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ABSTRACT

Seismic performance of CIDH pile supported foundation

by

Inho Ha

In recent years the use of large diameter CIDH pile supported footings to support
bridge super structures has become common. The seismic response of bridge super
structures supported on such footings relies on a moment-resisting connection between

the piles and pilecap.

There are, however, uncertainties about the force transfer mechanism from column
to piles in the 4-CIDH(Cast-In-Drilled-Hole)-pile-supported-foundation system. When
piles are in the elastic state, the distribution of moment and shear force in the footing and
in the piles can be significantly affected by the axial force in the piles, due to the
variation of pile bending stiffness with the axial load. Furthermore, the influence of the
three-dimensional geometry of the foundation on the shear direction of elastic pile can

also affect the magnitude of the bending moment acting on the piles.

Although the foundation system is usually designed to remain elastic during the
earthquake, plastic hinging in the piles may not be avoided during a severe earthquake.

Recent research on Knee and Tee joints of bridge bents indicates that significant amounts
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of joint reinforcement may be necessary in the pilecap joint regions. To investigate these
issues, two large-scale models of full Column-Pilecap-Piles assemblages were designed

and tested under simulated seismic loading.

The test units were designed according to state-of-the-art seismic design
requirements. The first test unit contained conventional reinforcement while the second
test unit contained headed reinforcement. Following the observed behavior of the test
units, the pilecap force transfer mechanism is further investigated using a simplified
foundation model similar to the test units. Consequently, a simple procedure is

developed for seismic design of the 4-CIDH pile-supported-footing system.
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Chapter 1: Introduction

1.1 Scope of Research

The seismic behavior of the 4-CIDH(Cast-In-Drilled-Hole) pile supported footing
systems is the focus of this investigation. In recent years the use of large diameter CIDH-
pile-supported-footings (see Figure 1.1-(b)) to support bridge super-structures has
become common. Moment-resisting connection between the piles and pilecap are

required in order for such structures to sustain seismic loading.
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supported footing supported footing

Figure 1.1: Plan view of pile supported foundation alternatives
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Figure 1.2: Qualitative moment distribution of CIDH pile supported footing

For most pile supported foundations the design philosophy is to force a plastic hinge
to occur at the base of the column and to keep the piles elastic during the seismic
response. In conventional design, the number of piles is obtained by distributing the
column shear force, determined for the plastic hinge flexural overstrength, evenly among
piles and the shear design of an individual pile is performed based on evenly distributed
shear forces, see Figure 1.2-(a). However, when reinforced concrete piles are in an
elastic state, the distribution of moment and shear force in the footing and in the piles
can be significantly affected by the axial force in the piles, due to the variation of pile
bending stiffness with the axial load, see Figure 1.2-(b). The moment and shear force in
the piles are also affected by the rotation of the pilecap caused by the vertical stiffness

of pile-soil interaction, and lateral passive soil pressure on the vertical face of the footing



(a) Rotation (b) Translation

Figure 1.3: Influence of pilecap rotation and translation

as shown in Figure 1.3. Furthermore, the influence of the three dimensional geometry of
the foundation on the shear direction of the elastic pile can also affect the magnitude of

the bending moment acting on the piles, see Figure 1.4.

Although the foundation system is usually designed to remain elastic during the
earthquake, plastic hinging in the piles may not be avoided during severe earthquakes,
see Figure 1.5. Therefore, the external strut joint force transfer model and the
corresponding joint reinforcement details for the knee and T joints of bridge bents may

be used as a design tool for the joint regions of CIDH pile supported footing.

In addition, a factor that deserves attention when building congested cages is the use

of headed reinforcement. Headed reinforcement provides better anchorage than
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Figure 1.4: Direction of pile resistance
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Figure 1.5: Pilecap joints

% Inverted T joint

Knee Joint




Figure 1.6: Headed reinforcement at pile/pilecap joint

conventional reinforcement, which should help the moment transfer between the pile and

pilecap.

These issues were investigated through comprehensive experimental and analytical
research and are presented in this report. The experimental program involved two half-
scale seismic tests on full column-footing-pile assemblies. The test units were designed
in accordance with the capacity design philosophy with conventional and headed
reinforcement, respectively. Joint regions were designed using the external joint strut

approach proposed by Priestley et al.[26].



1.2 Format of The Report

Following the introduction presented in this chapter, the analytical study on the axial
force effect on the pile shear force distribution is covered in Chapter 2. Linear and non-
linear analyses on the soil-structure interaction were carried out for the 2-D skeletal
frame, by finite element modeling the piles and the surrounding soil. During the nonlin-
ear pushover analyses, the tangential stiffness, obtained from the moment-curvature
curves based on the induced moment and axial force in the element, were used for up-
dating the bending stiffnesses of each pile beam element. The soil was modeled as an
array of uncoupled nonlinear spring elements. In the elastic analysis, the bending stiff-
ness for tension and compression piles were made equal and were not updated in the
analysis. Likewise, a linear model was used for the soil. The study was done for five dif-

ferent soil properties and three different column heights.

In Chapter 3 the test setup and design of test units are described. Two large-scale 3-
D test units, which are composed of a column, a pilecap and four piles, were designed
and tested under simulated seismic loading. The first test unit, CFPS1, was designed with
a conventional reinforcement while the second unit, CFPS2, was designed to incorporate
headed reinforcement. When designing the test units, a state-of-the-art design procedure
was adopted. In designing of joints, the external strut joint mechanism was used to im-

prove the joint performance and to reduce the joint reinforcement.

The experimental work on CFPS1(test unit containing conventional reinforcement)
and CFPS2(test unit containing headed reinforcement) are summarized in Chapters 4 and

5, respectively. The test results showed that the behavior of test units generally correlated



to the anticipated response based on the simple anlytical predictions. However,it was
revealed from the data of instrumentation devices and damage to test units that the actual
force transfer mechanism of the four CIDH pile supported footing system was quite
different to that assumed in the design of footing as two dimensional portal frame. The
pilecap of Unit CFPS1 suffered severe damage, which showed high inelastic strains at
the bottom reinforcement although they were supposed to remain elastic. This damage
was investigated and the findings were considered in the design of Unit CFPS2. No
significant damage occurred to Unit CFPS2. It was also found from the test result of unit

CFPS2 that the direction of pile resistance is not parallel to the applied lateral load.

Chapter 6 is dedicated to the discussion of the test results. A pilecap force transfer
mechanism is proposed and the principal direction of pile shear force is further investi-
gated. Since the three dimensional geometry of the foundation system influences the
shear direction of the elastic pile, a parameter study was performed to investigate the
combined effect of axial force and shear force direction of the piles. For the parameter
study, a simplified foundation model similar to the test units was adopted and four dis-
tinctive parameters were used, which are representative of gravity load, column length,

soil property and the relative stiffness of pile.

Based on the discussions, the conclusions of the investigation are presented in
Chapter 7 with recommendations and a simple design procedure for seismic design of

the 4-CIDH pile supported footing system.



1.3 Terminology and Units

In this report two distinctive lateral loading directions are expressed as “Orthogonal
direction loading” and “Diagonal direction loading”. “Orthogonal direction loading”
means the lateral loading which is parallel to the pilecap sides, and “Diagonal direction
loading” means diagonally applied lateral load in pilecap plan view. This is shown in
Figure 1.7.

In this report, SI units are exclusively used.

M
Fe
Fe
(a) Orthogonal direction loading (b) Diagonal direction loading

Figure 1.7: Definition of lateral loading direction



Chapter 2 : Axial Force Effects on the Moment
Demands in CIDH Pile Groups

2.1 Introduction

The purpose of this study is to assess the influence of axial force on a 4-CIDH-pile-
supported foundation systems. Soil-structure interaction analyses were performed using
the finite element method by adopting beam and bar elements to model the piles and the
surrounding soil, respectively. Elastic and nonlinear pushover analyses were performed.
For the elastic analyses, both bending stiffnesses of tension and compression piles are
assumed to be the same as is traditionally done. However, during the nonlinear pushover
analyses, the bending stiffnesses of each pile beam element were modified with the
corresponding tangential stiffness based on the induced moment and axial force in the
element. The tangential stiffness was determined from a moment-curvature analysis of
the pile section for a given axial force. The soil was modeled as an array of uncoupled
spring elements. The study was done for five different soil properties and three different

column heights.

2.2 Literature review on soil - pile interaction theoretical ap-
proach

Various analytical models have been proposed to investigate the behavior of
laterally loaded piles. The first model was that of a transversely loaded thin elastic beam,

supported by a series of linear springs acting along the length of the beam[10]. Many



advanced approaches, including modified boundary element analysis[3], and the 3-D
finite element method[8] were developed subsequently. Out of all the analytical models
described in the literature, the following approaches are briefly reviewed in this section.
For the axially loaded floating piles, the Winkler[31] and Gazetas[9] methods are

reviewed.

2.2.1 Stiffness of laterally loaded pile-soil interaction

1) Elastic Continuum Method

The elastic continuum method is based on the theory of elasticity and assumes that
the soil is an elastic, homogeneous, isotropic half-space with a constant Young’s
modulus and Poisson’s ratio. This method was introduced by Mindlin[17] in 1936. The
pile was modeled as a thin, rectangular, vertical strip, with soil pressure constant across
the pile width. In 1971, Poulos[23] presented the elastic solution for the problem of a

single pile subjected to lateral loading.

For asingle pile loaded at the pile head, Poulos[23] presents the following equations

to obtain the displacements and rotations at the ground level.

u=f, v+, M 2.1)

D
1

fo V + fo M 2.2)

where f,, fum, foy and fgy, are flexibility coefficients and V, M are applied horizontal
load and moment, respectively. For a long pile, these coefficients depend on the Young’s

modulii of the pile, E,, and soil, E, respectively, and on the pile diameter, D,
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The advantage of this approach is its simplicity. Furthermore, the continuity of the
soil is taken into account such that stresses and displacements spread outward and
diminish with distance from the point of application of a force. However, the elastic
continuum approach is limited by several factors. The soil in reality is far from being
homogeneous and isotropic. Furthermore, the behavior of the soil under large deflections
is highly nonlinear and, accordingly, the assumption that the soil is linear elastic is valid

when only the soil is deformed to very small strains.

2) Equivalent Cantilever Approach

Another approach that structural engineers usually use to analyze the responses of
laterally loaded pile is the equivalent cantilever method[30]. In this method the soil-pile
system is replaced by an equivalent cantilever fully restrained against translation and
rotation at the base. The equivalent depth to fixity can be determined by equating the

lateral siffness of the soil-pile system to that of an equivalent fixed-base cantilever.

The drawback of this method is that the depth to fixity is determined based on
solutions for an elastic pile embedded in elastic soil. This approach needs two distinctive
cantilever lengths depending on whether maximum pile top lateral deflections or
moments are in question for design because the depth of maximum moment does not
occur at the base of the cantilever but at a depth shallower than the equivalent depth to

fixity.

11



3) Winkler method

In 1867 E. Winkler[4] introduced the analysis method of a beam on an elastic
foundation under an applied pressure loading. In this approach, the soil is modeled as a
bed of independent springs. The uncoupling between the springs results in the
mathematical simplicity of the Winkler method. Before 1955, the concept of the Winkler
spring model had been adopted to predict the response of laterally loaded pile by
assuming that the soil is linearly elastic and the Young’s modulus of soil increases with

depth.

In the Winkler method the displacement, vy, at a given point relates to the contact
pressure developed in the soil, p, at that point via the coefficient of horizontal subgrade

reaction, K, by the expression:
P =Ky (2.3)

Once the relations between p and y along the pile length are constructed or
predicted, the response of the pile under lateral load can be obtained by solving the

following differential equation. :

4
El OI—Y+ksy =V (2.4)

where El, is the bending stiffness of pile, y is the lateral displacement, z is the depth, kg

is the stiffness of the soil and V is the applied lateral load.
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2.2.2 Soil nonlinearity

In reality the relationship between soil pressure, p, and deflection, y, is nonlinear and
several approaches have been developed to account for the nonlinearity of soil. One of
the common methods is the p-y curve which was first introduced by McClelland and

Focht(1956).

A set of p-y curves along the pile is, in the most pure sense, constructed with the data
from the full scale testing of the instrumented piles. After the bending moment diagram
along the pile is constructed from the measured strain data at a given point, the shear
force diagram is obtained by differentiating the moment along the pile. With the soil
reactions, obtained by differentiating the shear force diagram, and the deflections, from

the double integration of the curvature diagram, a set of p-y curves is constructed.

In 1984 Carter[7] developed a simple method of constructing a p-y curve. The idea
of the method is that the nonlinear response of the soil is determined by the initial
subgrade coefficient, kg, and the ultimate lateral pressure, p,, at which the soil reaches
the maximum pressure it can sustain. With these two limits the p-y curve is hyperbolic

and is controlled by the power factor, n. Carter’s hyperbolic soil model is given by :

_p|__ Pl 25
Y ki(p{}lt_p”)} (25)

For the value of p,;, Carter proposed the following equation through his finite

element analysis work.

Py = 5K, 0 (2.6)
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Figure 2.1: Nonlinear p-y curve for the Carter’s soil model

In Eq. (2.6), K, is the coefficient of passive soil pressure, which is given by :

1+ sing,
P 1-sing, 27)
where ¢ is the friction angle of the soil.
The vertical effective stress, ¢, at a depth of z is :
6 =7z (2.8)

where vy is the unit weight of soil.

The tangential subgrade coefficient, kg, can be obtained by differentiating Eq. (2.5)

as :

14
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Carter suggested n = 1 for sand, based on the results of comparisons with back
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analyses from full scale pile tests[7].

2.2.3 Determination of kg and relationship with Eg

The determination of the subgrade coefficient, kg, is the major limitation which is
associated with all soil models. Unlike kg, the modulus of elasticity, Eg, is easily
obtainable from the published data on soil properties. Furthermore, the ultimate pressure,
Puit» can be determined with a good degree of accuracy. Therefore, it is of interest to
study the relationship between kg and Eg as the former is one of three key parameters of

Eg. (2.5).

Vesic in 1961 provided the following relationship between the soil Young’s

modulus, Eg, which is used in the continuum method, and the subgrade modulus, K,

0.65E, (E.D4\1/12
o= —;—(Lﬂ) (2.10)

where vy is the soil Poisson’s ratio, Dy, is the pile diameter and El; is the flexural rigidity
of the pile. For the purpose of practical use of Eq. (2.10), the term, (E;D*/El)/12 is
simplified to 1.0, since its magnitude generally yields approximately that value[7, 13].

Accordingly, Eq. (2.10) becomes :

_ 0.65E,

2
1\/S

h (2.11)
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Bowles[4] suggested Eq. (2.12) which results in the twice of the value of Eq. (2.11)
as the modulus of subgrade reaction Ky, for the laterally loaded pile. He argued that soil
and pile are in contact on both sides of the pile while Eq. (2.11) is derived from the beam
on the elastic foundation with soil acting on only one side of the beam. Therefore,

_ 13,
h = 1-v2

(2.12)

However, the soil does not necessarily contact the entire surface of the pile when it
is subjected to the lateral loading inducing large lateral displacement. Therefore, the
value of the modulus of subgrade reaction should lie between the value given by Eg.
(2.11) and (2.12). Carter[7] and Ling[13] found that when the factor is 1.0, the prediction
of the pile is in good agreement with the pile deflection. Hence,

_ 10E,
h = 1-v2

(2.13)

Carter and Ling also accounted for the effect of pile diameter, Dy,, on the modulus

of subgrade reaction, k;,, and suggested the following equation.

_ 10E,-D,
" (1-v2)-(1.0m)

(2.14)

where Eg is the soil Young’s modulus. Ling divided Eq. (2.14) by 1.0 meter to make it
dimensionally correct. If (1-v2) is approximated as 1.0 considering that the Poisson’s

ratio is small, Eq. (2.14) becomes :

D
ky = Eg- ﬁ*’a (2.15)
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From the definition of the modulus of subgrade reaction, Kk,

k, = k- D (2.16)

k, = — (2.17)

Eq. (2.17) shows that ES(FL‘Z) and kS(FL‘3) are essentially identical quantities
except the dimensional difference between the two, resulting from the definition that the
modulus of elasticity, E, is defined as the ratio of stress to strain, and the coefficient of
subgrade reaction, K, is defined as the ratio of pressure to displacement. Eq. (2.17) is
notable since the coefficient of subgrade reaction, kg, can be directly calculated from the

modulus of elasticity of the soil.

2.2.4 Axially loaded pile - soil interaction

1) Elastic Continuum Method

In 1991, Gazetas[9] presented the static axial stiffness expressions of axially loaded
piles, which are embedded in three different types of soil, using the elastic continuum
approach. The expressions provided are only for a floating pile. A floating pile is the one
in which there is no abrupt change in the properties of the soil at the end of the pile. The

equations for the three different soil types are :

» Constant soil modulus at all depth

0.67/E \~(L/Dp)/(Ey/Ey)
K, = 1.9E5Dp(—|‘—) (—B) e (2.18)

D, Eq
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» Linear increase of soil modulus with depth

055, E._\—(L/D,)/(E,/Eg )
K, = 1.8E3LDp(L) (—p—) S (2.19)

where, Eg = Eg; - (L/Dp)

» Parabolic increase of soil modulus with depth

L )O.G(ER)-(L/DP)/(EP/EsL)

. (2.20)

where, Eg, = Eg; - JL/D,,

In the above equations L and D, are, respectively, the length and the diameter of the
pile ; Ey and Eg_are the Young’s modulus of pile and soil at the depth of pile length, L,
respectively. As was seen in the above equations, the axial stiffness of a floating pile-soil
interaction depends not only on its relative compressibility, Ep/Eg) , but also on the

slenderness ratio, L/Dp.

2) Winkler method

The solution of the axial stiffness of the floating pile was given by R. F. Scott[31] in
1981. Although two different solutions which are for a rigid pile and a compressible pile
under axial load were presented, only the solution for the compressible pile embedded in
soil with constant Young’s modulus is reviewed here. In Figure 2.2-(c), force decrement
in the pile occurs along its depth for a given axial load as a result of pile axial flexibility.
If the vertical displacement of the pile in the z-direction is set to be w, the force in the

pile, Fp, is::
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Figure 2.2: Winkler representation of axially loaded tension pile and soil model

_ _ _ dw
Fp = 0,A, = (Epgp)A, = E,A

0 YT (2.21)

where E, is the Young’s modulus of the pile and A, is the area of the pile section. The
decrement of the force in the tension pile, dF,, at a distance down of dz, must be taken
by the shear force, Fg, acting on the surface area of the pile segment. If the soil spring
constant, kg, is defined as :

T = kaw (2.22)
where 7 is the shearing stress acting on a segmental pile surface area, then the total force
due to shear friction on the peripheral surface of the pile segment, Fg, is :

F, = 1Sdz = Sk,wdz (2.23)

where S is the pile perimeter. From the equilibrium consideration, :

19



F-F, = dF, = Fy = Sk,wdz (2.24)
Substituting Eq. (2.21) into Eq. (2.24) yields :

2
A = i w (2.25)

Eq. (2.25), describes the behavior of the vertically loaded pile with the appropriate

boundary conditions such as :

dw __Tp

ep‘z—o dz |, _, a E A, (2.26)
dw _

ol = dz| = (2.27)

where F is the applied force at the top of the pile.

Therefore, the axial stiffness of soil-pile interaction can be obtained along the pile

by dividing the pile force, Fp,, by the corresponding pile displacement, w.

