sin(
1)cos(coscos

)(cos
























i

i
 = 0.504 

 

Determine ∆Kae: 

∆Kae = Kae – Ka = 0.504-0.142 = 0.362 

 

Find pressure surface of height: 

h’ = F+H+(W-C-(top thick))tan i = 1.25’+6’+(7.75’-2.25’-1’)tan(0) = 7.25’ 

 

Determine the active earth pressure (Pa) and the seismic active earth pressure (Pae) and their 

lever arms: (δ = 0° because no friction between soil-soil interface) 

Pa = ½Kaγs(h’)² (applied at one-third h’) = 424.54 lb/ft 

Pax = Pa(cos δ) = 424.54 lb/ft (cos 0) = 424.54 lb/ft 

Pay = Pa(sin δ) = 424.54 lb/ft (sin 0) = 0 lb/ft 

LPax = 1/3(h’) = 1/3(7.25’) = 2.42’ 

LPay = W = 7.75’ 

 

ΔPae = ½∆Kaeγs(h’)² (applied at 0.6h’) = 1085.49 lb/ft 

ΔPaex = ΔPae(cos δ) = 1085.49 lb/ft(cos 0) = 1085.49 lb/ft 

ΔPaey = ΔPae(sin δ) = 1085.49 lb/ft(sin 0) = 0 lb/ft 

LΔPaex = 0.6h’ = 0.6(7.25’) = 4.35’ 

LΔPaey = W = 7.75’ 

 

Calculate soil resistance in the static state: 

 

 

 

 
So, there’s less pressure underneath the toe side (q1) than the heel side (q2) of the footing. 
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Calculate soil resistance in the seismic state: 

 

 

 

 
So, for the seismic state, the distribution of pressure is the opposite of the static state with more 

pressure underneath toe side (q1) than the heel side (q2) of the footing. 
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Appendix E Calculation Process to Find the Displacements from Acceleration 

 

The accelerometers placed in the backfill and on the retaining wall were double integrated to 

obtain the displacements.  The derivation of acceleration, measured from the accelerometers, to 

displacements is shown below. 

 

Given the displacement versus time of an object, x(t), the velocity, v(t), can be found by taking 

the first derivative. 

 

 
 

Acceleration, a(t), can be found by taking the second derivative of displacement or first 

derivative of velocity. 

 

 
 

In principle, using double integration on an acceleration to get the displacement, the initial 

displacement and initial velocity must be known. After the first integration, the initial velocity 

should be added to the result, as the initial displacement should be added after the second 

integration. These operations are illustrated in the following equations: 

 

 
 

where t0 is the initial time and v(t0) is the initial velocity, which is a constant. To get the 

displacement from velocity, a similar formula is used: 

 

 

 
 

The acceleration, a(t), is being double integrated with initial conditions.  The initial velocity 

(velocity at time, t=0) is denoted by v0, while initial displacement is denoted by x0.  First, 

integrate the acceleration to get velocity. 

    0

0

vdatv

t
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Integrating the velocity gives displacement: 
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The base acceleration, ag(t), is subtracted from the acceleration measured from the 

accelerometer, ao(t), to find the relative acceleration in order to determine the relative 

displacement, xr(t). 
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Appendix F Data from the Test Results of Retaining Wall without Sound Wall 

 

As mentioned in the Test Results of Retaining Wall without Sound Wall chapter (Chapter 5), the 

insignificant results and unnecessary data were not shown in that chapter.  Lateral wall 

displacement from potentiometers, vertical displacement response on top surface of the backfill, 

lateral displacement responses in backfill measured by accelerometers, comparisons of lateral 

wall displacements from accelerometers and potentiometers, horizontal relative displacements 

along length of backfill from the MEM sensors, dynamic response of inclinations of retaining 

wall, dynamic response of vertical pressure along width of footing, and dynamic lateral pressure 

from Flexiforces along height of stem can be found in this section. 

 



381 

 

F.1 Lateral Wall Displacements from Potentiometers 

 

Nine string potentiometers were placed on the stem of the retaining wall seen in Figure F.1.  

PW1-1, PW2-1, and PW3-1 were placed at the top of the stem.  PW1-2, PW2-2, and PW 3-2 

were 1.22 m (4 ft) from the bottom of the stem, and PW1-3, PW2-3, and PW3-3 were 0.61 m (2 

ft) from the bottom of the stem.  Figures F.2 through F.9 give the dynamic responses from the 

potentiometers for the 75% shakes and onward. 

 

 

 
Figure F.1 Location of potentiometers on east side of retaining wall for test without sound 

wall 

 

F.1.1 Dynamic Responses of Potentiometers for Northridge 75P, Kocaeli 75P, and 

Takatori  75P 

 

For the dynamic response of Northridge 75P (Figure F.2), PW1-1, PW 2-2, and PW2-3 were 

showing their peak displacements at 1.96 seconds later than the rest of the potentiometers, which 

had their peak displacements at the same time as the peak acceleration as measured in the 

accelerometers installed on the stem of the retaining wall.  The peak displacements of the other 

potentiometers synchronized with the peak displacements of the accelerometers.  The peak 

values of the delayed potentiometers were about 0.20 mm smaller than the peak values of the 

accelerometers.  The comparison of the peak displacement values of the accelerometers and 

potentiometers can be seen in Appendix F.3.  Also, PW1-1, PW2-2, and PW2-3 were showing 

more movement between 20 seconds to 30 seconds than the other potentiometers.  PW1-3 had 

the largest displacement of 0.80 mm at the peak acceleration. 
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Figure F.2 Test without sound wall Northridge 75P: dynamic responses of potentiometers 

on retaining wall 

 

Figure F.3 did not clearly show the dynamic responses of the potentiometers in Kocaeli 75P 

with very little movement on the wall.  PW2-3 and PW3-2 had a noticeable peak displacement of 

0.03 mm and 0.02 mm, respectively.  The other potentiometers showed very small peak 

displacements close to zero. 
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Figure F.3 Test without sound wall Kocaeli 75P: dynamic responses of potentiometers on 

retaining wall 

 

Takatori 75P had the greatest peak response of the potentiometers on the wall (Figure F.4) from 

the three 75% earthquakes.  All the potentiometers illustrated similar dynamic responses with the 

peak response occurring at 15 seconds.  PW1-2 had the smallest peak response of 0.86 mm, and 

PW1-1 had the largest peak response of 0.94 mm. 
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Figure F.4 Test without sound wall Takatori 75P: dynamic responses of potentiometers on 

retaining wall 

 

F.1.2 Dynamic Responses of Potentiometers for Northridge 100P, Kocaeli 100P, and 

 Takatori 100P 

 

For the Northridge 100P, the peak responses of the potentiometers on the stem (Figure F.5) 

illustrated the larger peaks in the top potentiometers, and smaller peaks towards the bottom of the 

stem.  The peak responses of the PW1-1, PW1-2, and PW1-3 were 2.29 mm, 2.01 mm, and 1.89 

mm, respectively, for the south side of the stem.  For the middle of the wall, PW2-1, PW2-2, and 

PW2-3 had peak responses of 2.28 mm, 2.04 mm, and 1.79 mm, respectively. 
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Figure F.5 Test without sound wall Northridge 100P: dynamic responses of potentiometers 

on retaining wall 

 

The dynamic response of Kocaeli 100P (as shown in Figure F.6) had small peak responses.  

PW1-1, PW1-2, PW2-1, PW2-3, and PW3-3 all have a peak response of 0.07 mm.  The other 

potentiometers had smaller peak displacements.  All of the potentiometers measured the peak of 

the Kocaeli 100P motion, which was not observed in Kocaeli 75P. 
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Figure F.6 Test without sound wall Kocaeli 100P: dynamic responses of potentiometers on 

retaining wall 

 

In Figure F.7, the dynamic responses of Takatori 100P had peak responses at around 15 seconds.  

These peak responses were greater at the top of the stem than those at the bottom of the stem.  

PW3-3 had the smallest peak response of 5.87 mm out of all of the potentiometers.  PW1-1 had 

the largest peak response of 6.75 mm. 
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Figure F.7 Test without sound wall Takatori 100P: dynamic responses of potentiometers on 

retaining wall 

 

F.1.3 Dynamic Responses of Potentiometers for Northridge 150P 

 

Similar to many of the previous shakes, the Northridge 150P (as shown in Figure F.8) had larger 

peak responses toward the top of the stem compared to the bottom.  On the south side, the peak 

response of PW1-1, PW1-1, and PW1-3 were 8.07 mm, 7.46 mm, and 7.29 mm, respectively.  

The peak response of PW2-1, PW2-2, and PW2-3 were 8.07 mm, 7.56 mm, and 6.99 mm, 

respectively, for the middle of the wall. 
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Figure F.8 Test without sound wall Northridge 150P: dynamic responses of potentiometers 

on retaining wall 

 

F.1.4 Dynamic Responses of Potentiometers for Northridge 200P 

 

Figure F.9 shows the dynamic response of the potentiometers on the stem of the wall for 

Northridge 200P.  All of the potentiometers in the dynamic response of Northridge 200P have 

similar responses except for PW1-2.  As described and explained earlier, PW1-2 malfunctioned 

because it went to zero unlike the other potentiometers that showed more displacement 

responses.  Along the height of the stem on the south end of the stem, the peak response of PW1-

1 was 26.99 mm and PW1-3 was 23.88 mm.  The peak responses of the middle of the stem were 

27.12 mm, 25.72 mm, and 19.11 mm for PW2-1, PW2-2, and PW2-3 respectively. 
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Figure F.9 Test without sound wall Northridge 200P: dynamic responses of potentiometers 

on retaining wall 
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F.2 Displacement Response of Soil on Top of Backfill 

 

Figure F.10 shows the locations of the potentiometers on the top surface of the backfill for the 

test without the sound wall.  Figure F.11 through Figure F.16 give the dynamic responses of the 

vertical displacements along the length of the backfill for the 25% and 50% shakes. 

 

 
Figure F.10 Location of potentiometers on top of backfill for the test without sound wall 

 

F.2.1 Displacement Response on Surface of Backfill for Northridge 25P, Kocaeli 25P, and 

 Takatori 25P 

 

In the dynamic responses of the 25% shakes (Figure F.11 through Figure F.13), the most 

response was seen from the potentiometers in the back of the soil container (PS1-1, PS1-2, PS1-

3, and PS2-2).  PS1-2 and PS2-2 are being compared for the 25% shakes because they show the 

most dynamic response.  Also, these two potentiometers are in line with one another along the 

length of the soil container seen in Figure 5.19.  PS1-2 had 55% greater dynamic response than 

PS2-2 in Northridge and Kocaeli, and PS1-2 had 50% more response than PS2-2 in Takatori.  At 

peak acceleration of Northridge and Kocaeli, PS1-1, PS1-2, PS1-3, and PS2-2 had negative 

displacements while the other potentiometers had positive displacements.  The negative 

displacements indicates that the soil settlled more, especially during the peak acceleration of the 

ground motion, and the positive displacements indicates that the soil had more upward 

displacement in the shakes.  The positive displacements were very small with less than 0.05 mm 

in Northridge and Kocaeli.  The potentiometers in Takatori illustrated the soil settling more than 

Northridge and Kocaeli with the negative displacements at peak acceleration. 
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Figure F.11 Test without sound wall Northridge 25P: dynamic response of potentiometers 

on soil 
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Figure F.12 Test without sound wall Kocaeli 25P: dynamic response of potentiometers on 

soil 

 

 



393 

 

10 20 30
-0.5

0

0.5
PS1-1

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-0.5

0

0.5
PS1-2

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-0.5

0

0.5
PS1-3

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-0.5

0

0.5
PS2-2

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-0.5

0

0.5
PS3-1

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-0.5

0

0.5
PS3-2

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-0.5

0

0.5
PS4-2

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-0.5

0

0.5
PS5-1

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-0.5

0

0.5
PS5-2

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-0.5

0

0.5
PS6-1

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-0.5

0

0.5
PS6-2

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-0.5

0

0.5
PS6-3

Time (sec)

D
is

p
 (

m
m

)

Test Without Sound Wall: Takatori 25P

Vertical Displacement Along the Length of Backfill

 
Figure F.13 Test without sound wall Takatori 25P: dynamic response of potentiometers on 

soil 

 

F.2.2 Displacement Response on Surface of Backfill for Northridge 50P, Kocaeli 50P, and 

 Takatori 50P 

 

For the 50% shakes, the vertical displacements along the length of the backfill are shown in 

Figure F.14 through Figure F.16.  Most of the dynamic response was still seen in the back of the 

soil container, but there was more movement of the potentiometers (PS6-1, PS6-2, and PS6-3) 

near the retaining wall, especially in Northridge 50P.  Since the significant movement was at the 

back of the container, PS1-1 and PS1-2 were compared (also compared in the 25% shakes).  

PS1-2 had 50% more response than PS2-2 in Northridge 50P, but showed 54% more in Kocaeli 

50P and Takatori 50P.  Northridge 50P and Kocaeli 50P had positive displacement towards the 

front of the soil container (PS5-1, PS5-2, PS6-1, PS6-2, and PS6-3) at peak acceleration with the 

soil displacing upward more in this location, and the rest of the potentiometers had negative peak 

displacements.  In Takatori 50P, the soil settled slightly with the responses illustrating negative 

peak displacements.  This was also the case observed in Takatori 25P. 
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Test Without Sound Wall: Northridge 50P

Vertical Displacement Along the Length of Backfill

 
Figure F.14 Test without sound wall Northridge 50P: dynamic response of potentiometers 

on soil 
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Vertical Displacement Along the Length of Backfill

 
Figure F.15 Test without sound wall Kocaeli 50P: dynamic response of potentiometers on 

soil 
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Test Without Sound Wall: Takatori 50P

Vertical Displacement Along the Length of Backfill

 
Figure F.16 Test without sound wall Takatori 50P: dynamic response of potentiometers on 

soil 
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F.3 Comparison of Lateral Wall Displacements from Accelerometers and 

Potentiometers 

 

Horizontal accelerations in the wall structure were measured through the accelerometers 

mounted on the retaining wall during the test.  Based on the accelerometer measurements, the 

lower intensity shakes showed that the stem of the retaining wall was very stiff with little 

difference of acceleration from the top to the middle of the stem.  Locations of top and middle 

accelerometers on stem are shown in Figure F.17(a).  The low frequencies of the Kocaeli shakes 

did not have any effect on the stem of the wall.  In the higher intensity shakes (Northridge and 

Takatori shakes), the difference between the accelerometers on the top of the stem and the 

accelerometers on the middle of the stem had more of a difference in acceleration.  The 

accelerations at the top of the stem were greater than the accelerations at the middle of the stem.  

The accelerometers were having higher dynamic responses than the input motions for these 

shakes.  It should be noted that the stem was becoming less stiff as the retaining wall was being 

shaken with the more intense ground motions, which created higher measured accelerations than 

the accelerations from the ground motions.  Wilson (2009) analyzed the wall displacements of 

the accelerometers by double integrating and filtering the dynamic responses of the 

accelerometers during the input motions.  Similar procedure is adopted in generating the results 

in this section. 

 

All the potentiometers and accelerometers on the retaining wall were placed on the east side of 

the wall, which was the side that did not have any backfill (shown in Chapter 3, Figure 3.6 and 

Figure 3.28).  Along the height of the stem, the potentiometers were 0.61 m (2ft) apart, and along 

the width of the stem, the potentiometers were 0.66 m (2.17 ft) from each other seen in Figure 

F.17.  Two accelerometers (AW1-1 and AW2-1) were installed on the top of the wall, in between 

the three potentiometers shown in Figure F.17.  The other two accelerometers (AW1-2 and 

AW2-2) were placed 0.91 m (3 ft) from the top of the stem that were 1.02 m from the edge of the 

stem on the left and right side.  On the top of the stem, potentiometer PW3-1 was not working 

correctly for this test.  The two accelerometers on the top of the stem, AW1-1 and AW2-1, were 

compared with the other two potentiometers, PW1-1 and PW2-1, instead. 

 

These acceleration responses were further utilized for horizontal displacement estimation (double 

integrated) and compared with the direct displacement measurements from the potentiometers as 

discussed in the previous section.  All the figures from Figure F.18 through Figure F.25 show the 

displacement responses from the accelerometers on the left-hand side with the two corresponding 

responses measured by the potentiometers next to them on the right-hand side in order to 

compare them directly.  The top accelerometers and potentiometers were at about the same 

height on the stem (accelerometers placed 0.08 m below the potentiometers, but the 

accelerometers installed on the middle of the stem were 0.3 m below the middle row of 

potentiometers seen in Figure F.17.  Along with the dynamic responses of these 

instrumentations, comparison is also provided in Table F.1 through Table F.8, which have the 

peak responses of the potentiometers and accelerometers that was at the peak acceleration of the 

shake. 
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(a)                                                                     (b) 

Figure F.17 Location of (a) accelerometers and (b) potentiometers on east side of retaining 

wall for test without sound wall 

 

Generally, the displacements back calculated from the accelerations measured by the 

accelerometers have more dynamic response than the measurements in the potentiometers, but 

the peak responses of the accelerometers and potentiometers had small differences in value.  In 

addition, the accelerometers picked up more frequencies than the potentiometers in all of the 

shakes, but especially in the Kocaeli and Takatori shakes. 

 

 

F.3.1 Comparison of displacements measured by accelerometers and potentiometers in 

 Northridge 75P, Kocaeli 75P, and Takatori 75P 

 

During the Northridge 75P, the dynamic responses from the accelerometers are different from 

those in the potentiometers as shown in Figure F.18, therefore the peak responses of the 

potentiometers were not consistent.  PW1-2, PW2-1, and PW3-2 had smaller responses than the 

other potentiometers and the accelerometers.  PW3-2 showed a peak response of 0.64 mm that 

was comparable to the peak responses from the accelerometers (AW1-2 and AW2-2) as 

summarized in Table F.1, but the peak responses of PW1-1 and PW1-2 were less than the peak 

responses from the accelerometers (AW1-1 and AW2-1).  The accelerometers on the south side 

of the wall (AW1-1 and AW2-1) had 5% more peak displacement than the accelerometers on the 

north side of the wall (AW2-1 and AW2-2).  Also, the potentiometers on the south side (PW1-1 

and PW1-2) had less peak displacement compared to the other potentiometers (PW2-1, PW2-2, 

and PW3-2), so there could have been a slight rotation towards the north side of the wall. 
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Figure F.18 Test without sound wall Northridge 75P: dynamic response of displacement on 

retaining wall 

 

Table F.1 Test without sound wall Northridge 75P: peak response of displacements of 

accelerometers and potentiometers 

Height from 

top for 

accelerometer 

(m) 

Accelerometer 

Peak 

response 

(mm) 

Height from 

top for 

potentiometer 

(m) 

Potentiometer 

Peak 

response 

(mm) 

0.08 
AW1-1 0.64 

0.00 
PW1-1 0.27 

AW2-1 0.61 PW2-1 0.51 

0.91 

AW1-2 0.66 

0.61 

PW1-2 0.20 

AW2-2 0.60 
PW2-2 0.36 

PW3-2 0.64 

 

In Figure F.19 for the Kocaeli 75P, the potentiometers did not show much dynamic responses, 

but the accelerometers measured some response (less than 0.01 mm).  The responses of the 
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potentiometers displayed only noise due to the fact the potentiometers were not able to measure 

the low frequencies of the Kocaeli motion.  When comparing the responses of the potentiometers 

on along the width of the stem, they are similar.  This was also observed by the accelerometers.  

As seen in Table F.2, the peak responses of the accelerometers and potentiometers were both 

very small even though the peak displacements from the accelerometers were greater than those 

in the potentiometers.  The peak displacements of the potentiometers were very small because of 

the low frequencies not measured by the potentiometers also. 
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Figure F.19 Test without sound wall Kocaeli 75P: dynamic response of displacement on 

retaining wall 
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Table F.2 Test without sound wall Kocaeli 75P: peak response of displacements of 

accelerometers and potentiometers 

Height from 

top for 

accelerometer 

(m) 

Accelerometer 

Peak 

response 

(mm) 

Height from 

top for 

potentiometer 

(m) 

Potentiometer 

Peak 

response 

(mm) 

0.08 
AW1-1 0.04 

0.00 
PW1-1 0.01 

AW2-1 0.04 PW2-1 0.01 

0.91 

AW1-2 0.04 

0.61 

PW1-2 0.004 

AW2-2 0.04 
PW2-2 0.005 

PW3-2 0.005 

 

During the Takatori 75P, the accelerometers measured more dynamic response than the 

potentiometers (Figure F.20).  The potentiometers were only able to measure the peak responses 

of the Takatori motion while the accelerometers were able to most of the movements of the 

motion.  The displacement responses were similar along the width of the stem when looking at 

the accelerometers and potentiometers separately.  The peak displacements in the accelerometers 

matched well with the peak response in the potentiometers at the beginning.  However, after the 

first 15 seconds, the potentiometers were not able to pick up the motion that was detected in the 

accelerometers.  The peak displacement values of the potentiometers were higher than the peak 

values by the accelerometers (Table F.3), but the maximum difference between them was only 

about 7.5%.  PW1-2 and AW1-2 had exactly the same peak displacement of about 1.36 mm. 
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Figure F.20 Test without sound wall Takatori 75P: dynamic response of displacement on 

retaining wall 

 

Table F.3 Test without sound wall Takatori 75P: peak response of displacements of 

accelerometers and potentiometers 

Height from 

top for 

accelerometer 

(m) 

Accelerometer 

Peak 

response 

(mm) 

Height from 

top for 

potentiometer 

(m) 

Potentiometer 

Peak 

response 

(mm) 

0.08 
AW1-1 1.39 

0.00 
PW1-1 1.47 

AW2-1 1.36 PW2-1 1.46 

0.91 

AW1-2 1.33 

0.61 

PW1-2 1.36 

AW2-2 1.33 
PW2-2 1.41 

PW3-2 1.42 
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F.3.2 Comparison of displacements measured by accelerometers and potentiometers in 

 Northridge 100P, Kocaeli 100P, and Takatori 100P 

 

For the Northridge 100P, the accelerometers had more sensitivity than the potentiometers with 

more response between 10 and 20 seconds shown in Figure F.21.  The accelerometers illustrated 

greater amounts of movement and noise compared to the potentiometers.  The peak responses of 

the potentiometers were greater than the peak responses of the accelerometers as summarized in 

Table F.4.  The greatest difference between the potentiometers and accelerometers was found in 

the instruments near the top of the stem.  PW1-1 and PW2-1 showed about 16% more 

displacement than AW1-1 for the peak response.  There were no significant differences along the 

width of the stem from the peak responses. 
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Figure F.21 Test without sound wall Northridge 100P: dynamic response of displacement 

on retaining wall 
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Table F.4 Test without sound wall Northridge 100P: peak response of displacements of 

accelerometers and potentiometers 

Height from 

top for 

accelerometer 

(m) 

Accelerometer 

Peak 

response 

(mm) 

Height from 

top for 

potentiometer 

(m) 

Potentiometer 

Peak 

response 

(mm) 

0.08 
AW1-1 1.93 

0.00 
PW1-1 2.29 

AW2-1 1.88 PW2-1 2.28 

0.91 

AW1-2 1.72 

0.61 

PW1-2 2.01 

AW2-2 1.70 
PW2-2 2.04 

PW3-2 2.03 

 

During the Kocaeli 100P, the potentiometers did not show much dynamic responses, except for 

the time period between 17 to 23 seconds as shown in Figure F.22.  The dynamic responses of 

the potentiometers (PW1-1, PW2-2 and PW3-2) displayed three distinct peaks, which were also 

measured by the accelerometers (AW1-1, AW2-1, AW2-1 and AW2-2).  However, the 

potentiometers did not pick up the smaller displacements made by the Kocaeli motion, which are 

seen in the responses of the accelerometers.  The potentiometers showed only noise except for 

the peak displacement mentioned above because of the low frequencies of the Kocaeli 

earthquake.  The peak responses (Table F.5) were still very small for the Kocaeli 100P with the 

greatest peak displacement from the accelerometers of 0.07 mm. 
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Figure F.22 Test without sound wall Kocaeli 100P: dynamic response of displacement on 

retaining wall 

 

Table F.5 Test without sound wall Kocaeli 100P: peak response of displacements of 

accelerometers and potentiometers 

Height from 

top for 

accelerometer 

(m) 

Accelerometer 

Peak 

response 

(mm) 

Height from 

top for 

potentiometer 

(m) 

Potentiometer 

Peak 

response 

(mm) 

0.08 
AW1-1 0.07 

0.00 
PW1-1 0.06 

AW2-1 0.07 PW2-1 0.03 

0.91 

AW1-2 0.07 

0.61 

PW1-2 0.05 

AW2-2 0.07 
PW2-2 0.03 

PW3-2 0.04 

 

In Takatori 100P, the accelerometers and potentiometers had an absolute peak response at the 

same time (i.e., 15.72 seconds), but the accelerometers gave a lot more positive displacement 
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responses than the potentiometers as shown in Figure F.23.  The potentiometers did not have 

much positive displacement response between 10 and 20 seconds, and they clearly showed the 

negative peak response.  The accelerometers had more positive displacement response compared 

to the potentiometers, but the accelerometers also measured the negative peak displacements.  

The positive displacements meant that the stem was moving towards the backfill while the 

negative displacements meant that the stem was moving away from the backfill.  The peak 

responses of the potentiometers and accelerometers, as in Table F.6, were greater at the top than 

the middle of the stem with the potentiometers having larger peak displacements than the 

accelerometers.  This trend happened in Takatori 75P and Northridge 100P.  Along the width of 

the stem, the accelerometers on the north side of the wall (AW1-1 and AW2-1) had 2% more 

peak displacement than the accelerometers on the south side of the wall. 
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Figure F.23 Test without sound wall Takatori 100P: dynamic response of displacement on 

retaining wall 
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Table F.6 Test without sound wall Takatori 100P: peak response of displacements of 

accelerometers and potentiometers 

Height from 

top for 

accelerometer 

(m) 

Accelerometer 

Peak 

response 

(mm) 

Height from 

top for 

potentiometer 

(m) 

Potentiometer 

Peak 

response 

(mm) 

0.08 
AW1-1 6.60 

0.00 
PW1-1 6.92 

AW2-1 6.39 PW2-1 6.90 

0.91 

AW1-2 6.13 

0.61 

PW1-2 6.46 

AW2-2 6.05 
PW2-2 6.56 

PW3-2 6.49 

 

F.3.3 Comparison of displacements measured by accelerometers and potentiometers in 

 Northridge 150P 

 

During this shaking, the accelerometers showed more movement of the retaining wall than the 

potentiometers in the dynamic responses (Figure F.24).  The accelerometers had more positive 

displacement than the potentiometers, which was seen in Takatori 100P.  The top accelerometers 

had similar peak responses as the top potentiometers with AW2-1 having the biggest difference 

of displacement between these potentiometers of 0.09 mm seen in Table F.7.  The middle 

potentiometers had greater peak responses than the accelerometers in their nearby location, but 

the difference is less than 5% because the middle potentiometers were placed at closer to the top 

compared to the middle accelerometers. 
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Figure F.24 Test without sound wall Northridge 150P: dynamic response of displacement 

on retaining wall 

 

Table F.7 Test without sound wall Northridge 150P: peak response of displacements of 

accelerometers and potentiometers 

Height from 

top for 

accelerometer 

(m) 

Accelerometer 

Peak 

response 

(mm) 

Height from 

top for 

potentiometer 

(m) 

Potentiometer 

Peak 

response 

(mm) 

0.08 
AW1-1 8.09 

0.00 
PW1-1 8.07 

AW2-1 7.98 PW2-1 8.07 

0.91 

AW1-2 7.21 

0.61 

PW1-2 7.46 

AW2-2 7.17 
PW2-2 7.56 

PW3-2 7.51 
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F.3.4 Comparison of displacements measured by accelerometers and potentiometers in 

 Northridge 200P 

 

Figure F.25 has the dynamic response of the potentiometers and accelerometers on the retaining 

wall during the Northridge 200P, and Table F.8 summarizes the peak responses of these 

instrumentations.  Similar to the previous ground motions, the accelerometers showed more 

dynamic responses than the potentiometers.  The accelerometers showed more noise and 

measured more frequencies of Northridge 200P while the potentiometers clearly measured the 

peak displacements at the peak acceleration and relative displacements of this shake.  PW 3-2 

had a lot smaller peak response than the other potentiometers and accelerometers.  This 

happened because this potentiometer malfunctioned during this shake. 