2.3 Modeling of soil-pile group interaction analysis
2.3.1 Finite element modeling

To study the response of laterally loaded four-CIDH pile supported foundations
subjected to varying axial force in the piles, linear and nonlinear analyses were
performed in this investigation for the two-dimensional finite elemented skeletal frame
model, which consists of a column, a pilecap and two piles embedded in the ground, as
shown in Figure 2.3. The major considerations in the modeling of soil-foundation

structure interactions are described here.
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Figure 2.3: Skeletal model for the nonlinear pushover analysis
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1) The vertical stiffnesses of the tension(k,;) and of the compression piles(k,.) are
considered since the pilecap rigid body rotation depends on the vertical stiffnesses of
the piles. For the tension pile the end bearing stiffness is considered as long as the pile
is in compression. Once the pile is in tension only the floating pile - soil interaction
stiffness is considered. For the compression pile the stiffness from the pile end

bearing and friction is considered.

2) The effect of the lateral stiffness of the passive soil on the pilecap bearing face(ks) is
studied because the passive soil pressure on the pilecap is believed to be significant

due to its size.

3) The strain penetration of the pile longitudinal bars inside the pilecap is considered.
The bending stiffnesses of the discrete pile and column elements, which are inside the

pilecap, is affected by strain penetration.

4) For the linear analysis the elastic stiffnesses were used for the elements of structure.
The bending stiffnesses between compression and tension piles were identical and
constant. The stiffness of soil springs were also linear. However, in the nonlinear
analysis the bending stiffnesses of each discrete pile element were updated during
each segmental analysis operation according to the moment and the axial force levels
induced in a individual pile element. The tangential stiffness of a pile element was
obtained from the moment-curvature analysis of the pile section subjected to the
updated axial force. A bi-linear soil model is adopted for the analyses. Figure 2.4
shows the variation in bending stiffnesses of tension and compression piles at the end

of the analysis, which are normalized by the elastic pile stiffness. Since the vertical
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soil-pile interaction stiffness was modeled as a lumped springs at the base of each
pile, axial force along the entire length of each pile was constant. In reality, the
distributed vertical soil-pile interaction causes the axial force to vary along the length
of the pile. The axial force induced at the pile base changed the bending stiffness of
the pile as shown in Figure 2.4. However, the change in stiffness does not affect the
behavior of the structure because there is no moment demand at the base of the piles
and the axial force developed above the inflection point of the pile is almost same

between the distributed and the lumped spring models.

Because the pilecap is supported by four CIDH piles in reality, the stiffness of each
compression and tension pile of the model corresponds to twice the stiffness of an

individual pile.

2.3.2 Soil resistance model

1) Lateral stiffness of the soil - pile interaction

The soil around the pile was modeled using a series of uncoupled spring elements.
In this study, the Winkler model is used. This approach allows for modeling soil types

which vary with depth and exhibit nonlinearities.

Since the soil which is chosen for the parameter study is sand, the modulus of
subgrade reaction, kp, increases linearly with depth, z. Therefore, the individual soil
spring stiffness, kj(z), using the Winker method, can be calculated based on the following

expression :

ki(z) = ky(2)-Az (2.28)
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where ky,(z) is the horizontal modulus of the subgrade reaction at depth, z, and Az is the

spring spacing.

Carter found that the subgrade reaction modulus, ky(z), for a pile with diameter D,
can be obtained from a known quantity, k;(z) for D; as:
. D
kn(2) = kn(2) - =% (2.29)

Dy

Therefore, from Eqgs. (2.28), (2.29), the individual soil spring stiffness, kj(z), is :

D
ki(z) = k- z- =8 Az (2.30)
DIO

where k, is the increasing rate of subgrade reaction modulus with depth, z.

2) Vertical stiffnesses of the soil - pile interaction

The springs for the vertical stiffness of soil-pile interaction were calculated using
Eq. (2.19) and attached to pile ends. Although the vertical springs act as lumped springs

at the end of the piles, the difference to the distributed springs is negligible.

2.4 Results of Analyses

The results of the analyses are presented in Figures 2.6 - 2.37. The definition of the
different moments referred to in the text are given in Figure 2.5. Because the analyses
were done for the in-plane skeletal frame, the results show only the effect of axial force
in the piles on the distribution of the moments between the compression and tension

piles. In the real pile supported foundation system, pile moments will be greater than
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those of the two-dimensional analysis due to the three dimensional effect of the

foundation. This aspect is discussed in detail in Chapter 6.

2.4.1 Uneven force distribution between compression and tension piles

The linear analysis based on the same stiffness for tension and compression piles
yields that the magnitudes of the moment and shear between the compression and tension
piles are almost the same although there is a small difference due to the presence of
gravity load. However, it is clearly seen that significant differences in the moment and
shear does occur in nonlinear analysis that used tangential stiffness of pile moment-
curvature curve. The main reason for this is the variation of flexural stiffness in the piles

as the axial load varies at each load increment. The tension pile softens due to axial
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tension in the piles, while the compression piles becomes stiffer and attract more
moment than the tension piles. Figures 2.30 - 2.33 show that the compression pile
moment is more sensitive to axial load than the tension moments. Axial load has,

however, a similar effect on the shear force for both tension and compression piles.

2.4.2 Effect of pilecap passive soil pressure on pile moments

For both the linear and nonlinear analyses, the pile moment and shear force are
largely dependent on the degree of restraint provided by the pilecap. The decrease of the
pile moment and shear force, due to the passive soil pressure on the pilecap, is significant
when compared to the cases without pilecap restraint. In Figures 2.30-2.31, the influence
of pilecap passive soil pressure on the pile moment is observed in the form of a moment
reversal at the top of the pile embedded in dense sand and supporting a long column.
Nonlinear analysis shows a notable reversal of pile top moment in the compression pile.

Figure 2.38 also shows that there is a significant contribution of passive soil pressure
on the pilecap vertical face that reduces the shear force demand on pile group. The effect
of pilecap restraint is closely related to the soil properties. In soft sand which
corresponds to 7 MPa/m of subgrade coefficient, kg, in Figure 2.38, the decrease in the
pile group shear force due to pilecap passive soil restraint is 17% - 28%. However, in
dense sand which is represented by 60 MPa/m of subgrade coefficient, ks, the pile group
shear force reduced to 35% - 55% of total applied shear force due to the pilecap restraint.

In addition, the influence of the pilecap passive soil pressure on the shear force of
pile group also depends on the nondimensional column length, L/D,. The column length

is an indicator of relative influences of column moment and shear force on the system
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behavior. The degree of dependency on the column length becomes significant in denser
soil. This is clearly shown in 2.38.

Because linear soil p-y curves are used for the linear analysis and bi-linear soil p-y
curves for the nonlinear analysis, there is almost no difference in the effects of pilecap
restraint between linear and nonlinear analyses when soil has not yielded. However, once
the pilecap passive soil has yielded, the difference between linear and nonlinear analyses

is obvious. This is shown in Figure 2.38 for the case of L /D, = 2.5 and kg = 7 MPa/m.

2.4.3 Sensitivity of pile forces on variables

Figures 2.30 - 2.33 shows the variation of pile moments with the soil stiffness. As
the stiffness of soil increases, the magnitude of the pile moment is reduced since the
relative lateral displacement of the piles are decreased. The decrease of the pile top
moments with increasing soil stiffness is highly nonlinear although the rate of decrease
reduces as soil becomes stiffer. The influence of soil property on pile moment is greater
at the top of the piles than in the ground. Furthermore, the maximum In-Ground moment
develops at shallower depth as soil gets stiffer and, accordingly, the inflection point of
the pile also becomes shallower. This is shown in Figures 2.6-2.29. In the piles
embedded in stiffer soil, the reversal of the pile moment direction occurs as shown in

Figures 2.26, 2.27, 2.30 and 2.31.

However, the shear force of the pile is not as sensitive to the soil property as pile
moment. From Figures 2.34 - 2.37, it is known that, without pilecap restraint, the shear
force of the piles is almost constant regardless of soil property. But, with pilecap passive

soil pressure, the pile shear force with pilecap restraint lessens significantly as soil
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becomes stiffer. This can be seen clearly in Figure 2.38. The pile moment and shear
forces are also highly dependent on the column length. The pile forces increases

parabolically as column length decreases as shown in Figures 2.30 - 2.37.
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Figure 2.6: Pile moment of linear analysis(L./D. = 2.5, no pilecap restraint)
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Figure 2.7: Pile moment of nonlinear analysis(L./D. = 2.5, no pilecap restraint)

30



Pile depth(m)

Pile depth(m)

Tension pile Compression pile

0 0
-2 -2
-4 4
6 ] 6
i, \
8 0 -8 A\
W\ \,\\‘
-10 At -10 W
\\\ \\
12 ' 12 E
-14 -14
-16 7 MPa/m E— -16 7 MPa/m
k. L4MPam - 14 MPa/m e
18 s 25MPam —— 18 Ks  25MPam ———
40 MPa/m e 40 MPa/m e
60MPalm o 6OMPam
-20 -20
3200 -1600 0 1600 3200 -3200  -1600 0 1600 3200
Shear force(kN) Shear force(kN)

Figure 2.8: Pile shear force of linear analysis(L./D. = 2.5, no pilecap restraint)
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Figure 2.9: Pile shear force of nonlinear analysis(L./D. = 2.5, no pilecap restraint)
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Figure 2.10: Pile moment of linear analysis(L./D. = 2.5, pilecap restraint)
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Figure 2.11: Pile moment of nonlinear analysis(L./D. = 2.5, pilecap restraint)
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Figure 2.12: Pile shear force of linear analysis(L./D, = 2.5, pilecap restraint)
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Figure 2.13: Pile shear force of nonlinear analysis(L./D. = 2.5, pilecap restraint)
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Figure 2.14: Pile moment of linear analysis(L./D. = 5.0, no pilecap restraint)
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Figure 2.15: Pile moment of nonlinear analysis(L./D. = 5.0, no pilecap restraint)
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Figure 2.16: Pile shear force of linear analysis(L./D. = 5.0, no pilecap restraint)
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Figure 2.17: Pile shear force of nonlinear analysis(L./D. = 5.0, no pilecap restraint)
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Figure 2.18: Pile moment of linear analysis(L./D. = 5.0, pilecap restraint)
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Figure 2.19: Pile moment of nonlinear analysis(L./D. = 5.0, pilecap restraint)
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Figure 2.20: Pile shear force of linear analysis(L./D, = 5.0, pilecap restraint)
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Figure 2.21: Pile shear force of linear analysis(L./D, = 5.0, pilecap restraint)
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Figure 2.22: Pile moment of linear analysis(L./D. = 7.5, no pilecap restraint)
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Figure 2.23: Pile moment of nonlinear analysis(L./D. = 7.5, no pilecap restraint)
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Figure 2.24: Pile shear force of linear analysis(L./D. = 7.5, no pilecap restraint)
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Figure 2.25: Pile shear force of nonlinear analysis(L./D. = 7.5, no pilecap restraint)
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Figure 2.26: Pile moment of linear analysis(L./D. = 7.5, pilecap restraint)
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Figure 2.27: Pile moment of nonlinear analysis(L./D. = 7.5, pilecap restraint)
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Figure 2.28: Pile shear force of linear analysis(L./D. = 7.5, pilecap restraint)
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Figure 2.29: Pile shear force of nonlinear analysis(L./D. = 7.5, pilecap restraint)
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Chapter 3. Design Procedure for Test Units

3.1 Introduction

The modeling, design and test set-up for the experimental testing of units CFPS1
and CFPS2 conducted as part of this research are presented in this chapter. The main
difference between these two units was the reinforcement type and amount. The first
unit, CFPS1, was designed with conventional deformed bars for reinforcement. The
second unit, CFPS2, differed from CFPS1 in that headed deformed bars were used as
reinforcement except for the column and pile transverse reinforcement.

The aims of the experimental program were to examine :
1) The distribution of force between compression and tension piles
2) The response with an elastic pile system
3) The response with an inelastic pile system
4) The design concepts for column/footing and pile/footing joints
5) The design concepts for pilecap reinforcement

The differences between 2) and 3) were obtained by testing the units first with
pilecap restraint, which reduced the shear force and the moments in the piles. Later the
units were tested without pilecap restraint, which increased the pile moments to the

extent that pile plastic hinge formation was expected.
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Figure 3.1: Prototype of Test Units

3.2 Prototype Structure

The pier shown in Figure 3.1 was chosen as the prototype structure for building the
test units. This prototype had been set as an example for comparative analysis at the 2nd
International Workshop on Seismic Design of Bridges[19]. The prototype consisted of
four CIDH piles, a pilecap, a single column and a superstructure. The reinforcement

details of the prototype were not utilized in the design of the test units.
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3.3 Laboratory Test Model

In order to examine the seismic performance of a CIDH pile supported footing under
laboratory conditions, the test specimens were built at one-half scale and without the
superstructure. Although the overall dimensions of the prototype structure were
considered in modeling the test units, several modifications were necessary to achieve
the objective of the research study. The following modifications to the prototype were

considered.

6) The superstructure was removed. To emulate the gravity load in the superstructure,

both test units were post-tensioned through the column and footing to the strong floor.

7) The bent cap at the top of the column was also removed. The column was designed as

a prismatic member to the load stub.

The modifications described above and the dimensions of the laboratory model are

shown in Figures 3.2 and 3.3.

3.4 Test Set-Up
When establishing a suitable test set-up under the laboratory conditions, the follow-

ing considerations were taken.

A gravity load of 2002 kN was applied to the test units by means of post-tensioning
tendons which were anchored at the top of the load stub and ran vertically through a duct
embedded at the center of the column and footing. The other ends were anchored to the
test base which was tied down to the strong floor for unit CFPS1. Fifteen - ¢15 mm

strands were used for post-tensioning. To achieve the target post-tensioning force on the
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Figure 3.2: Modification of the Prototype Structure

day of testing, the post-tensioning was carried out in two steps. First, 20% of the target
force was applied for the lock-off of the tendons to the anchorage device and the full
target force was applied at the begining of the test. The applied force was monitored
during the test and adjusted whenever necessary to keep it within a reasonable margin of

the target force.

To simulate the horizontal seismic forces for the orthogonal and diagonal directions
with respect to the pilecap configuration in plan view, two servo-controlled hydraulic
actuators were mounted on the two perpendicular sides of the load stub at the column
head and force was applied cyclically by directional combinations of actuator forces as

was shown in Figure 3.4.
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It was also necessary to emulate a passive restraint mechanism on the pilecap sides
to study the effect of the passive soil pressure on the pilecap. To do this, two additional
actuators were mounted on the two pilecap sides which were also perpendicular to each
other in same configuration with the actuators on the column load stub as illustrated in
Figure 3.5. The soil passive pressure on the pilecap sides in the opposite direction to the
seismic load was modeled by a two point load representing the resultant force of soil
passive pressure. This was achieved by four Dywidag bars running through the pilecap.
One end of the Dwidag bars was end-plated using two pieces of steel plate at the loading
points of the resultant force of soil passive pressure and the other ends were connected
to the loading beams which were attached to the pilecap actuators. For the push
directional loading, the resultant force of passive soil pressure on the opposite sides of the

pilecap was activated by the pilecap actuators pulling the Dywidag bars endplated at the
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resultant points of soil passive pressure. Likewise, the resultant force of passive soil
pressure on the pilecap sides of actuators was activated by the pilecap actuators pushing
the two steel plates at the points of the two resultant forces of soil passive pressure through

the loading beams which were attached to the pilecap actuators.

To model the long piles embedded in the ground, the piles terminated at the
theoretical position of contra-flexure points in pin details as described in section 3.5.5.
To emulate the vertical stiffness of the tension pile-soil structure interaction, 60mm
diameter mild steel rods with lengths of 600mm were embedded in the piles. The
dimensions of the rod were determined by converting the vertical stiffness of the pile-
soil structure interaction estimated by analytical work into the axial stiffness of the steel
rod using the formula of axial stiffness, EA/L where E is the Young’s modulus of steel,
A and L are the sectional area and the length of the rod. The numerical calculation for
this is given in section 3.5.5. The rod was debonded by applying grease on its surface
and end-plated for anchoring with 200mm diameter and 25.4mm thick steel plate disk
ribbed with four pieces of 25.4mm thick steel. For the compression piles no specific
modelling was done for the vertical stiffness of the compression pile-soil structure
interaction due to the difficulty of emulating the pile endbearing stiffness. Hence, the
piles in the compression side were supported by the test base directly considering the
large magnitude of the vertical stiffness of the compression pile-soil structure

interaction.
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Table 3.1: Critical loading conditions for the design of actions

Structural member actions Critical loading phase : Loading direction Max. applicable
to be designed / Pilecap restraint condition lateral load
Pilecap Negative Bending Loading Phase 2 : Orthogonal / No Pilecap Restraint 845 kN
Pilecap Positive Bending Loading Phase 1 : Diagonal / Pilecap Restraint 934 kN
Pilecap Shear Transfer Loading Phase 1 : Orthogonal / Pilecap Restraint 934 kN
Pile - Pilecap Joint Loading Phase 2 : Diagonal / No Pilecap Restraint 801 kN
Pile Bending, Shear and Confinement | Loading Phase 2 : Diagonal / No Pilecap Restraint 801 kN
Pile-Test Base Pin Connection Loading Phase 2 : Diagonal / No Pilecap Restraint 801 kN

3.5 Design of The Test Units

In designing the test units state-of-the-art design procedures were adopted[26]. For
desirable seismic response the units were designed so that a plastic hinge would develop
at the bottom of the column. Using capacity design principles, the pilecap and joints were
designed for the maximum possible forces that would develop in the column plastic
hinge, considering potential strain hardening and uncertainties in material strengths.
With assumed material strengths ., = 27.6 MPa and f,,= 455.1 MPa which corresponds
to 1.1fy in accordance with the recommendations given by Priestley [26], the test units
were designed so that the piles would remain elastic in Loading Phase 1 which is the
loading case with pilecap resistance and would perform inelastically at Loading Phase 2
which is the loading case without pilecap resistance. Since there were orthogonal and
diagonal loading directions with two conditions of pilecap restraints in each loading
direction, four loading cases were considered for the design of the test units. Table 3.1
shows the critical loading phase for each structural member action to be considered.
Loading Phases 1 and 2 are defined for the loadings with and without pilecap restraint,
respectively. Pilecap positive flexural design and the checking of the direct shear transfer

of the pilecap were done for Loading Phase 1. Corresponding maximum applicable
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lateral load, 934 kN, is the load required to form a plastic hinge of the column which is
carefully designed considering the capacity of the actuators, 979 kN, mounted on the
column load stub. The critical loading condition for the pilecap negative bending was
determined as orthogonal direction loading without pilecap restraint. The design of unit
CFPS1 was done first. Unit CFPS2 was designed after the test on unit CFPS1 had been
completed. This unit incorporated minor modifications except pilecap reinforcement,
based primarily on the experience gained from testing the first unit, and used headed
reinforcement to improve anchorage of reinforcement. The design of unit CFPS2 is

described in Section 5.2.

3.5.1 Column design
a) Longitudinal Reinforcement

Since the maximum load capacity of the actuators at the top of the column was 979
kN, the column longitudinal reinforcement ratio of p; = 2.57% provided by 23 bars of
25.4mm diameter was determined so that the corresponding maximum shear force of the
column would not exceed this value. In determining the column longitudinal
reinforcement ratio, the gravity load of 2002 kN corresponding to the column axial load
ratio of 0.16 was arbitrarily assumed. The maximum shear force resulting from the

moment at the development of the flexural overstrength of the column plastic hinge was :

V. = 934kN (3.1)

which was about 5% less than the maximum load capacity of the actuators at the top of

the column.
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b) Confinement

When determining the appropriate quantity of transverse reinforcement, it was
ensured that an adequate lateral confinement was provided in the plastic hinge region of
the column so that a dependable ductile performance could be obtained for the units. The
volumetric confinement ratio, pg, used for the circular columns conformed with the

seismic design requirements for California bridges[2] :

f

)
p, = 0.16—(:9{0.5 ¥ 1;25P} +0.13(p; - 0.01) 3.2)
ye

ce’Ng

where f_, is the expected unconfined concrete compressive strength, fye is the expected
yield strength of column longitudinal reinforcment, P is the axial load at the column
plastic hinge region, Ay is the gross area of the section of the column and p, is the column
longitudinal reinforcement ratio. The value of pg = 0.0112 provided by 12.7mm diameter
spiral with 63.5mm spacing exceeded the value of pg = 0.0089 obtained from Eqg. (3.2).
With the provided transverse reinforcement in the plastic hinge region, the displacement

ductility capacity of the column was 10.3.
c) Anti-Buckling Considerations

To ensure adequate transverse reinforcement is provided to avoid premature
buckling of the longitudinal reinforcement, the buckling mode over several layers of
transverse reinforcement was checked by Eq. (3.3) according to the design requirement

as recommended in references[2, 26].

= 0.0002n = 0.0046 < p, = 0.0089 (3.3)

ps,min
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Figure 3.6: Design strength of concrete shear based on section curvature ductility

where n is the number of longitudinal column bars, which in the column in unit CFPS1

equaled n = 23.

An explicit check for the bar buckling between adjacent transverse reinforcement

was not carried out because this bar buckling mode is already accounted for in Eq. (3.2).

d) Shear Requirements

In order to avoid undesirable shear failure in the column, the column’s shear strength
was checked with the transverse reinforcement provided for confinement using a
recently developed approach[26]. In this method the three independent and additive

mechanisms contribute to the nominal shear strength, namely the concrete shear resisting

mechanism, the steel truss mechanism and the axial load :

V, = V+V+V, (3.4)
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c/2

—
Vp T

contribution of the axial compression.
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Lc

Figure 3.7: Contribution of axial force to shear strength in single curvature columns[26]

where V, is the nominal shear resistance, V. is the concrete component, V; is the

resistance from the truss mechanism by transverse reinforcement, and V, is the

V. is considered a function of curvature ductility, see Figure 3.6, and represented as

where A is the effective shear area(assumed to be 0.8Ag), and k is an empirical value

that depends on the member curvature ductility py. The magnitude of k was

conservatively set as the minimum value 0.042 and the corresponding minimum V. was




(D - c)cotd

Figure 3.8: Model for shear resistance due to a truss mechanism

The shear strength from the axial load contribution was estimated based on the
recommendation [26] that the V, component be obtained in accordance with Eq.(3.6) as

shown in Figure 3.7.
V, = 0.85P - tana (3.6)

For a member of single curvature such as the column of the test units, o is the angle
formed between the column axis and the strut from the point of load application to the
point of compressive stress resultant at the critical section of the column plastic hinge,
see Figure 3.7. The point of compressive stress resultant can be approximated to be ¢/2
where c is the depth of compression stress block. In the above expression, the factor 0.85
accounts for the scatter observed [36]. The contribution to the shear strength due to axial

load, calculated using Eq. (3.6), was 169 kN.
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The truss mechanism component V¢ by column spiral was calculated using Eqg.

(3.7), which reflects the truss contribution shown in Figure 3.8.

A.f, (D -c
V., = T—‘x—“%cote (3.7)

s 2
where, D is the core dimension, from center to center of the spiral reinforcement. A,
and fyy, are the sectional area and yield stress of the spiral reinforcement, respectively. In
Eqg. (3.7), the angle of the inclined shear cracking to the column axis was taken as 6 =
35° according to the recommendations given by Priestley et al. [26]. The development
of cracking angles steeper than the 6=45° assumed by Caltrans’ standard shear
equation[6] is well observed in experimental results|[26]. The shear strength of the truss

mechanism from the transverse reinforcement provided for confinement was 885 kN.

From Eq. (3.4), the nominal shear capacity of the column was :
V, = 80+169 + 885 = 1134kN (3.8)

This is greater than the required shear strength given by Eq. (3.9) using shear strength

reduction factor, ¢, = 0.85 :

Vo 934
o = 08 1099kN (3.9)

which associated with the development of flexural overstrength at column plastic hinge.

3.5.2 Pile design

The piles of the two units were designed for the worst possible scenario which is

loading in the diagonal direction without restraint being provided by the passive pressure
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mechanism of lateral force resistance. Under this condition, pile plastic hinging was

expected.
1) Longitudinal reinforcement and axial loads in piles

First, a longitudinal reinforcement ratio of 0.89% was determined so that piles
would remain elastic in Loading Phase 1. This reinforcement ratio was determined
through an iterative process, considering all possible loading scenarios assuming that
lateral loading, when applied in the diagonal direction, resulted in no additional axial
force being developed in the mid-piles. Thus, with this assumption the overturning
moment is resisted by the extreme piles, which developed an axial force given by Eqg.

(3.10) :

_ F(L +he+ Ly)

L¢a/2

(3.10)

where T and C are the axial tension and compression force, respectively, developed in
the piles from the lateral load only, F is the applied lateral load, L is the column height,
h is the depth of the pilecap, L, is the cantilevered pile length and Ly is the distance
between piles which was 1.981m. Because the tension capacity of the longitudinal
reinforcement in the piles was 818 kN, based on f,,= 455.1 MPa, the maximum tension
force in the piles, T,ax, Was limited to 756 kN when considering the moment induced in
the pile at the pilecap face. Hence, from Eq.(3.10), the maximum possible lateral force

at the column top that did not cause the piles to yield in tension was :
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Figure 3.9: Diagonal direction loading without pilecap resistance for pile design
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Figure 3.10: Partial moment-curvature responses for piles
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Pyt T XLed2 (552 + 756) x 1.981./2

Frax = (Lo+he+Ly)  (2.501+0.762 + 1.219)

= 801kN (3.11)

where, P,, = P/4 was the average axial force in the piles due to gravity load. This is
illustrated in Figure 3.9. Therefore, solving Eq (3.10) with the value of Eq (3.11), the

maximum pile compression force was :

C =P + I:max(l—c + hf + Lp)
p \Y
L2
801(2.591 +0.762 + 1.219) _

= 552 + = 1859kN
1.981./2

(3.12)

2) Shear reinforcement

Removal of the pilecap lateral force resisting mechanism, emulating the passive soil
pressure on the pilecap vertical face, was envisioned for Loading Phase 2 of the
experimental program. The removal of this mechanism meant that lateral forces applied
at the top of the column had to be resisted entirely by the piles. In this situation the
mechanism of plastic deformation was expected in the piles since the ratio of the yield
strength of the pile group to the maximum applicable lateral load was 0.84 for both
orthogonal and diagonal direction loadings. The Moment-curvature analyses of the piles,
under different axial forces corresponding to the maximum applicable lateral loads as
shown in Table 3.1, revealed that the yield strengths of the pile group for orthogonal and
diagonal direction loadings were 712kN and 676kN, respectively. Consequently, the
piles were detailed for ductility to enable the development of plastic hinges immediately
below the pilecap face. Transverse reinforcement with rs = 0.0087 was provided by

9.52mm diameter spiral with 70mm spacing to satisfy Eq. (3.2).
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Table 3.2: Contribution of the shear strength mechanism for the mid and compression piles

Shear Component Mid Piles Compression Pile
V. [Eq.(3.5)] with k=0.042 31kN 31kN
V;, [Eq.(3.6)] 76 kN 205 kN
V; [Eq.(3.7)] with 6=35° 325 kN 258 kN
®sVp, [EQ.(3.4)] 432 kN 494 kN

If it is assumed that the plastic hinge length is independent from axial force, see Eq.
(A.19), and that the curvature distribution in the piles is also independent from axial
force, the lateral force applied at the top of the column is distributed in the piles in
proportion to the secant flexural rigidity, providing that the length of the piles to the point
of inflection is the same. This concept is depicted in Figure 3.10 and formally derived in

Eq. (3.13) when maximum curvature reaches 0.122 m-1.

Shear was critical in the mid and compression piles as Table 3.2 shows. The shear
demand in tension pile was small enough to be neglected. The value of k for V,
components for both the mid and compression piles was considered, conservatively, to
be the minimum shown in Figure 3.6. With a shear strength reduction factor of ¢4 = 0.85,

the shear capacity still greatly exceeded the demand :

V.. = Mcp < F = 404 801 = 331 kN
? MCP+2XMmp+Mtp 404 +2x287+0
Mmp 287
) = = 3.13
Vmp MCD+2XMmp+MthF 404+2X287+0X801 236 kN ( )
—_ Mtp _ 0 _
Yo ” “F = s+ 2x287 07800 = O KN

P Mgy +2X My, + My,
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where, V¢, Vi and Vy, are the shear demands for compression, mid and tension piles,

cp

respectively. And Mgy, My, and My, are the moments at the curvature, 0.122 m?, of

cp

compression, mid and tension piles, respectively.
3) Anti-buckling reinforcement

Considering the number of longitudinal bars provided in the pile, it was found that
Eqg. (3.3) required p,>0.0018 to ensure adequate resistance against buckling of the
longitudinal reinforcement in the pile. The transverse reinforcement ratio provided in the
piles was p, = 0.0087, which was significantly greater than that required for resisting

buckling of the pile bars.

3.5.3 Pilecap design

The design of the pilecap was based only on the actions of the compression side

since they were of greatest significance.
1) Negative moment
The critical condition for the design of the pilecap for negative bending moment was

loading along the principal axis during Loading Phase 2(see Figure 3.11 and Table 3.1).

Since the total shear capacity of the piles at the ultimate curvature of the
compression pile was 845 kN, the applicable lateral force was reduced from 934 kN.
Under the combined gravity and lateral loads, the induced axial tension and compression

forces in the piles were 422 kN and 1526 kN, respectively.

Based on the moment-curvature analyses for the piles with different axial forces, the

moments in each piles at the curvature of 0.134 m™, corresponding to equal
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F=845kN 1
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1 F=845kN
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T
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2Vip = 226 kN — S ovep=62kN  + - .
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| |
Ls=1.981 m
(a) Elevation (b) Plan view

Figure 3.11: Orthogonal direction loading without pilecap resistance
for pilecap negative bending

displacements of piles were M¢, = 383 kNm and My, = 140 kNm(see Figure 3.12).

Accordingly, the individual pile shear forces are :

M 383
2V, = ——h— xF = ————x 845 = 622 kN
p
Mg, + My, 383 + 140 (3.14)
M
2V, = —— _140 . 945 = 206 kN

= Mo+ My < 383 +140

Although current design practice recommends the line (see section A-A in Figure
3.13) with the pile face as a critical section for the pilecap negative bending moment, the
design pilecap negative bending moment, My,, was obtained conservatively at the
centerline of the piles from equilibrium considerations shown in Figure 3.13-(a). This

resulted in :
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Mcp = 383 Compression Pile (Cp=- 1526 kN)

Moment (kNm)

Tension Pile (T p =423 kN)

Mtp = 140

0.134
Curvature (1/m)

Figure 3.12: Moment-curvature response of piles for determining the pilecap actions
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@i u
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219 m
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2Vip =226 kN <i— <-T- 2Vep = 622 kN
2Tp =846 kN 2Cp= 3052 kN
(a) Design actions (b) Bending moment diagram

Figure 3.13: Critical moments for the negative bending of the pilecap
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Figure 3.14: Pilecap effective widths for flexure design[26]

P = 2002 kN
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1
« Vip «—2Vmp «—— Vep
! T i
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Lz = 2.801 m
(a) Elevation (b) Plan view
Figure 3.15: Diagonal direction loading with pilecap resistance
for the design pilecap positive moment
Mg, = 622kN x (1.219 + 0.762/2)m = 995kNm (3.15)

72



for which,

M
M >0 = % = 1106 kNm (3.16)

n
O
where, the strength reduction factor for flexure o5 is :

0; = 0.9 (3.17)

Although Caltrans does not use a factor of safety due to cost considerations, It is
clearly more consistent to adopt an appropriate flexural strength reduction factor for
capacity protected actions when there is any uncertainty associated with the ideal

strength.

Tests on column-pilecap connections[36,37] have indicated that to ensure the
pilecap reinforcement remains elastic, the flexural reinforcement must be placed within

an effective width of be¢ given by[26] :

Ders = Dp +2d¢ (3.18)
where Dy, is the diameter of the column and dy is the effective depth of the pilecap. This
design criteria is illustrated in Figure 3.14. As shown in Figure 3.14-(a), the effective
width of the pilecap at the compression pile inner face was 2bq¢ of 2.9 m according to
Eq. (3.18) as D =0.762m and df = 0.71m. Since the effective width for negative bending
was almost same as the entire pilecap width, the negative reinforcement was detailed as
#5[dia. 15.9mm] at 152mm centers in both orthogonal directions. For anchorage, this
reinforcement had 90° hooks at each end, extending down the vertical face to 254mm

from the pilecap soffit.

73



‘ Compression Pile (Cp = - 1806 kN)
g /
- Mcp = 251 F——+ L
= Mid Pile (Cmp = - 552 kN)
prary
3 Mmp = 152 f/
mp = L
£
O
= Tension Pile (Tp=707 kN)
Mip= 16 [{——

Y

0.0047
Curvature (1/m)

Figure 3.16: Partial moment-curvature responses of piles for Pilecap Positive Bending

2) Positive moment

The critical loading condition for the design of the pilecap positive bending was
loading in the diagonal direction in Loading Phase 1 as shown in Figure 3.15 and Table
3.1. Unlike the case of pilecap negative bending, the applicable maximum load was 934
kKN corresponding to the moment capcity of the column plastic hinge since 50% of the
applied shear force was resisted by the actuators mounted on the pilecap sides. Assuming
no axial force development in the mid piles under lateral loading, the axial tension and
compression forces in the extreme piles needed to resist the overturning moment is :

F(Lo+he+ L) - 0.5F(h—f + Lp)

T=C-= 2 = 1259kNm (3.19)

La/2

Under the combined seismic and gravity loads, the induced axial forces in the piles

were 707 kN in the tension pile, 552 kN in the mid piles and 1810 kN in the compression
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Figure 3.17: Critical Moments for the Positive Bending of the Pilecap

pile. The moment-curvature analyses for these piles with three different axial forces
yielded the moments of each piles as My, = 16kNm, My, = 152 kNm and M, = 251kNm
at the curvature of 0.0047m™ as shown in Figure 3.16. The shear forces in the

compression pile was therefore :

v = ( 0.5F x M., ):( 467 x 251 ) _ 331 KN (3.20)
P Mgy +2Mp, + My, 251 +2(152) + 16

The design pilecap positive moment, M¢,, obtained from equilibrium

considerations, see Figure 3.17, was :
Li/2-D 2.800 — 0.762

Mg = C, x( > )- M;, = 1810 x (T) - 328 (3.21)

= 1516kNm
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Figure 3.18: Pilecap Shear Transfer by direct compression struts in Loading Phase 2

However, a fraction on the resisting bending moment is due to the passive presure
force, F,, and its eccentricity with respect to the resultant compression force. Thereby,
the moment resisted by the reinforcement can be approximated to be :

M h:—a _
M. > ip _ O'SF(fT) . % _467(CM) = 1518 KNm  (3.22)

Hence, the reinforcement detail with #5[dia. 15.9 mm]+#6[dia. 19.1 mm] at 152 mm
centers was obtained by considering the effective width of 2184 mm, which is based on

Eqg. (3.18), and provided in both orthogonal directions over the entire pilecap width.

It was assumed, as is common design practice, that the critical moment occur in line

with the column face. This is non-conservative, as demonstrated by the test performance

76



AR L
TY]
Ce \ ‘ \&p
F = —|<\Vs
—_— D1
D2 T2
D T_ —] Vs F D2
C
=\_: 02 15
P
T b1 J< —|=Vs
Cp -
T1i _/\)p
V_Test Base
(a) Vertical View (b) Plan View (Orthogonal Loading)

Figure 3.19: Pilecap Shear Transfer at the orthogonal direction loading with pilecap restraint

of unit CFPS1, and that modification was made for unit CFPS2, as discussed

subsequently.
3) Shear transfer of the Pilecap

Since the applied shear force, F, could be transferred by a diagonal compression strut
formed inside the pilecap directly[26] as seen in the Figure 3.18 for both orthogonal and
diagonal direction loadings, shear reinforcement of the pilecap was not needed.
Particularly, in the case of orthogonal direction loading [Figure 3.18-(b)], a horizontal
tension force, T1, which is perpendicular to the direction of the applied shear, F, is
required to balance this compression strut. In the vertical plane [Figure 3.18-(a)], D1 is
equilibriated by the compression pile shear force, V,, and part of the pile compression
force, Cp-In the horizontal plan [Figure 3.18-(b)], it is seen that the strut, D1, consists

of two 45° components, spreading from the column to the piles. Furthermore, there
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should be another pair of diagonal compression struts D2 inside the pilecap carrying the
part of the applied shear force in case of the orthogonal direction loading with the pilecap
restraint, due to the passive soil pressure in opposite direction[Figure 3.19]. In Figure
3.19-(a), the strut, D2, is balanced vertically by the resultant force of soil passive
pressure and part of the pile compression force C") . Horizontally [Figure 3.19-(b)], struts
D2 are seen to be a fan spreading to the full width of the pilecap. Resolving the passive
pressure into two equal resultants Vg, a second tension force T2 is needed. Assuming that
the reinforcement perpendicular to the direction of the applied shear force was not to be
utilized for flexure, the flexural reinforcement was checked for the horizontal tenstion
force, T(= T1+T2), of the critical case of orthogonal direction loading with pilecap
restraint. However, it was found from this research that both directional reinforcement
for flexure should be mobilized against the pilecap bending even though the seismic

force is applied in orthogonal direction. This will be discussed further in Chapter 7.

With 0.5F of lateral pilecap resistance in opposite direction to the applied shear
force, F, the remaining shear of 0.5F was distributed among the piles in proportion to
their stiffnesses. Based on the moment-curvature analyses of the piles with different
axial forces[Figure 3.20], the moment of compression pile at the curvature of 0.000131,
which yielded equal displacements of piles, was M, = 236 kNm. Hence, the distributed

compressive pile shear forces was :

Vep = Mgp/L, = 236/1.219 = 194 kN (3.23)
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Figure 3.20: Partial moment-curvature responses of piles
at orthogonal direction loading with pilecap restraint

The required tension force, T1, for the strut D1 was thus 194 kN with 6 = 45° and
the second tension force, T2, for the strut D2 was :

05F 0.25b; _
2

= = = 169 kN .
T, X 05W, (3.24)

Therefore, a total tension force of 363 kN was needed over the outer 914 mm of
effective width. The available tensile capacity of the steel provided for the positive

moment in this effective width was 600 kN which greatly exceeded the demand.

When piles are in tension, the direct compression strut can not be relied on to
transmit shears from the tension piles, which must use the conventional combination of

concrete and transverse reinforcement shear-resisting mechanisms. Since the pilecap
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shear force on the tension side is 2T, = 0.676 MN, with a pilecap effective width of

2.18m based on Eq. (3.18), this corresponds to an average shear stress of

_ 2Ty _ _ 0676
dexbegr — 0.71x2.18

Ve = 0.437MPa (3.25)

corresponding to a stress ratio of 0.0SBJE: MPa. This implies that a minimum amount
of shear reinforcement satifying Eq. (3.26), with spacing between the vertical legs of not

more than 0.5hg¢, is sufficient.