 

The peak acceleration of the Northridge earthquake was at 12.62 seconds, and the potentiometers 

were able to read similar measurements of displacements at the peak acceleration as the 

accelerometers.  However, at 15.91 seconds, the accelerometers measured greater displacements 

than the displacements at the peak acceleration and the potentiometers did not measure these 

readings.  At 15.91 seconds, the top accelerometers (AW1-1 and AW2-1) and the middle 

accelerometers (AW1-2 and AW2-2) displaced 9% and 13% more than at 12.62 seconds 

respectively.  The accelerometers measured more movement of the stem as it was displacing 

through the shake. 
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Figure F.25 Test without sound wall Northridge 200P: dynamic response of displacement 

on retaining wall 

 

Table F.8 Test without sound wall Northridge 200P: peak response of displacements of 

accelerometers and potentiometers 

Height from 

top for 

accelerometer 

(m) 

Accelerometer 

Peak 

response 

(mm) 

Height from 

top for 

potentiometer 

(m) 

Potentiometer 

Peak 

response 

(mm) 

0.08 
AW1-1 25.95 

0.00 
PW1-1 26.99 

AW2-1 25.53 PW2-1 27.12 

0.91 

AW1-2 23.10 

0.61 

PW1-2 12.38 

AW2-2 23.01 
PW2-2 25.72 

PW3-2 25.70 
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F.4 Lateral Displacement Responses in Backfill Measured by Accelerometers 

 

Figure F.26 illustrates the three different heights along the length within the backfill.  Figure 

F.27 through Figure F.29 give the placements of the accelerometers at the three levels.  The 

accelerometers on the first level were near the bottom of the soil container, and the 

accelerometers on the third level were near the top surface of the soil.  Figure F.27 through 

Figure F.29 have the accelerometers on the south side, AM1-X, AM2-X, AM3-X, AM4-X, and 

AM5-X, and the accelerometers on the north side, AM6-X, AM7-X, AM8-X, AM9-X, and 

AM10-X.  The “X” refers to the level where the accelerometer is placed.  For example, AM6-2 is 

the accelerometer on the north side of the backfill, seen in Figure F.28, on the second level, 

which is at a depth of 1.77 m.  All the dynamic responses in this section show the accelerometers 

on the south side of the backfill on one page, and the accelerometers on the north side of the 

backfill on the next page for each shake. 

 

Figure F.30 through Figure F.53 have the dynamic displacements responses of the 

accelerometers in the backfill for the 25% and 50% shakes.  During soil compaction, several 

accelerometers (AM1-2, AM3-1, AM7-3, and AM10-3) were damaged and their results were not 

shown in the figures showing the displacement responses below. 

 

 
Figure F.26 Location of accelerometers in backfill along the height of the soil container for 

the test without sound wall 

 

Level 1 

Level 2 

Level 3 
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North Side 

 

 

South Side 

North Side 

 

 
South Side 

North Side 

 

 

South Side 

  
Figure F.27 Location of accelerometers in backfill along width of soil container for 1

st
 level 

for test without sound wall 

 

  
Figure F.28 Location of accelerometers in backfill along width of soil container for 2

nd
 level 

for test without sound wall 

 

  
Figure F.29 Location of accelerometers in backfill along width of soil container for 3

rd
 level 

for test without sound wall 
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F.4.1 Displacement Responses in Backfill from Accelerometers in Northridge 25P, Kocaeli 

 25P, and Takatori 25P 

 

Figure F.30 through Figure F.35 show the displacements on the north side and south side of the 

backfill for the three 25% shakes.  The accelerometers had similar responses of displacement at a 

along the depth and length of soil container each shake.  The accelerometers near the bottom had 

peak displacements of 0.07 mm, the accelerometers at mid-depth has peak displacements of 0.08 

mm, and the accelerometers near the top surface of the backfill had peak displacements of 0.09 

mm in Northridge 25P.  Kocaeli 25P had very little displacement of less than 0.02 mm from all 

of the accelerometers in the backfill.  Takatori 25P showed the greatest amount of displacement 

among the three shakes with peak displacements at depths 0.85 m, 1.77 m, and 2.83 m of 0.22 

mm, 0.24 mm, and 0.32 mm at each depth respectively.  The accelerometers at each level (north 

and south sides) behaved the same.  In Northridge 25P and Takatori 25P, the accelerometers near 

the top of the soil container had larger displacements than those at the lower depths, indicated 

more movement at the top. 
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Test Without Sound Wall: Northridge 25P

Displacements Measured from Accelerometers in Backfill

 
Figure F.30 Test without sound wall Northridge 25P: dynamic response of displacements in south side of backfill 
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Figure F.31 Test without sound wall Northridge 25P: dynamic response of displacements in north side of backfill 
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Figure F.32 Test without sound wall Kocaeli 25P: dynamic response of displacements in south side of backfill 
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Figure F.33 Test without sound wall Kocaeli 25P: dynamic response of displacements in north side of backfill 
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Figure F.34 Test without sound wall Takatori 25P: dynamic response of displacements in south side of backfill 
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Figure F.35 Test without sound wall Takatori 25P: dynamic response of displacements in north side of backfill 
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F.4.2 Displacement Responses in Backfill from Accelerometers in Northridge 50P, Kocaeli 

 50P, and Takatori 50P 

 

The dynamic responses of the displacements in the backfill for the 50% shakes (Figure F.36-

Figure 41) had the same responses on the north and south sides of the soil container at each level.  

Northridge 50P had peak displacements of 0.36 mm, 0.40 mm, and 0.45 mm from the bottom, 

middle, and top levels respectively.  All of the accelerometers along the depth and length of the 

soil container had a peak displacement of 0.02 mm in Kocaeli 50P.  In Takatori 50P, AM7-1, 

accelerometer on the bottom level did not have the same dynamic response as the other 

accelerometers on its level because it malfunctioned.  Takatori 50P had more movement seen at 

mid and top depth with peak displacements of 0.71 mm and 0.75 mm compared to the peak 

displacement of at the bottom depth of 0.61 m.  The compacted soil was loosening from the top 

surface to the mid-depth after Takatori 50P with 14.1% and 18.7% greater peak displacement 

from the middle and top accelerometers compared to the bottom accelerometers from Takatori 

50P. 
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Figure F.36 Test without sound wall Northridge 50P: dynamic response of displacements in south side of backfill 
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Figure F.37 Test without sound wall Northridge 50P: dynamic response of displacements in north side of backfill 
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Figure F.38 Test without sound wall Kocaeli 50P: dynamic response of displacements in south side of backfill 
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Figure F.39 Test without sound wall Kocaeli 50P: dynamic response of displacements in north side of backfill 
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Figure F.40 Test without sound wall Takatori 50P: dynamic response of displacements in south side of backfill 
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Figure F.41 Test without sound wall Takatori 50P: dynamic response of displacements in north side of backfill 
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F.4.3 Displacement Responses in Backfill from Accelerometers in Northridge 75P, Kocaeli 

 75P, and Takatori 75P 

 

The responses of the accelerometers, in Figure F.42 through Figure F.47, showed the greatest 

response from the top level of the accelerometers at a depth of 2.83 m in the three 75% shakes.  

There was no change in dynamic responses from the north and south sides of the backfill in the 

shakes.  Northridge 75P had 10.9% and 24.0% greater displacements from a depth of 1.77 m and 

2.83 m compared to a depth of 0.85 m.  Kocaeli 75P did not cause much displacement in the soil 

(less than 0.1 mm).  The bottom and middle levels of accelerometers had the same peak values, 

but the top level of accelerometers had a greater peak value of 25% than the bottom and middle 

levels in Kocaeli 75P.  Takatori 75P had the largest dynamic response compared to the other 

Northridge and Kocaeli motions.  Near the top surface of the backfill, the accelerometers closest 

to the end of the soil container (AM1-3 and AM6-3) had 5% greater response than the other 

accelerometers on that level.  Takatori 75P had less difference of responses between the three 

levels of the accelerometers in the backfill compared to the previous Takatori shakes although 

the soil loosened more along the depth of the backfill that the first crack formed in the backfill in 

Takatori 75P. 
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Figure F.42 Test without sound wall Northridge 75P: dynamic response of displacements in south side of backfill 
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Figure F.43 Test without sound wall Northridge 75P: dynamic response of displacements in north side of backfill 
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Figure F.44 Test without sound wall Kocaeli 75P: dynamic response of displacements in south side of backfill 
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Figure F.45 Test without sound wall Kocaeli 75P: dynamic response of displacements in north side of backfill 
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Figure F.46 Test without sound wall Takatori 75P: dynamic response of displacements in south side of backfill 
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Figure F.47 Test without sound wall Takatori 75P: dynamic response of displacements in north side of backfill 
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F.4.4 Displacement Responses in Backfill from Accelerometers in Northridge 100P, 

Kocaeli  100P, and Takatori 100P 

 

Figure F.48 through Figure F.53 show the dynamic response of the displacements in the backfill 

for the 100% earthquakes.  All the shakes had increasing responses of displacements as the depth 

increased.  AM7-1 malfunctioned because it did not have the same displacement response as the 

other accelerometers on the same level in Northridge 100P.  Northridge 100P had greater 

displacements at the end of the soil container than towards the middle of the soil container and 

near the retaining wall at depths of 1.77 m and 2.83 m.  Kocaeli 100P had the bottom and middle 

levels of accelerometers with the same peak displacements while the top level of accelerometers 

had a greater peak displacement of 25% than the bottom and middle levels.  This was also the 

trend seen in Kocaeli 75P.  Takatori 100P had the accelerometers closer to the retaining wall and 

end of the soil container with larger displacements compared to the middle of the container on 

the middle and top depths of the backfill.  With another soil crack formed in Takatori 100P near 

the retaining wall, the displacements were large with peak values of 6.60 mm and 6.77 mm at 

depths 1.77 m and 2.83 m. 
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Figure F.48 Test without sound wall Northridge 100P: dynamic response of displacements in south side of backfill 
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Figure F.49 Test without sound wall Northridge 100P: dynamic response of displacements in north side of backfill 
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Figure F.50 Test without sound wall Kocaeli 100P: dynamic response of displacements in south side of backfill 
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Figure F.51 Test without sound wall Kocaeli 100P: dynamic response of displacements in north side of backfill 
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Figure F.52 Test without sound wall Takatori 100P: dynamic response of displacements in south side of backfill 
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Figure F.53 Test without sound wall Takatori 100P: dynamic response of displacements in north side of backfill 
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North Side 

 

 
South Side 

 

F.5 Horizontal Relative Displacements along Length of Backfill 

 

The MEM sensors are evenly distributed in the backfill of the soil to record the horizontal 

relative displacements in the backfill.  Each MEM sensor is made of a 3.20 m (10.5 ft) soft tube that 

consists of 10 inclinometers spaced out inside the tube.  Figure F.54 show the locations of the MEM 

sensors placed in the backfill.  All the responses presented in this section show the sensors on the 

south side of the backfill (MEM 1, MEM 2, MEM 3, MEM 4, and MEM 5) compared with their 

corresponding sensor on the north side of the backfill (MEM 6, MEM 7, MEM 8, MEM 9, and 

MEM 10) along the length of the backfill for Figure F.55 through Figure F.63.  The MEM 

sensors on the north side use the plus (+) symbol, and the MEM sensors on the south side use the 

diamond (◊) symbol in Figure F.55 through Figure F.63. 

 

 
Figure F.54 Location of MEM Sensors in backfill for test without sound wall 

 

F.5.1 Horizontal Relative Displacements in Backfill for Northridge 25P, Kocaeli 25P, and 

 Takatori 25P 

 

In Figure F.55 through Figure F.57, the relative horizontal displacements along the depth of the 

backfill for the 25% shakes had very small displacements of less than 1 mm.  The MEM sensors 

showed minor movements near the top of the soil container, but the displacements were not 

noticeable.  All of the sensors had similar amount of movement in Northridge 25P, except MEM 

10, which was located at the very end of the soil container on the north side.  The bentonite, which 

is used to serve as the absorbing material behind the soil to minimize stress-wave reflections from the far 

end box boundary, was right next to MEM 1 and MEM 10, and MEM 10 got stuck near the bentonite 

during shaking.  This did not allow MEM 10 to fully displace near the top of the backfill.  This 

observation was also seen in later shakes.  All of the sensors in Kocaeli 25P along the length of 

the backfill had about 0.01 mm on close to the top surface of the soil.  The north and south sides 

behaved similarly in Kocaeli 25P (Figure F.56), which had the smallest displacements compared 

to the other 25% shakes.  Takatori 25P have the top displacements moving more towards the 

back of the soil container than Northridge 25P and Kocaeli 25P.  For Takatori 25P, the shake 

moved the top surface of the soil away from the retaining wall because the wall started to show 
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small movements.  The north and south sides had similar behavior along the depth of the 

backfill. 

 

0 0.5 1
0

0.5

1

1.5

2

2.5

3

3.5

4

D
e
p
th

 o
f 

B
a
c
k
fi
ll 

(m
)

 

 

MEM 1

MEM10

0 0.5 1
 

 

MEM2

MEM 9

0 0.5 1

Test Without Sound Wall: Northridge 25P

Relative Horizontal Displacements Along the Length of the Backfill 

Relative Horizontal Displacements (mm)

 

 

MEM3

MEM 8

0 0.5 1
 

 

MEM4

MEM 7

0 0.5 1
 

 

MEM5

MEM 6

 
Figure F.55 Test without sound wall Northridge 25P: relative horizontal displacements of 

backfill 
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Figure F.56 Test without sound wall Kocaeli 25P: relative horizontal displacements of 

backfill 
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Figure F.57 Test without sound wall Takatori 25P: relative horizontal displacements of 

backfill 

 

F.5.2 Horizontal Relative Displacements in Backfill for Northridge 50P, Kocaeli 50P, and 

 Takatori 50P 

 

Similar to the 25% shakes, the 50% shakes for the relative horizontal displacements of the MEM 

sensors were very small (as shown in Figure F.58 through Figure F.60).  Along the depth of the 

backfill, all three 50% shakes had similar trends of the largest displacements seen at the top of 

the backfill from the sensors.  Northridge 50P showed noticeable displacements from a depth of 

2.59 m to 3.20 m of 0.2 mm, and the rest of the depth had very small or no relative displacements 

for both the north and south sides although MEM 10 got caught next to the bentonite.  From a 

depth of 2.89 m to 3.20 m, there was about 0.1 mm of displacement in Kocaeli 50P for all of the 

MEM sensors.  Takatori 50P had movement observed from a depth of 2.59 m to 3.20 m with 0.5 

mm of displacement at the top surface (3.20 m depth).  MEM 10 also got caught next to the 

bentonite in Takatori 50P. 
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Figure F.58 Test without sound wall Northridge 50P: relative horizontal displacements of 

backfill 
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Figure F.59 Test without sound wall Kocaeli 50P: relative horizontal displacements of 

backfill 
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Figure F.60 Test without sound wall Takatori 50P: relative horizontal displacements of 

backfill 

 

F.5.4 Horizontal Relative Displacements in Backfill for Northridge 75P, Kocaeli 75P, and 

Takatori 75P 

 

In Figure F.61 through Figure F.63, greater relative horizontal displacements were observed for 

the 75% shakes compared to the previous shakes (25% and 50% shakes).  The MEM sensors on 

the north side behaved in a similar manner as the MEM sensors on the south side for all three 

75% shakes.  Northridge 75P showed no displacement from the very bottom to 0.61 m depth of 

the backfill.  Out of all the sensors, more displacement was seen on top surface from MEM 5 and 

MEM 6, which were near the back of the retaining wall.  MEM 6 had the greatest relative 

displacement of 1.94 mm at the top.  The Kocaeli 75P had displacements of less than 0.5 mm.  

At the top of the backfill for Kocaeli 75P, the sensors near the wall moved away from the wall 

(MEM 5 and MEM 6), and the other sensors moved toward the wall.  With more movement near 

the wall, MEM 5 and MEM 6 illustrated a different trend compared to the other MEM sensors.  
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The Takatori 75P did not have much displacement from the bottom of the soil container to a 

depth of 2.44 m.  The MEM sensors near the end of the soil container had very small 

displacement (MEM 1, MEM 2, MEM 8, MEM 9, and MEM 10), but the sensors closest to the 

retaining wall (MEM 5 and MEM 6) showed larger displacements near the top of the backfill.  

MEM 5 and MEM 6 had 1.39 mm and 1.16 mm of displacement at the top of the sensors. 
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Figure F.61 Test without sound wall Northridge 75P: relative horizontal displacements of 

backfill 
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Figure F.62 Test without sound wall Kocaeli 75P: relative horizontal displacements of 

backfill 
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Figure F.63 Test without sound wall Takatori 75P: relative horizontal displacements of 

backfill 
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F.6 Dynamic Response of Inclinations of the Retaining Wall 

 

Six inclinometers were placed on the retaining wall to measure the inclination of the retaining 

wall along the height of the stem, the length of the wall, and the width of the footing.  Figure 

F.64 shows the location of the inclinometers on the north side of the wall.  Figure F.65 shows the 

placement of the inclinometer on top of the stem on the south side of the wall, and Figure F.66 

gives the placement of the inclinometers on the top of the east side of the wall.  It should be 

noted that the inclinometers on the east side of the retaining wall were on the side with no 

backfill. 

 

CNT, CNBE, CNB, and CETN were placed on the north side of the retaining wall, and labeled 

with the letter “N” for north side.  CST and CETS were installed on the south side of the wall 

and labeled with the letter “S” for the south side.  The letter “B” in CNBE and CNB means 

bottom of the wall with CNBE closer to the east side.  CNT, CETN, CST, and CETS both 

contain the letter “T” for the top of the wall.  CETN and CETS, which have the letter “E,” were 

installed on the east side of the wall (side with backfill) with CETN closer to the north side and 

CETS closer to the south side. 

 
Figure F.64 Location of inclinometers on north side of retaining wall for test without sound 

wall 
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Figure F.65 Location of inclinometer on south side of retaining wall test without sound wall 

 

 
Figure F.66 Location of inclinometers on east side of retaining wall test without sound wall 

 

In general, very small inclinations of the retaining wall were measured during the 25% through 

the 75% shakes; therefore, their dynamic responses were not shown in this section.  Figure F.67 

through Figure F.71 illustrate the 100% shakes, Northridge 150P shake, and Northridge 200P 

shake.  Each figure has four plots for each shake.  The first plot compares CNT and CST 

measure the bending on the top of the stem in the north and south sides.  For the second plot, 

CNT and CNB are both on the same side of the wall to measure the inclinations along the height 

of the stem.  CNB and CNBE, which were placed on the footing of the retaining wall, measure 
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the movement along the width of the footing for the third plot.  The fourth plot has CETN and 

CETS measure the inclinations along the length of the wall. 

 

F.6.1 Dynamic Responses of Inclinometers for Northridge 100P, Kocaeli 100P, and 

 Takatori 100P 

 

Figure F.67 through Figure F.69 show the inclinations of the retaining wall for the 100% 

earthquakes.  For response on the top of the stem (CNT and CST) in all three 100% ground 

motions, they have opposite maximum and minimum rotations, but at the same absolute value 

measurements because they are behaving the same way on both the north and south sides at the 

top of the stem.  The response along the height of the stem had CNT and CNB with similar 

responses for Northridge 100P, Kocaeli 100P, and Takatori 100P.  This observation was also 

seen in the response along the width of the footing for CNBE and CNB.  Along the height of the 

stem and along the width of the footing, the retaining wall moved rigidly during the shakings.  

For the response along the length of the wall, Northridge 100P (Figure F.67) had the same 

responses on the north and south sides (CETS and CETN), but Kocaeli 100P (Figure F.68) and 

Takatori 100P (Figure F.69) had more rotational response from CETS than CETN.  CETS had 

45.0% and 30.8% more rotation compared to CETN in Kocaeli 100P and Takatori 100P. 
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Figure F.67 Test without sound wall Northridge 100P: dynamic response of inclinometers 

on retaining wall 
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Figure F.68 Test without sound wall Kocaeli 100P: dynamic response of inclinometers on 

retaining wall 
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Figure F.69 Test without sound wall Takatori 100P: dynamic response of inclinometers on 

retaining wall 

 

F.6.2 Dynamic Responses of Inclinometers for Northridge 150P 

 

The dynamic responses of the inclinometers on the retaining wall for Northridge 150P is shown 

in Figure F.70.  While more inclinations were observed in CETS than CETN along the length of 

the wall in the previous Kocaeli and Takatori shakes, this Northridge 150P introduced greater 

inclinations in CETN than CETS.  There was also more movement on the north side of stem 

from the potentiometers compared to the south side of the stem.  From the potentiometers, the 

north side of the stem had 1.1% more relative displacement compared to on the south side of the 

stem.  The wall was rotating about the south side with the backfill moving on the north side.  The 

responses on the top of the stem, along the height of the stem, and along the width of the footing 

each showed similar trends among the inclinometers that were being compared, so the wall 

moved rigidly in the east-west direction. 
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Figure F.70 Test without sound wall Northridge 150P: dynamic response of inclinometers 

on retaining wall 

 

F.6.3 Dynamic Responses of Inclinometers for Northridge 200P 

 

The dynamic responses from the inclinometers in Northridge 200P are illustrated in Figure F.71.  

The inclinometers on top of the stem (CNT and CST) had the same amount of bending in their 

responses.  In the response along the height of the stem, the inclinometer on the top of the stem 

(CNT) had more movement compared to the inclinometer on the bottom of the stem (CNB) 

because they was more bending at the top of the stem then the bottom.  CNBE had slightly more 

response of 4.3% than CNB in the response along the width of the footing.  The side with 

backfill (east side) (CNBE) displayed more movement than on the footing directly under the 

stem (CNB) because sliding of the whole wall and thrusting at the top of the stem were observed.  

Along the length of the wall, the north side (CETN) continued to have greater inclinations than 

the south side (CETS) in the fourth plot in Figure F.71 in Northridge 200P. 
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Figure F.71 Test without sound wall Northridge 200P: dynamic response of inclinometers 

on retaining wall 
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F.7 Dynamic Response of Vertical Pressure along Width of Footing 

 

The pressure cells installed underneath the footing (along the width) are expected to measure the 

vertical pressure distribution underneath the footing.  Five pressure cells were placed underneath 

the footing as illustrated in Figure F.72.  Due to unexpected damages, the pressure cell PCF1-2 

was not able to respond properly during the test (not shown in all the response plots).  Figure 

F.73 through Figure F.81 show the dynamic response of the vertical pressure along the width of 

the footing.  PCF1-3 (the cell on the side with backfill) showed the most response among all 

working cells for Figure F.73 through Figure F.81. 

 

  
Figure F.72 Placement of pressure cells underneath the footing for test without sound wall 

 

F.7.1 Dynamic Vertical Pressure Measured from Pressure Cells for Northridge 25P, 

 Kocaeli 25P, and Takatori 25P 

 

For all the 25% shakes for the vertical pressure along the width of the footing (Figure F.73 

through Figure F.75), PCF1-3 (the cell on the side with backfill) showed the most response 

among all working cells.  All other cells had lots of noise with no significant amount of dynamic 

pressure detected.  From the measurement by PCF1-3, a pressure of less than 7 kPa was obtained 

in the dynamic response from the three shakes.  Takatori measured the most response with a 

peak pressure of 6.1 kPa, and Kocaeli had the least amount of response with a peak pressure of 

approximately 3.1 kPa. 

 

Heel Side  
(side with backfill) 

Toe Side 
(side without backfill) 
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Figure F.73 Test without sound wall Northridge 25P: dynamic response of pressure along 

the width of footing 

 

Side with backfill 
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Figure F.74 Test without sound wall Kocaeli 25P: dynamic response of pressure along the 

width of footing 
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Figure F.75 Test without sound wall Takatori 25P: dynamic response of pressure along the 

width of footing 

 

F.7.2 Dynamic Vertical Pressure Measured from Pressure Cells for Northridge 50P, 

 Kocaeli 50P, and Takatori 50P 

 

The 50% shakes for the dynamic pressure along the width of the footing (Figure F.76-Figure 

F.78) only had response from pressure cell PCF1-3.  The other pressure cells had pressure 

around zero, which was also seen in the 25% shakes.  The Northridge and Takatori had higher 

pressure in PCF1-3 than their 25% counterparts.  The peak pressure was measured as 18.0 kPa 

and 22.4 kPa, respectively.  However, the dynamic response of Kocaeli 50P did not change much 

from the Kocaeli 25P with similar pressure measured from PCF1-3 because the retaining wall 

had very little movement in Kocaeli 25P and Kocaeli 50P. 
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Figure F.76 Test without sound wall Northridge 50P: dynamic response of pressure along 

the width of footing 
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Figure F.77 Test without sound wall Kocaeli 50P: dynamic response of pressure along the 

width of footing 

 

Side with backfill 



465 

 

10 20 30

-20

-10

0

10

20

PCF1-3

Time (sec)

P
re

s
s
u
re

 (
k
P

a
)

10 20 30

-20

-10

0

10

20

PCF2-2

Time (sec)

P
re

s
s
u
re

 (
k
P

a
)

10 20 30

-20

-10

0

10

20

PCF3-1

Time (sec)

P
re

s
s
u
re

 (
k
P

a
)

10 20 30

-20

-10

0

10

20

PCF3-2

Time (sec)

P
re

s
s
u
re

 (
k
P

a
)

Test Without Sound Wall: Takatori 50P

Dynamic Pressure Along the Width of the Footing

 
Figure F.78 Test without sound wall Takatori 50P: dynamic response of pressure along the 

width of footing 

 

F.7.3 Dynamic Vertical Pressure Measured from Pressure Cells for Northridge 75P, 

 Kocaeli 75P, and Takatori 75P 

 

Figure F.79 through Figure F.81 show the vertical pressure along the width of the footing in the 

75% ground motions.  PCF1-3 was the only pressure cell giving measureable response other than 

noise (similar to what was observed in the 25% and 50% shakes).  Among the 3 motions, the 

Northridge 75P had the most dynamic response with a peak pressure of 39.0 kPa and the Kocaeli 

75P had the least with a peak pressure of 7.4 kPa.  Moreover, it can be seen from Figure  that the 

Northridge had less pressure after the shake than before the shake.  This implies that the wall had 

noticeable sliding during the Northridge 75P shake.  The sliding was also confirmed by the linear 

potentiometers, where the maximum top relative horizontal displacement was 1.05 mm during 

this shake. 
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Figure F.79 Test without sound wall Northridge 75P: dynamic response of pressure along 

width of footing 
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Figure F.80 Test without sound wall Kocaeli 75P: dynamic response of pressure along 

width of footing 
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Figure F.81 Test without sound wall Takatori 75P: dynamic response of pressure along 

width of footing 
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F.8 Dynamic Lateral Pressure from Flexiforces along Height of Stem 

 

Fourteen Flexiforce sensors were placed on the west side of the wall (backside) to measure the 

lateral soil pressure applied by the backfill.  They appeared to be cost effective way to indirectly 

measure the pressure in order to compare these results of the Flexiforce sensors to the other direct 

pressure measuring device, such as pressure cells.  This sensor was used in a recent study by Al Atik et al. 

(2007) during their centrifuge test to measure the pressure along the height of scaled-down stiff and 

flexible retaining walls.  In their project, the sensors were used more for qualitative interpretations rather 

than quantitative measurements due to the existence of significant drifting of the sensors.  During the 

current test, 3 columns of flexiforces were installed on the back of the wall, 0.61 m (2 ft) apart 

(as shown in Figure F.82).  The spacing between the sensors along the height is l0.30 m (1 ft).  
The sensors have a zero to 1 lb range of load capacity (i.e., 0-62.43 kPa pressure range). 