0.35
py = == (MPa) (3.26)
y

3.5.4 Pilecap joints design

The pilecap joints of the test units were designed with reduced amounts of
reinforcement by explicitly identifying an internal force flow. The joint principal tensile
stress, p;, was calculated to determine whether the joint reinforcement was needed to

transfer joint forces [26,35] :

The average principal tensile stresses of the joints at the ultimate limit state were
estimated to be O.52sz [MPa] and 0.0Qﬁé [MPa] for the column-pilecap and the
pilecap-pile joints, respectively. When comparing these values to the joint design
threshold values described above, it was concluded that only the column-pilecap joint
should be detailed to ensure appropriate force transfer mechanism for satisfactory
internal force flow through the joint. Because p, < O.29Jf7(': [MPa] for the pilecap-pile
joint, joint shear cracking is not expected, and only nominal joint reinforcement

satisfying Eq.(B.11) was provided in the form of spirals.
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The area of external vertical stirrups required by Eg. (B.7) was 7948 mm?, which
was equivalent to 62 sets of #4[dia. 12.7 mm] stirrups. The stirrups were placed within
381mm distance from the face of the column (Figure 4.6). The amount of internal
vertical stirrups obtained from Eqg. (B.8) was 1000 mm?, requiring 8 legs of #4[dia. 12.7
mm] stirrups. The volumetric ratio of the horizontal hoop joint reinforcement required
according to Eq. (B.10) was 1.12 %, which was represented by #4 [dia. 12.7 mm] spirals
at 63.5 mm spacing. In addition to the above details for the joint force transfer
mechanism, the pilecap top longitudinal reinforcement area was increased by 1000 mm?
to be consistent with Eq. (B.12). The longitudinal column bars were extended into the
joint as close to the bottom pilecap reinforcement as possible. The embedment length of
the column bars was 711 mm, which was almost the minimum required anchorage length

obtained for #8 [dia. 25.4 mm] bars from Eq. (B.9).

3.5.5 Pin connection between the piles and the test base

In the test units the piles were connected to the test base using a pin detail. The pin
connection between the piles and the test base was achieved by terminating all the
longitudinal column reinforcement just above the test base, reducing gross area of the
pile circular section from 508 mm to 203 mm at the interface of pile and test base, and
by providing a plain round steel rod at the centers of the piles. The area of the piles was
reduced by placing expansion joint pads around the pin concrete perimeter. The
thickness of the pad at the pile base was decided considering the maximum expected
rotation of 0.04 radians at the pile base assuming pilecap rigid body translation. This

corresponds to a gap of about 10 mm between the pile and test base at the extreme pile
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fiber. Considering a flexibility of the pilecap, a 38mm thick pad of expansion joint
material was provided conservatively so that a maximum lateral displacement could be
accommodated without any damage to the pile and pile base. No significant force
transfer was expected through the pads and, thus, pin capacities were estimated ignoring

any force transfer through the expansion joint pads.

It is believed that the behavior of the pile supported foundation system is also
influenced by the pilecap rigid body rotation which depends on the vertical stiffness of
soil-pile interaction. Because the vertical stiffness of compression pile is usually much
larger than that of tension pile due to end bearing, no emulation was done for the vertical
stiffness of the compression pile. The vertical stiffness of soil-floating pile interaction,
was calculated by dividing the axial force by the corresponding vertical displacement at
the top of the pile. To calculate the vertical displacement at the top of the tension pile,
the differential equation governing its behavior was solved assuming elastic shear stress

at the interface of pile and soil. The equation is derived in Section 2.2.4.

The selected increase rate of soil Young’s modulus was 40 MPa/m. Besides,
Poisson’s ratio of soil, vg, was assumed to be 0.3 and |,/D,= 25 corresponding to the
scaled pile length of 12.7m was adopted. The results of Eq. (2.25) with applied force at
the top of pile, 800 kN, was shown in Figure 3.21 and the vertical displacement at the
top of pile was 1.12mm. The vertical stiffness of soil-pile interaction was obtained
dividing the vertical diplacement by the pile force at the top of pile. Accordingly, vertical
stiffnesses at the top of tension pile, k¢, were 714 MN/m and the rod was designed based

on this value. Since the maximum axial force in the tension pile was 756 kN as shown in
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Figure 3.21: Distribution of vertical deflection and force of pile along depth
for applied tension force of 800kN
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(a) Pile-Test Base Pin Connection Detail (b) Steel Rod Detail

Figure 3.22: Details of the pile-test base pin connection

Figure 3.10 and the yield strength of the steel rod was 545 MPa, the sectional area of the
steel rod, Ag, was selected to be 0.00255 m?. This ensured that the steel rod with a
strength of 1.39 MN would not yield under the demand of tension pile, 756kN. The
length of the steel rod, I, was determined by the following equation in order to ensure

that it maintained the same stiffness as the tension pile. The length of 0.711m was used

for the test unit.

_ ESAr _ 200000(MN/m?) x 0.00255(m?) _
= AN/ = 0.714(m) (3.27)

I =
R
Kip

The bottom of the piles were confined with #4[dia. 12.7mm] at 38mm spacing to
avoid pulling out of the rod . The rods were debonded by the application of the grease on

the surface of the rod and anchored in the pile and in the test base with 25.4 mm thick
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steel disks as anchor plates at both ends. The pin connection detail is illustrated in Figure

3.22 without the stirrups in the test base for clarity.

In addition, the following design checks were performed to ensure that the above
details adopted for the pin connection would be sufficient and failure would not occur
during the test. In these calculations, the forces estimated for the design of the test unit
CFPS1 were considered since the force levels induced in the pins of the unit CFPS2 were

expected to be similar.

» Axial compression stress in the concrete key

Assuming a uniform stress distribution through the key, the maximum average

concrete stress was expected as follows:

Co-Cr_ _ (1859 - 1240) x 10°

2

> > = 20.7MPa = 0.75f; (3.28)
T(ry—rr)° 7 x(101.6°—28.6%)

where f_ = 27.6 MPa was assumed and C, and Cg were the maximum compression
force in the piles and the compression force to be transferred through the steel rod.
Higher stresses should be expected in the extreme compression fiber of the pin
concrete because the moment capacities of the pins would be fully developed. As the
concrete key is likely to be well confined by the adjacent concrete of the pile and of
the test base, a compressive strength as high as 2fé is expected for the key [22]. On
this basis, it was believed that crushing of concrete at the key would not occur due to

axial force transfer.
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* Axial tension force transfer

The axial tension force from the pile to the pin was transferred by the steel rod placed
at the center of the pile. The axial tension capacity of the steel rod was estimated as

1240 kN, which was greater than the pile axial tension capacity of 756 kN.
o Shear transfer

A shear friction mechanism was relied upon for shear transfer between the pile and
test base. Assuming a friction coefficient ps = 1.0 consistent with the recommendation
in reference [2], the maximum shear transfer Vg for compression pile obtained using
Eq. (3.29) [2,22,35], was significantly greater than the maximum shear force, V nax

expected to develop in the compression pile :

Vgr = 1iC, = 1.0x 1859 = 1859 kN =2V = 329 kN , (3.29)

c, max ~

where A,y is the total area of the steel rod in the pin and fy, is the expected yield
strength of the steel rod. In the above calculations, it was assumed that the yield
strength was developed in the steel rod. Shear transfer at the pin of the tension pile
was not checked noting a small magnitude of the shear force developed in the tension
pile against the large capacity of the shear transfer by the dowel action of the steel rod

which was 1240 kN.

3.5.6 Test base

Test base dimensions of 3.353m x 3.353m x 0.914m was chosen and the test base
was tied down to the strong floor with 22-Dywidag bars with 667kN each of post-tension

force. For ease of dismantling, the test base was composed of three blocks of concrete.
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Figure 3.23: Post-tensioning of the Test Base

Those concrete blocks were tied together with 4 numbers of Dywidag bars with 890 kN
of post tensioning. In detailing the footings, minimum reinforcement quantities were
found to be sufficient. A longitudinal steel ratio of 0.8% was provided with at least 60

legs of #4 [dia. 12.7 mm] J-hooks.The dimensions of the test base are shown in Figure

3.23.

3.6 Construction

The test units were constructed at the Charles Lee Powell Strucutures Research

Laboratory at UCSD. Prior to the construction of the test units, the steel reinforcement
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was instrumented with electrical resistance strain gauges. Following the application of
the strain gauges, the steel reinforcement cages for the piles and the column were
prefabricated. The test base was then constructed. The top surface area of the test base
providing the pin connection was roughened. After placing the expansion joint material,
the prefabricated pile reinforcement cages were placed in positions with paper tubes as
formworks. On top of the pile cages, the pilecap reinforcement cage was built with the
prefabricated column reinforcement cage. The piles and the pilecap were cast in a single
pour using standard concrete mix with a target compressive strength of 27.6 MPa at the
age of 28 days. The construction of the unit was completed by casting the column and a

load stub. Construction photos of test units are shown in Appendices H and J.
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Chapter 4: Test Details and Results of CFPS1
(Conventional Reinforcement)

4.1 Geometry and Reinforcement Details of Unit CFPS1

The geometry and general reinforcement details of CFPS1 are shown in Figure 4.1.

1220 mm

o

Dimension 15-@0.6in.
. Strands
Column . @762 mm
Piles : @508 mm (Debonded)
Pilecap : 2896mm x 2896mm x 762mm
Test Base : 3353mm x 3353mm x 914mm 4-Hydraulic
Hollow Core Ram
4-Load Cell
£
NI =}
N
©
~
) #4[dia.12.7mm]
23-#8[dia.25.4mm](2.57 %) @64mm(1.12%)
E|l E
E| E
#5[dia.15.9mm]@152mm 8l 2
both ways &
65 legs-#4[dia.12.7mm](outside)
8 legs - #3[dia. 9.5mm](outside) 8 legs-#4[dia.12.7mm](inside)
2 legs - #3[dia. 9.5mm] (inside)
#3[dia.9.5mm]@178mm ] E
El 8
#6[dia.19.1mm] 1§ g
+#5[dia.15.9mm] o
@152mm both ways ;
#3[dia.9.5mm] i
" @70mm(0.87 %) E
37.5mm thick ) g £
expansion joint filler 9-#5[dia.15.9mm] G| =
£ (0.89%) S
4 lg 8
e 18
E T #4(dia.12.7mm]
~ IS 257 @38mm
Eo— % ™ unbofiffed — E
rod <
>
| 1981 mm |
' 2896 mm '
' 3353 mm '

Figure 4.1: Reinforcement Details of CFPS1
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4.2 Test Set-Up

The complete test setup before testing is shown in Figure 4.2.

Figure 4.2: Complete test setup of CFPS1
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4.3 Instrumentation
4.3.1 External instrumentation
External instrumentation consisting of load cells, linear potentiometers and

inclinometers were attached to the test units.

The curvatures were recorded within several segments of the piles and the column
using a pair of linear potentiometers placed opposite to each other near the face of the
members. Curvature was calculated based on incremental displacement readings along
highly strained regions of piles and the column to measure the responses for the
orthogonal and diagonal direction loadings independently. The column and beam
curvatures were obtained from the displacements measured in one potentiometer with
respect to the other :

rotation  _ (A=Al
gauge length I

0 = (4.1)

g

where (A, — Aq) represents the relative extension within the curvature cell, |, is the
distance between the two linear potentiometers and Iy is the gauge length. When
curvature was calculated in the curvature cell adjacent to the supporting member such as

pilecap in the test units, a modified gauge length as given in Eq. 3.23 was considered:

lg = Isp+ 1 (4.2)
where I, is the equivalent strain penetration length taken as 0.022fydy, where f,, is the
longitudinal bar yield stress in MPa and dy, is the longitudinal bar diameter in mm. This

modification was necessary to account for the base rotation resulting from strain

penetration into the joint [25].
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The lateral displacement histories of the top of the column and the pilecap were
recorded with linear potentiometers. Additional linear potentiometers were placed
vertically between the load stub and the pilecap, and between the pilecap and the test
base. The pile-pilecap joint panel deformation was measured on south and east sides of
pilecap joint areas using five linear potentiometers. Rotation devices were also mounted
for two directions using angle brackets on the south side of the load stub and the bottom
of the pilecap beneath the column to continuously record their inclinations during the

test. The external instrumentation is illustrated in Figure 4.3 and 4.4.

Pile B ileC
F—F
. . ma Curvature Cell
Pile A Pile D
A “= Rotation Device
1 e—m Lincar Potentiometer,
measuring lateral
— / _— displacement

—=— Joint Panel Device

Figure 4.4: Horizontal view of external instrumentation
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4.3.2 Internal instrumentation

Test units were instrumented with electrical resistance strain gauges. Most of strain
gauges were mounted on the reinforcing steel of the test unit in the pilecap and pilecap
joint regions. The strain gauge with gauge length = 5mm, gauge resistance = 120Q and
gauge factor=2.13 was used. The procedure used for fixing the gauge is described in

reference [11]. The major locations of strain gauges are shown in Figures 4.5 and 4.6.

4.4 Material Testing

The concrete and reinforcement properties used in the test unit CFPS1 were
established from testing at UCSD’s Charles Lee Powell Laboratory. The compression
strength of concrete was measured at 7days, 28 days and on the day of testing (D.O.T).
Results are listed in Tables 4.1. Each value in this table represents an average strength
obtained from three unconfined concrete cylinders (152.4mm diameter x 304.8mm
height), which were cast during the concrete pour. Tensile strength of concrete was not
experimentally measured.

Uniaxial tensile testing was performed on 914mm long three randomly selected

coupons for each bar type and a complete stress-strain relation was obtained for each

Table 4.1: Compressive strengths of concrete used in test unit CFPS1

Structural member 7 days 28 days Day of Testing
MPa MPa MPa
Test Base (Mid-Block) 26.7 35.6 45.0
Test Base (Side-Blocks) 24.4 32.7 39.8
Pile & Pilecap 23.3 28.6 31.3
Column 23.7 31.9 34.2
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coupon until the peak stress was attained. The samples obtained from column and joint
spirals did not have clearly defined yield points. This was expected since they were
deformed prior to the testing in the process of making spirals. For these reinforcing bars,
yield strength was approximated to the stress at a strain of 0.5%, consistent with ASTM
specifications. Table 4.2 shows the average yield and ultimate strengths established for

all the reinforcement.

Table 4.2: Yield and ultimate strengths of steel used in test unit CFPS1

Description Bar Size Yield Strength Ultimate Strength

diameter in mm MPa MPa
Column Tongitudinal bars 254 433.0 7343
Column spiral 12.7 452.7 617.6
Pilecap bars in top & bottom mat 15.9 430.8 705.3
Pilecap bars in bottom mat 19.1 453.3 740.6
Pilecap J-bars 12.7 437.8 730.5
Pile longitudinal bars 15.9 483.9 751.8
Pile spirals 9.5 427.2 686.9

4.5 Loading Protocol
4.5.1 Gravity load

A gravity load of 2002kN, which simulated the weight of super structure, was first
applied as a concentrated force at the center of the column through post-tensioning
tendons. This load was maintained at constant level by the hydraulic jack during the
seismic force simulation though there were fluctuations in the load due to the nature of

equipment(see Figures 4.7, D.1 and D.2).
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Figure 4.7: Gravity load during the test of CFPS1(Loading Phase 1)

4.5.2 Simulated seismic load

Figures 3.4 and 3.5 show views of the test unit, where lateral load actuators are
oriented in two orthogonal directions. The simulated seismic loading of two normal and
two diagonal directions were applied cyclically to CFPS1 by directional combinations of
loading with two servo-controlled hydraulic actuators. The simulation of passive pilecap
soil restraint for each direction was achieved by connecting the two actuators to steel
loading frames mounted on two vertical sides of the pilecap. The pilecap actuators were
set up to nominally take 50% of the seismic loads applied to the top of column in
opposite direction. Each loading frame was linked to two horizontal Dywidag bars end

plated on the other side of pilecap for opposite directional loading.
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The loading protocol for Loading Phases 1 and 2 is shown in Table 4.3

1) Loading Phase 1 : With pilecap actuators(pilecap passive soil pressure

simulated)

The first part of the seismic loading consisted of force-controlled cycles at 25%, 50%,
75% and 100% of the theoretical first yielding of the longitudinal steel in a column,

for a total of four loading steps.

The following loading steps, beyond theoretical first yielding of the longitudinal
column bar in the column, were controlled by the lateral displacement of the column
head. Using the measured first yield displacements in all the loading directions, an

average displacement corresponding to system’s displacement ductility, A ,, was

ul

estimated to be 26.6mm from Eq. (4.3).

M

A = Ay(ave)M'x
y

. (4.3)

where A’

y(ave) is the average system displacement for all loading directions at the first

yield of the column , M;, is the first yield moment and My is the reference yield

moment of the column (see section A.1.1).

The displacement used to control the test was increased in steps such to u, =1, 1.5,

2,3,4,5.

The transverse loading was applied to each normal direction with two cycles and each
diagonal direction with one cycle at each system displacement ductility level in order

that all the structural members experience the same level of loading.
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The test was stopped at the system displacement ductility 5 to avoid low cycle fatigue

failure of the column steel for further testing at Loading Phases 2 and 3.
2) Loading Phase 2 : Without pilecap actuators(no pilecap passive soil pressure)

The loading sequence was controlled by displacement starting with p, = 1 based on
the yield displacement derived from the loading Phase 1. Controlling displacement

ductilities were u, = 1, 2, 3, 5. The test was stopped at py = 5.
3) Loading Phase 3 : With pilecap actuators in phase with column actuators

Since pile failure did not occur at the end of Loading Phase 2, an addition loading
phase (Loading Phase 3) was carried out to investigate the pile-pilecap joint’s
behavior at maximum possible forces that would develop in the pile considering

potential strain hardening and uncertainties in material strengths.

The loading steps were controlled by displacement of the footing. Pilecap
displacement was increased in multiples of 24mm, with column top actuator force set
to 2.0 times pilecap actuator force, with both acting in the same direction (as distinct
from Loading Phase 1 where the actuator force at column top and pilecap acted in
opposition). The system was loaded in two orthogonal and two diagonal directions as

in Loading Phases 1 and 2.

4.6 Observations During The Test
Unit CFPS1 was tested under simulated seismic loading using the procedure
outlined in section 4.5. The experimental observations of CFPS1 made during the test

are summarized below and test photos are shown in Appendix I.
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Table 4.3: Loading protocol of CFPS1
(Phases 1 and 2 only)

Actuator § Loading |Lead'g| | oad' Act. (W)| Act.(N)
Control Level Step Direcﬁgn # of cycle kN kN Remark
1 E-W 1 156 1. Phasel:
2 N-S 1 156 With Pile-Cap Actuator.
25%
3 NW - SE 1 111 111
4 SW - NE 1 111 111 |2. Phase 2 :
= - 5 E-W 1 311 Without Pile-Cap Actuators.
E LcL> 50% 6 N-S 1 311 Displacement Control Only
8 E 7 NW - SE 1 222 222
= = 8 SW - NE 1 222 222 |3. Test Model Layout
< S 9 [ E-W 1 471
o
g E_) 75% 10 N-S 1 471
e 11 [NW-SE 1 334 334
12 | SW-NE 1 334 334
13 E-W 1 627
14 N-S 1 627
100% 15 [ NW-SE 1 445 445
16 SW - NE 1 445 445
Actuator | Loading |Load'g| Load'g Act. (W)]| Act.(N)
. # of cycle
Control Level Step | Direction mm mm.
17 E-W 2 24.9
1 18 N-S 2 24.9
19 | NW-SE 1 17.6 17.6
20 | SW-NE 1 17.6 17.6
21 E-W 2 374
S 15 22 N-S 2 374
1= 23 | NW-SE 1 26.4 26.4
S 1= 24 | SW-NE 1 264 | 264
T |13 25 | E-W 2 49.8
£ > 26 N-S 2 49.8
E = 27 | NW-SE 1 35.2 35.2
% S 28 | SW-NE 1 35.2 35.2
g |- 29 | E-W 2 74.7
Z 3 30 | N-S 2 747
o 31 [NwW-SE 1 52.8 52.8
32 | SW-NE 1 52.8 52.8
33 E-W 2 99.6
4 34 N-S 2 99.6
35 | NW-SE 1 70.4 70.4
36 | SW-NE 1 70.4 70.4
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4.6.1 Application of gravity load

When the gravity load was applied to the test unit CFPS1, a few flexural cracks of
radial direction were observed on bottom of the pilecap and there was no cracking

developed in the remainder of the test unit as was expected.

4.6.2 Force control at Loading Phase 1

The seismic force corresponding to the theoretical yield strength was applied to the
test unit in four steps. In each step one loading cycle for each direction was applied and

the following observations were made:

+0.25 Fy

There were minor new cracks on the bottom surface of the pilecap in addition to the

extensions of cracks which formed at gravity loading.

+0.5 Fy

The first flexural crack observed at the column-pilecap joint interface and hairline
cracks were formed up to 1/2 of column height. On the bottom surface of the pilecap,
new flexural cracks also developed and extended up to 2/3 of pilecap depth under

positive moments. The previous cracks extended.

+0.75 Fy

The first cracks were observed at the outer faces of each piles in the diagonal
direction loadings. In the normal direction loading, flexural cracks developed newly up

to 3/4 of column height and extended.
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+F,

Flexural cracks reached almost to top of the column. On periperal areas of the
pilecap bottom, flexural cracks opened about 0.2 mm ~ 0.5 mm. Additional flexural

cracks were observed on the outside faces at pile A and C each.

4.6.3 Displacement control at Loading Phase 1

Using the measured first yield displacements in each directions of loading, an
average reference yield displacement, corresponding to u, = 1 was estimated to be
26.6mm from Eq. (4.3). The rest of the test was controlled by the column head lateral
displacement so that the maximum horizontal displacement of the test unit corresponded
to selected displacement ductility levels. Two cycles for two orthogonal directions and

one cycle for each diagonal direction were imposed at each displacement ductility.

It was clear that the damage was largely concentrated in the plastic hinge regions of
the column as intended in the design of the test unit. The damage at the pilecap did not

significantly affect the performance of the test unit.

uy, = 1.0

In addition to extension of the old cracks, there were first shear cracks in the column.
On periperal regions of the bottom of pilecap, flexural cracks widened to be about
0.2mm~1.0mm. In addition, the first crack was observed on top of the pilecap due to the
strain penetration of column longitudinal steel into the pilecap. Inclined shear cracks

started to form on pilecap side. There were minor extensions of old cracks on piles.
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uy = £1.5

Crushing of cover concrete was first observed at the column plastic hinge region in
the first cycle of the orthogonal direction loading. More shear cracks developed in the
column. Two major cracks on each pile cap side widened to be 0.5mm~1.1mm. There

were minor crack extensions on piles.

ny, = £2.0

In the first cycle of the orthogonal direction loading, the first vertical splitting crack
developed in the column. Further crushing and spalling of cover concrete occurred at the
bottom of the column. On the top surface of the pile cap, flexural cracks were observed.
The first cracks were observed on the inside of each four piles in addition to the further
extensions of old cracks at the pile cap and piles. The largest crack width on the pile cap
side was 1.8mm. This width was greater than expected, and indicates probable yield of

bottom mat flexural reinforcement.

nuy, = £3.0

The damage was severe from the crushing and spalling of cover concrete at the

column plastic hinge region. Shear cracks were more extended and developed.

ny, = £4.0

Further crushing and spalling of cover concrete occurred at the column plastic hinge
region. More vertical splitting and shear cracks were found in the column. Crack widths
at the bottom of pilecap were about 1.0mm ~ 1.2mm and the largest crack width on the
pilecap side was 3.0mm. Strain penetration cracks were formed around the column. At

this stage, it was noted that concrete had spalled over 508mm length from the critical
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section. The column reinforcing bars were well exposed in the hinge regions with no sign
of buckling of the longitudinal compression bars. Further crushing and spalling of
concrete at the base of the columns were the significant damage observed during the first
cycle. The column bars were carefully examined and they did not appear to have

subjected any buckling deformation.

Hy, = £3.0

First sign of the pile concrete crushing was observed. More shear cracks were found

in the column.

4.6.4 Loading Phase 2

In Loading Phase 2 the damage to the test unit CFPS1 was largely observed in the
pilecap bottom face and the piles. This was because the induced force in the piles
increased to about twice that of Loading Phase 1 while the maximum column force was
almost the same. Damage to the pilecap-pile joints was not observed and the pin

connections at the pile bottom were not damaged.

uy, = 1.0

Minor spalling of the cover concrete was first observed at pile D. No significant

changes were observed.

ny, = £2.0

More inclined cracks developed in the piles. No significant changes were observed

except minor crack extensions.
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ny, = 3.0

A vertical crack developed on Pile C. Flexural and shear cracks on the piles
propagated down the piles. One large crack width of 1.8 mm was found at the top of the
Pile C. More crushing of inner cover concrete of piles was observed. Spalling of cover
concrete was started at the interface between the inner face of Pile B and the bottom of

the pilecap.

Hy, = £3.0

Spalling of cover concrete was started at the interface between the inner faces of
each piles and the bottom of the pilecap. Cover concrete of the pilecap soffit were spalled
off at several J-stirrup locations indicating straightening of the 90° hooks. A few more

inclined cracks were developed and extended on piles.

4.6.5 Loading Phase 3

Ap“ecap = +24mm

More inclined cracks developed in the piles. No significant changes were not

observed except minor crack extensions.

Ap”ecap = +£36mm

A vertical crack was developed on Pile C. Flexural and shear cracks on the piles
propagated down to the piles. One large crack width of 1.8 mm was found at the top of
the Pile C. More crushing of inner cover concrete of piles were observed. Spalling of
cover concrete was observed at the interface between the inner face of Pile B and the

bottom of the pilecap.
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A = +48mm

pilecap
Spalling of cover concrete was observed at the interface between the inner faces of

each piles and the bottom of the pilecap. Cover concrete of the pilecap soffit were spalled
off at several J-stirrup locations. A few more inclined cracks were developed and

extended on piles.

4.6.6 End of testing CFPS1

The pilecap damage was significant at the end of test. Large flexural cracks
developed on bottom of the pilecap near the column peripheral region and onto the
vertical sides of pilecap. The maximum crack width reached to 5mm at the end of test.
In addition to the large flexural cracking of pilecap, another remarkable damage, which
was spalling of cover concrete of pilecap at 90° J-hook locations, was observed at the
pilecap. At the end of the test, the cover concrete beneath the column had totally spalled
off and damage to the pilecap was significant. It appeared that the column longitudinal

reinforcement was slipping in the pilecap joint.

4.7 Force-Displacement Hysteresis Curve.

4.7.1 Loading Phase 1 : With simulated passive soil pressure on pilecap
side

The response of the Loading Phase 1 was well predicted as it was dominated by the
column’s response. The prediction was done by adding the inelastic response of column
to the elastic response of footing and of pile group based on the basic analytical methods
described in Appendix A. In Figures 4.8 - 4.11, the measured force-displacement

response history of CFPS1 is shown along with the predicted response envelope. For the
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Figure 4.8: Hysteresis loop of orthogonal direction(Eeast-West) loading at Loading Phase 1
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Figure 4.9: Hysteresis loop of orthogonal direction(North-South) loading at Loading Phase 1
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Figure 4.12: Equivalent viscous damping of orthogonal direction loading at loading phase 1

orthogonal direction loading, the predicted and observed envelopes of the force -
displacement response are in good agreement, while about 5% of drop in strength
occurred in diagonal direction loading due to prior loading in orthogonal direction.
Energy absorption capacity of the system, as indicated by the shape and stability of the
hysteresis loops, was excellent. There was no strength degradation observed until the

system displacement ductility 5, which corresponded to a column drifted about 6.0 %.

The equivalent viscous damping of CFPSL1 at different ductilities for the orthogonal
direction loading is presented in Figure 4.12. It is seen that the equivalent viscous

damping of the system increased from 6% at pu, =1 to 18% at u, = 5. The difference in
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the equivalent viscous damping level between the first and second series of cycles was

about 1.5%.

4.7.2 Loading Phase 2 : Without simulated passive soil pressure on pile-
cap side

In Figures C.1 and C.3 the measured force-displacement response history of each
orthogonal and diagonal direction at loading phase 2 is shown. Since the column had
been loaded well beyond the elastic range during loading phase 1, the initial stiffness of

the unit in the loading phase 2 was much less than the stiffness in the loading phase 1.

4.7.3 Loading Phase 3 : Until pile reinforcement fracture

Since several pile longitudinal rebars fractured at pilecap displacement of 48mm,
the test was terminated. Although the strength of CFPS1 dropped to 75% of loading
phase 2, there was no sign of further strength degradation in the system as was seen in
the hysteresis loops. The measured force-displacement response history of loading phase

3 is shown in Figures C.5 and C.11.

4.8 Strain Data for Pile Bending

In this section the strain data obtained during the test are presented in a reduced form
as strain profile plots using the strains recorded at the peak displacements in the first
loading cycle at each ductility. Only the data related to the unsymmetric cyclic behavior
of pile are reported here and the other strain data on the column-pilecap joint region are

presented in Appendix F.
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4.8.1 Unsymmetric cyclic behavior of pile

Figures 4.13 - 4.15 and 4.16 - 4.18 are the peak strain profiles of pile longitudinal
reinforcement, PAL6 and PAL2, respectively, in the pile-pilecap joint region at diagonal
direction loading(SE-NW). Figures 4.13 - 4.15 shows that the strains of PALG6, which is
located near the outer face of the pile with respect to the column location, are in tension
during the test except 0.25F, of loading in Figure 4.13. However, the strains of PAL2
which is located near the inner face of the pile have subjected to both tension and
compression during the test as shown in Figures 4.16 - 4.18. This means that the pile was
subjected to unsymmetric cyclic behavior with the critical direction being pile-pilecap
closing moment during the test. This behavior is significant because that it implies that
the force transfer mechanism of the Knee joint for the bridge bent may not be applied to
the design of the pile-pilecap joint for opening moment since the mechanism needs the
compressive stress block in the pile section at the interface of the pile-pilecap. This is

further discussed in Section 6.3.2.
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Figure 4.13: Peak strain profiles of pile longitudinal reinforcement(PALSG) in pile A.
At column pre-yield in diagonal direction(SE-NW) loading at Loading Phase 1
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Figure 4.14: Peak strain profiles of pile longitudinal reinforcement(PALG) in pile A.
At column post-yield in diagonal direction(SE-NW) loading of Loading Phase 1
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Figure 4.16: Peak strain profiles of pile longitudinal reinforcement(PAL2) in pile A.
At column pre-yield in diagonal direction(SE-NW) loading at Loading Phase 1
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Figure 4.17: Peak strain profiles of pile longitudinal reinforcement(PAL2) in pile A.
At column post-yield in diagonal direction(SE-NW) loading at Loading Phase 1
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Figure 4.18: Peak strain profiles of pile longitudinal reinforcement(PAL2) in pile A.
At column post-yield in diagonal direction(SE-NW) loading of Loading Phase 2
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Chapter 5: Test Details and Results of CFPS2
(Headed Reinforcement)

5.1 Reinforcement Detail of CFPS2

The general dimensions and reinforcement details of CFPS2 are shown in Figure
5.1. Unit CFPS2 was designed after the testing of unit CFPS1. Its design incorporated
the experience gained from the first test. All rebar except spirals were provided by
headed reinforcement. Larger diameter column bars were used, making anchorage
potentially more difficult, if headed rebar had not been used. Headed reinforcement is
expected to provide improved anchorage, particularly, of column longitudinal

reinforcement, and pilecap stirrups which suffered anchorage failure in test CFPS1.

5.2 Design of Unit CFPS2

Unit CFPS2 was designed based on the experience gained from the test of CFPS1.
The same design principle and procedure as those adopted for unit CFPS1 were used.
Since CFPS1 did not show full plastic hinge formation at the piles at Loading Phase 2,
the column length was reduced by 305mm from that of CFPSL1 to increase the shear force
to the pile group. This made the maximum lateral load required to form a plastic hinge
at the bottom of the column to be the capacity of the actuators, 979 kN, mounted on the
column load stub. In addition, the reinforcement ratio of the pile longitudinal rebars were
reduced from 0.0089 to 0.0079 by providing 8 bars of 15.9mm diameter to reduce the

pile yield moment capacities.
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Figure 5.1: Reinforcement details of CFPS2
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Table 5.1: Critical loading conditions for the design of actions

Structural member actions Critical loading phase : Loading direction Max. applicable
to be designed / Pilecap restraint condition lateral load
Pilecap Negative Bending Loading Phase 2 : Orthogonal / No Pilecap Restraint 823 kN
Pilecap Positive Bending Loading Phase 2 : Diagonal /No Pilecap Restraint 817 kN
Pilecap Shear Transfer Loading Phase 1 : Orthogonal / Pilecap Restraint 979 kN
Pile - Pilecap Joint Loading Phase 2 : Diagonal / No Pilecap Restraint 817 kN
Pile Bending, Shear and Confinement | Loading Phase 2 : Diagonal / No Pilecap Restraint 817 kN
Pile-Test Base Pin Connection Loading Phase 2 : Diagonal / No Pilecap Restraint 817 kN

Table 5.1 shows the critical loading phase for each structural member action to be

considered for the design of CFPS2.

5.2.1 Column design

1) Longitudinal Reinforcement

Although the column length is reduced by 305mm from that of CFPS1 to increase
the shear force, the reinforcement ratio of CFPS1(rl = 2.57%), is maintained as much as
possible by providing 18 bars of 28.7mm diameter which made the column longitudinal
reinforcement ratio, rl = 2.55%. Under the same gravity load of 2002 kN as that of
CFPS1, the maximum shear force resulting from the moment at the development of the

flexural overstrength of the column plastic hinge was :
V. = 979kN (5.1)
This was the maximum load capacity of the actuators at the top of the column.

2) Confinement

The ratio of transverse reinforcement, rs = 0.0109 provided by 15.9mm diameter bar

with 102mm spacing in the form of spiral, was determined. The provided reinforcement
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ratio of CFPS2 was similar to that of CFPS1 (pg = 0.0112) and exceeded the value of pg

= 0.0084 obtained from Eq. (3.2).
3) Anti-Buckling Considerations

The minimum transverse reinforcement ratio against the buckling mode over several

layers of transverse reinforcement was 0.0036 by Eq. (3.3) with n=18.

An explicit check for the bar buckling between adjacent transverse reinforcement

was not carried out because this buckling mode is already accounted for in Eq. (3.2).

4) Shear Requirements

In accordance with Egs. (3.5)-(3.7),

. 2
V, = 0.042% /276 % (0.8 x ’l%) = 80kN (5.2)
) (381-127) _
Vp = 085x 2002 x SE220) = 189k (5.3)
v, = L 0.0002 x 413.8 >1<0(20.724 0120 | e 1086KN 5.0

From Eq. (3.4), the nominal shear capacity of the column was :
V, = 80+ 189 + 1086 = 1355kN (5.5)

This is greater than the required shear strength given by Eq. (5.6) using the shear strength

reduction factor, ¢, = 0.85 :

Ve 979 _
o = 085 - 1151KN (5.6)

which associated with the development of flexural overstrength at column plastic hinge.
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5.2.2 Pile design

1) Longitudinal reinforcement and axial loads in piles

First, a longitudinal reinforcement ratio of the pile was reduced to 0.0079 from
0.0089 of CFPS1 so that piles would fail in Loading Phase 2. This reinforcement ratio
was determined through an iterative process as had been done in the design of unit

CFPS1.

From the moment equilibrium condition under diagonal direction loading without
passive pilecap restraint, the axial forces developed in the extreme piles is given by Eqg.

(3.10).

Because the tension capacity of the longitudinal reinforcement in the piles, T 5%, Was :

T max = 8%00002x 1225

= 728kN (5.7)

based on fy=455.1 MPa, the maximum tension force in the piles, T, Was assumed to
be 95% of T ax, Which is 692kN considering the moment induced at the pile-pilecap
interface. Hence, from Eq. (3.11), the maximum lateral force at the column top to avoid
the tensile yield of piles was :

_ (552 +692) x 1.981./2

Frax = (2.286 + 0.762 + 1.219)

= 817kN (5.8)

This is illustrated in Figure 5.2. Therefore, from Eq (3.12), the maximum pile

compression force was :

C, = 550+ 8172286+ 0762 41.219) _ 1706, (5.9)

1.981./2
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Moment (kNm)

P =2002 kN

F = 817 kN + .
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T
L, =1.219m
1
! T T
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Li2 =2.801 m
(a) Elevation (b) Plan view

Figure 5.2: Diagonal direction loading without pilecap resistance for pile design

7| M Compression Pile (Cp = - 1796 kN)
|
kcp |
gl Mid Pile (Cmp = - 552 kN)
kmp |
1 |
N Kip ~0 | Tension Pile (Tp= 694kN)

0.148
Curvature (1/m)

Figure 5.3: Partial moment-curvature responses for piles
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2) Shear reinforcement

Without the passive pilecap restraint, the moment-curvature analyses of the piles
showed that the yield strengths of the pile group for the orthogonal and diagonal
direction loadings were 683kN and 703kN, respectively. The ratios of these yield
strengths to the maximum lateral loads for the orthogonal and diagonal direction loading
were 0.83 and 0.88, respectively. Accordingly, the piles were detailed for ductility to
enable the development of plastic hinges immediately below the pilecap face. Transverse
reinforcement of 9.52mm diameter spiral with 64mm spacing (ps = 0.0097) was

provided to satisfy Eq. (3.2).

Shear was critical in the mid and compression piles as Table 5.2 shows.The shear
demand in tension pile was small enough to be neglected. The value of k for V,
components for both the mid and compression piles was considered conservatively to be
the minimum, 0.042, shown in Figure 3.6. With a shear strength reduction factor of ¢4 =

0.85, the shear capacity still greatly exceeded the demand.

Based on the assumption that plastic hinge length and the curvature distribution is
independent from axial force, the lateral force distribution among the piles, from Eq

(3.13) and Figure 5.3, is:

Table 5.2: Contribution of the shear strength mechanism for the mid and compression piles

Shear Component Mid Piles Compression Pile
V. [Eq. (3.5)] with k=0.042 31kN 31kN
Vy, [Eq. (3.6)] 76 kN 205 kN
V; [Eq. (3.7)] with 6=35° 360 kN 294 kN
®sVn 1EQ. (3.5)] 397 kN 451 kN
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389

Voo = 33575 - 5755 < 817 = 339 kN
274
- - 5.10
Vinp = 38952 27250 X 817 = 237 kN (5.10)
_ 0 _
Vo = 3g9+2wa7a+o <87 = O KN

3) Anti-buckling reinforcement

Considering the number of longitudinal bars provided in the pile, it was found that
Eqg. (3.3) required p,>0.0016 to ensure adequate resistance against buckling of the
longitudinal reinforcement in the pile. The transverse reinforcement ratio provided in the
piles was p, = 0.0097, which was significantly greater than that required for resisting

buckling of the pile bars.