 
Figure F.82 Location of Flexiforces on the back side of retaining wall for test without sound 

wall 

 

There were additional Flexiforce sensors that were placed in the backfill.  These sensors were 

attached to the MEM sensors in order to measure the lateral soil pressure along the length and 

height of the backfill.  Unfortunately, the results from the Flexiforce sensors in the backfill were 

inconsistent, and many of the sensors did not have any dynamic response as seen in this section 

with the Flexiforce sensors attached to the stem of the wall. 

 

The Flexiforce sensors, as shown in Figure F.83 through Figure F.96, did not show consistent 

results of pressure for all the shakes.  Many of the Flexiforces did not display any responses even 

during the higher intensity shakes with the pressure constantly at zero.  However, two sensors, 

F8-7 and F8-8, picked up the dynamic responses through the shakings.  F8-7 and F8-8 were 0.76 
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meters and 1.07 meters above the bottom of the stem respectively, which was closer to the top of 

the stem (Figure F.82).  The pressure cells (PCB1-4 and PCB2-4) measured the most dynamic 

pressure where F8-7 and F8-8 were placed for all the shakes, except Northridge 200P.  F8-7 and 

F8-8 peaked with negative pressure when they were over the pressure range and when the shakes 

became more intense.  For example, in Northridge 75P (Figure F.89), F8-8 had peak pressure of 

2 kPa, and in Northridge 100P (Figure F.92), F8-8 had peak pressure of -250 kPa. 
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Figure F.83 Test without sound wall Northridge 25P: dynamic response of flexiforces on 

retaining wall 
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Figure F.84 Test without sound wall Kocaeli 25P: dynamic response of flexiforces on 

retaining wall 
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Figure F.85 Test without sound wall Takatori 25P: dynamic response of flexiforces on 

retaining wall 
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Figure F.86 Test without sound wall Northridge 50P: dynamic response of flexiforces on 

retaining wall 
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Figure F.87 Test without sound wall Kocaeli 50P: dynamic response of flexiforces on 

retaining wall 



476 

 

 

 
Figure F.88 Test without sound wall Takatori 50P: dynamic response of flexiforces on 

retaining wall 
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Figure F.89 Test without sound wall Northridge 75P: dynamic response of flexiforces on 

retaining wall 
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Figure F.90 Test without sound wall Kocaeli 75P: dynamic response of flexiforces on 

retaining wall 
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Figure F.91 Test without sound wall Takatori 75P: dynamic response of flexiforces on 

retaining wall 
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Figure F.92 Test without sound wall Northridge 100P: dynamic response of flexiforces on 

retaining wall 
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Figure F.93 Test without sound wall Kocaeli 100P: dynamic response of flexiforces on 

retaining wall 
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Figure F.94 Test without sound wall Takatori 100P: dynamic response of flexiforces on 

retaining wall 
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Figure F.95 Test without sound wall Northridge 150P: dynamic response of flexiforces on 

retaining wall 
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Figure F.96 Test without sound wall Northridge 200P: dynamic response of flexiforces on 

retaining wall 

 



485 

 

 

Appendix G Data from the Test Results of Retaining Wall with Sound Wall 

 

As mentioned in the Test Results of Retaining Wall with Sound Wall chapter (Chapter 6), the 

unnecessary and insignificant data and results were not shown in that chapter.  The lateral wall 

displacements along the height of the stem from the potentiometers, comparison of the lateral 

displacements on the wall from the accelerometers and potentiometers, vertical displacement 

response on top surface of the backfill, lateral displacement responses in backfill measured by 

accelerometers, horizontal relative displacements along length of backfill from the MEM 

sensors, dynamic responses of inclinations of retaining wall, dynamic response of vertical 

pressure along width of footing, and dynamic lateral pressure from Flexiforces along height of 

stem can be found in this section. 
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G.1 Lateral Wall Displacements from Potentiometers 

 

Nine string potentiometers were placed on the stem of the retaining wall seen in Figure G.1.  

PW1-1, PW2-1, and PW3-1 were placed at the top of the stem.  PW1-2, PW2-2, and PW 3-2 

were 1.22 m (4 ft) from the bottom of the stem, and PW1-3, PW2-3, and PW3-3 were 0.61 m (2 

ft) from the bottom of the stem.  Figures G.2 through G.15 give the dynamic responses from the 

potentiometers for all of the shakes in the loading protocol. 

 

 
Figure G.1 Location of potentiometers on retaining wall for test with sound wall 

 

G.1.1 Dynamic Responses of Potentiometers for Northridge 25P, Kocaeli 25P, and 

Takatori  25P 

 

The dynamic responses of the potentiometers on the wall showed displacements less than 0.3 

mm for the 25% shakes.  The potentiometers had considerable amount of noise around zero.  The 

potentiometers on the top of the stem (PW1-1, PW2-1, and PW3-1) had the most resemblance to 

the ground motions seen in Figure G.2, Figure G.3, and Figure G.4, but they still did not 

illustrate a lot of peaks that the ground motions had. 
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Figure G.2 Test with sound wall Northridge 25P: dynamic responses of potentiometers on 

retaining wall 
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Figure G.3 Test with sound wall Kocaeli 25P: dynamic responses of potentiometers on 

retaining wall 
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Figure G.4 Test with sound wall Takatori 25P: dynamic responses of potentiometers on 

retaining wall 

 

G.1.2 Dynamic Responses of Potentiometers for Northridge 50P, Kocaeli 50P, and 

Takatori  50P 

 

The dynamic response of Northridge 50P (Figure G.5) suggested that there was small bending at 

the top of the wall with greater response at that location and close to zero response at the bottom 

of the stem. 
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Figure G.5 Test with sound wall Northridge 50P: dynamic responses of potentiometers on 

retaining wall 

 

In Kocaeli 50P, the dynamic responses showed some more displacement at the top of the wall, 

especially from PW2-1 and PW3-1.  The middle and bottom of the stem had no response with 

those potentiometers illustrating large amount of noise in Figure G.6. 

 



491 

 

10 20 30
-0.3

0

0.3

PW1-1

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-0.3

0

0.3

Test With Sound Wall: Kocaeli 50P

Potentiometers on Retaining Wall

PW2-1

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-0.3

0

0.3

PW3-1

Time(sec)

D
is

p
 (

m
m

)

10 20 30
-0.3

0

0.3

PW1-2

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-0.3

0

0.3

PW2-2

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-0.3

0

0.3

PW3-2

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-0.3

0

0.3

PW1-3

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-0.3

0

0.3

PW2-3

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-0.3

0

0.3

PW3-3

Time (sec)

D
is

p
 (

m
m

)

 
Figure G.6 Test with sound wall Kocaeli 50P: dynamic responses of potentiometers on 

retaining wall 

 

Takatori 50P (Figure G.7) had more response at the top and less response at the bottom of the 

stem.  All of the potentiometers showed peak responses.  The peak responses of the top of the 

stem were about 50% greater than the peak responses of the middle potentiometers and about 

70% greater than the peak responses of the bottom potentiometers. 
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Figure G.7 Test with sound wall Takatori 50P: dynamic responses of potentiometers on 

retaining wall 

 

G.1.3 Dynamic Responses of Potentiometers for Northridge 75P, Kocaeli 75P, and 

Takatori  75P 

 

In Figure G.8, the potentiometers were showing more dynamic response in all of the 

potentiometers.  The potentiometers at the top of the stem had a peak response around 2 mm, and 

the potentiometers near the bottom of the stem had a peak response around 0.5 mm.  There was 

around 25% and 75% more response from the top potentiometers than the middle and bottom 

potentiometers. 
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Figure G.8 Test with sound wall Northridge 75P: dynamic responses of potentiometers on 

retaining wall 

 

There was more dynamic response (Figure G.8) from PW2-1 and PW3-1 in Kocaeli 75P.  PW2-1 

had the greatest peak response of 0.42 mm.  PW2-3 showed some peak response, but the other 

bottom potentiometers did not show much response. 
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Figure G.9 Test with sound wall Kocaeli 75P: dynamic responses of potentiometers on 

retaining wall 

 

For Takatori 75P (Figure G.10), PW2-1 and PW3-1 have the most peak responses of 2.72 mm.  

PW3-3 had the least peak response of 1.25 mm.  Same as Takatori 75P, the top of the stem 

illustrated more response than the bottom of the stem.  The top had 26% and 48% more dynamic 

response than the middle and bottom of the stem. 
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Figure G.10 Test with sound wall Takatori 75P: dynamic responses of potentiometers on 

retaining wall 

 

G.1.4 Dynamic Responses of Potentiometers for Northridge 100P, Kocaeli 100P, and 

 Takatori 100P 

 

For the dynamic response (Figure G.11) of Northridge 100P, the potentiometers at the top were 

greater by 27% than at the middle.  For the top to the bottom potentiometers, the top was greater 

by around 53%.  PW2-1 had the greatest peak response of 5.10 mm, and PW3-3 had the least 

peak response of 2.31 mm. 



496 

 

10 20 30
-6

-3

0

3

6

PW1-1

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-6

-3

0

3

6

Test With Sound Wall: Northridge 100P

Potentiometers on Retaining Wall

PW2-1

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-6

-3

0

3

6

PW3-1

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-6

-3

0

3

6

PW1-2

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-6

-3

0

3

6

PW2-2

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-6

-3

0

3

6

PW3-2

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-6

-3

0

3

6

PW1-3

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-6

-3

0

3

6

PW2-3

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-6

-3

0

3

6

PW3-3

Time (sec)

D
is

p
 (

m
m

)

 
Figure G.11 Test with sound wall Northridge 100P: dynamic responses of potentiometers 

on retaining wall 

 

As in Kocaeli 75P, the top of the stem showed the most dynamic response in Kocaeli 100P 

(Figure G.12).  PW2-1 had the largest peak response of 0.51 mm.  PW1-3 still did not have a 

peak response with no response during the shaking. 
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Figure G.11 Test with sound wall Kocaeli 100P: dynamic responses of potentiometers on 

retaining wall 

 

In Takatori 100P, PW1-1 had the most peak response of 4.90 mm in the dynamic responses 

(Figure G.12).  The peak response of the top of the stem was greater by 20% more than the 

middle of the stem.  Also, the peak response of the top was greater by 40% more than the bottom 

of the stem. 



498 

 

10 20 30
-8

-4

0

4

8

PW1-1

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-8

-4

0

4

8

Test With Sound Wall: Takatori 100P

Potentiometers on Retaining Wall

PW2-1

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-8

-4

0

4

8

PW3-1

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-8

-4

0

4

8

PW1-2

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-8

-4

0

4

8

PW2-2

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-8

-4

0

4

8

PW3-2

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-8

-4

0

4

8

PW1-3

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-8

-4

0

4

8

PW2-3

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-8

-4

0

4

8

PW3-3

Time (sec)

D
is

p
 (

m
m

)

 
Figure G.12 Test with sound wall Takatori 100P: dynamic responses of potentiometers on 

retaining wall 

 

G.1.5 Dynamic Responses of Potentiometers for Northridge 150P 

 

For Figure G.13, the top of the stem had the greatest response with PW1-1 having the most peak 

response of 16.47 mm in Northridge 150P.  For the south, middle, and north side of the wall, the 

top peak response was 11%, 10%, and 12% respectively greater compared to the middle peak 

response.  The south and north side of the wall had 22% greater peak top response than peak 

bottom response.  The middle of the wall had 21% larger peak top response than peak bottom 

response. 
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Figure G.13 Test with sound wall Northridge 150P: dynamic responses of potentiometers 

on retaining wall 

 

G.1.6 Dynamic Responses of Potentiometers for Northridge 200P 

 

The dynamic responses of Northridge 200P (Figure G.14) had PW1-1giving the greatest 

response of 43.48 mm.  The peak responses of the top potentiometers were larger by 16% and 

35% compared to the peak response of the middle and bottom potentiometers. 
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Figure G.14 Test with sound wall Northridge 200P: dynamic responses of potentiometers 

on retaining wall 
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G.2 Displacement Response of Soil on Top of Backfill 

 

Figure G.15 shows the locations of the potentiometers on the top surface of the backfill for the 

test without the sound wall.  Figure G.16 through Figure G.21 give the dynamic responses of the 

vertical displacements along the length of the backfill for the 25% and 50% shakes. 

 

 
G.15 Location of potentiometers on top of backfill for the test without sound wall 

 

G.2.1 Displacement Response on Surface of Backfill for Northridge 25P, Kocaeli 25P, and 

 Takatori 25P 

 

Figure G.16 through Figure G.18 show the dynamic responses of the potentiometers along the 

length of the backfill for the 25% shakes.  All of the potentiometers had dynamic response, but 

the most response was seen from the potentiometers in the back of the soil container (PS1-1, 

PS1-2, PS1-3, and PS2-2).  PS1-2 and PS2-2 are being compared for the 25% shakes because 

they show the most dynamic response.  Also, these two potentiometers are in line with one 

another along the length of the soil container.  In Northridge, PS1-2 had 59% more response than 

PS2-2.  The dynamic responses of the potentiometers were decreasing when looking along the 

length of the container from the back (PS1-1, PS1-2, and PS1-3) to the middle of the soil 

container (PS4-2) for Kocaeli and Takatori.  Kocaeli had 45% more response in PS1-2 than PS2-

2, and Takatori showed a lower percentage of 45% more response in PS1-2 compared to PS2-2. 
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Figure G.16 Test with sound wall Northridge 25P: dynamic response of potentiometers on 

soil 
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Figure G.17 Test with sound wall Kocaeli 25P: dynamic response of potentiometers on soil 
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Figure G.18 Test with sound wall Takatori 25P: dynamic response of potentiometers on soil 

 

G.2.2 Displacement Response on Surface of Backfill for Northridge 50P, Kocaeli 50P, and 

 Takatori 50P 

 

All of the potentiometers had negative displacements at peak acceleration of the 50% shakes in 

Figure G.19 through Figure G.21.  The negative displacements displayed the soil settling more 

during the shake, especially at the peak acceleration of the ground motion.  As seen in the 25% 

shakes, there was more movement was at the back of the container, so PS1-1 and PS1-2 were 

compared in the 50% shakes also.  Northridge had 23% greater displacement in PS1-2 than PS2-

2.  Kocaeli and Takatori showed more response in PS1-2 than PS2-2.  During the Kocaeli 50P, 

PS1-2 illustrated 43% more response than PS2-2.  PS1-2 had 48% more response than PS2-2 

during the Takatori 50P. 
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Figure G.19 Test with sound wall Northridge 50P: dynamic response of potentiometers on 

soil 
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Test With Sound Wall: Kocaeli 50P
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Figure G.20 Test with sound wall Kocaeli 50P: dynamic response of potentiometers on soil 

 

  



507 

 

10 20 30
-1

0

1
PS1-1

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-1

0

1
PS1-2

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-1

0

1
PS1-3

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-1

0

1
PS2-2

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-1

0

1
PS3-1

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-1

0

1
PS3-2

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-1

0

1
PS4-2

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-1

0

1
PS5-1

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-1

0

1
PS5-2

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-1

0

1
PS6-1

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-1

0

1
PS6-2

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-1

0

1
PS6-3

Time (sec)

D
is

p
 (

m
m

)

Test With Sound Wall: Takatori 50P
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Figure G.21 Test with sound wall Takatori 50P: dynamic response of potentiometers on soil 
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G.3 Comparison of Lateral Wall Displacements from Accelerometers and 

Potentiometers 

 

Horizontal accelerations in the wall structure were measured through the accelerometers 

mounted on the retaining wall during the test.  Based on the measurements of the accelerometers, 

there was a difference of the dynamic responses between the top and middle of the stem seen in 

the lower intensity shakes instead of same responses from the locations along the height.  The 

stem was affected more by the Northridge and Takatori motions.  The Kocaeli motion had the 

least amount of influence on the stem compared to the other motions.  Northridge and Takatori 

shakes had higher measured accelerations, especially at the top of the stem, than the input 

motions.  Kocaeli shakes were having similar responses as the input motions.  Greater 

accelerations were observed at the top of the stem compared to the middle of the stem.  More 

bending and displacements of the stem were seen as the loading protocol progressed to the more 

intense ground motions, which made the stem more flexible for those intense motions and caused 

greater accelerations in the stem.  With a retaining wall that had not been through the lower 

shakes, less acceleration would be measured on the stem of the wall.  Wilson (2009) analyzed the 

wall displacements of the accelerometers by double integrating and filtering the dynamic 

responses of the accelerometers during the input motions.  Similar procedure is adopted in 

generating the results in this section. 

 

All of the potentiometers and accelerometers on the retaining wall were placed on the east side of 

the wall, which was the side that did not have soil.  Along the height of the stem, the 

potentiometers were 0.61 m (2ft) apart, and along the width of the stem, the potentiometers were 

0.66 m (2.17 ft) from each other seen in Figure G.22(b).  Two accelerometers (AW1-1 and 

AW2-1) were installed on the top of the wall, in between the three potentiometers shown in 

Figure G.22.  The other two accelerometers (AW1-2 and AW2-2) were placed 0.91 m (3 ft) from 

the top of the stem that were 1.02 m from the edge of the stem on the left and right side. 

 

These acceleration responses were further utilized for horizontal displacement estimation (double 

integrated) and compared with the direct displacement measurement from the potentiometers as 

discussed in the previous section.  All of figures, Figure G.23 through Figure G.30, show the 

displacement responses from the accelerometers on the left-hand side with the two corresponding 

responses measured by the potentiometers next to them on the right hand side in order to directly 

compare them.  The top accelerometers and potentiometers were at about the same height on the 

stem (accelerometers placed 0.08 m below the potentiometers, but the accelerometers installed 

on the middle of the stem were 0.3 m below the middle row of potentiometers seen in Figure 

G.22.  Along with the dynamic responses of these instrumentation, comparison is also provided 

in Table G.1 through Table G.8, which have the peak responses of the potentiometers and 

accelerometers that was at the peak acceleration of the shake. 
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(b)                                                                     (b) 

Figure G.22 Location of (a) accelerometers and (b) potentiometers on east side of retaining 

wall for test with sound wall 

 

Generally, the displacements back calculated from the accelerations measured by the 

accelerometers have more dynamic response than the measurements in the potentiometers, but 

the peak responses of the accelerometers and potentiometers had small differences in value.  In 

addition, the accelerometers picked up more frequencies than the potentiometers in all of the 

shakes, but especially in the Kocaeli and Takatori shakes. 

 

G.3.1 Comparison of displacements measured by accelerometers and potentiometers in 

 Northridge 75P, Kocaeli 75P, and Takatori 75P 

 

The accelerometers and potentiometers had dynamic displacement responses on the stem of the 

retaining wall for Northridge 75P shown in Figure G.23.  However, the accelerometers had 

slightly more movement in the responses.  Table G.1 showed the peak responses of the 

potentiometers were greater than the accelerometers, but the values were close to each other.  

The top potentiometers had at most 13.9% more peak displacement than the top accelerometers, 

and the middle potentiometers had 6.4% more peak displacement than the middle 

accelerometers.  The accelerometers on the south side (AW1-1 and AW1-2) had at most 9% 

displacement than the accelerometers on the north side (AW2-1 and AW2-2). 
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Figure G.23 Test with sound wall Northridge 75P: dynamic response of displacement on 

retaining wall 

 

Table G.1 Test with sound wall Northridge 75P: peak response of displacements of 

accelerometers and potentiometers 

Height from 

top for 

accelerometer 

(m) 

Accelerometer 

Peak 

response 

(mm) 

Height from 

top for 

potentiometer 

(m) 

Potentiometer 

Peak 

response 

(mm) 

0.08 

AW1-1 2.52 

0.00 

PW1-1 2.67 

AW2-1 2.30 
PW2-1 2.65 

PW3-1 2.56 

0.91 

AW1-2 2.00 

0.61 

PW1-2 2.04 

AW2-2 1.91 
PW2-2 2.00 

PW3-2 2.04 
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In dynamic response of potentiometers and accelerometers (Figure G.24) of Kocaeli 75P, the top 

and middle accelerometers were reading comparable measurements, and they all had the same 

peak responses of 0.35 mm.  PW2-1 and PW3-1 had more noise compared to the accelerometers 

(AW1-1 and AW2-1), and they also had more peak displacement than PW1-1.  The 

potentiometers were giving different results on the middle of the stem than the accelerometers 

with greater peak displacements from the accelerometers.  The peak displacements of Kocaeli 

are very small shown in Table .  The sound wall on the top of the retaining wall caused the wall 

to not to have much movement.  The potentiometers had a hard time measuring the small 

movements, but the accelerometers were able to pick up the small displacements. 
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Figure G.24 Test with sound wall Kocaeli 75P: dynamic response of displacement on 

retaining wall 
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Table G.2 Test with sound wall Kocaeli 75P: peak response of displacements of 

accelerometers and potentiometers 

Height from 

top for 

accelerometer 

(m) 

Accelerometer 

Peak 

response 

(mm) 

Height from 

top for 

potentiometer 

(m) 

Potentiometer 

Peak 

response 

(mm) 

0.08 

AW1-1 0.35 

0.00 

PW1-1 0.25 

AW2-1 0.35 
PW2-1 0.44 

PW3-1 0.39 

0.91 

AW1-2 0.35 

0.61 

PW1-2 0.29 

AW2-2 0.35 
PW2-2 0.14 

PW3-2 0.23 

 

Figure G.25 shows the comparison of the dynamic response of the potentiometers and 

accelerometers measuring displacements of the stem for Takatori 75P.  After the peak response 

from the potentiometers, the displacements went quickly back to zero, which could especially be 

seen in the middle potentiometers (PW1-2, PW2-2, and PW3-2).  The accelerometers had more 

displacement after their peak responses than the potentiometers.  Table G.3 has the peak 

displacements of the accelerometers and potentiometers.  The peak responses of the top 

accelerometers and potentiometers had very close displacements.  The middle accelerometers 

had greater peak responses than PW1-2 and PW2-2, but not PW3-2, which had the largest 

displacement out of the middle potentiometers.  The potentiometers were only able to measure 

the peak responses of the Takatori motion while the accelerometers were able to most of the 

movements of the motion. 
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Figure G.25 Test with sound wall Takatori 75P: dynamic response of displacement on 

retaining wall 

 

Table G.3 Test with sound wall Takatori 75P: peak response of displacements of 

accelerometers and potentiometers 

Height from 

top for 

accelerometer 

(m) 

Accelerometer 

Peak 

response 

(mm) 

Height from 

top for 

potentiometer 

(m) 

Potentiometer 

Peak 

response 

(mm) 

0.08 

AW1-1 2.71 

0.00 

PW1-1 2.69 

AW2-1 2.61 
PW2-1 2.72 

PW3-1 2.72 

0.91 

AW1-2 2.37 

0.61 

PW1-2 2.28 

AW2-2 2.32 
PW2-2 2.21 

PW3-2 2.40 
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G.3.2 Comparison of displacements measured by accelerometers and potentiometers in 

 Northridge 100P, Kocaeli 100P, and Takatori 100P 

 

The rsponses of potentiometers and accelerometers on the wall measuring displacements for 

Northridge 100P is illustrated in Figure G.26.  The accelerometers showed more noise and 

measured more frequencies of Northridge 100P while the potentiometers clearly measured the 

peak displacements at the peak acceleration and relative displacements of this shake.  The 

dynamic responses at the top and middle of the stem had similar responses, but the 

accelerometers had more response in the middle of the stem.  Table G.4 showed the middle 

potentiometers on the wall had less peak displacements compared to the peak displacements of 

the accelerometers on the middle of the wall.  These accelerometers were giving as much as 23% 

more displacement at the peak response than these potentiometers.  The top and middle 

accelerometers on the north side (AW1-1 and AW1-2) had 1% more peak displacement 

compared to the top and middle accelerometers on the south side (AW2-1 and AW2-2). 
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Figure G.26 Test with sound wall Northridge 100P: dynamic response of displacement on 

retaining wall 
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Table G.4 Test with sound wall Northridge 100P: peak response of displacements of 

accelerometers and potentiometers 

Height from 

top for 

accelerometer 

(m) 

Accelerometer 

Peak 

response 

(mm) 

Height from 

top for 

potentiometer 

(m) 

Potentiometer 

Peak 

response 

(mm) 

0.08 

AW1-1 4.65 

0.00 

PW1-1 4.67 

AW2-1 4.56 
PW2-1 4.73 

PW3-1 4.58 

0.91 

AW1-2 4.40 

0.61 

PW1-2 3.50 

AW2-2 4.35 
PW2-2 3.58 

PW3-2 3.36 

 

The accelerometers of Kocaeli 100P measured larger positive displacements compared to the 

potentiometers, except for PW2-1 and PW3-1 in Figure G.27.  The displacements of the wall 

were still less than 1 mm from both instrumentation for the highest Kocaeli motion, which had 

the most low frequencies out of the three ground motions (Northridge, Kocaeli, and Takatori).  