5.2.3 Pilecap design

The design of the pilecap was based only on the actions of the compression side

since they were of greatest significance.

1) Negative moment

The critical condition for the design of the pilecap for negative bending moment was
orthogonal direction loading without passive pilecap restraint (see Figure 5.4 and Table

5.1).

Since the total shear capacity of the piles at the ultimate curvature of the
compression pile was 823 kN, the applicable lateral force was reduced from 979 kN.
Under the combined gravity and lateral loads, the induced axial tension and compression

forces in the piles were 334 kN and 1437 kN, respectively.
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P =2002 kN

F = 823kN

L. =2.286 m
| F=823kN
| | he=0.762m
T
Le=1.219m
2Vitp =223kN — & 2Vep=600kN  +
l T
Tp =334kN Cp=1437kN
| |
Le=1.981m
(a) Elevation (b) Plan view

Figure 5.4: Orthogonal direction loading without pilecap resistance
for pilecap negative bending

Based on the moment-curvature analyses for the piles with different axial forces, the
moments in each piles at the curvature of 0.163m™%, corresponding to equal
displacements of piles were Mg, = 366 kNm and My, = 136 kNm (see Figure 5.5).
Accordingly, the individual pile shear forces are :

M
v, = —— o p=_30 g3 600 kN

xF=
M, +M 366 + 136
ce e (5.11)

M p 136
= L = — =
2th Mcp"'MthF 366+136X823 223 kN

Although current design practice recommends using the line with the pile face as

a critical section for the pilecap negative bending moment, the design pilecap negative
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Mcp =366 Compression Pile (C p=- 1437kN)

Moment (kNm)

Tension Pile (Tp =334 kN)

Mtp = 136

0.163
Curvature (1/m)

Figure 5.5: Moment-curvature response of piles for determining the pilecap actions
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i | i - I - :l|- _l 2Mcp
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1.219m | |
I V _Test Base | -
2Vip= 223kN 41_ <T- 2Vep = 600 kN
2Tp= 668 kN 2Cp= 2874 kN
(a) Design actions (b) Bending moment diagram

Figure 5.6: Critical moments for the negative bending of the pilecap
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bending moment, Mg, was obtained conservatively at the centerline of the piles from

equilibrium considerations shown in Figure 5.6-(a). This resulted in :

Mg, = 600KN x (1.219 + 0.762/2)m = 960kNm (5.12)
for which,
M¢, 960
M. >— === 1066 KNm 1

where the strength reduction factor for flexure ¢ is :

of = 0.9 (5.14)

To ensure the pilecap reinforcement remains elastic, the flexural reinforcement must
be placed within an effective width of 2b.¢ = 2.9m, as given by Eq. (3.18) and shown in

Figure 3.14-(a).

Although reinforcement of #5[dia. 15.9mm] at 152mm centers in both orthogonal
directions satisfied the required amount, #6[dia. 19.1mm] was used conservatively

ensuring elastic behavior for the pilecap negative bending.
2) Positive moment

The critical loading condition for the design of the pilecap positive bending was
loading in the diagonal direction in Loading Phase 1 as shown in Figure 5.7 and Table
5.1. Unlike the case of pilecap negative bending, the applicable maximum load was 979
kN corresponding to the moment capcity of the column plastic hinge since 50% of the

applied shear force was resisted by the actuators mounted on the pilecap sides. Assuming
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P = 2002 kN

F=979kN +

L. =2.286 m

0.5F
VI —=—

| /A 05F h=0762m

o e

— Vip «—2Vmp «—— Vop

l T 7
Tp Cmp Cp

Lz =2.801m

(a) Elevation (b) Plan view

Figure 5.7: Diagonal direction loading with pilecap resistance
for the design pilecap positive moment

no axial force development in the mid piles under lateral loading, the axial tension and

compression forces in the extreme piles needed to resist the overturning moment, from

Eqg. (3.19), is:
0.762
979(2.286 + 0,762 + 1.219) — 0.5 x 979( 2 1.219)
T=C-= 5.15
1.981./2 (543
= 1211kNm

Under the combined seismic and gravity loads, the induced axial forces in the piles
were 658 kN in the tension pile, 552 kN in the mid piles and 1761 kN in the compression
pile. The moment-curvature analyses for these piles with three different axial forces

yielded the moments of each piles as My, = 0 kNm, My, = 273 kNm and Mg, = 389kNm
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0.1484

Curvature (1/m)
Figure 5.8: Partial moment-curvature responses of piles for Pilecap Positive Bending

at the curvature of 0.1484m™ as shown in Figure 5.8. Therefore, the shear forces in the

compression pile, from Eq. (3.20), was :

389

= = 5.16
Voo = 35972 % 27370 < 489 = 203 kN (5.16)

The design pilecap positive moment, Mg, obtained from equilibrium considerations

(see Figure 5.9) was :

Li2-D, +cC D.-¢
M, = C x(f—C)—Mf x| =2 (5.17)
PP 2 " L2
_ 2.801 - 0.762 + 0.257 0.762 — 0.257
_1761><( > )—325><( ol )
= 1964kNm
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(a) Design actions (b) Bending moment diagram

Figure 5.9: Critical Moments for the Positive Bending of the Pilecap

However, a fraction on the resisting bending moment is due to the passive presure
force, Fy, and its eccentricity with respect to the resultant compression force. Thereby,
the moment resisted by the reinforcement can be approximated to be :

M he—ay 1964 0.762-0.1
> 1P _ il ):—_ (————— - ): 2020 kNm
M, = o O.SF( > 0.9 489 > (5.18)

Hence, the reinforcement detail with #8[dia. 25.4 mm] at 152 mm centers was
obtained by considering the effective width of 2184 mm, which is based on Eq. (3.18),

and provided in both orthogonal directions over the entire pilecap width.

Since unit CFPS1 showed severe pilecap damage due to the yield of pilecap bottom
reinforcement when the design was based on the critical moment in line with the column
face, the design moment of the pilecap positive bending for unit CFPS2 was taken at the

point of the column compressive stress resultant as discussed in section 6.2.2.
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3) Shear transfer of the Pilecap

With 0.5F of lateral pilecap resistance in opposite direction to the applied shear
force, F, the remaining shear of 0.5F was distributed among the piles in proportion to

their stiffnesses. Based on the moment-curvature analyses of the piles with different

axial forces[Figure 5.10], the distributed shear force of compression pile, V¢, was
200kN from Eq. (5.19) :
M
oV, = —  05F = —20 489 = 400 kN (5.19)

P M, + My, 180 + 40

The required tension force, T1, for the strut D1 was thus 200 kN with 6 = 45° and

the second tension force, T2, for the strut D2 was :

_05F 025Dy _ 05x979 _ 0.25x2.896

T2 = X5~ - 2 05(1981-0.254) -

205 kN (5.20)

Therefore, a total tension force of 405kN (T1+T2) was needed over the outer 914
mm of effective width. The available tensile capacity of the steel provided for the
positive moment in this effective width was 1265kN which greatly exceeded the

demand.

5.2.4 Pilecap joints design

The pilecap joints of the test units were designed with reduced amounts of
reinforcement by explicitly identifying an internal force flow. The average principal
tensile stresses of the joints at the ultimate limit state were estimated to be O.54Jf7'2

[MPa] and 0.06jfz [MPa] for the column-pilecap and the pilecap-pile joints,
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Compression Pile (Cp=-1410kN)

Mcp = 180

Tension Pile (Tp = - 307kN)

Moment (kNm)

Mtp = 40

0.0058
Curvature (1/m)

Figure 5.10: Partial moment-curvature responses of piles
at orthogonal direction loading with pilecap restraint

respectively. When comparing these values to the joint design threshold values described
above, it was concluded that only the column-pilecap joint should be detailed to ensure
appropriate force transfer mechanism for satisfactory internal force flow through the
joint. Because p, < O.29sz [MPa] for the pilecap-pile joint, joint shear cracking is not
expected, and only nominal joint reinforcement satisfying Eq.(B.11) was provided in the

form of spirals.

The area of external vertical stirrups required by Eq. (B.7) was 8303mm?, which
was equivalent to 65 sets of #4[dia. 12.7 mm] stirrups. The stirrups were placed within
381mm distance from the face of the column (Figure 5.17). The amount of internal
vertical stirrups obtained from Eq. (B.8) was 1039 mm?, requiring 8 legs of #4[dia. 12.7

mm] stirrups. The volumetric ratio of the horizontal hoop joint reinforcement required
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http:Eq.(B.11

according to Eq. (B.10) was 0.89%, which was provided by #5 [dia. 15.9 mm] spirals at
102mm spacing. In addition to the above details for the joint force transfer mechanism,
the pilecap top longitudinal reinforcement area was increased by 1038mm? to be
consistent with Eq. (B.12). The longitudinal column bars were extended into the joint as
close to the bottom pilecap reinforcement as possible. The embedment length of the
column bars was 711 mm although there is no minimum development length

requirement for the headed rebars.

5.2.5 Pin connection and the test base

The same detail of the pin connection between the piles and the test base as used in
Unit CFPS1 was adopted for Unit CFPS2. The test base of Unit CFPS2 was also same

as that of Unit CFPF1.

5.3 Test Set-Up

Unlike unit CFPS1, which used two independent reaction walls oriented
perpendicularly, the unit CFPS2 used a single reaction wall by constructing the test unit
with a 45° rotation to the wall. The actuators were mounted on the reaction wall using
45° angled mounting fixtures. Because the actuator reaction force should be resisted with
a 45° angle, there was the possibility of slip of the mounting plate to the reaction wall.
To prevent this, the mounting plates which were attached to the reaction wall were
connected to each other with 25.4mm thick and 305mm wide steel plates which were tied
back on the reaction wall. This was so that the reduced friction resistance between the
mounting plate and the reaction wall of one actuator in tension could be compensated by

the increased friction resistance of the other mounting plate in compression. In addition,
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Figure 5.11: Complete test setup of CFPS2

a steel reaction beam, which was tied down to the strong floor through the hole of the
test base, was used for anchoring the post tensioning tendons due to the malfunction of

the anchorage device embedded in the test base as shown in Figures 5.1 and 5.11.

5.4 Instrumentation

5.4.1 External instrumentation
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Figure 5.12: Plan view
of column top actuators
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through pilecap

Dywidag bars 11,3 /‘ A Loading
(@ 35mm) } </ Frames

Hydraulic
Actuators
+/-0.15 m
+/-734 kN

Figure 5.13: Plan view
of pilecap actuators

The external instrumentation of CFPS2 was identical to that of CFPS1 except for the

linear potentiometers on piles. Unlike CFPS1, linear potentiometers on piles were

installed on piles A and C only. For these piles, those linear potentiometers were

instrumented in cross configuration to investigate the directions of the shear force acting

on the piles. The external instrumentation is illustrated in Figures 5.14 and 5.15.

5.4.2 Internal instrumentation

CFPS2 was instrumented with strain gauges mounted in the column/pilecap and

pile/pilecap joint regions. The locations of strain gauges on reinforcement were same as

those of CFPS1 except that addtional strain gauges were placed on top and bottom

reinfocement of pilecap in diagonal direction. These strain gauges enabled the study of
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5

Pile B Pile C

\l

1
/TN
N1

- == Curvature Cell

Pile A Pile D

A «= Rotation Device
@ Q e—p Lincar Potentiometer,
measuring lateral
A displacement

—=— Joint Panel Device

Figure 5.14: Horizontal view of external instrumentation

the force transfer path of 4-CIDH pile supported pilecap at orthogonal direction loading.

The major locations of strain gauges are shown in Figures 5.16 and 5.17.

5.5 Material Testing

The material properties of concrete and reinforcement used in the test unit CFPS2
were determined as described in section 4.4. Tables 5.3 shows the compressive strengths
of the concrete at different ages. Table 5.4shows the properties of the steel reinforcement

used in unit CFPS2.
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(b) Shear reinforcement

(a) Flexural reinforcement
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Table 5.3: Compressive strengths of concrete used in test unit CFPS2

Structural member 7 days 28 days Day of Testing
MPa MPa MPa
Test Base (Side-Blocks) 285 36.8 44.6
Pile & Pilecap 21.3 29.3 31.8
Column 18.1 24.8 28.8

Table 5.4: Yield and ultimate strengths of steel used in test unit CFPS2

Description Bar Size Yield Strength Ultimate Strength
diameter in mm MPa MPa
Column Tongitudinal bars 28.7 497.8 697.3
Column spiral 15.9 480.6 720.5
Pile spirals 9.5 379.4 670.6

5.6 Loading Protocol

5.6.1 Gravity load

The gravity load of 2113kN simulating the scaled weight of super structure was
slightly larger than the design gravity load of 2002kN. This load was first applied as a

concentrated force at the center of column through post-tensioning. This load was

maintained at a constant level by the hydraulic jack until u, = 1 at Loading Phase 1

though there were slight fluctuations in the load due to the nature of the equipment(see

Figures 5.18). However, this load was increased to (2180 + 111)kN after u, = 1.

Particularly, the gravity load at u, = 3 was increased up to (2380 = 67) kN due to the

malfunction of the hydraulic pump and the gravity load was maintained (2180 + 111) kN

manually at u, = 4. During Loading Phase 2, the gravity load was maintained at

2475kN until u, = 2 with slight fluctuations. The gravity load was then increased to

(2202 + 89) kN and maintained to the end of Loading Phase 2(see Figure D.3).
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Figure 5.18: Applied gravity load during the test of CFPS2(Loading Phase 1)

5.6.2 Simulated seismic load

Figures 5.12 and 5.13 show a plan view of the test unit, where lateral load actuators
are oriented in two orthogonal directions. The simulated seismic loading of two normal
and two diagonal directions were applied cyclically to CFPS2 by directional
combinations of loading with two servo-controlled hydraulic actuators. The simulation
of passive pilecap soil restraint for each direction was achieved by connecting the two
actuators to steel loading frames mounted on two vertical sides of the pilecap. The
pilecap actuators were set up to nominally take 50% of the seismic loads applied to the
top of column in opposite direction. Each loading frame was linked to two horizontal

Dywidag bars end plated on the other side of pilecap for opposite directional loading.
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1)

2)

The loading protocol for Loading Phases 1 and 2 is shown in Table 5.5.

Loading Phase 1 : With pilecap actuators
(pilecap passive soil pressure simulated)

The first part of the seismic loading consisted of force-controlled cycles at 25%, 50%,
75% and 100% of the theoretical first yielding of the longitudinal bar in the column
for a total of four loading steps.

The following loading steps, beyond theoretical first yielding of the longitudinal steel
in the column, were controlled by the lateral displacement of the column head. Using
the measured first yield displacements in all the loading directions, an average
displacement corresponding to system’s displacement ductility u, = 1 was
estimated to be 24.9mm. The displacement used to control the test was increased in

stepssuchto u, =1,15,2,3, 4.

The transverse loading was applied to each normal direction with two cycles and each
diagonal direction with one cycle at each system displacement ductility level in order

that all the structural members experience the same level of loading.

Loading Phase 1 had been planned so that loading would be stopped at u, = 5 to be
consistent with CFPS1. However, failure in the control system meant that such

ductility level could not be achieved.
Loading Phase 2 : Without pilecap actuators (no pilecap passive soil pressure)

The loading sequence was controlled by displacement starting with w, = 1 based on

the yield displacement derived from the loading Phase 1. Controlling displacement

141



ductilities were u,= 1, 1.5, 2, 3, 4. The test was stopped at u, = 4 due to the

decrease of column strength more than 80%.

Table 5.5: Loading protocol of CFPS2

Actuator | Loading |Load'g| |oad’ Act. (W)| Act.(N)
Control Level Step Direcﬁgn f# of cycle kN kN Remark
1 E-W 1 156 1. Phasel:
2 N-S 1 156 With Pile-Cap Actuator.
25%
3 NW - SE 1 111 111
4 SW - NE 1 111 111 |2. Phase 2 :
s - 5 E-W 1 311 Without Pile-Cap Actuators.
E "g 50% 6 N-S 1 311 Displacement Control Only
8 .*é' 7 NW - SE 1 222 222
= a:‘Ts' 8 [ SW-NE 1 222 222 (3. Test Model Layout
3 * 9 E-W 1 471
g S| 7506 |10 N-S 1 471
e B 11 | NW-SE 1 334 334
12 SW - NE 1 334 334
13 E-W 1 627
14 N-S 1 627
100% 15 NW - SE 1 445 445
16 SW - NE 1 445 445
Actuator | Loading [Load'g| Load'g Act. (W)| Act.(N)
. . # of cycle
Control Level Step | Direction mm mm.
17 E-W 2 24.9
1 18 N-S 2 24.9
19 NW - SE 1 17.6 17.6
20 SW - NE 1 17.6 17.6
21 E-W 2 374
I 15 22 N-S 2 374
c ' 23 NW - SE 1 26.4 26.4
S = 24 | SW-NE 1 26.4 26.4
€ 3 25 | E-W 2 49.8
g, >l > 26 N-S 2 49.8
S § 27 NW - SE 1 35.2 35.2
g g 28 SW - NE 1 35.2 35.2
8 e 29 | E-W 2 74.7
2 3 30 | N-S 2 74.7
a 31 NW - SE 1 52.8 52.8
32 SW - NE 1 52.8 52.8
33 E-W 2 99.6
4 34 N-S 2 99.6
35 NW - SE 1 704 704
36 SW - NE 1 70.4 70.4
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3) Loading Phase 3 : With pilecap actuators in phase with column actuators

To investigate the pile-pilecap joint behavior at ultimate forces, the loading was
controlled by displacement of the pilecap with the load ratio of 0.5 between the
pilecap loading and the column loading in same direction. However, since the
stiffness of the column was reduced greatly from column bar ruptures during the East-
West direction loading at 24mm of pilecap target displacement, the ratio of the pilecap
actuator load over the colum load was increased from 0.5 to 0.75 after reaching -
250mm of column head displacement without reaching -24mm of pilecap
displacement. Even this did not make the footing reach the target displacement of -
24mm, so the actuator load on the pilecap was increased independently while the

column head displacement was held fixed.

For the other direction loading of 24mm of pilecap displacement, the column actuator
force was increased, maintaining the force ratio of 0.75 until either the pilecap
displacement reached the desired target level or until the top displacement reached a
maximum. In the latter case, the pilecap actuator load was independently increased

until the pilecap displacement reached the desired target value.

After loading the pilecap to 24mm of displacement, the top actuators were completely
disconnected. The pilecap actuators were put into displacement controlled to apply
the desired pilecap lateral displacement for the loading of 36mm pilecap
displacement. However, the pilecap actuator capacity was inadequate to reach the
target displacement for orthogonal(E-W, N-S) directions, so only diagonal direction

loading was applied for 36mm of pilecap displacement to the end.
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The loading of 48mm pilecap displacement could not be applied due to the lack of

pilecap actuator capacity and the test of CFPS2 was finished.

5.7 Observations During The Test
Unit CFPS2 was tested under simulated seismic loading using the procedure
outlined in section 5.6. The experimental observations of CFPS2 made during the test

are summarized below and test photos are shown in Appendix K.

5.7.1 Application of gravity load

When the gravity load was applied to the test unit CFPS2, only one hairline crack

was observed on bottom of the pilecap in N-S(North-South) direction.

5.7.2 Force control of Loading Phase 1

The seismic force corresponding to the theoretical yield strength was applied to the
test unit in four steps. In each step one loading cycle for each direction was applied and

the following observations were made:

+0.25 Fy

There were minor new cracks on the bottom surface of the pilecap. The crack which

formed at gravity load extended to the pilecap vertical sides.

+0.5 F;,

The flexural hairline cracks were developed up to 3/4 of column height. On the
bottom surface of the pilecap, new flexural cracks also developed and extended up to 1/2
of pilecap depth. The first flexural crack was observed at the inner interface of pile C and

pilecap. The previous cracks extended.
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+0.75 Fy

First cracks were observed at the pile-pilecap outer interfaces of each piles. Flexural

cracks developed farther up to 4/5 of column height and the previous cracks extended.

+1.0 Fy

New flexural cracks were observed on outer faces of piles. The cracks on vertical
sides of pilecap extended the whole pilecap depth. First inclined cracks and vertical
splitting cracks were observed on the column. In addition, the first crack was observed
on top of the pilecap due to the strain penetration of column longitudinal steel into the
pilecap. On periperal areas of the pilecap bottom, the maximum flexural crack width was

about 0.3 mm. An additional flexural crack was observed on piles.

5.7.3 Displacement control of Loading Phase 1

Using the measured first yield displacements in each directions of loading, an
average reference yield displacement, corresponding to u, = 1, was estimated to be
24.9mm from Eq. (A.16), about 6.4% less than for unit CFPS1. The rest of the test was
controlled by column head displacement so that the maximum horizontal displacement
of the test unit corresponded to selected displacement ductility levels. Two cycles for
two orthogonal directions and one cycle for each diagonal direction were imposed at

each displacement ductility.

In the figures of Appendix K, the observations of unit CFPS2 during the test are
shown. It was clear that the damage was largely concentrated in the plastic hinge regions

of the column as intended. The pilecap-pile joints were not damaged.
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ny, = £1.0

Crushing of cover concrete was initiated at the column-pilecap interface in the first
cycle of the orthogonal direction loading. On periperal regions of the bottom of pilecap,
maximum flexural crack width was about 0.6mm which is significantly less compared
to unit CFPS1. The first inclined crack was observed on the vertical side of pilecap.

There were extensions of old cracks as well as new cracks.
By = £1.5
First spalling of the column cover concrete was observed in diagonaldirection
loading. On the top surface of the pile cap, flexural cracks were observed.
ny, = 2.0

Further crushing and spalling of cover concrete occurred at the bottom of the column
up to 150 mm from the column-pilecap interface. Further extensions of strain penetration

cracks on top face of pilecap. The largest crack width on the pile cap side was 0.8mm.

ny, = 3.0

The damage was severe from the crushing and spalling of cover concrete at the
column plastic hinge region, up to 300 mm from the column-pilecap interface. Strain
pentraion cracks were formed around the column. Hairline cracks were observed at pile-

pilecap joint region. Shear cracks were more extended and developed on column.

ny, = £4.0
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Further crushing and spalling of cover concrete occurred at the column plastic hinge
region and most of the column bars were exposed. More vertical splitting and shear
cracks were found in the column. Maxiumn crack width on the bottom of pilecap beneath
the column was about 1.2mm. At this stage, it was noted that concrete had spalled over

450mm length from the column-pilecap interface.

Hy, = 3.0

The loading at this ductility level was stopped during the first cycle of E-W direction
loading due to the failure in the control system. This controller failure caused excessive

column displacement and the data at this stage is not valid.

5.7.4 Loading Phase 2

In Loading Phase 2 the damage to the test unit CFPS2 was largely confined to the
piles. This was because the induced force in the piles increased to about twice that of
Loading Phase 1 while the maximum column force was almost the same as that of the
loading Phase 1. Damage to the pilecap-pile joints was not observed and the pin connec-

tions at the pile bottom were not damaged.

ny, = 1.0

Inclined and vertical cracks were observed at piles. No significant changes were

observed.

Hy = £1.5
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Three column rebars started to buckle. This premature buckling of column rebars
was believed to be from the excessive column displacement at u, = £5.0 of Loading

Phase 1. These bars were thought to have suffered excessive tensile strains.

ny, = £2.0

Pile cracks propagated farther down to 3/5 of pile length.

nuy, = £3.0

Flexural and shear cracks on the piles propagated down to the piles. First signs of
cover concrete crushing were observed at the interface of Pile A, D and the bottom of the

pilecap. A fourth bar buckled.

ny, = 4.0

A fifth bar was buckled and three bars were ruptured. Spalling of cover concrete

initiated at pile D.

5.7.5 End of testing CFPS2

No significant damage such as large flexural deformations, nor the straightening of
90° J-hook of the stirrups in the pilecap, which occurred previously during the test of
CFPS1 was observed. The greatly reduced damage at the pilecap of CFPS2 was thought
to be due to the use of headed reinforcement as stirrups, and modifications to accomodate
the flexural moment demands taken into account in the footing design of CFPS2. No

damage in the joint region was observed either. Figure K.25 shows the bottom surface of
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the pilecap of CFPS2 at the end of the test which exhibited only minor damage compared

to the bottom surface of CFPS1 as shown Figure 1.15.

5.8 Force-Displacement Hysteresis Curve.

5.8.1 Loading Phase 1 : With simulated passive soil pressure
on pilecap side

The response of the Loading Phase 1 was predicted as it was dominated by column
response. In Figures 5.19 - 5.22, the measured force-displacement response history of
CFPS2 is shown along with the predicted response envelope. The response was good
although the strength of CFPS2 was slightly below the predicted one. For the diagonal
direction loading, a drop of about 5% in strength occurred. Energy absorption capacity
of the system, as indicated by the shape and stability of the hysteresis loops, was

excellent.

The equivalent viscous damping of CFPS2 at different ductilities for the orthogonal
direction loading is presented in Figure 5.23. It is seen that the equivalent viscous
damping of the system increased from 5% at pup =1 to 20 % at up = 4. The difference in
the equivalent viscous damping level between the first and second series of cycles was

about 1.0%.

5.8.2 Loading Phase 2 : Without simulated passive soil pressure on
pilecap side

In Figures C.9 and C.11 in Appendix C, the measured force-displacement response
history of each orthogonal and diagonal direction at loading phase 2 is shown. Since the

column had been loaded well beyond the anticipated range during loading phase 1, the
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Figure 5.19: Hysteresis loop of orthogonal direction(East-West) loading at loading phase 1
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Figure 5.21: Hysteresis loop of diagonal direction(SE-NW) loading at loading phase 1
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Figure 5.22: Hysteresis loop of diagonal direction(SW-NE) loading at loading phase 1
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Figure 5.23: Equivalent viscous damping of orthogonal direction loading at loading phase 1

initial stiffness of the unit in the Loading Phase 2 was much less than the stiffness in the

Loading Phase 1. Energy absorption capacity of the system, however, was satisfactory.

5.9 Pile Moments and Principal Direction of Pile Shear
Instrumentation data of piles in unit CFPS1 indicated that the principal direction of
the pile resistance might not coincide with the direction of the seismic load application

at the column head.

5.9.1 Analysis procedure

To study this issue and to calculate the induced moment and shear forces at the pile

top, curvature potentiometers were mounted in a cross configuration at Piles A and C on
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Figure 5.24: Neutral axis as a intersecting line between deformed and undeformed pile planes

unit CFPS2 as shown in Figure 5.14. With three deformation quantities measured from
these potentiometers, the equation of the plane of the deformed pile section was
determined. Since three displacements on a plane of pile section should be known to set
up the equations of planes in three dimensional space, the linear potentiometers were
installed in a cross configuration for the convenience of instrumentation, although one
deformation of potentiometer out of four is redundant. The direction of pile shear force
was determined by locating the intersecting line of a deformed and a undeformed plane
of the pile top section as illustrated in Figure 5.24. This was based on the assumption of

bending theory that a plane section remains plane before and after bending.
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b)

Figure 5.25: Strain profile of circular section at moment equilibrium[26]

Determination of the direction of pile shear force was, then, followed by the
evaluation of the induced moment and coresponding shear in the compression pile based

on the strain profile at equilibrium state of the pile top section(see Figure 5.25).
Refering to Figure 5.25, the pile moment, M, and shear force, V,, are :
D/2
M, = [0 02— P Te(®0) + (B = Do) oy (£ 1xdx (5.21)
+ i Asifc(ex)xi
i=|

V, = M/L, (5.22)
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where f.(¢€), fo,(€) and fy(e) are the stress-strain relationships for confined concrete,
unconfined concrete and reinforcing steel, respectively, and Ag; is the area of a

reinforcing bar with distance x; from the centroidal axis.[26]

With the angle, o, of the shear force direction, the shear force component which is
parallel to the applied lateral force was obtained. The shear force of the tension pile in
orthogonal direction was then obtained by subtracting the shear force of the compression
pile in orthogonal direction from the applied lateral load. These shear forces at each

loading level are shown in Figure 5.29.

The strain profile across the pile section was established by finding the equation of
the intersecting circles (in this study, the ellipse was approximated by a circle because of
the small curvatures) between the pile cylinder and the deformed plane of pile section as
depicted in Figure 5.26. Combining with the angle, o, of principal direction of the
moment, the maximum strains of compression and tension were calculated as shown in

Figure 5.27.

This calculation was done with the data from the potentiometers at second level
from the pilecap soffit because the deformations of the potentiometers at first level
included the additional displacement due to the tensile reinforcement strain penetration

into the pilecap which causes additional deformation of the plane of pile top section.

For determination of the principal direction of pile resistance and induced forces, the

following steps were used along with Figures 5.24, 5.26 and 5.27.
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Figure 5.26: Determination of deformed pile section boundary
by intersecting deformed plane and pile cylinder

1) The equation of the plane of undeformed pile section was set up in three dimensional

space.
a,Xx+byy+c,z =k, (5.23)
where a,, b, C,, K, are constant.

2) Determine the coordinates of the three points using the three calculated strains at pile

surface on the plane of the deformed pile section and a arbitrary point, p. The x and y
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Figure 5.27: Maximum bending strain profile
obtained with a angle of pile shear force direction, o

components of each point define the location of the point on undeformed x,y plane of

the pile section and the z-component of each point is the strain in z-direction on that

point.

(P P )

m (m, , my, , m,) (5.24)
n(ny, ,ny,n,)

p(x ,y ,2)

3) Three vectors were set up by pairing three points with the point, p.

> = - - -

u=1Im=(m-lye + (m,—Il)e + (m,-I,)e

> - - - -

v =In = (ng=le + (ny—le; + (n,—1,)e, (5.25)
> - > > -

w=1p = (x=-1l)e + (y—Iy)ej + (z-1,)e,
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4) The normal vector to the plane of deformed pile section was found.

> > -
(my=1) (my=1,) (m,-1,)

(=l (ny=1y) (n,=1,)

<V

> > > -
ux = ae; + be; +cey

where

a= (my—Iy)(nz—lz)—(ny—Iy)(mz—lz)
b=m,-L)n,-1,)=(n,=1)(m, =1,
c=(m,- IX)(ny—Iy)—(nX— IX)(my— Iy)
5) The equation of the plane of the deformed pile section is then :
> > -
(uxv)-w =ax-l)+b(x-1)+c(x-1) =0
ax+by+cz = k

where

k =al,+bl +cl,

(5.26)

(5.27)

(5.28)

(5.29)

(5.30)

6) The equation of the intersecting line between a deformed and an undeformed plane of

the pile section, as shown in Figure 5.24, was found by solving Egs. (5.23) and (5.30)

simultaneously. The intersecting line is the neutral axis of the pile moment.

Ax+ By =K

where
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Az(ao—%’a) B =(b0—%°b) , K:(ko—c—"k) (5.32)

7) The direction of the neutral axis of the pile resistance was then found by an inner
product of two vectors, which are a normal vector of the neutral axis, ﬁ and a unit

.
vector of x-axis, e;.

Since the inner product of the vector of the neutral axis and the normal vector to it is

zero,
—>
n.XY =0 (533)
where
> _ (5.34)
n=1(ngy,n,)
— K K
ol AR A 5.35
XY ( A B) (5.35)

From Egs. (5.33) - (5.35) :

N2 _B (5.36)
n, A

From the inner product of the normal vector of the neutral axis, ﬁ, and a unit vector

9
of the x-axis, e;, the direction of the neutral axis of the pile top moment, «, is :

>
n- g ny
0L = acos—— = acos = acos

_A__
W ,/ni+n§ JA® +B°

(5.37)

159


http:acos-----------------------(5.37

8) The equation of the intersecting circle of the pile cylinder and the deformed plane of

pile section was found.

The equation of the pile cylinder is,

X%+ y = r2, z=12 (5.38)

From Eg. (5.29),

z = %(k—ax—by) (5.39)

By solving the Eqgs.(5.38) and (5.39) simultaneously, the equation of the intersecting

circle of the pile cylinder and the deformed plane of pile can be determined.

x2+yi=r", z:%(k—ax—by) (5.40)

9) The maximum strains of compression and tension and their locations on the pile

section were found in Eq.(5.43) by solving Egs.(5.37), (5.40) and (5.41).

tano = i——m = y2 = X (tano)” (5.41)
m
x> +y% =12 = x°[1 + (tano)?] = r? (5.42)

2 _ 2 2
=X =r(cosa)

X = 4r- coso
y = #r-sina (5.43)
z = kF(ra)cosoF(rb)cosa

160


http:tan�)(5.41
http:Eqs.(5.37
http:Eq.(5.43
http:Eqs.(5.38

‘ &
| Fe
50%
2504 Pile A
1M1~ 4M2 {
100% s
7% 0.5F,
(@) Magnified view of neutral axes of pile A (b) Loading direction

Figure 5.28: Neutral axes locations of pile A in orthogonal direction loading at Loading Phase 1

5.9.2 Neutral axis locations of pile

The neutral axis locations of compression pile A at different level of orthogonal
direction loading was found using the analysis procedure described in Section 5.9.1 as
shown in 5.28. These neutral axes indicate the direction of shear force at the pile-pilecap
joint. As seen in the figure, the direction of the pile shear force at peak loading is
approximately 55° with respect to the column loading direction. This behavior is
believed mainly due to the flexural deformation of the footing caused by the resultant
force of the column compressive stress, resulting from the column moment.
Misalignment of the neutral axis with the applied shear force implies that two

dimensional frame analysis which results in forces parallel to the loading direction will
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Figure 5.29: Shear force distribution between compression and tension pile
in orthogonal direction loading at Loading Phase 1

not capture the response of a pile supported footing system. Further discussion on this

issue is in Chapter 6.

5.9.3 Shear distribution between compression and tension piles

Figure 5.29 shows the shear forces of compression and tension piles. In this figure
the component of shear force in the loading direction of the compression pile is about
two times greater than that of tension pile after loading level of ,u, . This behavior is
significant because it means that applied shear force to the pile supported foundation is
not distributed evenly between the compression and tension piles. Moreover, the shear

force in the compression pile is greater than the sum of components of the shear force in
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the direction of loading. This difference results from the angle formed by the neutral axis
of pile and loading direction as shown in Figure 5.28. Further discussion about the issue

is in Chapter 6.

5.10 Strain data for pilecap bending

In this section the strain data obtained during the test are presented in a reduced form
as strain profile plots using the strains recorded at the peak displacements in the first
loading cycle at each ductility. Only the data related to the research topics, maximum
strain beyond column face and critical loading direction for the pilecap, are reported here

and the other strain data on the column-pilecap joint region are presented in Appendix G.

5.10.1 Maximum strain beyond column face

Figures 5.30 - 5.33 show peak strain profiles of bottom reinforcement(see BDM in
Figure 5.17) in the column-pilecap joint region in Loading Phase 1. Figures 5.30 and
5.31 are for the orthogonal direction(E-W) loading and Figures 5.32 and 5.33 are for the
diagonal direction of loading. In these figures it is shown that maximum strain occurs
inside the column face. This implies that the moment taken at the column face for the
design of pilecap positive bending, which is the method of current design practice, may
be underestimated since the induced maximum moment developed beyond the column

face is not recognized by designers. This topic is covered more deeply in Chapter 6.

5.10.2 Ciritical loading direction for pilecap

Figures 5.34 - 5.35 depict the peak strain profiles measured on the bottom

reinforcement(see BTM in Figure 5.17) in the column-pilecap joint region at othogonal
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Figure 5.30: Peak strain profiles of bottom reinforcement(BDM) in column-pilecap joint region.

Orthogonal direction(E-W) loading at column pre-yield in Loading Phase 1.

Gauge No.(BDM)

1 2 3 4 5 7

1600

1400 Footing & Column Footing
@
1200 \ @
y e \
XN
v

1000 Push —
Pull s

800

c
N
HO * <X

600

Microstrain

400

200

0

-200
-1600 -1200 -800 -400 0 400 800 1200 1600

Distance to gauge(mm.)

Figure 5.31: Peak strain profiles of bottom reinforcement(BDM) in column-pilecap joint region.
Orthogonal direction(E-W) loading at column post-yield in Loading Phase 1.

164



Gauge No.(BDM)

1 2 3 4 5 7
800
) + .
700 Footing Column Footing
+
600 \ Ea
= ’
© 500 Push —— \ 0.25Fy o
A7 Pull s Y 0.50Fy o
o 400 \ 0.75Fy A
S VP *
= 300 \
= |
200
100
0
-100
-1600 -1200 -800 -400 0 400 800 1200 1600

Distance to gauge(mm.)

Figure 5.32: Peak strain profiles of bottom reinforcement(BDM) in column-pilecap joint region.
Diagonal direction(SE-NW) loading at column pre-yield in Loading Phase 1.
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Figure 5.33: Peak strain profiles of bottom reinforcement(BDM) in column-pilecap joint region.
Diagonal direction(SE-NW) loading at column post-yield in Loading Phase 1.
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direction loading during Loading Phase 1. By comparing the peak strains of BDML1 in
Figure 5.31 to those of BTM2 in Figure 5.35, which is located at same distance from the
column face, it is shown that the strain levels of BDML1 are much greater than those of
BTM2 at a given loading condition. However, the strains of BDM7 in Figure 5.31 and
BTMB8 in Figure 5.35, which are also located at same distance from the column face, are
very similar. Although the strains of BDM7 and BTMS8 are of similar order, the
reinforcement in the diagonal direction suffers higher force than the reinforcement in the
orthogonal direction at orthogonal direction loading since the force of the rebar
corresponding to the strain of BDM?7 is only the orthogonal component of the diagonally
transferred force. This implies that the force is transferred to the piles directly through a
diagonal load path and is explained by the use of the equivalent diagonal portal frame

discussed in Chapter 6.
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Figure 5.34: Peak strain profiles of bottom reinforcement(BTM) in column-pilecap joint region.

Orthogonal direction(E-W) loading at column pre-yield in Loading Phase 1.

Gauge No.(BTM)

1 2 3 4 5 7 8

1500
1400
1300
1200
1100
1000

I R Srp—
800
700 |
600

500 |

400 | E////
300

?
200 | X
100 | g

2]
Footing Column Footing

c
N
H®*X

Microstrain

-1600 -1200 -800 -400 0 400 800 1200 1600
Distance to gauge(mm.)