Table G.5 compares the peak displacements of the accelerometers and potentiometers for 

Kocaeli 100P.  The top potentiometers and accelerometers had comparable peak values with 

PW1-1 having the lowest peak value of 0.40 mm.  The potentiometers that were placed in the 

middle of the stem had lower peak responses than the accelerometers on the middle of the stem 

because the potentiometers could not measure the low frequencies of the Kocaeli shake. 
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Figure G.27 Test with sound wall Kocaeli 100P: dynamic response of displacement on 

retaining wall 

 

Table G.5 Test with sound wall Kocaeli 100P: peak response of displacements of 

accelerometers and potentiometers 

Height from 

top for 

accelerometer 

(m) 

Accelerometer 

Peak 

response 

(mm) 

Height from 

top for 

potentiometer 

(m) 

Potentiometer 

Peak 

response 

(mm) 

0.08 

AW1-1 0.47 

0.00 

PW1-1 0.40 

AW2-1 0.46 
PW2-1 0.48 

PW3-1 0.46 

0.91 

AW1-2 0.45 

0.61 

PW1-2 0.29 

AW2-2 0.45 
PW2-2 0.26 

PW3-2 0.24 
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In Figure G.28, the comparison of the dynamic displacement responses of the potentiometers and 

accelerometers are shown for Takatori 100P.  The accelerometers had more positive 

displacement response compared to the potentiometers, but the accelerometers also measured the 

negative peak displacements.  The positive displacements meant that the stem was moving 

towards the backfill while the negative displacements meant that the stem was moving away 

from the backfill.  The peak displacements of PW1-1 and PW2-1 were higher than AW1-1 and 

AW2-1, but the middle accelerometers had greater peak displacements than the middle 

potentiometers, seen in Table G.6. 
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Figure G.28 Test with sound wall Takatori 100P: dynamic response of displacement on 

retaining wall 
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Table G.6 Test with sound wall Takatori 100P: peak response of displacements of 

accelerometers and potentiometers 

Height from 

top for 

accelerometer 

(m) 

Accelerometer 

Peak 

response 

(mm) 

Height from 

top for 

potentiometer 

(m) 

Potentiometer 

Peak 

response 

(mm) 

0.08 

AW1-1 5.51 

0.00 

PW1-1 5.54 

AW2-1 5.47 
PW2-1 5.52 

PW3-1 5.32 

0.91 

AW1-2 4.94 

0.61 

PW1-2 4.43 

AW2-2 4.90 
PW2-2 4.48 

PW3-2 4.30 

 

G.3.3 Comparison of displacements measured by accelerometers and potentiometers in 

 Northridge 150P 

 

Figure G.29 has the dynamic displacements measured by the potentiometers and accelerometers 

for Northridge 150P.  Out of all of the shakes, Northridge 150P had the most similar responses 

from the accelerometers and potentiometers.  Table G.7 shows the peak displacements of the 

accelerometers and potentiometers.  The top accelerometers had higher peak displacements, and 

they had at most 1.6% greater displacements.  The peak responses of the middle potentiometers 

were higher than the peak responses of the middle accelerometers.  The middle potentiometers 

showed as much as 9.6% more displacement.  Comparing the accelerometers along the width of 

the stem, the north side accelerometers (AW1-1 and AW1-2) had 1% more peak displacement 

than the south side accelerometers (AW2-1 and AW2-2) as observed in Northridge 100P. 
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Figure G.29 Test with sound wall Northridge 150P: dynamic response of displacement on 

retaining wall 

 

Table G.7 Test with sound wall Northridge 150P: peak response of displacements of 

accelerometers and potentiometers 

Height from 

top for 

accelerometer 

(m) 

Accelerometer 

Peak 

response 

(mm) 

Height from 

top for 

potentiometer 

(m) 

Potentiometer 

Peak 

response 

(mm) 

0.08 

AW1-1 16.73 

0.00 

PW1-1 16.62 

AW2-1 16.56 
PW2-1 16.47 

PW3-1 16.48 

0.91 

AW1-2 13.81 

0.61 

PW1-2 15.02 

AW2-2 13.62 
PW2-2 15.07 

PW3-2 14.61 
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G.3.4 Comparison of displacements measured by accelerometers and potentiometers in 

 Northridge 200P 

 

Figure G.30 illustrates the displacement responses of the potentiometers and accelerometers, and 

Table G.8 summarizes the peak responses of these instrumentation for Northridge 200P.  The 

responses for the accelerometers along the width of the stem were similar.  As seen in the test 

without the sound wall of Northridge 200P, the same situation of the peak displacement of the 

shake was not at the peak acceleration of the shake happened here with the test with the sound 

wall.  At 15.91 seconds, AW1-1, AW2-1, AW1-2, and AW2-2 measured 56.48 mm, 56.18 mm, 

53.10mm, and 52.91 mm respectively.  These displacements were greater by 23% at the top of 

the stem and 30% at the middle of the stem to the displacements at the peak acceleration.  Bigger 

cracks opened in the soil during the peak acceleration of the shake, and wedges of soil near the 

retaining wall were pushing hard against the stem at around 15.91 seconds.  This made the 

displacements larger at that point during the shake.  The potentiometers were not fast enough to 

catch these measurements. 
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Figure G.30 Test with sound wall Northridge 200P: dynamic response of displacement on 

retaining wall 
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Table G.8 Test with sound wall Northridge 200P: peak response of displacements of 

accelerometers and potentiometers 

Height from 

top for 

accelerometer 

(m) 

Accelerometer 

Peak 

response 

(mm) 

Height from 

top for 

potentiometer 

(m) 

Potentiometer 

Peak 

response 

(mm) 

0.08 

AW1-1 43.45 

0.00 

PW1-1 42.78 

AW2-1 43.17 
PW2-1 42.62 

PW3-1 42.34 

0.91 

AW1-2 37.03 

0.61 

PW1-2 36.11 

AW2-2 37.07 
PW2-2 36.28 

PW3-2 35.74 
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G.4 Lateral Displacement Responses in Backfill Measured by Accelerometers 

 

Figure G.31 illustrates the three different heights along the length within the backfill.  Figure 

G.32 through Figure G.34 give the placements of the accelerometers at the three levels.  The 

accelerometers on the first level were near the bottom of the soil container, and the 

accelerometers on the third level were near the top surface of the soil.  Figure G.32 through 

Figure G.34 have the accelerometers on the south side, AM1-X, AM2-X, AM3-X, AM4-X, and 

AM5-X, and the accelerometers on the north side, AM6-X, AM7-X, AM8-X, AM9-X, and 

AM10-X.  The “X” refers to the level where the accelerometer is placed.  For example, AM6-2 is 

the accelerometer on the north side of the backfill, seen in Figure G.33, on the second level, 

which is at a depth of 1.77 m.  All the dynamic responses in this section show the accelerometers 

on the south side of the backfill on one page, and the accelerometers on the north side of the 

backfill on the next page for each shake. 

 

Figure G.35 through Figure G.58 have the dynamic displacements responses of the 

accelerometers in the backfill for the 25% through 100% shakes.  Some of the accelerometers 

were damaged after the soil was compacted on top of them.  Accelerometers AM1-2, AM2-3, 

AM3-1, AM3-3, AM4-2, AM7-3, AM9-1, AM10-2, and AM10-3 were not working.   

 

 
Figure G.31 Location of accelerometers in backfill along the height of the soil container for 

the test without sound wall 

 

 

Level 1 

Level 2 

Level 3 
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North Side 

 

 

South Side 

North Side 

 

 
South Side 

North Side 

 

 

South Side 

  
Figure G.32 Location of accelerometers in backfill along width of soil container for 1

st
 level 

for test without sound wall 

 

  
Figure G.33 Location of accelerometers in backfill along width of soil container for 2

nd
 level 

for test without sound wall 

 

  
Figure G.34 Location of accelerometers in backfill along width of soil container for 3

rd
 level 

for test without sound wall 
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G.4.1 Displacement Responses in Backfill from Accelerometers in Northridge 25P, Kocaeli 

25P, and Takatori 25P 

 

The accelerometers had similar responses of displacement at a depth of 0.85 m and 1.77 m for 

the 25% shakes in Figure G.35 through Figure G.40.  The accelerometers near the top of the soil 

container, at a depth of 2.83 m, had displacements were greater than the two lower depths.  

Northridge 25P measured a peak displacement of 0.08 mm from the top level of accelerometers 

while the bottom two levels had a peak displacement of 0.05 mm.  Kocaeli 25P had very little 

peak displacement of less 0.02 mm for the middle and bottom levels.  The top level of 

accelerometers had peak displacements of 0.03 mm.  Takatori 25P had the greatest amount of 

displacement from all of the three shakes with 0.22 mm of peak displacement from the bottom 

and middle level and 0.29 mm of peak displacement from the top level.  The accelerometers on 

the north and south sides had the same dynamic responses at each level in the backfill. 
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Test With Sound Wall: Northridge 25P

Displacements Measured from Accelerometers in Backfill

 
Figure G.35 Test with sound wall Northridge 25P: dynamic response of displacements in south side of backfill 
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Figure G.36 Test with sound wall Northridge 25P: dynamic response of displacements in north side of backfill 

 



527 

 

10 20 30
-0.05

0

0.05

AM1-1

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-0.05

0

0.05

AM1-3

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-0.05

0

0.05

AM2-1

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-0.05

0

0.05

AM2-2

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-0.05

0

0.05

AM3-2

Time (sec)
D

is
p
 (

m
m

)

10 20 30
-0.05

0

0.05

AM4-1

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-0.05

0

0.05

AM4-3

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-0.05

0

0.05

AM5-1

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-0.05

0

0.05

AM5-2

Time (sec)

D
is

p
 (

m
m

)

10 20 30
-0.05

0

0.05

AM5-3

Time (sec)

D
is

p
 (

m
m

)

Test With Sound Wall: Kocaeli 25P

Displacements Measured from Accelerometers in Backfill

 
Figure G.37 Test with sound wall Kocaeli 25P: dynamic response of displacements in south side of backfill 
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Figure G.38 Test with sound wall Kocaeli 25P: dynamic response of displacements in north side of backfill 
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Figure G.39 Test with sound wall Takatori 25P: dynamic response of displacements in south side of backfill 
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Figure G.40 Test with sound wall Takatori 25P: dynamic response of displacements in north side of backfill 

 



531 

 

G.4.2 Displacement Responses in Backfill from Accelerometers in Northridge 50P, Kocaeli 

 50P, and Takatori 50P 

 

Along the depth of the soil container, the two levels of accelerometers closer to the bottom of the 

container have the same displacement responses while the top level of accelerometers had 

greater displacements for each 50% shake in Figure G.41 through Figure G.46.  Northridge 50P 

had peak values of 0.40 mm at depths 0.83 m and 1.77 m and peak value of 0.43 mm at a depth 

of 2.83 m.  The low frequency shake, Kocaeli 50P, had very little displacement compared to 

Northridge 50P and Takatori 50P.  Kocaeli 50P had peak displacements of 0.10 mm from the 

bottom and middle level of accelerometers while the top level of accelerometers had peak 

displacement of 0.11 mm.  Takatori 50P had the most dynamic response out of the 50% shakes 

with the bottom and middle levels having peak displacements of 0.70 mm and the top level 

having peak displacement of 0.77 mm.  Little movement of the retaining wall and backfill was 

observed from these shakes. 
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Figure G.41 Test with sound wall Northridge 50P: dynamic response of displacements in south side of backfill 
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Figure G.42 Test with sound wall Northridge 50P: dynamic response of displacements in north side of backfill 
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Figure G.43 Test with sound wall Kocaeli 50P: dynamic response of displacements in south side of backfill 
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Figure G.44 Test with sound wall Kocaeli 50P: dynamic response of displacements in north side of backfill 
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Figure G.45 Test with sound wall Takatori 50P: dynamic response of displacements in south side of backfill 
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Figure G.46 Test with sound wall Takatori 50P: dynamic response of displacements in north side of backfill 
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G.4.3 Displacement Responses in Backfill from Accelerometers in Northridge 75P, Kocaeli 

 75P, and Takatori 75P 

 

In Figure G.47 through Figure G.52, the responses measured by the accelerometers in the 

backfill for the 75% shakes are shown.  The greatest response was seen from the top level of 

accelerometers at a depth of 2.83 m.  Generally, Northridge 75P had peak displacements of 1.50 

mm, 1.60 mm, and 1.70 mm from the bottom, middle, and top levels respectively.  At 2.83 m 

depth, the accelerometers (AM6-1 and AM10-1) near the end of the soil container had peak 

displacements of 1.74 mm.  More displacement was seen at the end of the soil container and near 

the retaining wall for Northridge 75P.  The bottom and middle levels of accelerometers had the 

same peak values of 0.25 mm, but the top level of accelerometers had a greater peak value of 

16.7% than the bottom and middle levels in Kocaeli 75P.  Kocaeli 75P did not have an effect on 

the soil with no greater displacements of 0.3 mm.  Takatori 75P had 1.89 mm of peak 

displacement from the bottom level accelerometers and 2.03 mm of peak displacement from the 

middle level accelerometers.  The top level accelerometers had 3.20 mm of peak displacement, 

except for the accelerometers closest to the end of the container (AM6-3 and AM10-3), which 

had peak displacement of 3.44 mm.  The soil on the top surface started to loosen after the 75% 

shakes. 
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Figure G.47 Test with sound wall Northridge 75P: dynamic response of displacements in south side of backfill 
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Figure G.48 Test with sound wall Northridge 75P: dynamic response of displacements in north side of backfill 

 



541 

 

10 20 30

-0.5

0

0.5 AM1-1

Time (sec)

D
is

p
 (

m
m

)

10 20 30

-0.5

0

0.5 AM1-3

Time (sec)

D
is

p
 (

m
m

)

10 20 30

-0.5

0

0.5 AM2-1

Time (sec)

D
is

p
 (

m
m

)

10 20 30

-0.5

0

0.5 AM2-2

Time (sec)

D
is

p
 (

m
m

)

10 20 30

-0.5

0

0.5 AM3-2

Time (sec)
D

is
p
 (

m
m

)

10 20 30

-0.5

0

0.5 AM4-1

Time (sec)

D
is

p
 (

m
m

)

10 20 30

-0.5

0

0.5 AM4-3

Time (sec)

D
is

p
 (

m
m

)

10 20 30

-0.5

0

0.5 AM5-1

Time (sec)

D
is

p
 (

m
m

)

10 20 30

-0.5

0

0.5 AM5-2

Time (sec)

D
is

p
 (

m
m

)

10 20 30

-0.5

0

0.5 AM5-3

Time (sec)

D
is

p
 (

m
m

)

Test With Sound Wall: Kocaeli 75P

Displacements Measured from Accelerometers in Backfill

 
Figure G.49 Test with sound wall Kocaeli 75P: dynamic response of displacements in south side of backfill 
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Figure G.50 Test with sound wall Kocaeli 75P: dynamic response of displacements in north side of backfill 
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Figure G.51 Test with sound wall Takatori 75P: dynamic response of displacements in south side of backfill 
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Figure G.52 Test with sound wall Takatori 75P: dynamic response of displacements in north side of backfill 
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G.4.4 Displacement Responses in Backfill from Accelerometers in Northridge 100P, 

Kocaeli  100P, and Takatori 100P 

 

Figure G.53 through Figure G.58 have the dynamic response of the displacements in the backfill 

for the 100% earthquakes.  AM7-1 malfunctioned in Northridge 100P and Takatori 100P because 

it had a different dynamic response than all of the other accelerometers on the same level.  The 

accelerometers at a depth of 0.85 m had peak displacement of 5.40 mm, in Northridge 100P.  

The peak responses of Northridge 100P had about 11% and 16% greater displacement near the 

top of the backfill than the middle and bottom layers of soil.  For each level of accelerometers in 

Kocaeli 100P, there was no change along the length of the container or between the north and 

south sides of the container.  Kocaeli 100P had peak displacements of 0.44 mm, 0.46 mm, and 

0.49 mm from the bottom, middle, and top levels respectively.  For Takatori 100P, the peak 

displacement for the bottom level of accelerometers was 4.00 mm.  The peak responses of the 

dynamic responses of Takatori 100P showed about 15% and 25% more displacement on the top 

layer of accelerometers than the middle and bottom layer.  Northridge 100P and Takatori 100P 

had larger displacements at the end of the soil container and near the retaining wall at depths of 

1.77 m and 2.83 m.  There was more displacement of the backfill near the back of the soil box 

because of the stress-wave reflections at the end of the container in Northridge and Takatori.  

During shaking, the compacted mass of soil would rebound against the end of the soil container 

with the bentonite, which caused more movement in that area.  Also, more displacement was 

observed near the retaining wall in Northridge and Takatori with more movement and cracks 

forming in this location.  Northridge had the greatest amount of displacements among the 100% 

shakes with four soil cracks forming in Northridge 100P.  The high frequencies of Northridge 

disturbed the soil more compared to Kocaeli and Takatori. 
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Figure G.53 Test with sound wall Northridge 100P: dynamic response of displacements in south side of backfill 
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Figure G.54 Test with sound wall Northridge 100P: dynamic response of displacements in north side of backfill 
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Figure G.55 Test with sound wall Kocaeli 100P: dynamic response of displacements in south side of backfill 
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Figure G.56 Test with sound wall Kocaeli 100P: dynamic response of displacements in north side of backfill 
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Figure G.57 Test with sound wall Takatori 100P: dynamic response of displacements in south side of backfill 
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Figure G.58 Test with sound wall Takatori 100P: dynamic response of displacements in north side of backfill 
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North Side 

 

 
South Side 

 

G.5 Horizontal Relative Displacements along Length of Backfill 

 

The MEM sensors are evenly distributed in the backfill of the soil to record the horizontal 

relative displacements in the backfill.  Each MEM sensor is made of a 3.20 m (10.5 ft) soft tube that 

consists of 10 inclinometers spaced out inside the tube.  Figure G.59 show the locations of the MEM 

sensors placed in the backfill.  All the responses presented in this section show the sensors on the 

south side of the backfill (MEM 1, MEM 2, MEM 3, MEM 4, and MEM 5) compared with their 

corresponding sensor on the north side of the backfill (MEM 6, MEM 7, MEM 8, MEM 9, and 

MEM 10) along the length of the backfill for Figure G.60 through Figure G.68.  The MEM 

sensors on the north side use the plus (+) symbol, and the MEM sensors on the south side use the 

diamond (◊) symbol in Figure G.60 through Figure G.68. 

 

 

 
Figure G.59 Location of MEM Sensors in backfill for test without sound wall 

 

G.5.1 Horizontal Relative Displacements in Backfill for Northridge 25P, Kocaeli 25P, and 

 Takatori 25P 

 

Figure G.60 through Figure G.62, the relative horizontal displacements along the depth of the 

backfill for the 25% shakes, had small relative horizontal displacements of less than 0.6 mm.  

With the horizontal displacements on the wall close to zero in the 25% ground motions, there 

was no disturbance observed in the backfill.  At the end of the soil container, the sensors on the 

north side had more displacement than the south side on the top of the backfill in Northridge 

25P.  The relative horizontal displacements on the stem have more displacement on the north 

side than the south side also for Northridge 25P.  Kocaeli 25P had displacements less than 0.05 

mm that there were insignificant movements of the soil.  In Takatori 25P, the MEM sensors on 

the south side had more movement compared to the north side by about 30% on the top.  In 

addition, the relative horizontal displacement on the wall measured by the potentiometers in 

Takatori 25P had a larger displacement on the south side than the north side by about 25%. 
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Figure G.60 Test with sound wall Northridge 25P: relative horizontal displacements of 

backfill 
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Figure G.61 Test with sound wall Kocaeli 25P: relative horizontal displacements of backfill 
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Figure G.62 Test with sound wall Takatori 25P: relative horizontal displacements of 

backfill 

 

G.5.2 Horizontal Relative Displacements in Backfill for Northridge 50P, Kocaeli 50P, and 

 Takatori 50P 

 

The 50% shakes for the relative horizontal displacements of the MEM sensors are illustrated in 

Figure G.63 through Figure G.65.  Northridge 50P had the top of the soil displace more in the 

back of the soil container (MEM 1, MEM 2, MEM 9, and MEM 10) than near the retaining wall 

because of the stress-wave reflections at the end of the container.  The rest of the sensors had 

displacements of less than 0.35 mm near the top of the backfill in Northridge 50P.  From a soil 

depth of 2.59 m to 3.20 m, the soil moved toward the wall in Kocaeli 50P with more 

displacement from the sensors closest to the wall (MEM 5 and MEM 6) compared to the other 

sensors.  MEM 5 and MEM 6 had 0.80 mm at the top of the backfill.  For Kocaeli 50P, the north 

and south sides of the soil container had similar soil displacement profiles.  In Takatori 50P, 

more movement was seen near the top of the backfill from 2.44 m to the top of the all of the 
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sensors, except MEM 1 and MEM 10.  MEM1 and MEM 10 were located next to the bentonite, 

which was used to serve as the absorbing material behind the soil to minimize stress-wave reflections 

from the far end box boundary, and they got stuck near the bentonite during Takatori 50P.  This did 

not allow MEM 1 and MEM 10 to fully displace near the top of the backfill. 
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Figure G.63 Test with sound wall Northridge 50P: relative horizontal displacements of 

backfill 
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Figure G.64 Test with sound wall Kocaeli 50P: relative horizontal displacements of backfill 
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Figure G.65 Test with sound wall Takatori 50P: relative horizontal displacements of 

backfill 

 

G.5.3 Horizontal Relative Displacements in Backfill for Northridge 75P, Kocaeli 75P, and 

 Takatori 75P 

 

The relative horizontal displacements were greater in the 75% shakes (Figure G.66-Figure G.68) 

than the previous shakes shown.  Northridge 75P had more displacement from a depth of 1.22 m 

to 2.43 m for the sensors near the retaining wall and in the middle of the backfill compared to the 

end of the soil container.  MEM 5 and MEM 6 (sensors near the wall) moved away from the wall 

at the top of the backfill while the other sensors had small displacement towards the wall on top.  

The stem of the wall showed greater movement in Northridge 75P than the 25% and 50% shakes.  

In Kocaeli 75P, the MEM sensors had similar soil displacement profiles with the top of them 

moving away from the wall at 3.20 m, but moving towards the wall at 2.90 m because bending 

was observed towards the top of the stem.  Takatori 75P showed greater displacement at the top 
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of the backfill with little displacement anywhere else along the depth of the backfill because of 

movement at the top of the stem as seen in Kocaeli 75P. 
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Figure G.66 Test with sound wall Northridge 75P: relative horizontal displacements of 

backfill 
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Figure G.67 Test with sound wall Kocaeli 75P: relative horizontal displacements of backfill 
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Figure G.68 Test with sound wall Takatori 75P: relative horizontal displacements of 

backfill 
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G.6 Dynamic Response of Inclinations of the Retaining Wall 

 

There were six inclinometers placed on the retaining wall to measure the inclination of the 

retaining wall along the height of the stem, the length of the wall, and the width of the footing.  

Figure G.69 has the placements of the inclinometers on the north side of the wall.  Figure G.70 

has the placement of the inclinometer on top of the stem on the south side of the wall, and Figure 

G.71 has the placement of the inclinometers on the top of the east side of the wall.  The 

inclinometers on the east side of the retaining wall were on the side with no backfill. 

 

CNT, CNBE, CNB, and CETN were placed on the north side of the retaining wall, and labeled 

with the letter “N” for north side.  CST and CETS were installed on the south side of the wall 

and labeled with the letter “S” for the south side.  The letter “B” in CNBE and CNB means 

bottom of the wall with CNBE closer to the east side.  CNT, CETN, CST, and CETS both 

contain the letter “T” for the top of the wall.  CETN and CETS, which have the letter “E,” were 

installed on the east side of the wall (side with backfill) with CETN closer to the north side and 

CETS closer to the south side. 

 

 
Figure G.69 Location of inclinometers on north side of retaining wall for test with sound 

wall 
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Figure G.70 Location of inclinometer on south side of retaining wall for test with sound 

wall 

 

 
Figure G.71 Location of inclinometers on east side of retaining wall for test with sound wall 

 

Very small inclinations of the retaining wall were noticed in the 25% through the 75% shakes so 

their dynamic responses were not shown.  Figure  through Figure  illustrate the 100% shakes, 

Northridge 150P shake, and Northridge 200P shake.  Each figure has four plots for each shake.  

The first plot compares CNT and CST measure the bending on the top of the stem in the north 

and south sides.  For the second plot, CNT and CNB are both on the same side of the wall to 

measure the inclinations along the height of the stem.  CNB and CNBE, which were placed on 

the footing of the retaining wall, measure the movement along the width of the footing for the 
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third plot.  The fourth plot has CETN and CETS measure the inclinations along the length of the 

wall. 

 

G.6.1 Dynamic Responses of Inclinometers for Northridge 100P, Kocaeli 100P, and 

 Takatori 100P 

 

Figure G.72 through Figure G.74 have the inclinations of the wall during the 100% earthquakes.  

For response on the top of the stem (CNT and CST) in all three 100% ground motions, they have 

opposite maximum and minimum rotations, but at the same absolute value measurements 

because they are behaving the same way on both the north and south sides at the top of the stem.  

The response along the height of the stem had CNT and CNB with similar responses for 

Northridge 100P, Kocaeli 100P, and Takatori 100P.  This observation was also seen in the 

response along the width of the footing for CNBE and CNB.  Along the height of the stem and 

along the width of the footing, the retaining wall moved rigidly during the shakings.  For the 

response along the length of the wall, Northridge 100P (Figure G.72) had more rotational 

response from south side (CETS) than north side (CETN), but Kocaeli 100P (Figure G.73) and 

Takatori 100P (Figure G.74) had more rotational response from north side than south side.  In 

Northridge 100P, CETS had 5% more response compared to CETN.  CETN had 38.4% and 

66.7% more rotation compared to CETS in Kocaeli 100P and Takatori 100P. 
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Figure G.72 Test with sound wall Northridge 100P: dynamic response of inclinometers on 

retaining wall 
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Figure G.73 Test with sound wall Kocaeli 100P: dynamic response of inclinometers on 

retaining wall 
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Figure G.74 Test with sound wall Takatori 100P: dynamic response of inclinometers on 

retaining wall 

 

G.6.2 Dynamic Responses of Inclinometers for Northridge 150P 

 

In Figure G.75, more movement was observed in the inclinometers in Northridge 150P compared 

to the previous shakes.  For the response along the height of the stem, the top of the stem (CNT) 

showed 20.5% more response compared to the bottom of the stem (CNB) because of bending 

observed at the top.  Northridge 150P continued to have greater inclinations in CETS than CETN 

in the response along the length of the wall.  The wall was rotating about the north side with the 

backfill moving on the south side.  The responses at the top of the stem for the north and south 

sides and along the width of the footing each showed similar trends among the inclinometers that 

were being compared. 
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Figure G.75 Test with sound wall Northridge 150P: dynamic response of inclinometers on 

retaining wall 

 

G.6.3 Dynamic Responses of Inclinometers for Northridge 200P 

 

Figure G.76 illustrates the dynamic responses from the inclinometers in the Northridge 200P.  

The inclinometers on top of the stem (CNT and CST) had the same amount of bending in their 

responses.  In the response along the height of the stem, the inclinometer on the top of the stem 

(CNT) had more movement compared to the inclinometer on the bottom of the stem (CNB) 

because they was 7.8% more bending at the top of the stem then the bottom.  There was less 

bending of the top in Northridge 200P than Northridge 150P because Northridge 200P caused 

large amounts of sliding of the whole wall rather than bending of the stem.  CNBE and CNB had 

similar responses along the width of the footing in the third plot of Figure .  Along the length of 

the wall, the north side (CETS) continued to have greater inclinations than the south side 

(CETN) in the fourth plot in Figure G.76 in Northridge 200P. 
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Figure G.76 Test with sound wall Northridge 200P: dynamic response of inclinometers on 

retaining wall 
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G.7 Dynamic Response of Vertical Pressure along Width of Footing 

 

The pressure cells installed underneath the footing (along the width) are expected to measure the 

vertical pressure distribution underneath the footing.  Five pressure cells were placed underneath 

the footing as illustrated in Figure G.77.  Due to unexpected damages, the pressure cell PCF1-2 

was not able to respond properly during the test (not shown in all the response plots).  Figure 

G.78 through Figure G.83 show the dynamic response of the vertical pressure along the width of 

the footing.  Pressure cells PCF2-1 and PCF3-2 showed the most response among all working 

cells for Figure G.78 through Figure G.86. 

 

 

  
Figure G.77 Placement of pressure cells underneath the footing for test without sound wall 

 

G.7.1 Dynamic Vertical Pressure Measured from Pressure Cells for Northridge 25P, 

 Kocaeli 25P, and Takatori 25P 

 

The pressure cell on the side without backfill, PCF3-1, was measuring high amounts of vertical 

pressure for the first three shakes performed seen in Figure G.78 through Figure G.80.  Also, 

PCF2-2, the pressure cell underneath the stem, and PCF1-3, the pressure cell on the side with 

backfill, did not measure any pressure.  PCF1-1 and PCF1-2 had pressure response, but PCF1-2 

had greater vertical pressure than the other two pressure cells on the same side (PCF1-1 and 

PCF1-3). 

 

Heel Side  
(side with backfill) 

Toe Side 
(side without backfill) 
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Figure G.78 Test with sound wall Northridge 25P: dynamic response of pressure along 

width of footing 
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Figure G.79 Test with sound wall Kocaeli 25P: dynamic response of pressure along width 

of footing 
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Figure G.80 Test with sound wall Takatori 25P: dynamic response of pressure along width 

of footing 

 

G.7.2 Dynamic Vertical Pressure Measured from Pressure Cells for Northridge 50P, 

 Kocaeli 50P, and Takatori 50P 

 

Figure G.81 through Figure G.83 show the vertical pressure along the width of the footing for the 

50% shakes.  For the pressure on the side with soil (PCF1-1 and PCF1-2), there was a lot of 

positive vertical pressure in Northridge 50P and Takatori 50P while the response in Kocaeli 50P 

was similar to the ground motion.  PCF3-1, the pressure cell on the side with no soil, had similar 

responses to the ground motions of the shakes with Takatori 50P measuring maximum pressure 

from the pressure cell range (300 kPa). 
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Figure G.81 Test with sound wall Northridge 50P: dynamic response of pressure along 

width of footing 
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Figure G.82 Test with sound wall Kocaeli 50P: dynamic response of pressure along width 

of footing 
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Figure G.83 Test with sound wall Takatori 50P: dynamic response of pressure along width 

of footing 

 

G.7.3 Dynamic Vertical Pressure Measured from Pressure Cells for Northridge 75P, 

 Kocaeli 75P, and Takatori 75P 

 

The vertical pressure along the width of the footing for the 75% shakes are shown in Figure G.84 

through Figure G.85.  PCF3-1, the pressure cell on the side without backfill, measured pressure 

over its range in Northridge 75P and Takatori 75P, but Kocaeli 75P did not measure over the 

pressure range.  PCF1-1 and PCF1-2 had similar response of pressure on the side with the 

backfill, but they were at different pressure magnitudes in all three shakes.  PCF1-2 measured 

more pressure towards the middle of the footing compared to PCF1-1, on the north side of the 

footing.  PCF1-3 and PCF2-2 measured zero vertical pressure. 
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Figure G.84 Test with sound wall Northridge 75P: dynamic response of pressure along 

width of footing 
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Figure G.85 Test with sound wall Kocaeli 75P: dynamic response of pressure along width 

of footing 
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Figure G.86 Test with sound wall Takatori 75P: dynamic response of pressure along width 

of footing 
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G.8 Dynamic Lateral Pressure from Flexiforces along Height of Stem 

 

There were 14 Flexiforce sensors installed on the back of the wall to measure the soil pressure 

applied by the backfill.  The sensors were placed next to the pressure cells to see if the results 

show similar responses in the Flexiforces and pressure cells.  The Flexiforce sensors gave an 

indirect measurement of pressure different from the pressure cells, which give a direct measurement of 

pressure.  Al Atik et al. (2007) used this sensor for a more qualitative interpretations rather than 

quantitative interpretations because there was significant drifting of the sensors during their centrifuge 

test.  They measured the pressure along the height of scaled-down stiff and flexible retaining walls.  

During the test, 3 columns of flexiforces were installed on the back of the wall, 0.61 m (2 ft) 

apart (as shown in Figure G.87).  The spacing between the sensors along the height is l0.30 m (1 

ft).  The sensors have a zero to 1 lb range of load capacity (i.e., 0-62.43 kPa pressure range). 

 

 
Figure G.87 Location of Flexiforces on the back side of retaining wall for test with sound 

wall 

 

There were additional Flexiforce sensors that were placed in the backfill.  These sensors were 

attached to the MEM sensors in order to measure the lateral soil pressure along the length and 

height of the backfill.  Unfortunately, the results from the Flexiforce sensors in the backfill were 

inconsistent, and many of the sensors did not have any dynamic response as seen in this section 

with the Flexiforce sensors attached to the stem of the wall. 

 

The Flexiforce sensors, in Figure G.88 through Figure G.101, did not have consistent results of 

pressure for all of the shakes.  This test did not have much dynamic response from the sensors, 

except F8-7 and F8-8, which are seen in Figure G.87.  The 25% and 50% shakes showed only a 
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little response from F8-7 with it spiking up to pressures less than 1 kPa in Northridge 50P and 

Takatori 50P while the rest of the Flexiforces had constant pressures of zero.  In Northridge 75P, 

F8-8 started to have some dynamic response.  F10-5 started to respond in Northridge 150P and 

200P, but all of the Flexiforces that responded in these shakes had negative pressures. 
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Figure G.88 Test with sound wall Northridge 25P: dynamic response of Flexiforces on 

retaining wall 
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Figure G.89 Test with sound wall Kocaeli 25P: dynamic response of Flexiforces on 

retaining wall 
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Figure G.90 Test with sound wall Takatori 25P: dynamic response of Flexiforces on 

retaining wall 
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Figure G.91 Test with sound wall Northridge 50P: dynamic response of Flexiforces on 

retaining wall 
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Figure G.92 Test with sound wall Kocaeli 50P: dynamic response of Flexiforces on 

retaining wall 
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Figure G.93 Test with sound wall Takatori 50P: dynamic response of Flexiforces on 

retaining wall 
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Figure G.94 Test with sound wall Northridge 75P: dynamic response of Flexiforces on 

retaining wall 
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Figure G.95 Test with sound wall Kocaeli 75P: dynamic response of Flexiforces on 

retaining wall 
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Figure G.96 Test with sound wall Takatori 75P: dynamic response of Flexiforces on 

retaining wall 
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Figure G.97 Test with sound wall Northridge 100P: dynamic response of Flexiforces on 

retaining wall 
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Figure G.98 Test with sound wall Kocaeli 100P: dynamic response of Flexiforces on 

retaining wall 
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Figure G.99 Test with sound wall Takatori 100P: dynamic response of Flexiforces on 

retaining wall 
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Figure G.100 Test with sound wall Northridge 150P: dynamic response of Flexiforces on 

retaining wall 
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Figure G.101 Test with sound wall Northridge 200P: dynamic response of Flexiforces on 

retaining wall 
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Appendix H Time Domain Modeling and Simulation of Soil – Retaining Wall Interaction 

with and without the Sound Wall by Charikleia Prassa and Boris Jeremić 

 

A graduate research student, Charikleia Prassa, and the Co-PI, Boris Jeremić, worked on the soil 

modeling and numerical simulation for this project.  Their report is given below, which includes 

their results and conclusions of their soil modeling and simulation.  However, the modeling and 

simulation did not have the same boundary conditions that were applied in the experimental 

testing.  The retaining walls in the model needed to take into consideration the flexibility of the 

wall in the higher intensity shakes with previous shakes already performed on them.  The 

specimens should not be too stiff in the model.  With an incomplete modeling, it could not be 

compared to the experimental results.  In addition, a design process, which predicted the lateral 

pressure on the wall of different heights, could not be concluded based on the modeling. 
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Chapter 1

Introduction

1.1 Hypothesis

The dynamic response of retaining walls is quite complex phenomenon as it depends on the response

of the soil underlying the wall, the response of the backfill, the inertial and flexural response of the

wall itself and the nature of the input motions.The investigation of the factors that contribute to the

dynamic response of retaining walls during earthquakes and the determination of seismically induced

lateral pressures on retaining structures received significant attention from researchers over years. This

intense interest to study the behavior of retaining walls during earthquakes is totally reasonable since they

represent key elements of ports, transportation systems and other constructed facilities and their failure

can cause significant damages. In the past years, earthquakes have caused permanent deformation

of retaining structures or even collapse which was connected with disastrous physical and economic

consequences.

It is commonly accepted that the seismic design of retaining walls is a very challenging problem

mainly due to the following factors.

1. variety of types of walls (gravity,cantilever, basement, reinforced, tie-back).

2. variety of retaining wall failures (sliding, overturning, flexural, gross instability).

3. site conditions (founded on saturated soil, close to buildings).

4. complex nature of soil-retaining wall interaction during seismic excitation.

The existing widely used designing methods are based on simplistic analysis and do not account

for a variety of factors, proposing conservative guidelines with the most representative one being the

Mononobe-Okabe (M-O) method which is based on Coulomb’s theory of soil pressures.
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1.2 Scope of Study

This study is part of a project sponsored by Caltrans for the development of improved guidelines for

seismic design of cantilever retaining walls used in the highways of California. The scope of this project

is to overcome the drawbacks in the existing Caltrans specifications tools and guidelines,and also study

the effect that sound walls have in the response of freeway retaining walls. In other words, the scope of

this work is to examine the effect of the triad soil-structure–earthquake on the response of the system

and investigate the behavior of the sound wall and the factors that contribute to its failure.

This objective was achieved through numerical analysis and validation experimentation on large-scale

shake table tests. First, one set of numerical models was developed which was used to validate tests on

two full size retaining walls with and without sound wall designed according to Caltrans specifications.

After wards, a parametric study was conducted with the development of three sets of numerical models,

in order to propose design recommendations.

1.3 Summary of Contents

Chapter 2 consists of a literature review on the existing methods for the seismic design of retaining walls.

First, a list of a studies provided design methods based on analytical solutions is presented and secondly,

a list of numerical methods developed in order to validate analytical solutions or real cases of retaining

walls damaged during earthquakes.Examples of numerical methods are chosen to cover the main types

of retaining walls (cantilever,gravity,reinforced). Chapter 3 describes the first numerical model that was

developed in order to simulate the full-scale test that was conducted at the shake table of UC San

Diego.This model was developed for validation purposes. Chapter 4 presents the configuration of the

three models without sound wall, the assumptions and details of analysis ,the results of the parametric

study and discussion of results. Chapter 5 describes the numerical models after the addition of sound wall

and examines the effect that the existence of sound wall has on the system. Chapter 6 is a description

of the Domain Reduction Method. Also, a simple example is presented which was developed in order to

verify the validity of DRM method. Chapter 7 consists of verification validation examples of analytical

solutions used to calculate the dynamic earth pressures acting on the retaining wall. Chapter 8 discusses

the main conclusions of the current work.
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1.4 Original Features

This study includes the use of simple but rigorously developed numerical tools based on finite element

methods and soil- structure interaction principles to develop improved and validated guidelines for seismic

design of retaining walls to overcome the drawbacks in the existing Caltrans design specifications and

tools. This is the first study made to validate the assumptions used in the current design of retaining

walls under seismic loading conditions in California. Moreover, this study developed a set of seismic

performance data of retaining walls under high seismic loading, design recommendations and practical

examples.
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Chapter 2

Background

2.1 Introduction

The dynamic response of retaining walls is quite complex phenomenon as it depends on the response of

the soil underlying the wall, the response of the backfill, the inertial and flexural response of the wall

itself and the nature of the input motions. In order to study the dynamic response of a semi-gravity

reinforced concrete cantilever wall with and without sound wall, two sets of numerical models will be

developed, namely the simplistic and the high fidelity models. The scope of this work is to examine the

effect of the triad soil-structure–earthquake on the response of the system and investigate the behavior

of the sound wall and the factors that contribute to its failure.

2.2 Analytical methods

The analysis of the seismic response of soil-retaining wall interaction systems may be classified into two

groups: (1) the limit-equilibrium analysis and (2) the elastic analysis.

Representative of the first group of methods is the widely-known Mononobe-Okabe (1929) method

which is the simple extension of Coulombs limit equilibrium analysis and is quite realistic at least, if the

outward displacement of the wall is large enough to cause the formation of the Coulomb-type sliding

surface in the retained soil. The method was modified and simplified by Seed and Whitman (1970) while

it has been further developed by Richards and Elms (1979) in determining permanent (inelastic) outward

displacements using the Newmark sliding block.

Representatives of the second group of methods are the contributions of Matuo and Ohara (1960),

Wood (1973) and Veletsos and Younan (1994).The Wood solution referred to an absolutely rigid wall

fixed at its base and thus, the derived elastic dynamic earth pressures are more than two times higher than

the pressures obtained with the limit-equilibrium methods. This fact led to the widely-held impression

that the elastic methods are conservative and inappropriate for practical use. This was the main reason
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for the exclusive use of Mononobe-Okabe method in engineering practice.

2.2.1 Veletsos and Younan (1994)

Reference system

In their model, the soil is considered to act as a uniform, infinitely extended visco-elastic stratum of

height H. The properties of the soil are regarded constant, and defined by the density ρ, the shear

modulus G, and Poissons ratio ν. The material damping is presumed to be of the constant hysteretic

type and is defined by the critical damping ratio ξ.

The layer is free at its upper surface, fixed on a rigid base, and it is retained by a vertical, flexible

wall, elastically constrained against rotation at its base. The properties of the wall are described by its

thickness tw, mass per unit of surface area mw, modulus of elasticity Ew, Poissons ratio ν, and critical

damping ratio ξw. The stiffness of the rotational base constraint is denoted by Rθ.

The bases of the wall and the soil stratum are considered to be excited by a space invariant horizontal

motion, assuming an equivalent force-excited system.For harmonic ground motion with frequency very

low compared to the fundamental eigen-frequency of the soil stratum, the response of the system can

be assumed to be identical with that of a system excited by mass inertia forces.

Assumptions

1. No de-bonding or relative slip is allowed to occur at the wallsoil interface.

2. No vertical normal stresses develop anywhere in the medium, i.e. sy = 0, under the considered

horizontal excitation.

3. The horizontal variations of the vertical displacements are negligible.

4. The wall is considered to be mass-less.

While the first assumption was made in order to obtain a simplified model, the other three assumptions

were made to simplify the solution of the resulting equations that describe the behavior of the model.

The main parameters that affect the response of the system are the relative flexibility of the wall and

retained soil, defined by

dw =
GH3

Dw
(2.1)

and the relative flexibility of the rotational base constraint and retained soil, defined by

dθ =
GH2

Rθ
(2.2)

Prassa and Jeremić version: 12. January, 2011, 17:15



Caltrans draft report 22

Dw in Eq. (1) denotes the flexural rigidity per unit of length of the wall defined by

Dw =
Ewt

3
w

12 (1− ν2
w)

(2.3)

What also affect the response are the characteristics of the input base motion. For a harmonic

excitation the response is controlled by the frequency ratio ω/ω1, where ω is the dominant cyclic frequency

of the excitation, and ω1 the fundamental cyclic frequency of the soil stratum.

Method Limitations

The methods results are limited by the assumption that neither de-bonding nor relative slip at the wall-

soil interfaces occurs. This has as a result that no tensile stresses occur at the wall-soil interface. Of

special interest are the stresses near the top of the wall. In case that the absolute value of these stresses

exceeds the initial geostatic stresses, de-bonding will occur, making the initial assumption unrealistic.

Therefore, it was decided and it is suggested to ignore these tensile stresses when integrating the wall

pressures in order to calculate the resultant force and the corresponding overturning moment.Another

limitation comes from the assumption that the properties of the soil are constant. In reality the shear

modulus of the soil increases with depth. This variation affects the distribution and the magnitude of

the earth thrust. The earth thrust is zero on the top of the soil layer and thus the resultant force is

smaller than the one that occurs under the constant shear modulus assumption.

According to Veletsos and Younan these two limitations have an opposite result during the calculation

of the resultant soil thrust and thus their results are close to reality.

Conclusions

For the soil-wall system examined, both the magnitudes and distributions of the wall displacement and

the soil thrust induced by horizontal ground shaking are quite sensitive to the flexibilities of the wall and

its base. Increasing either flexibility reduces the horizontal extensional stiffness of the retained medium

relative to its shearing stiffness, and this reduction decreases the proportion of the soil inertia forces that

gets transferred to the wall and, hence, the forces developed in it.

For realistic wall flexibilities the total wall force or base or base shear is one-half or less of that

obtained for a fixed-based rigid wall, and the corresponding reduction in the overturning base moment

is even larger.

When the dynamic amplification effects of the retained medium are neglected, the magnitude of the

total wall force obtained for realistic wall flexibilities by the present method of analysis is in reasonable

agreement with computed by the limit-state Mononobe-Okabe method. Additionally, the effective wall

height, which is the height by which the total wall force must be multiplied to obtain the overturning

base moment, may well be of the order of 0.4 or less of the actual wall height. These values are in close
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agreement with the 1
3 value involved in the original Mononobe-Okabe method, and substantially smaller

than the 0.6 value recommended in the Seed-Whitman modification of the method.

2.2.2 Richards et al. (1999)

During the design of a retaining wall the resultant earth thrust is usually estimate according to the

Mononobe- Okabe pseudostatic method. But, this method is based on force equilibrium and thus

the stress distribution along the wall-soil interface is not calculated. Many scholars have studied this

problem and many method have been proposed (Wood 1975, Scott 1973, Ortigosa and Musante 1991,

Veletsos and Younan 1994, 1997). All these methods neglect the inelastic response of the soil. Richars,

Huang and Fishman have proposed a simplified kinematic method for the calculation of the earth thrust

distribution, by taking into account the seismic response of the soil at the free field, assuming that it

responds inelastic.

Reference system

In this model the under study system consists of an infinitely extended soil stratum of height H. The

layer is free at its upper surface, fixed on a rigid base, and it is retained by a vertical rigid wall of height

H. The soil is assumed to be elastoplastic material obeying the Mohr-Coulomb failure criterion. The

wall can either move or be steady. A uniform field of horizontal acceleration is applied.

Analysis method

According to the investigators the difference among the horizontal stresses on the wall and the stresses

at the free field are mainly due to the displacement of the wall and to the soil at the free field. So, in a

manner the horizontal stresses and the displacement must be related. This can be achieved if we replace

the retained soil with horizontal springs. In this case the dynamic response of the system can be studied

as a superimpose of two cases: A) The wall and the soil at the free field deform the same under the

inertia force field and B) The wall displays towards the soil as much as the displacement difference of

the free field from the real displacement of the wall. Thus, the earth pressure on the wall is accounted

as the summation of the horizontal displacements on the free field and the increase of the stresses due

to the difference of the wall and the free field displacements:

σxw = σxf + ∆σx (2.4)

The stress increase is given by the relation:

∆σx = KS (uf − uw) (2.5)
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,where uf is the soil displacement at the free field, uw is the real wall displacement and Ks is the spring

stiffness.

The investigators based on the bibliography (Richards et al. 1990, Huang et al. 1999) give analytical

relations for uf , uw and Ks. For the free field displacements they conclude that their distribution is a

function only of the initial soil shear modulus space distribution, either the soil acts elastically or has

enter the plastic area. The spring stiffness Ks is expressed as a function of the shear modulus. The

usage of the soil shear modulus at the free field, and the usage of a modified shear modulus that takes

into account the earth stress state behind the retaining wall is examined.

Two cases are examined: a) the case of low acceleration input, so that the free field soil acts elastically

and b) the case of high acceleration input at the critical value where the soil enters the plastic area.

Different types of wall movement are examined.

Richards et al. in order to examine the validity of their solution compared their results with numerical

methods results and experimental results from shaking table tests (Huang 1996, Ishibashi and Fang 1987).

In general, the comparisons showed that the proposed simplified kinematic method gives reliable results.

Conclusions

Richards, Huang and Fishman made the following conclusions:

1. The spring stiffness used for the soil modeling behind the retaining wall, can be defined according

to the elastic value or according to the stiffness modulus of the free field soil.

2. The relation between the spring stiffness and the shear modulus stiffness depends on the with

depth soil parameters distribution.

3. It can be proved that for non-cohesive soils (by considering perfectly plastic response and homoge-

neous acceleration field), the shape of the in-depth earth effective thrust distribution is the same

with the corresponding elastic one, and that it depends only on the in-depth distribution of the

shear modulus.

4. The magnitude of the resultant seismic thrust at the active pressure limit-state can be defined by

the stress state at the free field or the Mononobe-Okabe method.

5. The resultant effective seismic thrust acting point, depends only on the shear modulus in-depth

distribution and the wall displacement shape.

2.2.3 Wu and Finn (1999)

The purpose of this study is the presentation of resultant thrust diagrams for the design of rigid retaining

walls. The cases of homogeneous and non-homogeneous elastic soil layer are examined. Also, 250
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combinations of earth acceleration and shear modulus distribution are examined in total. The results

(the resultant thrust values) are presented as a function of the cyclic frequency of the excitation to

the fundamental cyclic eigen-frequency of the wall-soil system, which is estimated from an approximate

procedure.

Homogeneous soil

In the homogeneous soil case the analytical solution is used. The soil is considered to be uniform, elastic

layer supported by two vertical rigid retaining walls. The upper surface of the soil stratum is considered

to be free, while the lower surface is fixed on a rigid base. The soil layer is 2L long and H thick. The

soil is considered to be a homogeneous, isotropic visco-elastic material.

The scholars by using the modified shear beam model (Wu 1994, Finn et al. 994, Wu and Finn

1996) found a closed form solution for estimating the resultant force on homogeneous soil.

For the validation of their solution they compare their results with those from other exact solutions

(Wood 1973, Wu 1994, Finn et al.1994, Wu and Finn 1996) and conclude that the results match.

Non-homogeneous soil

The finite element method was used in this case. The discretization of the retained soil is made by

six-noded quadrilateral elements. The scholars in order to validate the right operation of their model,

they compared the results for homogeneous soil with those of the proposed closed form solution.

Conclusions-comparisons

From the performed analysis and for harmonic excitation the scholars made the following observations:

1. The non-homogeneous soil layer case with linear shear modulus distribution gives the lowest values

of earth pressure, while the homogeneous soil case gives the greatest values.

2. The earths thrust dynamic amplification is greater finite extended soil layers than in-finitely ex-

tended layers.

3. The results were consistent with the exact solution of Wood for static loading (0 < ω/ω1 < 0.5)

for all the cases studied.

In order to cover a wide range of maximum accelerations and spectra content, 10 acceleration graphs

were used.

The following observations were made:

1. A constant shear modulus soil layer gives the most unfavorable results, while the linearly distributed

shear modulus soil layer gives the most favorable.
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2. In case of approximate resonance finite length soil layers develop greater values of earth pressures

than the in-finitely extended layers.

3. The seismic excitations cause greater dynamic amplification for a wider frequency range than the

harmonic excitations.

4. The static loading values proposed by Wood (1973) for harmonic excitation at homogeneous soil

profile, are significantly smaller than the maximum loads caused by seismic excitation for frequency

ratios from 0.2 to 2.0. Wood underestimates the earth pressure for frequency ratio greater than

2.0, since the earth pressure reduces significantly for ω/ω1 > 2.0.

5. The resultant force application point is at 0.5H height from the base of the wall, for linear dis-

tributed shear modulus and at 0.64H for homogeneous soil.

6. Generally the dynamic loading is increased with the Poisson ratio increase and decreased with the

increase of the critical damping coefficient.

2.2.4 Nadim and Whitman (1983)

General comments

The retaining wall seismic design methods based on the permanent displacements usually ignore the soil

amplification phenomenon. It is, so assumed that the retained soil has a uniform acceleration field. The

main representatives of this approach are Richards and Elms (1979). The latter suggest design of the

retaining walls with lower acceleration values than the maximum expected. This of course produces the

retaining wall slippage. This is accepted if the slippage is smaller than a permissible limit. Richards and

Elms describe a procedure for the correlation of the slippage with the design acceleration. Particularly,

the relation

∆ = 0.087
V 2

A

(
Ac
A

)−4

(2.6)

,where ∆ is the estimated relative wall-soil slippage, V is the maximum earth velocity, A the maximum

earth acceleration, Ac the wall design acceleration or critical acceleration. An alternative expression was

suggested by Wong (1982):

∆ =
37V 2

A · e−9.4Ac
A

(2.7)

Nadim and Whitman (1983) in order to take into account the soil amplification phenomenon used

the finite element method.
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Proposed model

The model used was a two-dimension, plane-strain finite element model, which estimates the permanent

displacements by taking into account the soil amplification phenomenon. It was assumed that displace-

ments take place on predefined failure surfaces. Those surfaces are specified by contact elements of

limited shear resistance. The behavior of the soil away from the failure surfaces was considered elas-

tic. However, the shear modulus and the damping coefficient of each element can be adjusted for the

occasional shear deformation through several repetitions. The discretization of the retaining soil was

applied at a distance 6H from the wall, where H is the wall height. For the slippage elements at the

base of the wall was used a large elastic modulus, so that the vertical or rotational move of the wall to

its base is possible.Consequently, the direct comparison of the results of this method with the results of

the Richards and Elms method is possible.

Initially, the response of the wall to a harmonic input motion was examined. In this way, the study of

several response characteristics, which are not obvious in a usual erratic shape of a real seismic incident,

can be examined. Then, acceleration graphs of three real earthquakes of different intense, duration and

spectral content were used. It was observed that the nonlinear wall response is practically independent

of the initial stress distribution. In other words, the finite element model predicts the same permanent

loads caused from a seismic incident, independently of the initial conditions.

Comparisons- suggestions

By comparing the results of Nadim and Whitman (1983) with those of Richards and Elms (1979) and also

with those of Wong (1982), we conclude that the soil amplification role (which is ignored at the latter

two studies), is very important. It results, that the values of the A and V quantities, which appear in

equations (3.1) and (3.2), must be increased by 0.40 in order to take into account the soil amplification.

Such an increase on the values of the ground velocity and acceleration results in (according to the

proposed relations) five times bigger permanent estimated wall displacement.

According to the results of their analysis Nadim and Whitman (1983) propose a simple procedure

for the estimation of the permanent wall displacement due to seismic excitation.The procedure can be

summarized as follow:

1. Calculation of the fundamental retained soil eigen-frequency f1 for the design earthquake, by using

the one-dimensional wave propagation theory, and calculation of the predominant frequency f, of

the possible seismic excitation.

2. If the f/f1 ratio is smaller than 0.25 the soil amplification is ignored. If the f/f1 ratio is close

to 0.5, the acceleration and the velocity design values, A and V are increased by 0.25-0.30. The

lowest value is used for small values of the Ac/A ratio, while the greatest is for high values of the

Ac/A ratio. If the f/f1 ratio is between 0.7 and 1, A and V are increased by 0.5.
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3. By using the A and V values from the previous step a method based on the assumption of solid-

totally plastic soil material behavior is implemented.

The fundamental eigen-frequency f1 = Vs/4H, where Vs is the shear wave velocity, which varies

between 5-15Hz for compacted retained soils. The seismic excitations predominant frequencies vary

between 2-5Hz. Consequently, typical values of the f/f1 ratio are between 0.2 and 0.6.

Conclusions

The following conclusions were made from Nadim and Whitmans study:

1. The retained soils dynamic amplification is a very important factor of the retaining walls permanent

displacement caused by a seismic excitation, when the excitations predominant frequency to the

soil layers fundamental eigen-frequency ratio is greater than 0.3.

2. The proposed method by Richards and Elms can be applied at the design of a retaining wall, so

that the soil amplification phenomenon can be taken into account.

3. The seismic loadings cause such a stress change, that the static loadings can be increased up to

0.3, after the seismic incident.

2.2.5 Al-Homoud and Whitman (1995, 1999)

In situ observations showed that, in cases of retaining walls that have suffered earthquake displacements,

an important fraction of the displacement is caused by rotation. The dynamic response of retaining

walls that have suffered a significant rotation has not been studied enough until today. Thus, the most

of the available methods cannot describe neither quantitatively nor qualitatively the observed rotation

phenomenon on real walls or on experimental sets. Al-Homoud developed a numerical model in order

to analyze the retaining walls behavior under seismic loading, by emphasizing the previous phenomena.

In order to verify his model, he compared his results with those given by several centrifuge tests by

Andersen et al. (1987)

Proposed model

The proposed model of Al-Homoud was developed with the use of the FLEX finite element code ( Vaugan

and Richardson 1989). The characteristics of the model are:

1. The soil (dry sand) is discretized by a two-dimensional finite element mesh.

2. The retaining is assumed to be a totally rigid body.

3. The non-linear soil behavior is taken into account.
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Moreover this model assumes visco-elastic behavior, in order to assign the soil hysteretic damping at

the dynamic loading.

1. Special interface elements where used at the wall-soil interface at the vertical site and to the

foundation of the wall, in order to simulate the slippage and the de-bonding.

2. Viscous dashpots placed at the ends of the mesh in order to simulate energy radiation. Next to

those boundaries, shear beams were placed in order to compare the results of the free field with

those of the mesh boundaries.

Model verification

Al-Homoud and Whitman used their finite element model, to analyze a set of centrifuge tests made by

Andersen et al. (1987). Their purpose was to verify the reliability of the proposed model.

From the comparison of the centrifuge test results and the model predictions, it was found that the

proposed model is good both quantitatively and qualitatively. Result matching was found from the time

comparison of the various problem parameters, which can be summarized as follow:

1. The maximum soil force is observed at the time moment of the maximum inwards (towards the

soil) wall displacement, which coincides with the time moment of the maximum outwards base

acceleration.

2. The minimum soil force is observed at the time moment of the maximum outward wall displace-

ment, which coincides with the time moment of the maximum inwards base acceleration.

3. There exists an acceleration phase difference at the top of the wall and the soil surface with the

systems base. The magnitude of this difference depends on the predominant excitation frequency

to the retained soils fundamental eigen-frequency ratio.

4. The soil resultant thrust is applied at the highest point the moment that it maximizes, while it is

applied at the lowest point the moment that it minimizes.

It is important to emphasize the fact that the first two correlations imply exactly the opposite than

the Mononobe-Okabe method.

Results-Conclusions

After verifying their model, Al-Homoud and Whitman made a series of parametric analysis, to estimate

the influence of the follow parameters to the maximum and permanent wall rotation: 1) Predominant

excitation frequency, 2) Number of excitation cycles, 3)Input excitation intense, 4) The retained soil and

the foundation strength and 5)The width of the retaining wall.

It was observed that the wall rotation is accompanied by:
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1. Permanent increase of the resultant soil thrust.

2. Permanent upwards displacement of the walls foot.

3. Permanent downwards displacement of the walls tip

4. Permanent increase of the vertical stresses under the walls tip, accompanied by permanent decrease

of the vertical stresses under the walls foot.

For the resultant soil forces magnitude and application point the following remarks were made:

1. The maximum horizontal wall acceleration is almost equal to the one on the middle of the retained

soil layer at the free field.

2. The moment that causes the maximum wall rotation during the dynamic excitation is approximately

the same with the inertia overturning moment of the wall at the time moment of the maximum

wall displacement towards the soil.

3. The maximum resultant earth thrust can be estimated from the Seed and Whitman (1970) method,

by setting the horizontal acceleration equal to the one on the center of the soil layer at the free

field. The application point of the resultant is higher than the proposed value of Seed and Whitman

(0.6H).

4. The total resultant earth pressure (static and dynamic), at the time moment of the maximum

outward wall displacement, is less or equal to the initial effective resultant pressure.

Based on these observations and diagrams, which were made from analysis with the proposed model,

Al-Homoud and Whitman (1999) suggested a simplified approximate procedure for the magnitude esti-

mation, of the maximum and permanent rotation of the retaining walls due to seismic loading.

2.2.6 Zeng and Steedman (2000)

Zeng and Steedman suggested a method similar to the Newmark pseudostatic method of sliding blocks.

It is a rotating block method that estimates the rotational displacement of gravity walls founded on a

seismic excited rigid base. The results are compared with results from centrifuge tests.

Reference system

The following assumptions were made:

1. The wall and the foundation base are rigid, so that the wall can be rotated around a constant

point O.
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2. The backfield behaves as a totally plastic material which follows the wall as it displays outwards.

3. The vertical accelerations are ignored for simplicity reasons.

4. The rotational angle is considered to be small enough so that neither the weight center changes

place nor the resultant pressure changes direction.

5. The soil is dry and there is no free water horizon in both sides of the wall.

Analysis method

During the excitation the walls inertia forces lead to elastic deformations, which can lead to permanent

displacements or rotations. In the case of rotation, the walls rotational acceleration is caused every time

the soil acceleration overcomes a critical value, where rotation begins. In this way a permanent rotation

is progressively developed, in a similar way with the permanent slippage of the Newmark method. In

general, it is unlikely that the critical acceleration values of rotation and slippage will coincide. Thus, the

two values must be calculated separately. If the soil acceleration is greater only from the one of the two

values then only the corresponding displacement mechanism will be developed. The calculation of the

critical acceleration values is done with the limit force and moment equilibrium theorem. The soil thrust

is estimated pseudo-statically, usually by using the Mononobe-Okabe method. The scholars developed

an analytical method to calculate the permanent rotation, in the case of no slippage develops and they

compare their results with those of a corresponding centrifuge test (Schofiel 1980). The divergences are

insignificant.

In the case that the soil acceleration is greater than both the critical values we will have coupling

of the two phenomena. The mechanism with the smallest critical value will be triggered first and it will

affect the other.

Obviously, if slippage begins first, the walls inertia overturning moment will be decreased and the

critical acceleration value for the rotation beginning will be increased. This will lead to a smaller rotation

than in the case of the clean rotation. In practice, the rotation occurrence in this case is unlikely. Similar

phenomena will be observed if rotation begins first. One easily programmed repeating procedure is

proposed for the displacement calculation.

Solution limitations-Proposals

As in the method of the sliding blocks so in the method of rotating blocks a number of assumptions are

made.

The first assumption has to do with the rigidness of the base. In reality walls are founded on compliant

soil. This has a result the rotation of the wall to be a summation of the rotation of the wall as it is

presented by the scholars and of a rotation due to the compliance of the soil. The rotations of the quay

walls in Kobe are a good example of this mechanism (Inagaki et al., 1996).
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The second assumption is that the soil behaves as a perfectly plastic material. This assumption

doesn’t have any impact on the magnitude of the permanent displacements but it has on the magnitude

of the maximum displacements. For the calculation of the latter the usage of other methods (Zeng and

Steedman, 2000) is proposed.

2.3 Numerical methods

2.3.1 Cantilever walls

A general finite-element method of determining the seismic earth pressures on rigid and flexible retaining

walls has been developed by P Psarropoulos, G. Klonaris and G, Gazetas. The results of the method

are shown to be in agreement with the available analytical results for the distribution of dynamic earth

pressures on rigid and flexible walls and confirm the approximate convergence between Mononobe-Okabe

and elasticity-based solutions for structurally or rotationally flexible walls.

Numerical modeling

The study focused mainly on the numerical verification of the analytical results of Veletsos and Younan

using exactly the same model for the wall-soil system.Presuming plane-strain conditions, the numerical

analysis was two dimensional and was performed using the finite element package Abaqus. The finite

element configuration of the wall-soil system examined is shown in figure 2.1

Figure 2.1: The finite element discretization of the examined single layer system (Psarropoulos

et.at.,2005).

The discretization of the retained soil was made by two-dimensional, four node quadrilateral, plane-
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strain elements. There were also absorbing boundaries in order to simulate the radiation of energy

(the finite element grid cannot extend infinitely. The absorbing boundaries were horizontal and vertical

viscous dashpots which absorb the radiated energy from the P and S waves respectively. The soil was

presumed to act as visco-elastic material. The density and the shear wave velocity VS were assumed to

be 1.8t/m3 and 100m/s respectively. The Poissons ratio was assumed to be 1/3, while critical damping

ratio is 0.05.

The wall was discretized by beam elements, of unit longitudinal dimension and thickness tw =

0.2.The wall mass per unit of surface area µw was 2.5t/m2 (Veletsos and Younan had regarded the

wall as massless). At the base of the wall a rotational constraint was placed the stiffness of which is

denoted by R.The height of the wall was assumed to be 8m. There was also made the assumption of

complete bonding in order to permit a comparable study with Veletsos and Younan. The excitation

was introduced by a prescribed acceleration time history on the nodes of the wall and the soil-stratum

bases.The excitation was harmonic: A (t) = A0sin (ωt) ,where A0 = 1m/s2.

The parameters of the problem examined are three: the relative flexibility factors dw = 0, 1, 5, 40

and dϑ = 0, 0.5, 1, 5 and the ratio of the cyclic frequency of the excitation to the fundamental cyclic

frequency of the soil layer ω/ω1 = 1/6, 1, 3.

Results

a) Quasi-static response

The harmonic ground motion had frequency very low compared to the frequency of the soil stratum

(ω/ω1 = 1/6). For this value of frequency ratio all the combinations of the parameters dw and dθ were

examined. The height wise distributions of the statically induced wall pressures for systems with different

values of the relative flexibility factors are presented in figure 2.2.

The values of pressures, plotted on the horizontal graph axis, are normalized with respect to α0γH,

where α0 is the maximum acceleration at the base expressed in g, γ is the unit weight of the retained

soil, and H is the height of the wall. On the vertical graph axis, the y-coordinate of the corresponding

point along the inner side of the wall, normalized with respect to the walls height is plotted (η = y/H).

All the results refer to the dynamic loads due to horizontal shaking and not to the total loads.

It was observed that, for relatively high values of dw and dθ tensile stresses are developed near the

top of the wall. In case that the absolute value of these stresses exceeds the initial geostatic ones,

de-bonding will occur making the assumption of complete bonding unrealistic. Therefore, it is suggested

to ignore the tensile stresses when calculating the resultant force and overturning moment.

Moreover, it was observed that the wall pressures decrease as the factors of relative flexibility increase.

Apart from that, the increased values of dw and dθ have an additional effect. Flexible systems tend to

exhibit a triangular-like distribution which has as a result, the corresponding overturning moment to be

reduced due to the effective height decrease.
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Figure 2.2: Earth pressure distribution of a quasi-statically excited retaining system with varying relative

flexibility of the base rotational spring for different values of relative wall flexibility (Psarropoulos et al.,

2005)
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Figure 2.3 shows a comparison between the analytical solution given by Veletsos and Younan and

the numerical results presented above. The analytical solution is the continuous line while the numerical

simulation is presented with the dots. The two solutions are in good agreement with only exception the

values near the top of the wall especially for systems with low flexibility. This phenomenon characterizes

many numerical solutions and can be attributed to the fact that the analytical solution assumes that the

wall is massless.

Figure 2.3: Comparison of the distributions of the earth pressures on the wall computed with the

numerical method and those computed analytically by Veletsos and Younan (Psarropoulos et al., 2005).

b) Resonance high frequency motion

The harmonic ground motion has frequency equal to the frequency of the soil stratum (ω/ω1 = 1) or

frequency very high compared to the frequency of the soil stratum (ω/ω1 = 3). For these values of

frequency ratio all the combinations of the parameters dw and dθ are examined.

The height wise distributions of the statically induced wall pressures for systems with different values

of the relative flexibility factors are presented in figure 2.4. It was observed that, for every combination

of relative flexibilities the stresses are increased in the case ω = ω1. Moreover, the amount of increase

is highly dependent on the flexibility of the wall and its base. For low values of flexibility the dynamic

amplification factor is about 7, while for high values of flexibility the dynamic amplification factor is

about 3. In addition, for both cases the pressure distribution is not changed as the increase takes place

uniformly. Finally, the case ω = 3ω1 is very beneficial for the wall as it decreases the induced pressures
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for every combination of flexibility.

Figure 2.4: Steady-state earth pressure distribution for three excitation frequencies: ω = ω1, ω = ω1
6 ,

ω = 3ω1 (Psarropoulos et al., 2005).

Numerical modeling of an equivalent two layer-system

In the single-layer system that was presented, the rotational stiffness of the wall foundation was simulated

by a rotational spring at the base of the wall. But in this way, the horizontal translation of the wall is

not allowed and therefore the system does not represent appropriate the reality. In this part of the study,

in order to evaluate the role of the wall foundation, was examined a two-layer system.

The wall soil system consists of a gravity wall, which is founded on a horizontally infinite layer of

visco-elastic soil material, bonded to a rigid base, and retains a semi-infinite layer of visco-elastic soil

material free at its upper surface. The height of the wall was 8 m, overlying a soil layer of the same

height. The discretization of the system was performed by two-dimensional, plane-strain, quadrilateral

four-node finite elements. The modeling configuration is presented in figure 2.5.

The parameters that were examined are the base width B to the wall height H ratio B
H 0.4, 0.8, the

relative flexibility factor dθ = 0.5, 5 and the ratio ω/ω1 = 1/6, 1. The excitation was the same with the

first model.

a) Quasi-static response

The height wise distributions of the statically induced wall pressures for systems with different values of

the relative flexibility factors are presented in figure 2.6. It is observed that, the increase in the degrees

of freedom of the system leads to a decrease of the induced wall pressures. This is reasonable since

the replacement of the Veletsos and Younan rotational spring by an actual elastic soil layer introduces

an additional degree of freedom to the system, the horizontal displacement of the wall. Therefore, the
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Figure 2.5: The finite-element configuration (Psarropoulos et al., 2005).

system becomes more flexible and the wall pressures are decreased. Furthermore, the decrease in wall

pressures becomes greater as the B/H ratio attains high values.

Figure 2.6: Distribution of the quasi-statically induced earth pressures for the two-layer system and the

equivalent single layer case (Psarropoulos et al., 2005).
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b) Resonance

The height wise distributions of the statically induced wall pressures for systems with different values

of the relative flexibility factors are presented in figure 2.7. The remarks made for the quasi-statically

excited systems apply for the case of resonance too.

Figure 2.7: Distribution of the wall pressures in the case of resonance (Psarropoulos et al., 2005).
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2.3.2 Gravity walls

(a) A detailed numerical analysis for the response of a caisson-type quay wall from Rokko Island was

made by Dakoulas and Gazetas (2005), in order to explain the large displacement and rotation that

numerous caisson-type quay walls suffered in the port of Kobe during the devastating 1995 earthquake.

Numerical modeling

The analysis is based on an elasto-plastic constitutive model that can simulate the monotonic and cyclic

behavior of a cohesionless soil in a wide range of relative densities and confining pressures. The constitu-

tive model has been incorporated into the finite-difference code FLAC, and verified through comparisons

with existing laboratory testing data and analysis of case histories. The numerical formulation is used in

parametric investigations of various caisson-type systems.

The case history that was examined corresponds to the typical quay wall section of Rokko Island, in

which both the foundation and backfill soils are liquefiable. The finite-difference discretization and the

material zones used in the analysis are presented in figure 2.8.

Figure 2.8: Finite difference discretization and material zones of Rokko Island quay wall system. Points

A, B, C, D and lines aa, bb, cc, dd are for showing details of pore water pressures and displacements

(Dakoulas and Gazetas, 2008).

During the earthquake the wall top displaced 4 m seaward, settled about 1-2 m and titled about 4◦

outwards. Also there was no evidence of liquefaction within a zone extending 30 m behind the wall or

near the toe of the wall in the sea. However, there was evidence of liquefaction in the free field.

An effective stress method of analysis is applied to analyze the response of the quay wall. The finite

difference code that was used is FLAC and was utilized in conjunction with a comprehensive elasto-plastic

model for cohesionless soils. The model was developed by Pastor et al. (1985). and was slight modified
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and attached to FLAC. It is based on the critical state theory, and avoids some complexities associated

with classical plasticity, while allowing greater computational efficiency.

Results

Figure 2.9 presents the computed horizontal and vertical displacement time histories at the upper seaside

corner of caisson and the computed rotation time history. It was observed, that at the end of the shaking

the sea-side corner of the wall is computed to have moved by about 4.5 m horizontally and to have settled

1.9 m. These displacements were in excellent accord with the field observations, with the exception of

the implied tilt 1 compared with the measured 4 in the site investigation.

Figure 2.9: Computed horizontal and vertical displacement time histories at upper side corner of the

caisson and computed rotation time history of caisson (Dakoulas and Gazetas, 2008).

Figure 2.10 plots the time histories of the ratio r∗u at the four points A, B, C and D. The excess pore

water pressure ratio r∗u is defined as r∗u = ∆u

σ
′
0m

, where σ
′
0m is the initial mean effective stress and ∆u is

the excess pore water pressure.

The overall response is consistent with the response observed in Rokko Island and especially the fact

that no liquefaction occurred near the quay wall that failed, while liquefaction occurred in the free field.

(b) Using a nonlinear two-phase finite element program, a numerical study of the centrifuge tests

that were conducted at Rensselaer Polytechnic Institute in order to study the seismic response of a

caisson-type waterfront quay wall system, was performed.

Numerical modeling

In order to study the dynamic response of saturated systems as an initial-boundary value problem, a

numerical code CYCLIC was developed to capture these two phases. Four-node quadrilateral elements

were used for the solid as well as the fluid phases. Figure 2.11 presents the model configuration. The
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Figure 2.10: Evolution of pore water pressure ratio during shaking (a) points A and B (b) points C and

D (Dakoulas and Gazetas, 2008).

input acceleration was prescribed at the base and side boundary nodes in the horizontal direction. Friction

between the wall and the soil was not modeled in the analysis. In all the numerical simulations a Poissons

ratio of 0.33 was employed.

Figure 2.11: Finite element mesh employed in the analysis (Bathurst et al., 2007).

Results

Figure 2.12 depicts the experimentally recorded and numerically computed lateral displacement of the

ground surface right behind the quay wall while fig. 2.13 depicts the recorded vs. computed pore pressure

ratio at free field location P7 (47m to the left of the quay wall). Fig. 2.14 depicts the corresponding

time history acceleration at the point P7. Fig. 2.15 depicts the recorded vs. computed pore pressure

ratio behind the wall while fig. 2.16 depicts the corresponding time history acceleration.

It was observed that, the highest excess pore water pressure ratio, very close to 1, develops in

the free field point D. By contrast, in the backfill point C, located at the same depth as D but only
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22m from the back of the wall, the excess pore water pressure ratio attains large negative values and

strongly oscillatory behavior during the period of intense shaking. After 12 sec the ratio starts increasing

and gradually accumulates to a level of about 0.40. This behavior is due to the stress reduction that

develops in this region as the wall moves outward in an active fashion. The tendency of the wall to dilate

is translated into negative pore water pressures under constant volume conditions.Point B exhibits a pore

water pressure response between the responses of C and D. Point A, located on the caisson centerline

at about 12 m underneath its base, develops a ratio of about 0.8 after 6 sec. This is obviously the result

of the additional shear stresses developing owing to the large inertia force of the wall and the backfill

upon the arrival of the first long duration acceleration pulses at 7 sec.

Figure 2.12: Recorded vs. computed lateral ground surface displacement behind the quay wall (Bathurst

et al., 2007)

Figure 2.13: Reported vs. computed pore pressure ratio at free field location P7 (47 m to the left of

the quay wall) (Bathurst et al., 2007).

2.3.3 Reinforced soil retaining walls

A finite element procedure was used for conducting a series of parametric studies on the behavior

of reinforced soil walls under construction and subject to earthquake loading. The procedure utilized

nonlinear numerical algorithms that incorporated a generalized plasticity soil model and a bounding

surface geosynthetic model.
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Figure 2.14: Reported vs. computed acceleration time histories at free field 47 m to the left of the wall

(Bathurst et al., 2007)

Figure 2.15: Reported vs. computed pore pressure ratio behind the wall (P2) (Bathurst et al., 2007) .

Figure 2.16: Reported vs. computed horizontal acceleration 3 m below the wall (AH9) (Bathurst et al.,

2007).
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Numerical modeling

The analysis that were conducted were two-dimensional plane strain analysis using a modified version

of Diana-Swandyne-II program. The soil and concrete facing blocks consisted of 8-node quadrilateral

elements and 6-node triangular elements, while the geogrid layers were simulated using 3-node one

dimensional elements. The walls were 6-m high modular block-reinforced soil retaining walls built on a

3-m foundation. Figure 5.19 presents a typical mesh of the analysis.

Figure 2.17: Finite element mesh (Hoe et al., 2005).

The soil was expressed using a generalized plasticity model which was an improvement over the

Pastor-Zienkiewicz-Chan model. It does not require a prescribed yield surface, but rather using loading

direction vectors, for determining the plastic strain increments. The unit weight for the soil was 16

kN/m3. In the analysis, the soil properties were varied to include four soils A, B, C and D. Figure 2.18

presents their stress-deformation relationships

The concrete blocks were each 0.2 m high and 0.3 wide, having a unit weight of 16 kN/m3.

The weight of the block was varied between 10 and 22 kN/m3. Different reinforcement layouts were

considered in the analysis, by varying the vertical spacing and length of reinforcement. The 1995 Kobe

earthquake was considered as input motion.

Results

Figure 2.19 presents the lateral displacements at the wall face, maximum tensile load in the geogrid

layers, and the earth pressure acting behind blocks. It was observed that soil D (the weakest) gave the

largest lateral displacements, whereas soil A gave the smallest. As far as the point of maximum tensile

load in the geogrid layer is concerned, it was at the lower end of the wall, with the weakest soil showing

the largest load. The maximum displacement for the 4 soils was between 0.003 and 0.007 the wall

height, and the largest reinforcement force was between 0.13 and 0.18 its tensile strength.

Figure 2.20 presents the effects of reinforcement length on the lateral displacements at the wall
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Figure 2.18: Soil stress-deformation relation (a) monotonic (Hoe et al., 2005).

face, maximum reinforcement force, and the lateral earth pressure acting behind blocks. Soil B was

used as backfill. It was observed that lateral displacement and reinforcement force increased with a

reduced reinforcement length. On the other hand, the lateral earth pressure distribution was not affected

significantly by length of reinforcement.

Figure 2.21 presents the effects of reinforcement spacing on the lateral displacements at the wall

face, maximum reinforcement force, and the lateral earth pressure acting behind blocks. It was observed

that reducing the vertical spacing the lateral displacement and the maximum reinforcement force are

reducing too. On the other hand, the effects of reinforcement spacing on the lateral earth pressure are

small.

Figure 2.22 presents the effects of block-soil interaction on the lateral displacements at the wall face,

maximum reinforcement force, and the lateral earth pressure acting behind blocks. It was observed that

the interaction between the blocks and the backfill soil had a minor effect on the lateral displacements

and maximum reinforcement force, where a larger friction angle reduced the lateral displacement and

reinforcement force. The effect of soil-block interaction on the lateral pressure is very small for these

soil properties.

Prassa and Jeremić version: 12. January, 2011, 17:15



Caltrans draft report 46

Figure 2.19: Effects of soil behavior on end of construction wall performance (a) lateral displacement

(b) maximum reinforcement force (c) lateral earth pressure behind facing (Hoe et al., 2005).

Figure 2.20: Effects of reinforcement length on end of construction wall performance (a) lateral dis-

placement (b) maximum reinforcement force (c) lateral earth pressure behind facing (Hoe et al., 2005).
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Figure 2.21: Effects of reinforcement spacing on end of construction wall performance (a) lateral

displacement (b) maximum reinforcement force (c) lateral earth pressure behind facing (Hoe et al.,

2005).

Figure 2.22: Effects of block-soil interaction on end of construction wall performance (a) lateral dis-

placement (b) maximum reinforcement force (c) lateral earth pressure behind facing (Hoe et al., 2005).
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Chapter 3

Numerical Model for Experimental

Validation

3.1 Model Configuration

The finite element model was developed in order to validate the full-scale shake table tests that took

place in the Large High Performance (LHP) Shake Table at UC San Diego NEES Site. The tests were

conducted on a full-size cantilever wall designed according to the typical plans in the current design

specifications at Caltrans. The wall was backfilled with typical Caltrans soil and supported on flexible

foundation in a soil box to be placed on the shake table. Fig 3.1 shows the setup configuration of shake

table, while Fig 3.2 shows the model configuration.

Figure 3.1: Setup configuration of shake table

48
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Figure 3.2: Model configuration (427 nodes,160 brick elements, 35 beam elements)

3.1.1 Model Development and Simulation Details

The finite element models used in this study have combined both solid elements, used for soils, and

structural elements, used for retaining wall. In this section described are material and finite element

models used for both soil and structural components. In addition to that, described is the methodology

used for seismic force application and staged construction of the model, followed by a brief description

of a numerical simulation platform used for all simulations presented here.

3.1.2 Soil Model

The soil has been modeled as Drucker Prager elastoplastic medium with φ = 36o. The properties of the

soil are defined by its mass density ρ=1.8 t/m3,Young’s modulus of elasticity E=100 MPa and Poison’s

ratio v=0.25.
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3.1.3 Soil Element Size Determination

The accuracy of a numerical simulation of seismic wave propagation in a dynamic Soil-Structure-

Interaction (SSI) problem is controlled by two main parameters Preisig (2005):

1. The spacing of nodes in finite element model ∆h

2. The length of time step ∆t.

Assuming that numerical method converges toward exact solution as ∆t and ∆h tend toward zero,

desired accuracy of solution can be obtained as long as sufficient computational resources are available.

In order to represent a traveling wave of a given frequency accurately about 10 nodes per wavelength

are required. Fewer than 10 nodes can lead to numerical damping as discretization misses certain peaks

of seismic wave. In order to determine appropriate maximum grid spacing the highest relevant frequency

fmax that is present in model needs to be found by performing a Fourier analysis of input motion.

Typically, for seismic analysis one can assume fmax = 10Hz. By choosing wavelength λmin = v/fmax,

where v is (shear) wave velocity, to be represented by 10 nodes, smallest wavelength that can still be

captured with any confidence is λ = 2∆h, corresponding to a frequency of 5fmax.

The maximum grid spacing should therefore not be larger than

∆h ≤ λmin
10

=
v

10fmax
(3.1)

where v is smallest wave velocity that is of interest in simulation (usually wave velocity of softest soil

layer).

In addition to that, mechanical properties of soil changes with (cyclic) loadings as plastification

develops.Moduli reduction curve (G/Gmax) and damping ratio relationship were then used to capture

determine soil element size while taking into account soil stiffness degradation (plastification).

Using shear wave velocity relation with shear modulus

vshear =

√
G

ρ
(3.2)
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one can readily obtain dynamic degradation of wave velocities.This leads to smaller element size required

for detailed simulation of wave propagation in soils which have stiffness degradation (plastification).For

G/Gmax=0.1, G= 0.1 ×40MPa = 4MPa and ∆h = 0.47 m.

Based on above soil finite element size determination, a soil-structure prototype finite element model

has been developed intended to model appropriately seismic waves of up to 10Hz with maximal element

size ∆h = 0.47 m. The mesh was refined in the regions of high interest which are the regions in the

proximity of the wall. We choose to increase the horizontal direction but keep the vertical one which is

the most important less than 0.47 m for the sake of computational efficiency.

3.1.4 Time Step Length Requirement

The time step ∆t used for numerically solving nonlinear vibration or wave propagation problems has

to be limited for two reasons (Argyris and Mlenjnek, 1991). The stability requirement depends on

time integration scheme in use and it restricts the size of ∆t = Tn/10. Here, Tn denotes smallest

fundamental period of the system. Similar to spatial discretization, Tn needs to be represented with

about 10 time steps. While accuracy requirement provides a measure on which higher modes of vibration

are represented with sufficient accuracy, stability criterion needs to be satisfied for all modes. If stability

criterion is not satisfied for all modes of vibration, then the solution may diverge. In many cases it is

necessary to provide an upper bound to frequencies that are present in a system by including frequency

dependent damping to time integration scheme.

The second stability criterion results from the nature of finite element method. As a wave front

progresses in space, it reaches one point (node) after the other. If time step in finite element analysis

is too large, than wave front can reach two consecutive points (nodes) at the same time. This would

violate a fundamental property of wave propagation and can lead to instability. The time step therefore

needs to be limited to

∆t <
∆h

v
(3.3)

where v is the highest wave velocity.
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Therefore, time step requirement can be written as

∆t <
∆h

v
(3.4)

thus limiting effective time step size used in numerical simulations of this particular soil–structure model.

The time step used in the simulations is 0.001 sec.

3.1.5 Structural Model

The first model used in this study was developed in order to simulate the prototype model that was

tested at the shake table of UC San Diego and had width 8.5 m and height 3.2 m. The retaining wall

was modeled with vertical beam elements that represent the main body of the wall and horizontal beam

elements representing the footing . Also, horizontal and vertical beam elements respectively were used to

represent the thickness of the wall and the thickness of its footing. The connectivity of short, connection

beam element nodes to nodes of soil (solids) is done only for translational degrees of freedom (three of

them for each node), while rotational degrees of freedom (three of them) from beam element are left

unconnected. The properties of the wall are defined by its mass density ρ=2.5 t/m3, Young’s modulus

of elasticity E=3× 104 MPa and shear modulus of elasticity G=1.25× 104 MPa. The height of the wall

was 1.8 m and its thickness 0.3m while the footing was 0.4 m high and its width was 2.36 m.

The model consists of 154 brick elements, 35 beam elements and 6 contact elements placed along

the height of the wall. The contact elements were used in order to capture the response of the wall and

eliminate the tensile stresses at its upper part.

More precisely, contact elements were placed between the horizontal beams that are connected to

the wall to represent its thickness and the solid elements of the backfill. The first node of the contact

element belongs to the solid element and the second one to the beam element. So, the contact element

is actually a node-to-node contact, where contact occurs between two nodes when they come close.

The relation follows Mohr-coulomb law where the friction coefficient is assumed to be 0.3 which is a

representative value for contact between soil and concrete and the total cohesion was set to be 0 because

the soil is sand. Moreover, important effect on the response of the element has the values of stiffness in

normal and tangential direction. By making the assumption that those two values are equal, the contact

elements can be treated as Winkler springs. The stiffness of Winkler springs (K) has been calculated by
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the expression (Scott, 1973)

K =
8G(1− ν)

L(1− 2ν)
(3.5)

,where ν is the Poissons ratio for backfill and L is the length of the backfill. Additionally, in order to

be as close to real conditions as possible we assume that this value is not constant for all the contact

elements. This is reasonable, since we are expecting the deeper the contact element is the bigger its

stiffness to be. Therefore, we assume that the value determined from the above relation holds only for

the contact element at the base of the wall. The stiffness of the upper elements will be smaller and has

been calculated by the expression

Knew = K −K ×
(
σz
pA

)0.4

(3.6)

,where K is the stiffness determined from expression of Scott ,σz the vertical stress and pA the atmospheric

pressure.

3.1.6 Boundary conditions

The base was fixed for all the three components of displacement, and also the in-plane motion was

constrained for all the nodes (Displacement on the Y-axis constraint to be zero). Moreover, the nodes

of the right edge are constrained against horizontal displacement. Bentonite slurry of density 1.2 t/m3

exists at the left side of the model. Figure 3.3 shows the boundary conditions of the model.

Figure 3.3: Boundary conditions
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3.1.7 Time Integration

Numerical integration of equations of motion was done using Newmark algorithm with β =0.3025 and

γ =0.6. Proper algorithmic treatment for nonlinear analysis follows methodology described by Argyris

and Mlejnek (1991).

Moreover, because damping plays an important role in dynamic analysis of both soil and structures we

chose to insert damping in our system as an equivalent Rayleigh damping in form of [C] = α [M ]+β [K]

in which C is the damping matrix of the physical system, M the mass matrix of the physical system K the

stiffness matrix of the system and α β predefined constants. The difficulty of this procedure is to guess

meaningful values of Rayleigh damping coefficients α and β. By assuming that the frequency range of

interest for our set of analysis is between 1 Hz and 10 Hz, we choose the first mode and second mode

to correspond to 1 Hz and 3 Hz frequencies respectively.Additionally, the damping ratio is set equal to

0.1 which is determined from the G
Gmax

curves by assuming that G
Gmax

= 0.7. By solving equation

1

2

[
1
ωi

ωi
1
ωj

ωj

][
α

β

]
=

[
ζi

ζj

]
(3.7)

we find α = 0.94 and β = 0.008 which are the values that we used in the analysis.

3.1.8 Staged Simulations

A very important modeling issue is that of staged construction. Initial state of stress in soil significantly

affects its response.In general, nonlinear finite element analysis can be split up in two nested loops (levels).

This is true for both geometric and/or material nonlinear finite element analysis (Felippa, 1993).Top loop

comprises load stages, which represent realistic loading sequence on solids and structures. Within loading

stage loop is an incremental loading loop, which splits load in each stage into increments. Split into

increments is not only important from numerical stability standpoint, but is also essential from proper

modeling of elastic–plastic materials. Within each increment, equilibrium iterations are advisable but

not necessary for advancement of solution.

Simulations presented in this studies were performed in two main stages, number of increments and
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equilibrium iterations.

3.1.9 Soil–Wall Self–Weight Stage

During this stage, finite element model for soil and wall is loaded with self–weight. The soil self weight

is applied in 10 incremental steps.

3.1.10 Seismic Shaking Stage

The second stage in our analysis consists of applying seismic shaking, by means of ground motions which

are Kocaeli, Northridge, and Takatori. It is important to note that seismic shaking is applied to already

deformed model, with all stresses, internal variables and deformation that resulted from first stage of

loading.The time histories of accelerations for the applied motions are shown in figures 3.4 to 3.6.

Figure 3.4: Time history of accelerations
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Figure 3.5: Time history of accelerations

Figure 3.6: Time history of accelerations
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3.1.11 Simulation Platform

Numerical simulations described in this paper were done using a parallel computer program based on

Plastic Domain Decomposition (PDD) method (Jeremic and Jie, 2007). The program was developed

using a number of publicly available numerical libraries. They are briefly described below. Graph parti-

tioning is achieved using ParMETIS libraries (Karypis et al., 1998). Parts of the OpenSees framework

(McKenna, 1997) were used to connect the finite element domain. In particular, Finite Element Model

Classes from OpenSees (namely, class abstractions Node, Element, Constraint, Load, Domain and the

set of Analysis classes) where used to describe the finite element model and to store the results of the

analysis performed on the model. An excellent adoption of the Actor model (Hewitt et al., 1973; Agha,

1984) and addition of a Shadow, Chanel, MovableObject, ObjectBroker, MachineBroker classes within

the OpenSees framework (McKenna, 1997) also provided an excellent basis for our development. On a

lower level, a set of Template3Dep numerical libraries (Jeremic and Yang, 2002) were used for constitu-

tive level integrations, nDarray numerical libraries (Jeremic and Sture, 1998) were used to handle vector,

matrix and tensor manipulations, while FEMtools element libraries from the UCD CompGeoMech toolset

(Jeremic, 2004) were used to supply other necessary libraries and components. Parallel solution of the

system of equations has been provided by PETSc set of numerical libraries (Balay et al., 2001, 2004,

1997)).

3.1.12 Natural frequency of the soil-wall system

First, the natural frequency of the soil system was calculated analytically without taking into account

the existence of the wall. Then, this natural frequency was checked numerically by applying a known

sinusoidal motion and observing the response of the system. By assuming that the soil model is divided

into two layers, the foundation layer with height 1 m and the upper layer with height 2.2 m, the circular

natural frequency of the soil ω was obtained from equation:

tan
π

2

ω

ωA
.tan

π

2

ω

ωB
=
ωB
ωA

(3.8)

where ωA is the circular natural frequency of the upper layer and ωB is the circular natural frequency of

the foundation layer. So,

ωB =
2π × 149.07

4× 1
= 74.54π rad/s (3.9)

ωA =
2π × 149.07

4× 2
= 37.27π rad/s (3.10)
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By solving equation (5) ω=91.68 rad/s .Therefore, the natural period of the soil is T= 0.07 s and the

natural frequency is 14.29 Hz. In order to take into consideration the existence of the wall, a sinusoidal

motion of period 0.5 sec and duration 2 sec was applied to the soil-wall system. The method of numerical

integration that was used is Newmark with β =0.25 and γ =0.5. From the Fourier spectra of several

characteristic nodes at the top of the soil and at the top node of the wall the natural period T of the

soil-wall system was determined to be about 0.074 s and the natural frequency 13.51 Hz. These values

are pretty close to the analytically determined one. Figure 3.7 shows the Fourier spectra of the node at

the middle of the upper edge of the soil.

Figure 3.7: Fourier spectra of the node at the middle of the upper edge of the soil

3.2 Seismic simulation results

The analysis run for 25%, 100% and 200% of Kocaeli, Northridge and Takatori motion and the results

are the following.All the results are given in terms of stresses where sx are the horizontal stresses, sy the

in-plane stresses and the sz the vertical.The stresses are estimated at the center of each element.
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3.2.1 Along the height of the wall

Kocaeli motion

Figure 3.8: Horizontal stresses along the height of the wall for 25% of the motion

Figure 3.9: Horizontal stresses along the height of the wall for 100% of the motion

Prassa and Jeremić version: 12. January, 2011, 17:15



Caltrans draft report 60

Figure 3.10: Horizontal stresses along the height of the wall for 200% of the motion

Figure 3.11: Comparative plot of horizontal stresses along the height of the wall for Kocaeli motion
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Northridge motion

Figure 3.12: Comparative plot of horizontal stresses along the height of the wall for Northridge motion

Takatori motion

3.2.2 Along the base of the footing

Kocaeli motion
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Figure 3.13: Comparative plot of horizontal stresses along the height of the wall for Takatori motion

Figure 3.14: Comparative plot of vertical stresses at the base of the footing for Kocaeli motion
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Northridge motion

Figure 3.15: Comparative plot of vertical stresses at the base of the footing for Northridge motion

Takatori motion
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Figure 3.16: Comparative plot of vertical stresses at the base of the footing for Takatori motion
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3.2.3 Displacement Response

Kocaeli motion

Figure 3.17: Comparative diagram of horizontal displacements at the top of the wall for Kocaeli motion

Figure 3.18: Comparative diagram of vertical displacements at the top of the wall for Kocaeli motion
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Figure 3.19: Comparative diagram of horizontal displacements of the right side of the footing for Kocaeli

motion

Figure 3.20: Comparative diagram of vertical displacements of the right side of the footing for Kocaeli

motion
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Figure 3.21: Comparative diagram of horizontal displacements of the left side of the footing for Kocaeli

motion

Figure 3.22: Comparative diagram of vertical displacements of the left side of the footing for Kocaeli

motion
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Northridge motion

Figure 3.23: Comparative diagram of horizontal displacements at the top of the wall for Northridge

motion

Figure 3.24: Comparative diagram of vertical displacements at the top of the wall for Northridge motion
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Figure 3.25: Comparative diagram of horizontal displacements of the right side of the footing for

Northridge motion

Figure 3.26: Comparative diagram of vertical displacements of the right side of the footing for Northridge

motion
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Figure 3.27: Comparative diagram of horizontal displacements of the left side of the footing for Northridge

motion

Figure 3.28: Comparative diagram of vertical displacements of the left side of the footing for Northridge

motion
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Takatori motion

Figure 3.29: Comparative diagram of horizontal displacements at the top of the wall for Takatori motion

Figure 3.30: Comparative diagram of vertical displacements at the top of the wall for Takatori motion
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Figure 3.31: Comparative diagram of horizontal displacements of the right side of the footing for Takatori

motion

Figure 3.32: Comparative diagram of vertical displacements of the right side of the footing for Takatori

motion
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Figure 3.33: Comparative diagram of horizontal displacements of the left side of the footing for Takatori

motion

Figure 3.34: Comparative diagram of vertical displacements of the left side of the footing for Takatori

motion
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Chapter 4

Numerical Models without Sound Wall

4.1 Models Description

Three two-dimensional finite element models were developed and utilized for analysis of cantilever re-

taining walls. The models represent typical cases of soil-retaining wall interaction examples that can be

easily meet in real conditions.

The main difference of those models is the choice of the dimensions of retaining wall which is based on

the Caltrans specifications. Figure 4.1 shows the Caltrans specifications for the dimensions of cantilever

retaining walls.
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Figure 4.1: Retaining wall and sound wall dimensions based on Caltrans specifications

We chose three sets of values as most representative in order to develop the following three sets of

models:

1. The height of the retaining wall is 1.8 m (first column of table)

2. The height of the retaining wall is 3.0 m (third column of table)

3. The height of the retaining wall is 6.8 m (ninth column of table)
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Fig. 4.2 to Fig. 4.4 show the models configuration.

Figure 4.2: First Model (632 brick elements)

Figure 4.3: Second Model (1208 brick elements)
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Figure 4.4: Third Model (3868 brick elements)
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4.1.1 Soil Model

The soil has been modeled as Drucker Prager elastoplastic medium with φ = 36o. The properties of the

soil are defined by its mass density ρ=1.8 t/m3,Young’s modulus of elasticity E=100 MPa and Poison’s

ratio v=0.25.

4.1.2 Soil Element Size Determination

By taking into consideration the above-mentioned determination of appropriate maximum grid spacing

the finite element model have been developed intended to model appropriately seismic waves of up to

10Hz with maximal element size ∆h = 0.4 m. The mesh was refined in the regions of high interest which

are the regions in the proximity of the wall. We choose to increase the horizontal direction but keep the

vertical one which is the most important less than 0.4 m for the sake of computational efficiency.

4.1.3 Time Step Length Requirement

By taking into account the stability criteria the time step used in the simulations is 0.001 sec.

4.1.4 Structural Model

The three models used in this study were developed in order to simulate typical soil-retaining wall

systems. The retaining wall was modeled with vertical beam elements that represent the main body of

the wall and horizontal beam elements representing the footing . Also, horizontal and vertical beam

elements respectively were used to represent the thickness of the wall and the thickness of its footing.

The connectivity of short, connection beam element nodes to nodes of soil (solids) is done only for

translational degrees of freedom (three of them for each node), while rotational degrees of freedom

(three of them) from beam element are left unconnected. The properties of the wall are defined by its

mass density ρ=2.5 t/m3, Young’s modulus of elasticity E=3×104 MPa and shear modulus of elasticity
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G=1.25× 104 MPa. For the first model the height of the wall is 1.8 m and its thickness 0.3 m while the

footing is 0.4 m high and its width is 2.36 m.For the second model the height of the wall is 3 m and its

thickness 0.3 m while the footing is 0.4 m high and its width is 2.70 m.Finally, for the third model the

height of the wall is 4.8 m and its thickness 0.4 m while the footing is 0.4 m high and its width is 4.65

m.

4.1.5 Boundary conditions

The two corner nodes at the base of the models were fixed for all the three components of displacement,

and also the in-plane motion was constrained for all the nodes (Displacement on the Y-axis constraint

to be zero).

4.1.6 Time Integration

Numerical integration of equations of motion was done using Newmark algorithm with β =0.3025 and

γ =0.6. Proper algorithmic treatment for nonlinear analysis follows methodology described by Argyris

and Mlejnek (1991).

4.1.7 Staged Simulations

Simulations presented in this studies were performed in two main stages, number of increments and

equilibrium iterations.

Prassa and Jeremić version: 12. January, 2011, 17:15



Caltrans draft report 80

4.1.8 Soil–Wall Self–Weight Stage

During this stage, finite element model for soil and wall is loaded with self–weight. The soil self weight

is applied in 10 incremental steps.

4.1.9 Seismic Shaking Stage

The second stage in our analysis consists of applying seismic shaking, by means of ground motions which

are Kocaeli, Northridge, and Takatori. The earthquake motions are applied to the system by the Domain

Reduction Method. Motion is applied to the x-direction only,that is, this is a 1-D wave propagation.

Acceleration time histories at all the nodes of the boundary layer are obtained by vertically propagating

a plane wave. Because the free field model has to match the properties of the free field as represented

by the finite element model for the reduced domain, only linear elastic material without strain dependent

reduction of shear modulus, and a constant amount of hysteric material damping is used in the analysis.

The earthquake motion obtained in this way corresponds to a shear wave propagating upward through a

homogeneous linearly elastic half space.

More precisely, by assuming that the time histories of accelerations for the three earthquake motions

are applied at the surface of the models, the three motions are being propagated vertically to a depth of

50 m (we assume that bedrock exists at 50 m depth) using program EERA. Then, the acceleration time

histories are integrated twice to obtain displacements. Before integration the acceleration and velocity

time histories are transformed into Fourier space, multiplied with a high pass filter and transformed back

into the domain. Then a simple parabolic baseline correction is performed in order to obtain zero initial,

final and mean values.
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4.2 Seismic simulation results

The analysis run for 50%, 100% and 150% of Kocaeli, Northridge and Takatori motion and the results

are the following.All the results are given in terms of stresses where sx are the horizontal stresses, sy the

in-plane stresses and the sz the vertical.The stresses are estimated at the center of each element. The

dotted line at each plot represents the static stresses that were developed after the application of the

self weight, while the two dashed lines and the bold line are the maximum envelopes of total dynamic

stresses for 50%, 100% and 150% of the motions.

The displacements both horizontal and vertical are total displacements starting from a value that

corresponds to the static ones.

4.2.1 Along the height of the wall

Small model

Figure 4.5: Comparative plot of horizontal stresses along the height of the wall for Northridge motion
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Figure 4.6: Comparative plot of horizontal stresses along the height of the wall for Takatori motion

Figure 4.7: Comparative plot of horizontal stresses along the height of the wall for Kocaeli motion
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Medium model

Figure 4.8: Comparative plot of horizontal stresses along the height of the wall for Northridge motion

Figure 4.9: Comparative plot of horizontal stresses along the height of the wall for Takatori motion
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Figure 4.10: Comparative plot of horizontal stresses along the height of the wall for Kocaeli motion
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Big model

Figure 4.11: Comparative plot of horizontal stresses along the height of the wall for Northridge motion

Figure 4.12: Comparative plot of horizontal stresses along the height of the wall for Takatori motion
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Figure 4.13: Comparative plot of horizontal stresses along the height of the wall for Kocaeli motion
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4.2.2 At the base of the footing

Small model

Figure 4.14: Comparative plot of vertical stresses at the base of the footing for Northridge motion

Figure 4.15: Comparative plot of vertical stresses at the base of the footing for Takatori motion
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Figure 4.16: Comparative plot of vertical stresses at the base of the footing for Kocaeli motion
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Medium model

Figure 4.17: Comparative plot of vertical stresses at the base of the footing for Northridge motion

Figure 4.18: Comparative plot of vertical stresses at the base of the footing for Takatori motion

Prassa and Jeremić version: 12. January, 2011, 17:15



Caltrans draft report 90

Figure 4.19: Comparative plot of vertical stresses at the base of the footing for Kocaeli motion
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Big model

Figure 4.20: Comparative plot of vertical stresses at the base of the footing for Northridge motion

Figure 4.21: Comparative plot of vertical stresses at the base of the footing for Takatori motion
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Figure 4.22: Comparative plot of vertical stresses at the base of the footing for Kocaeli motion
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4.2.3 Displacement response

Small model

Figure 4.23: Comparative plot of horizontal displacements at the top of the wall for Northridge motion

Figure 4.24: Comparative plot of horizontal displacements at the left side of the footing for Northridge

motion
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Figure 4.25: Comparative plot of horizontal displacements at the right side of the footing for Northridge

motion

Figure 4.26: Comparative plot of vertical displacements at the top of the wall for Northridge motion

Prassa and Jeremić version: 12. January, 2011, 17:15



Caltrans draft report 95

Figure 4.27: Comparative plot of vertical displacements at the left side of the footing for Northridge

motion

Figure 4.28: Comparative plot of vertical displacements at the right side of the footing for Northridge

motion
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Medium model

Figure 4.29: Comparative plot of horizontal displacements at the top of the wall for Northridge motion

Figure 4.30: Comparative plot of horizontal displacements at the left side of the footing for Northridge

motion
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Figure 4.31: Comparative plot of horizontal displacements at the right side of the footing for Northridge

motion

Figure 4.32: Comparative plot of vertical displacements at the top of the wall for Northridge motion
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Figure 4.33: Comparative plot of vertical displacements at the left side of the footing for Northridge

motion

Figure 4.34: Comparative plot of vertical displacements at the right side of the footing for Northridge

motion
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Big model

Figure 4.35: Comparative plot of horizontal displacements at the top of the wall for Northridge motion

Figure 4.36: Comparative plot of horizontal displacements at the left side of the footing for Northridge

motion
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Figure 4.37: Comparative plot of horizontal displacements at the right side of the footing for Northridge

motion

Figure 4.38: Comparative plot of vertical displacements at the top of the wall for Northridge motion
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Figure 4.39: Comparative plot of vertical displacements at the left side of the footing for Northridge

motion

Figure 4.40: Comparative plot of vertical displacements at the right side of the footing for Northridge

motion
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Small model

Figure 4.41: Comparative plot of horizontal displacements at the top of the wall for Takatori motion

Figure 4.42: Comparative plot of horizontal displacements at the left side of the footing for Takatori

motion
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Figure 4.43: Comparative plot of horizontal displacements at the right side of the footing for Takatori

motion

Figure 4.44: Comparative plot of vertical displacements at the top of the wall for Takatori motion
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Figure 4.45: Comparative plot of vertical displacements at the left side of the footing for Takatori motion

Figure 4.46: Comparative plot of vertical displacements at the right side of the footing for Takatori

motion
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Medium model

Figure 4.47: Comparative plot of horizontal displacements at the top of the wall for Takatori motion

Figure 4.48: Comparative plot of horizontal displacements at the left side of the footing for Takatori

motion
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Figure 4.49: Comparative plot of horizontal displacements at the right side of the footing for Takatori

motion

Figure 4.50: Comparative plot of vertical displacements at the top of the wall for Takatori motion
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Figure 4.51: Comparative plot of vertical displacements at the left side of the footing for Takatori motion

Figure 4.52: Comparative plot of vertical displacements at the right side of the footing for Takatori

motion
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Big model

Figure 4.53: Comparative plot of horizontal displacements at the top of the wall for Takatori motion

Figure 4.54: Comparative plot of horizontal displacements at the left side of the footing for Takatori

motion
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Figure 4.55: Comparative plot of horizontal displacements at the right side of the footing for Takatori

motion

Figure 4.56: Comparative plot of vertical displacements at the top of the wall for Takatori motion
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Figure 4.57: Comparative plot of vertical displacements at the left side of the footing for Takatori motion

Figure 4.58: Comparative plot of vertical displacements at the right side of the footing for Takatori

motion
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Small model

Figure 4.59: Comparative plot of horizontal displacements at the top of the wall for Kocaeli motion

Figure 4.60: Comparative plot of horizontal displacements at the left side of the footing for Kocaeli

motion
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Figure 4.61: Comparative plot of horizontal displacements at the right side of the footing for Kocaeli

motion

Figure 4.62: Comparative plot of vertical displacements at the top of the wall for Kocaeli motion
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Figure 4.63: Comparative plot of vertical displacements at the left side of the footing for Kocaeli motion

Figure 4.64: Comparative plot of vertical displacements at the right side of the footing for Kocaeli

motion
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Medium model

Figure 4.65: Comparative plot of horizontal displacements at the top of the wall for Kocaeli motion

Figure 4.66: Comparative plot of horizontal displacements at the left side of the footing for Kocaeli

motion
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Figure 4.67: Comparative plot of horizontal displacements at the right side of the footing for Kocaeli

motion

Figure 4.68: Comparative plot of vertical displacements at the top of the wall for Kocaeli motion
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Figure 4.69: Comparative plot of vertical displacements at the left side of the footing for Kocaeli motion

Figure 4.70: Comparative plot of vertical displacements at the right side of the footing for Kocaeli

motion
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Big model

Figure 4.71: Comparative plot of horizontal displacements at the top of the wall for Kocaeli motion

Figure 4.72: Comparative plot of horizontal displacements at the left side of the footing for Kocaeli

motion
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Figure 4.73: Comparative plot of horizontal displacements at the right side of the footing for Kocaeli

motion

Figure 4.74: Comparative plot of vertical displacements at the top of the wall for Kocaeli motion
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Figure 4.75: Comparative plot of vertical displacements at the left side of the footing for Kocaeli motion

Figure 4.76: Comparative plot of vertical displacements at the right side of the footing for Kocaeli

motion
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4.3 Discussion of results

Figures 4.77 to 4.84 are comparative diagrams of stresses and displacements for all the motions and all

the models. The main observation that can be made from those diagrams is that the response of the

wall in terms of stresses along its height, stresses at the base of the footing and displacements was more

affected from Kocaeli motion than the other earthquakes. The worst case scenario is the excitation of

the model with height of wall 6.8 m which is the model with the lowest eigen-frequency with Kocaeli

motion which is the excitation with the lowest predominant frequency.The amplification effects at this

case are important as can be seen from the third line of all the figures. On the other hand, for the

first model which is the model with the highest eigen-frequency the effect of Kocaeli motion at the

system minimizes. Northridge becomes significant too and this is totally reasonable since Northridge is

an earthquake with high predominant frequency.Takatori excitation is a combination of both low and

high frequencies that remains significant for all the heights of walls.

From Fig. 483 showing the distribution of horizontal stresses along the height of the wall, it is

obvious that the top of the 3 m wall tend to move in its own dynamics separately from the bottom wall

and the footing. This happens for Takatori and Kocaeli excitations and is being observed again for the

6.8 m wall excited from Kocaeli earthquake.

As far as the displacements are concerned the top of wall experiences an outward movement with per-

manent horizontal displacement and settlement that becomes greater as the height of the wall increases

and as we move from Northridge to Takatori and Kocaeli motion.
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Chapter 5

Numerical Models with Sound Wall

5.1 Models Description

Having as a base the three models without sound wall that were examined in the previous chapter, we

choose to add at the top of the wall a sound wall of 1.8 m height and examine the effect that the

addition of sound wall will have in our system.

Figure 5.1 shows the developed models.

Figure 5.1: Examined models

5.1.1 Modeling Parameters

The models are totally the same with the ones without sound wall with the only difference being the

existence of the sound wall. Therefore, the soil properties, the constitutive model, the element size, the

time step, the boundary conditions and the time integration are the same with the ones used at the
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former models. Also, the Northridge, Kocaeli and Takatori earthquake motions are applied to the system

by the Domain Reduction Method.

5.1.2 Structural Model

The sound wall wall was modeled with 6 vertical linear elastic beam elements placed at the top of the

existing wall. The properties of the sound wall are defined by its mass density ρ=2 t/m3, Young’s

modulus of elasticity E=1.5× 1010 Pa and shear modulus of elasticity G=6× 109 Pa. For all the models

the height of the sound wall is 1.8 m and its thickness 0.3 m.

In order to determine the Young’s modulus of elasticity we assumed based on Caltrans specifications

that the compressive strength of the sound wall is 13.1 MPa and then from the following diagram that

connects the compressive strength of concrete with its modulus of elasticity we specified E.

Figure 5.2: Compressive strength vs modulus of elasticity (Tomosawa and Noguchi)
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5.2 Seismic simulation results

The analysis run for 50%, 100% and 150% of Kocaeli, Northridge and Takatori motion and the results

are the following.All the results are given in terms of stresses where sx are the horizontal stresses, sy the

in-plane stresses and the sz the vertical.The stresses are estimated at the center of each element.
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5.2.1 Along the height of the wall

Small model

Figure 5.3: Comparative plot of horizontal stresses along the height of the wall for Northridge motion

Figure 5.4: Comparative plot of horizontal stresses along the height of the wall for Takatori motion
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Figure 5.5: Comparative plot of horizontal stresses along the height of the wall for Kocaeli motion
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Medium model

Figure 5.6: Comparative plot of horizontal stresses along the height of the wall for Northridge motion

Figure 5.7: Comparative plot of horizontal stresses along the height of the wall for Takatori motion
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Figure 5.8: Comparative plot of horizontal stresses along the height of the wall for Kocaeli motion
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Big model

Figure 5.9: Comparative plot of horizontal stresses along the height of the wall for Northridge motion

Figure 5.10: Comparative plot of horizontal stresses along the height of the wall for Takatori motion

Prassa and Jeremić version: 12. January, 2011, 17:15



Caltrans draft report 137

Figure 5.11: Comparative plot of horizontal stresses along the height of the wall for Kocaeli motion
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5.2.2 At the base of the footing

Small model

Figure 5.12: Comparative plot of vertical stresses at the base of the footing for Northridge motion

Figure 5.13: Comparative plot of vertical stresses at the base of the footing for Takatori motion
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Figure 5.14: Comparative plot of vertical stresses at the base of the footing for Kocaeli motion
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Medium model

Figure 5.15: Comparative plot of vertical stresses at the base of the footing for Northridge motion

Figure 5.16: Comparative plot of vertical stresses at the base of the footing for Takatori motion
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Figure 5.17: Comparative plot of vertical stresses at the base of the footing for Kocaeli motion
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Big model

Figure 5.18: Comparative plot of vertical stresses at the base of the footing for Northridge motion

Figure 5.19: Comparative plot of vertical stresses at the base of the footing for Takatori motion
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Figure 5.20: Comparative plot of vertical stresses at the base of the footing for Kocaeli motion
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5.2.3 Displacement response

Small model

Figure 5.21: Comparative plot of horizontal displacements at the top of the wall for Northridge motion

Figure 5.22: Comparative plot of horizontal displacements at the left side of the footing for Northridge

motion

Prassa and Jeremić version: 12. January, 2011, 17:15



Caltrans draft report 145

Figure 5.23: Comparative plot of horizontal displacements at the right side of the footing for Northridge

motion

Figure 5.24: Comparative plot of horizontal displacements at the top of the sound wall for Northridge

motion
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Figure 5.25: Comparative plot of vertical displacements at the top of the wall for Northridge motion

Figure 5.26: Comparative plot of vertical displacements at the left side of the footing for Northridge

motion
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Figure 5.27: Comparative plot of vertical displacements at the right side of the footing for Northridge

motion

Figure 5.28: Comparative plot of vertical displacements at the top of the sound wall for Northridge

motion
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Medium model

Figure 5.29: Comparative plot of horizontal displacements at the top of the wall for Northridge motion

Figure 5.30: Comparative plot of horizontal displacements at the left side of the footing for Northridge

motion
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Figure 5.31: Comparative plot of horizontal displacements at the right side of the footing for Northridge

motion

Figure 5.32: Comparative plot of horizontal displacements at the top of the sound wall for Northridge

motion
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Figure 5.33: Comparative plot of vertical displacements at the top of the wall for Northridge motion

Figure 5.34: Comparative plot of vertical displacements at the left side of the footing for Northridge

motion

Prassa and Jeremić version: 12. January, 2011, 17:15



Caltrans draft report 151

Figure 5.35: Comparative plot of vertical displacements at the right side of the footing for Northridge

motion

Figure 5.36: Comparative plot of vertical displacements at the top of the sound wall for Northridge

motion
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Big model

Figure 5.37: Comparative plot of horizontal displacements at the top of the wall for Northridge motion

Figure 5.38: Comparative plot of horizontal displacements at the left side of the footing for Northridge

motion
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Figure 5.39: Comparative plot of horizontal displacements at the right side of the footing for Northridge

motion

Figure 5.40: Comparative plot of horizontal displacements at the top of the sound wall for Northridge

motion
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Figure 5.41: Comparative plot of vertical displacements at the top of the wall for Northridge motion

Figure 5.42: Comparative plot of vertical displacements at the left side of the footing for Northridge

motion
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Figure 5.43: Comparative plot of vertical displacements at the right side of the footing for Northridge

motion

Figure 5.44: Comparative plot of vertical displacements at the top of the sound wall for Northridge

motion
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Small model

Figure 5.45: Comparative plot of horizontal displacements at the top of the wall for Takatori motion

Figure 5.46: Comparative plot of horizontal displacements at the left side of the footing for Takatori

motion
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Figure 5.47: Comparative plot of horizontal displacements at the right side of the footing for Takatori

motion

Figure 5.48: Comparative plot of horizontal displacements at the top of the sound wall for Takatori

motion
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Figure 5.49: Comparative plot of vertical displacements at the top of the wall for Takatori motion

Figure 5.50: Comparative plot of vertical displacements at the left side of the footing for Takatori motion
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Figure 5.51: Comparative plot of vertical displacements at the right side of the footing for Takatori

motion

Figure 5.52: Comparative plot of vertical displacements at the top of the sound wall for Takatori motion
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Medium model

Figure 5.53: Comparative plot of horizontal displacements at the top of the wall for Takatori motion

Figure 5.54: Comparative plot of horizontal displacements at the left side of the footing for Takatori

motion
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Figure 5.55: Comparative plot of horizontal displacements at the right side of the footing for Takatori

motion

Figure 5.56: Comparative plot of horizontal displacements at the top of the sound wall for Takatori

motion
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Figure 5.57: Comparative plot of vertical displacements at the top of the wall for Takatori motion

Figure 5.58: Comparative plot of vertical displacements at the left side of the footing for Takatori motion
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Figure 5.59: Comparative plot of vertical displacements at the right side of the footing for Takatori

motion

Figure 5.60: Comparative plot of vertical displacements at the top of the sound wall for Takatori motion
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Big model

Figure 5.61: Comparative plot of horizontal displacements at the top of the wall for Takatori motion

Figure 5.62: Comparative plot of horizontal displacements at the left side of the footing for Takatori

motion
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Figure 5.63: Comparative plot of horizontal displacements at the right side of the footing for Takatori

motion

Figure 5.64: Comparative plot of horizontal displacements at the top of the sound wall for Takatori

motion
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Figure 5.65: Comparative plot of vertical displacements at the top of the wall for Takatori motion

Figure 5.66: Comparative plot of vertical displacements at the left side of the footing for Takatori motion
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Figure 5.67: Comparative plot of vertical displacements at the right side of the footing for Takatori

motion

Figure 5.68: Comparative plot of vertical displacements at the top of the sound wall for Takatori motion
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Small model

Figure 5.69: Comparative plot of horizontal displacements at the top of the wall for Kocaeli motion

Figure 5.70: Comparative plot of horizontal displacements at the left side of the footing for Kocaeli

motion
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Figure 5.71: Comparative plot of horizontal displacements at the right side of the footing for Kocaeli

motion

Figure 5.72: Comparative plot of horizontal displacements at the top of the sound wall for Kocaeli

motion
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Figure 5.73: Comparative plot of vertical displacements at the top of the wall for Kocaeli motion

Figure 5.74: Comparative plot of vertical displacements at the left side of the footing for Kocaeli motion
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Figure 5.75: Comparative plot of vertical displacements at the right side of the footing for Kocaeli

motion

Figure 5.76: Comparative plot of vertical displacements at the top of the sound wall for Kocaeli motion
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Medium model

Figure 5.77: Comparative plot of horizontal displacements at the top of the wall for Kocaeli motion

Figure 5.78: Comparative plot of horizontal displacements at the left side of the footing for Kocaeli

motion
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Figure 5.79: Comparative plot of horizontal displacements at the right side of the footing for Kocaeli

motion

Figure 5.80: Comparative plot of horizontal displacements at the top of the sound wall for Kocaeli

motion
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Figure 5.81: Comparative plot of vertical displacements at the top of the wall for Kocaeli motion

Figure 5.82: Comparative plot of vertical displacements at the left side of the footing for Kocaeli motion
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Figure 5.83: Comparative plot of vertical displacements at the right side of the footing for Kocaeli

motion

Figure 5.84: Comparative plot of vertical displacements at the top of the sound wall for Kocaeli motion
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Big model

Figure 5.85: Comparative plot of horizontal displacements at the top of the wall for Kocaeli motion

Figure 5.86: Comparative plot of horizontal displacements at the left side of the footing for Kocaeli

motion
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Figure 5.87: Comparative plot of horizontal displacements at the right side of the footing for Kocaeli

motion

Figure 5.88: Comparative plot of horizontal displacements at the top of the sound wall for Kocaeli

motion
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Figure 5.89: Comparative plot of vertical displacements at the top of the wall for Kocaeli motion

Figure 5.90: Comparative plot of vertical displacements at the left side of the footing for Kocaeli motion
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Figure 5.91: Comparative plot of vertical displacements at the right side of the footing for Kocaeli

motion

Figure 5.92: Comparative plot of vertical displacements at the top of the sound wall for Kocaeli motion

Prassa and Jeremić version: 12. January, 2011, 17:15



Caltrans draft report 180

5.3 Discussion of results

If we compare Fig.5.99 to Fig.5.108 with Fig.4.77 to Fig. 4.84 of previous chapter we will observe that

the differences in terms of displacements, stresses along the height of the wall and stresses at the base of

the footing are so small that we can conclude that the presence of sound wall did not affect the overall

response of the system. Moreover, the top of the sound wall moves about the same amount with the

top of the wall showing that the sound wall follows the movement of the wall.

In order to investigate this observation more, the natural periods of three cases of sound walls have

been determined and compared with the predominant periods of the earthquake motions. The examined

sound walls are 1.8 m, 3 m and 4.8 m high. In order to determine their first natural period sound walls

are modeled with vertical linear elastic beam elements of 0.3 m size, and excited with a simple sinusoidal

motion. Sound walls are fully fixed at the base. After the end of shaking the system will move with its

natural period. The time history of horizontal displacements at the top of each sound wall is recorded

and used to determine the first natural period of the systems. Figure 5.93 presents the examined models.
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Figure 5.93: Models used for determination of natural periods of sound walls.

The determined first natural periods are the following

1. For height of sound wall 1.8 m the first natural period is 0.09 sec.

2. For height of sound wall 3.0 m the first natural period is 0.20 sec.

3. For height of sound wall 4.8 m the first natural period is 0.57 sec.

Moreover, in order to determine the predominant periods of the earthquake motions that are applied

to the system, the Fourier Transformation Spectra of each motion is used. Figures 5.94 to 5.96 present

the Fourier spectra for Northridge, Takatori and Kocaeli acceleration histories.

The determined predominant periods are the following

1. For Northridge the predominant period is 0.26 sec.

2. For Takatori the predominant period is 1.86 sec.

3. For Kocaeli the predominant period is 3.4 sec.
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Figure 5.94: Fourier transformation spectra of Northridge

Figure 5.95: Fourier transformation spectra of Takatori
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Figure 5.96: Fourier transformation spectra of Kocaeli

From the comparison of the first natural periods of the sound walls and the predominant periods

of the motions, we could justify the non-effect that sound wall of height 1.8 m had on the response of

the system. This short sound wall has a very high first frequency comparing to the frequencies of the

motions and also to the frequencies of the models and so its motion does not affect the response of none

of the systems.

Moreover, in order to investigate how the system affects the response of the sound wall two cases

are examined. First, a sound wall of 3 m height is being added to the model with the 3 m wall and the

whole system is excited by Northridge motion. Second, a sound wall of 4.8 m height is being added to

the model with the 6.8 m wall and the whole system is excited by Kocaeli motion. Figures 5.97 and 5.98

present the examined models.

From Fig.5.109 we observe that the addition of the 3 m sound wall at the top of a 3 m wall affects

the system and this effect reflects at the higher horizontal displacements of the top of the wall and the

top of the sound wall comparing to the ones of the same model with 1.8 m sound wall. This observation

is more obvious at the top of the sound wall where the amplification effects are more significant. The

reason for this response is the addition of a 0.2 sec natural period sound wall to a system with natural

period about this value and excitation with a motion of predominant period 0.26 sec. In other words,the

whole system is close to resonance.
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Figure 5.97: Addition of 3 m sound wall at the 3 m wall model and excitation with Northridge motion.

Similarly, the lowest frequency sound wall has been added to the lowest frequency model and the

whole system has been excited with the lowest frequency motion. The results as presented at Fig.5.110

show that the system does not affect the response of the sound wall. No amplification of the horizontal

displacement at the top of the sound wall is being observed and the sound wall follows the movement

of the wall. This can be explained by the fact that the natural period of the sound wall (0.57 sec) and

the predominant period of Kocaeli motion (3.4 sec) are not so close as before.

Prassa and Jeremić version: 12. January, 2011, 17:15



Caltrans draft report 185

Figure 5.98: Addition of 4.8 m sound wall at the 6.8 m wall model and excitation with Kocaeli motion.
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Chapter 6

Domain Reduction Method

Domain reduction method (DRM)

The Domain Reduction Method (DRM) or Plastic Bowl Method was originally developed by Bielak et

al.The method aims at reducing the domain that has to be modeled numerically by a change of variables.

The displacements that result from interaction of the incoming earthquake waves with the local feature,

for example a bridge foundation, are added to the residual wave field (or free-field) to form the total

wave field. In this way only the domain that is substantially influenced by the local feature has to be

modeled which allows the size of the computational model to be reduced considerably compared to other

methods.

6.1 Theory

Figure 6.1 shows the large domain, containing the source of earthquake the local feature as well as all

other elements that influence the wave pattern around the local feature. Figure 6.2 shows the large

domain from which the local feature has been subtracted. The wave field present in this domain is called

the relative wave field u0. This domain is also called the background model and the motions u0 are

the background motions used as input for calculating P eff of the DRM-model. P eff are the effective

forces that introduce the seismic excitation into the numerical model. The background motions can be

obtained by any appropriate analytical, numerical or even experimental method.
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Figure 6.3 shows the local domain. A boundary separates the local feature from the exterior domain.

The displacements are denoted ui in the interior domain, ub on the boundary and ue in the exterior

domain.
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Figure 6.1: Large physical domain with the source of load Pe(t) and the local feature, total motions u

(Jeremic, 2004)

Figure 6.2: Simplified large physical domain with the source of load Pe(t) but without the local feature,

relative motions u0 (Jeremic, 2004)

Neglecting the viscous damping term, the equations of motion of the entire system can be written

as follows: [
Mii Mib

Mbi Mbb

]
·

{
üi

üb

}
+

[
Kii Kib

Kbi Kbb

]
·

{
ui

ub

}
=

{
0

Pb

}
(6.1)

and [
Mbb Mbe

Meb Mee

]
·

{
üb

üe

}
+

[
Kbb Kbe

Keb Kee

]
·

{
ub

ue

}
=

{
−Pb
Pe

}
(6.2)
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Figure 6.3: Local feature (Jeremic, 2004)

These two matrix equations can be written as one equation:
Mii Mib 0

Mbi M∗bb Mbe

0 Meb Mee

 ·

üi

üb

üe

+


Kii Kib 0

Kbi K∗bb Kbe

0 Keb Kee

 ·

ui

ub

ue

 =


0

0

Pe

 (6.3)

M∗bb and K∗bb result from adding the contributions to the boundary mass and stiffness from the interior

and the exterior domain. There is no need to go into further details as these terms will not be used in

the following.

The total displacement in the exterior domain ue is equal to the relative displacement u0
e plus the

residual displacement we:

ue = u0
e + we (6.4)

Substituting 6.4 into equation 6.3 and pulling the relative displacements and accelerations on the right

hand side yields
Mii Mib 0

Mbi M∗bb Mbe

0 Meb Mee

 ·

üi

üb

üe

+


Kii Kib 0

Kbi K∗bb Kbe

0 Keb Kee

 ·

ui

ub

ue

 =


0

−Mbeü
0
e −Kbeu

0
e

Pe −Meeü
0
e −Keeu

0
e

 (6.5)

From the third line of equation 6.3 we know that Pe can be written as

Pe = Mebü
0
b +Meeü

0
e +Kebu

0
b +Keeu

0
e (6.6)
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Substituting this into the right hand side of equation 6.5 gives the effective force vector P eff :

P eff =


0

−Mbeü
0
e −Kbeu

0
e

Mebü
0
b +Kebu

0
b

 (6.7)

This change of variables makes it possible to apply an earthquake ground motion as a load instead of

prescribed displacements. This leaves more flexibility in the choice of appropriate boundary conditions.

While prescribing displacements to a model always introduces a fixed boundary that reflects all waves,

the DRM leaves the choice of using absorbing boundaries of the Lysmer type for example.

The interior domain is sometimes referred to as plastic bowl because its material can be described

by a nonlinear constitutive model.

For practical purposes in a finite element analysis using the DRM a layer of elements surrounding

the local feature needs to be specified. The inside face of this layer of elements corresponds to the

boundary Γ and its displacements are denoted ub. The displacements of the nodes on the exterior side

of Γ are denoted ue. Because the matrices Meb, Mbe,Keb and Kbe only have non-zero values for the

nodes that are part of the elements touching the boundary Γ, only üe and ue of these nodes are required

for computing Peff .

6.2 Verification using One-Dimensional Wave Propagation

6.2.1 Problem Statement

The model used for verification of the DRM consists of 13 8-node brick elements (Fig.6.4).Each element

is a cube of 1 meter side length. The four nodes in a horizontal plane are constrained to move together

in all directions.

Model represents the free field. As input motion, a sinusoidal horizontal ground motion with a period

of 1 second has been applied to the base of the soil column, resulting in an upward propagating shear

wave.

The following material properties have been used in the analysis: Young’s modulus E=1994 kPa,
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Poisson’s ratio ν=0.35 and specific gravity ρ=1.8t/m3. The resulting shear wave velocity is 20 m/s.

The lowest natural frequency is 3 Hz.

Figure 6.4: The analyzed model

6.2.2 Results

Model is analyzed by prescribing the sinusoidal motion to the base of the model. The displacement and

acceleration time histories of the nodes of the boundary layer are recorded. In a second analysis these

time histories are used to calculate Peff which then is applied to the nodes of the boundary layer. As

can be seen in figure 6.5 the results are identical in the interior domain. In the exterior domain the result

from the DRM-analysis shows no motion at all. This is the expected result since the ’large domain’ used

to obtain üe and ue and the ’local’ domain are identical. The residual field in the exterior domain we

therefore vanishes.
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Figure 6.5: üe and ue obtained from free-field model
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Chapter 7

Verification-Validation

Validation-Verification

7.1 Wu and Finn (1999)

The purpose of this study is the presentation of resultant thrust diagrams for the design of rigid retaining

walls. The cases of homogeneous and non-homogeneous elastic soil layer are examined. The results (the

resultant thrust values) are presented as a function of the cyclic frequency of the excitation to the

fundamental cyclic eigen-frequency of the wall-soil system, which is estimated from an approximate

procedure.

7.1.1 Reference system

The soil is considered to be uniform, elastic layer supported by two vertical rigid retaining walls. The

upper surface of the soil stratum is considered to be free, while the lower surface is fixed on a rigid base.

The soil layer is 2L long and H thick. The soil is considered to be a homogeneous, isotropic visco-elastic

material with mass density ρ , Shear modulus G, and Poissons ratio µ . Figure 7.1 shows the geometry

of the problem .

The scholars by using the modified shear beam model (Wu 1994, Finn et al. 1994, Wu and Finn
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Figure 7.1: Geometry and boundary conditions for rigid walls (Wu and Finn, 1999)

1996) found a close form solution for estimating the resultant force on homogeneous soil.

7.1.2 Close form solution

By taking into account only the horizontal relative displacement between the backfill and the rigid base

during shaking, the equation of motion of the backfill for forced vibration due to base excitation üb is

given by:

G
∂2u

∂y2
+

2

1− u
G
∂2u

∂x2
− ρ∂

2u

∂t2
= ρüb(t) (7.1)

and the normal stress σx by:

σx =
2

1− µ
G
∂u

∂x
(7.2)

The angular natural frequencies of the wall-soil system are given by:

ωmn =

√
G

ρ

(
b2n +

2

(1− µ)α2
m

)
(7.3)
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where,

am =
(2m− 1)π

2L
m = 1, 2... (7.4)

bn =
(2n− 1)π

2H
n = 1, 2... (7.5)

From equation u is found to be:

u(x, y, t) =
∞∑
m=1

∞∑
n=1

sin(amx)sin(bny)amnfmn(t) (7.6)

,where amn = 16
(2m−1)(2n−1)π2 is the modal participation factor, and fmn the transient modal solution

corresponding to the modal angular frequency ωmn.

For damped forced vibration the fmn(t) is obtained from the solution of the following equation:

f̈mn(t) + 2λωmnḟmn(t) + ω2
mnfmn(t) = −üb(t) (7.7)

,where λ is a modal damping ratio for each mode used to incorporate viscous damping of the wall-soil

system.

The dynamic pressure distribution along the wall is:

p(t) =
2G

1− µ

∞∑
m=1

∞∑
n=1

amamnsin(bny)fmn(t) (7.8)

and the total dynamic thrust Q(t) acting on the wall is given by:

Q(t) =

∫ H

0
p(t)dy =

2G

1− µ

∞∑
m=1

∞∑
n=1

amamn
bn

fmn(t) (7.9)

Q(t) =
2G

1− µ

∞∑
m=1

∑
n=1

16fmn(t)

π2(2n− 1)2L/H
(7.10)

For a harmonic base acceleration üb(t) = Amaxsin(ωt), fmn(t) is found from equation to be:

fmn(t) = − Amax
(ω2
mn − ω2) + 2iωmnω

e(iωt) (7.11)
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For the validation of their solution they compare their results with those from other exact solutions

(Wood 1973, Wu 1994, Finn et al.1994, Wu and Finn 1996) and conclude that the results match.

7.1.3 Comparison of close form and Finite element analysis

Analytical

We assume that the height H of the wall is 5 m and the width 2L of the soil 15 m so that L/H=1.5 m.

By solving the analytical solution with parameters ρ=1.8 t / m3 , G = 40000 kPa, µ = 0.25, λ = 0

and for sinusoidal base excitation of amplitude 0.1 g, period T = 1 sec and duration 1 sec we obtain the

following diagram of total dynamic thrust Q(t) acting on the wall versus time.

Figure 7.2: Total dynamic thrust Q(t) acting on the wall versus time from close form solution
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Finite Element

The geometry of the mesh and the boundary conditions of the FE model are shown in figure 7.3. There

have been used 75 brick elements with the in plane direction constrained so that the model to be two

dimensional. The base of the model was fixed, as well as the two edges in order to represent the rigid

walls. Also, maintain the condition du
dy = 0, the nodes of the upper soil layer where constrained with

master-slave of the three components of displacement.

Figure 7.3: Mesh discretization and boundary conditions applied

The soil was assumed to be linear elastic material with Poissons ratio 0.25. The integration method

used was Newmark with β = 0.25 and γ = 0.5. The motion that was applied at the base of the model

was sinusoidal with amplitude 0.1 g,period T=1 sec and duration 1 sec.The total dynamic thrust Q(t)

acting on the wall versus time is the following:

Comparative diagram

The comparison between the analytical and the Finite element method is the following:
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Figure 7.4: Total dynamic thrust Q(t) acting on the wall versus time from finite element solution

Figure 7.5: Comparative diagram of total dynamic thrust Q(t) acting on the wall versus time
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7.2 Veletsos and Younan (1997)

Veletsos and Younan (Veletsos and Younan,1997) developed an analytical solution for evaluating the

dynamic pressures acting on retaining walls that could account for the structural flexibility of the wall

and the rotational compliance at its base. The latter was achieved through a rotational spring at the base

of the wall. They discovered that the dynamic pressures depend profoundly on both the wall flexibility

and the foundation rotational compliance, and that for realistic values of these factors the dynamic

pressures are substantially lower than the pressures for a rigid, fixed-based wall. Their model is shown

in the following figure.

Figure 7.6: Geometry and boundary conditions of analytical model (Veletsos and Younan, 1997)

The soil is considered to be uniform of height H, while the properties of the soil are defined by its

density ρ, the shear modulus G and Poissons ratio ν. The base of the model is fixed, while the wall is a

flexible wall, elastically constrained against rotation at its base. The properties of the wall are described

by its thickness tw , mass per unit of surface area µw, modulus of Elasticity Ew and Poissons ratio ν.

The stiffness of the rotational base constraint is denoted by Rθ.

The relative flexibility of the wall and retained soil is defined as:

dw =
GH3

Dw
(7.12)
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,where Dw is the flexural rigidity per unit length of the wall defined as :

Dw =
Ewt

3
w

12(1− ν2
w)

(7.13)

Secondly, the relative flexibility of the rotational base constraint and retained soil is defined as:

dθ =
GH2

Rθ
(7.14)

For a harmonic excitation the response of the system is controlled by the ratio ω
ω1

where ω is the

predominant cyclic frequency of the excitation and ω1 the fundamental cyclic frequency of the soil.

We will examine the response of the system under almost static excitation
(
ω
ω1

= 1
6

)
.

7.2.1 Numerical model

dθ = 0

In order to verify the analytical results of Veletsos and Younan we use the following models for the

wall-soil system.

The numerical analysis was two-dimensional. We assumed that the height of the wall was 5 m and

the width of the model 15 m. The base of the model was constrained against displacements. For dw = 0

we assumed that the wall is rigid so that the displacements u are fixed to zero along the height of

the wall. For dw 6= 0, the wall was discretized by beam elements, of unit longitudinal dimension and

thickness tw = 0.2. Given the value of dw, the modulus of elasticity of the wall Ew derives from equation

(1) and (2), with Poissons ratio 0.2.

The density of the soil was 1.8t/m3, the Elasticity modulus E = 1e8Pa and the Poissons ratio 1/3.

The numerical integration was Newmark with β = 0.25 and γ = 0.5. The excitation was sinusoidal with

cyclic frequency such that
(
ω
ω1

= 1
6

)
.
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Figure 7.7: Geometry and boundary conditions of model 1

Figure 7.8: Geometry and boundary conditions of model 2
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The comparison between the results of the analytical solution and the numerical model are presented

in the following diagrams. They show the height wise distributions of the statically induced wall pressures

σst normalized with respect to α0, γ, H where α0 is the maximum acceleration at the base expressed as

g , γ is the unit weight of the soil and H the height of the wall.

Figure 7.9: Comparison between the results from numerical analysis and analytical solution for dw = 0

Figure 7.10: Comparison between the results from numerical analysis and analytical solution for dw = 1

Prassa and Jeremić version: 12. January, 2011, 17:15



Caltrans draft report 215

Figure 7.11: Comparison between the results from numerical analysis and analytical solution for dw = 5

Figure 7.12: Comparison between the results from numerical analysis and analytical solution for dw = 40

Prassa and Jeremić version: 12. January, 2011, 17:15



Caltrans draft report 216

7.2.2 Effect of compaction on retaining wall

Based on the analytical method proposed by Ingold (T.S.Ingold, 1979) for the estimation of horizontal

pressures acting on a retaining wall by taking into account the effect of compaction we obtained the

following:

Because the friction angle of our soil is 36◦ the coefficient of active lateral pressure will be:

Ka = tan2

(
45− 36

2

)
= 0.26 (7.15)

If we assume that the effective surface line loading imposed by the roller during compaction is

p = 100kN/m which is a relatively high value, the critical depth zc becomes:

zc = Ka

√(
2p

πγ

)
= 0.26

√
2× 100000

π × 1800× 9.81
⇒ (7.16)

zc = 0.494m (7.17)

, where the density of the soil is ρ = 1.8t/m3.

Therefore, the maximum horizontal effective stress induced by compaction is:

σ′hm =

√(
2pγ

π

)
=

√
2× 100000× 1800× 9.81

π
⇒ (7.18)

σ′hm = 33.53kN/m3 (7.19)

Finally, the critical wall height above which active pressure is redeveloped is:

hc =

√
2pγ
π

(Kaγ)
=

33.53

0.26× 1.8× 9.81
⇒ (7.20)
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hc = 7.3m (7.21)

Because hc > 1.8m which is the height of the wall the maximum horizontal force that will be

developed is the one induced by compaction.Thus, the distribution of the horizontal pressures along the

wall is the following.

Figure 7.13: Comparison between the results from the proposed analytical solution and Rankine theory

This value, (33.53kPa) is much lower than 200 kPa which was measured.

By doing the opposite procedure, that means starting from a constant value of horizontal stress equal

to 200 kPa, we will try to estimate what the value of p is, that may have caused such a high horizontal

pressure.

From relation σ′hm =
√

2pγ/π by substituting σ′hm = 200kPa, p is found to be 3560 kN/m which

is extremely high but even then the horizontal pressure at the base of the wall (h=1.8 m) will be less

than 200 kPa. This happens because the critical depth for p=3560 kN/m is 2.95m > 1.8m so at depth

1.8 m the horizontal pressure will be 122 kPa (calculated by linear interpolation).

The distribution of horizontal pressures at this extreme case will be the following.
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Figure 7.14: Distribution of static horizontal pressures along the height of the wall
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Chapter 8

Conclusions

This study investigated the effect of the triad soil-retaining wall-earthquake interaction on the dynamic

response of a retaining system. Three walls with dimensions in accordance with Caltrans design speci-

fications were examined while the models were excited with three motions. The motions were selected

in such a way as to cover a great range of excitations in terms of frequencies content. Northridge is

a motion with high predominant frequency, Kocaeli is a motion with low predominant frequency while

Takatori combines both low and high frequencies.

Results are presented in terms of horizontal stresses along the height of the wall, vertical stresses at

the base of the footing, horizontal and vertical displacements at the top of the wall, at the left and right

edge of the footing and at the top of the sound wall. In all cases, there is a significant dependence of

those magnitude with the occasionally retaining model and excitation motion. More specifically, worse

case scenario proved to be the model with the tallest wall (6.8 m) excited by Kocaeli motion. This

can be explained by the fact that the bigger the model the lowest its eigen-frequency and therefore the

greater the amplification factor when the excitation has a low frequency content, which is the case of

Kocaeli motion. On the other hand, the model with the shortest wall (1.8 m) is not affected by Kocaeli

motion significantly comparing to the big model. In this case, Northridge motion is also important

(higher eigen-frequency of model combined with higher predominant frequency of excitation).Takatori is

in the middle for all the models meaning that due to its frequency content excites significantly but no

most all the models from the shortest one, to the tallest.

From the addition of the sound wall at the top of the wall we concluded that sound wall does not

affect much the dynamic response of the system. On the contrary, the system will affect the movement

of the top of sound wall when the whole system is close to resonance (eigen-frequency of sound wall

close to eigen-frequency of model and predominant frequency of excitation).Therefore, we conclude

by emphasizing at the importance of the soil-structure-earthquake interaction while the phenomenon

becomes even more complicated with the existence of the sound wall at top.
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