Figure 5.35: Peak strain profiles of bottom reinforcement(BTM) in column-pilecap joint region.
Orthogonal direction(E-W) loading at column post-yield in Loading Phase 1.
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Chapter 6: Discussion of Results

This chapter is dedicated to the theoretical study of the phenomena observed in the
testing program. For the piles, the force distribution between compression and tension
piles, which is observed from the test result of CFPS2 and described in Section 5.9.3, is
studied. And the principal direction of pile resistance under orthogonal direction loading,
which is also observed from the test result of CFPS2 and described in Section 5.9.2, is
investigated. Since the three dimensional geometry of the foundation system influences
the shear direction of the elastic pile, a parameter study was performed to investigate the
combined effect of axial force and shear force direction of the piles. For the parameter
study, a simplified foundation model similar to the test units was adopted and four dis-
tinctive parameters were used, which are representative of gravity load, column length,
soil property and the relative stiffness of pile. Since the damage of the pilecap of unit
CFPSL1 is significant, a pilecap force transfer mechanism is investigated and the critical
loading direction and the estimation of the design moment for the pilecap flexural design
is studied. For the study of the pile-pilecap joints, the difference of the pile-pilecap joints
and the Knee joints of the bridge bent is compared with respect to the closing and open-

ing moments.
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6.1 Piles

6.1.1 Moment distribution between compression and tension piles

For a given member section, elastic bending stiffness depends on the axial force
level acting on the member. Axial compression increases the bending stiffness. The
effect of this is that in a pile group, the compression piles attract greater shear force than
the tension piles, as plotted in Figure 5.29. To study the axial load effect on 4-CIDH pile
foundation, pile stiffness enhancement factors, B¢, and By, for compression and tension

piles, respectively, are introduced. Factors f3¢, and By, are defined, from Figure 6.1, as :

B = &E = Mcp = Mp0+AMCp (61)
P kpo Moo Moo

B = 2 = oo = Yoo %Wy Do (M“_,Mtp) (6.2)
P kpo Moo Moo Moo T

where My, is the pile moment when P = 0 and AM, and AMy, are the change in bending

moment in the compression and tension piles, respectively, due to induced pile axial

’

tp is the reference moment which corresponds to any arbitrary

forces. The moment, M
tension load, T'.
The axial loads induced in a compression pile, Cp, and in a tension pile, T, are

illustrated in Figure 6.2 and expressed by the following equations. :

_ _ P, M (2-0L,

Cp = Cpy# Cpp+ Cpy = ZJ’ET_}[“ C } (6.3)
_ _ P M A-0L,

Tp = T+ Tt Tpg = ‘Z*ﬁ_‘f[l” L. } (6.4)

where { is the ratio of the shear force taken by the soil adjacent to pilecap vertical face.
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Figure 6.2: Axial reaction forces in a 4-CIDH pile foundation

Although axial force in the pile changes, the pile bending stiffnesses and
accordingly the distribution of the total moment of the pile group among piles, the axial

force in the pile also changes the moment capacity of the pile in the same ratio. This is
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based on the assumption of equal curvatures in the tension and compression piles due to

equal displacement of piles of equal lengths to the inflection point.

6.1.2 Principal direction of pile resistance under orthogonal direction load-
ing

The neutral axis location of pile A, shown in Figure 5.28, indicates that the direction
of pile shear force, which acts perpendicular to the neutral axis, does not coincide with
the direction of applied lateral force. This is due to the three dimensional behavior of a
multiple pile supported foundation, which exists inherently in the footing system,
particularly, if the piles remain elastic. In two-dimensional frame analysis, the forces and
the deformations are always in-plane and no three-dimensional behavior of the structure

can therefore be captured.

In this section, the three-dimensional effect of a 4-CIDH pile supported footing is
discussed by investigating the individual behavior of the system in the x and the y
directions in horizontal plan. To discuss this issue, the development of pile moments is
investigated in three parts. The pile moment due to the gravity load, P, is introduced first
and the study with respect to the y-axis followed by the study with respect to the x-axis
under the lateral loading in positive x-axis. If piles are designed to remain elastic, as is
intended in current design practice, the moment vectors at the top of the piles can be
obtained by combining the individual moments in the x and the y directions. Considered
in the study is the effect of pilecap boundary conditions, which are the lateral passive soil
stiffness on the pilecap vertical side and the vertical stiffnesses at the pile locations,

which results from the soil-pile interactions. Further, sensitivity of pile moments and
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Figure 6.3: Moment profiles under seismic loads

their directions was investigated via a parametric study in section 6.1.3 and the results
are shown in section 6.1.5.

1) Pile moment due to gravity load, P

To quantify the moment at the top of the piles due to gravity load, P, the equivalent

portal frame method was adopted. see Figure 6.4.
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Figure 6.4: Moment and its direction due to gravity load, P

If Mg’p is defined as the moment at the top of the compression pile due to the gravity

load, P,
MP :QPLf —LBCDK :QPLI: Bcpk (65)
16 oK+ BepK, 16 o+ Bk,
where, K = 3El,/L; and K; = 4E1¢/(A2L;) are the rotational bending stiffnesses

for the piles and for the equivalent beam, respectively. The effective bending stiffness

ratio of compression pile, k, is :

Ko (3E|p)/[4Elf) _ 3ﬁ(5)§19 66)

PRy UL )AL, 4 \LJE

In Eq. (6.5), K¢ was multiplied by the pilecap stiffness modification factor, ., to

consider the original pilecap stiffness in the equivalent portal frame method. Factor, o,
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can be obtained using rg, which is defined as the ratio of the pilecap-pile joint rotations,
8/0", between the equivalent portal frame modeling and full pilecap modeling. If M is

the given moment at the pile-pilecap joint, the ratio of rotations, rg, is :

0 M/(K+K)  a+ky

075 T M/(0K K, | 1+K, (6.7)
From Eq. (6.7), aLis :

The ratio of rotation, rq, is obtained from the analyses results of full pilecap
modeling and equivalent portal frame modeling. Assuming equal effective stiffness
ratio, § = Elp/ECIp = Ely/E I, for both pile and beam in equivalent portal frame

after cracking, Elp/Els in Eq. (6.6) is calculated as follows :

El EE.I I D4\ r(242D,) - (yD,)3 3
P _27¢cp_ P p p p - )
El, ~ EE: 1 (64 )/[ 12 } = 02087 (69)

where, I, and I; are the second moment of inertias of the gross section of the pile and
beam in equivalent portal frame, respectively, and vy is the ratio of pilecap depth, hy, over

the pile diameter, D,

y= (6.10)
p

For the piles that will be subjected to tension upon the application of lateral loading,

the moment due to gravity load, P, is obtained by using By, instead of 3¢, in Eq. (6.5) as:

174



MP :Q-P-L- ML
16 T Lo+ Bk,

(6.11)

It is ovbious that the direction of pile shear forces due to gravity load, P, only, is in

the diagonal direction pointing toward the column vertical axis. Thus, the angles, agp of

P P P
M, and ag, of M,

respectively, as shown in Figure 6.4-(a).

Hence,
Mt x = l\/lg’pcos%:—C = _%
ME,y = |\/|(E’|Osin5—47—C = _MJ%
and,
Mtpp,x = MFPCOSTZC = %
M,y = Mtppsinl—: = %_HZQ

2) Response of pile-pilecap joints with respect to y-axis

between positive x-axis and the moment are 5n/4 and w/4,

(6.12)

(6.13)

The pile supported foundation under column overstrength moment, M_ and shear

force F, , shows the combined response of rigid body rotation and lateral translation.

The rigid body rotation of the pilecap, 8, depends on the vertical stiffnesses at the pile

locations which result from the soil - pile interaction. The lateral translation of pilecap,

Ay, depends on the lateral stiffness of soil on the pilecap vertical side.
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Figure 6.5: Modes of pilecap deformations under seismic load

Vy = 2(Vt9p+vgp)

-

Figure 6.6: Pile top moment and its direction due to the rigid body rotation of the foundation
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Figure 6.7: Pile top moment and its direction due to the lateral translation of the foundation

the pile shear force due to these two modes of foundation behavior is parallel to the

column overstrength shear force, F_ as shown in Figure 6.6.

If MY, o, and My, oy, are defined as the moments and their directions with

respect to the y-axis at the top of the compression and tension piles, respectively, these
can be quantified via the force method using the principle of virtual work. Figure 6.8
shows the decomposition of the system into the released structure and the redundant
forces. To use this method, it was assumed that the center of rotation is at the tip of the
compression pile because the vertical soil-pile interaction stiffness of the compression
pile is much greater than that of the tension pile. The vertical stiffness of the compression
pile is composed of soil-pile friction and end bearing, while the stiffness of the tension

pile relies only on the friction between pile and soil.
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Figure 6.8: Decomposition of the system
under orthogonal direction loading for the force method

In Figure 6.8 the depth of the point where pilecap passive soil pressure acts is
assumed 2h¢/3 from the soil surface assuming linearly increased soil Young’s modulus
with depth. In addition, the skeletal frame of the pilecap is aligned with the lateral
stiffness of pilecap passive soil. Accordingly, the moment acting on the skeletal frame of

the foundation system is M + F_(2h;/3). The vertical and horizontal displacements at
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the joint “a” of released structure is represented as Dy and D, , respectively. The fj; (i =
1,2 and j = 1, 2) are the flexibility coefficients representing the displacement at the
coordinate i due to a unit force at the coordinate j. The compatibility condition states that
the final vertical and horizontal translations at “a” are X;/(2k,;) and 0, respectively.

Thus, the compatibility condition at joint “a” is expressed in matrix form as follows :

D fi +1/(2k,) fo[X 0
{ 1}+|:11 vt 12:H 1} :{ } (6.14)
D2 1:21 f22 X2 0
where
2M L3 M. L
D, = =ML+ 2+(F;+ c )( f )1
8El¢ 3BepElp(Ly + he/3) L, +he/3AL, +he/3 K
1 ZMSLS
D, = ==—M_L,L
2~ 2El tep 3B, El (L, +he/3)
. L3 2L7L3 ( L )21
= + =
ST 3BEly(L, +hf/3)2 L,+h/3) k
2L 3
fo = 52LPL)+
2El; 3BpElL(Ly, +hf/3)
2L 3
f, = s2-L2L +
2El; 3B ElL(Ly, +hf/3)
2 1 2
fyy = L3+ Lgl2+ L3
22 3By,El, Pt Elg 7P 3B,El, P

After solving Eqg. (6.14) on the redundant forces, X; and X,, the reactions of the
released structure, Ry, R, and R3, can be obtained by the ordinary methods of statics as

follows :
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R, = F —R,—-X

L (6.15)
R, = 1 I\/I°+F°2hf+F°L+h/3 + X, L

3~ (Lp+hf/3)|:( c c 3) c( p f ) 1 f}

Therefore, M, and My, with respect to y-axis at the pile-pilecap joints are :

RZ
M%'p = (—Z—)Lp

(6.16)
Mg = (%)Lp

The stiffness enhancement factor of the compression pile, B, can be based on the
axial load obtained using the original pile stiffnesses in the system since the influence of

the pile bending stiffness on the vertical reaction of the system is negligibly small.

The angles, Y, of MY, and oy, of My, between positive x-axis and the moment

are mt/2 as a combination of the two response modes as shown in Figures 6.5 - 6.7.
3) Pile moment with respect to x-axis

Because the lateral force, which is applied in the orthogonal direction, should be
resisted by two pairs of diagonally aligned piles as shown in Figure 6.42, M_ is divided
into two components of MS/JZ on each diagonal direction as illustrated in Figure 6.9-
(a). Accordingly, the moments and the corresponding rotations develop at the joints of
pile - pilecap. Since the y-component of these moments are already considered in the
response with respect to the y-axis, which is described in previous section, the response

about the x-axis is discussed here.
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If M{:T;) is defined as the induced moment at the top of compression pile due to
I\/Ig/ﬁ as shown in Figures 6.9-(a) and 6.9-(b), Mg can be expressed, from Figures

6.9-(c) and 6.9-(d), as :

M Bcpr M. Bcpkp

m c c

Cp = . 3a = . 3a
4ﬁ TKf+Bcpr 4ﬁ —4—+Bcpkp

(6.17)

However, only the x-component of this moment, Mgg), contributes to the response

with respect to x-axis. Thus, Mgfp , the x-component of MQ?) , IS obtained as Mgg)/fz and
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illustrated in Figure 6.9-(b). Mgfp causes positive bending of pilecap as depicted in

Figure 6.3-(d).

L MG M BopKy
Mcp = = —. (6.18)
J2 8 |3a,

The direction of M, is , which is perpendicular to the column overstrength

moment, M_, as depicted in Figure 6.10 - (c).

In the same way, the corresponding moment at the top of tension pile, Mtxp , 1S

M. k
MY = —C. __EtLL (6.19)
P 8 |39, k
4 Btp p

The direction of the moment, M, is @ and the moment cause the negative bending

of pilecap as illustrated in Figure 6.3-(b).
4) The magnitudes of Mcp,, My, and their direction o, o4y

The x and y components of the pile top moment can be calculated using vectorial

addition of the moment components which are obtained in previous stages 1) - 3).

From the Egs. (6.12) , (6.16) and (6.18) :

M = MP__ + MX
cp.x ch,x cp (6.20)
Mepy = Mepy + M,

Thus, the magnitude of moment, M, and its direction, oy, at the joint of the

pilecap and the compression pile is :
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Mep = JMZ, + M2 (6.21)
Mg,
Ogp = atan(—p—YMcp X) (6.22)

Likewise, the magnitude of moment, My,, and its direction, oy, at the joint of the

pilecap and the tension pile is :

My = JMZ + M2 (6.23)
M
Ol = atan(ﬂ) (6.24)
P Mtp,x
where
Migic = Mipic My (6.25)
- P '
Mipy = Mipy + Mgy

6.1.3 Parameter study for principal direction of pile resistance

1) Design of foundation system

To investigate the sensitivity of the moments at the top of piles and their directions,
a parameter study was done for a four pile supported foundation system. The foundation
system was carefully designed for piles to remain elastic through whole ranges of
variables. The column and pile diameters were identical to those of the test unit CFPS2,
that is, 762mm and 508mm, respectively. The column and pile reinforcement ratio were

1.98% and 1.56%, respectively.
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Figure 6.11: Bilinear moment-curvature curves for different axial loads
2) Parameters and their ranges

A total of four parameters were chosen for the study : the column axial load ratio,

P/(féAg) , the nondimensional column length, L./D¢, the ratio of pilecap depth over pile

diameter, h¢/Dy,, the soil subgrade modulus, Eg;(MPa/m).

* Axial load ratio : P/ (f;A,)

This variable was chosen to see the effect of gravity load on the foundation response.
The capacity of column overstrength moment and shear capacities, M and F_ , which
act on the foundation as seismic loads, is a function of the column axial load, P. The

enhancement of M_ and F_ due to applied gravity load, P, can be explained as follows.

From the idealized bilinear moment-curvature curve of P = 0 in Figure 6.11, The

column overstrength moment capacity, M, ,, can be obtained as :
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Mu, 0o~ My, 0 + (Mu, o~ My’ 0) = ki, o[q)y + (q)u, o~ q)y) ’ r] (626)
where My , is the yield moment capacity, k; , is the elastic stiffness, ¢, is the yield
curvature which is approximately 2.45¢,/D [26] in columns with circular section, ¢y, is
the ultimate curvature and r is the ratio of post-yield stiffness over elastic stiffness.

Dividing Eq. (6.26) by ¢y, the secant stiffness, ksq o, is Obtained as :

— ki, 0(1 + Uq), ofo~ ro)

sec,0
HQ), 0

(6.27)

where 1, 4 is the curvature ductility of the section when P = 0. Similarly, kse , which is
the secant stiffness for the bilinear moment-curvature curve with axial load, P, can be

obtained as :

_ Kip(L+ g pfp—Tp)
sec,p Mq) i

(6.28)

where kj  is the elastic stiffness, (1, , is the curvature ductility and r, is the ratio of post-
yield stiffness over elastic stiffness of the section with axial load P. From Egs. (6.27) and
(6.28), the ratio, B, representing the increased overstrength moment capacity due to an
increase in axial load, P, with respect to the overstrength moment capacity when P = 0,

can be obtained as :

== () (e
1+ uq)’oro— Mo Ko, p

Because, in Figure 6.11:

IQ'X
EZ

(6.30)

o)
<

o
<
o
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Eg. (6.30) indicates that axial load influences yield moment capacity and flexural

stiffness by the same ratio.

Eq. (6.29) becomes :

b= (@) (e (i 62
c My o/ \1+py ofo =T/

The range of the axial load ratio was chosen from 5% to 30% with 5% increment,

which are the typical axial load ratios in bridge columns.

* Nondimensional column length : L /D,

The variation of column length, L, causes the different overstrength column shear

force,F, for a given overstrength moment capacity at column plastic hinge, M., by the

equation :
. _ M
Fo = I—_—C (6.32)

To make a column length, L., as a nondimensional quantity, it is divided by the

diameter of column, D, (= 762mm)

The range of the nondimensional column length, L./D., was arbitrarily determined

from 3.0 to 13.0 with 2.0 increments.

* Ratio of pilecap depth and pile diameter : h¢/D,

The moment at the top of pile depends on the relative pile bending stiffness ratio

which is determined by the pilecap depth, hy, for a given pile section. For the foundation
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Figure 6.12: Effective width of the beam in equivalent diagonal portal frame

system which is simplified to the two equivalent portal frames diagonally oriented, the
effective beam width of equivalent portal frame, beg, is limited to ZﬁDIO adopting begs
= Dy + 2hg as shown in Figure 6.4, by the protruded length of the pilecap stub of
approximately 0.5D,, as recommended in reference[26]. This is based on the assumption
that the pilecap depth is greater than (/2 — 0.5)D, with a 45° spreading of stress from
the boundary of pile in all direction. The influence of the pilecap flexibility, which is the
reverse of pilecap stiffness, on the lateral stiffness of the foundation system may also be
studied through the chosen variable, h¢/Dy,. The range of the variable was 1.0 to 2.0 with

0.2 increments.
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* Variation of the soil elastic modulus with depth : Eg;(MPa/m)

It was mentioned in Section 6.1.2 that the pile moment and its direction are
influenced by the pilecap rigid body rotation, which depends on the vertical stiffness of
soil-pile interaction and the passive soil stiffness adjacent to pilecap. The interactive
vertical stiffness of the tension pile was calculated by dividing the applied tension force
by the resulting pile top displacement. To calculate the displacement at the top of tension
pile, the differential equation was solved using the shear stress at the face of the pile. The
derivation of the equation is described in Section 2.2.4 - 2). If kg is assumed to be a linear

function of z in Eq. (2.25), which is one of the typical cases in sands, ks can be expressed

as:
G-z E. -2z
k.=Kky-z = sl = —=t (6.33)
s s1 4(Dp/2)(1-vy) 4Dp(1—v52)
where
G
Ky, = 2L (6.34)
L 4(Dy/2)(1-vy)
— Esl
Gy = 2(1+vy) (6.35)
Substituting Egs. (6.34) and (6.35) into Eq. (2.25) :
2 E.,Sw
dw s z=0 (6.36)

E,A ~ :
" Pdz2 4D,(1-v2)

The necessary boundary conditions to solve Eq. (6.36) with respect to the pile

deflection, w, were Egs (2.26) and (2.27).
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Therefore, the vertical stiffness at the top of the tension pile due to soil - pile

interaction can be obtained with the pile force :

B dw?
Fp = EpApa—Z? (6.37)

For the parameter study three types of soil, Loose Sand, Medium Sand and Dense
Sand, were selected. The variation of the soil elastic modulus with depth was taken as 7
MPa/m, 25 MPa/m and 60 MPa/m. Poisson’s ratio of soil , v¢, was assumed constant and
equal to 0.3 and a pile length of 20m was adopted. The results of Eq. (6.37) with applied
vertical tension force at the top of pile, 800 kN, is shown in Figure 6.13. The vertical
stiffness of soil-pile interaction was obtained dividing the diplacement by the pile force
at the top of the pile. The vertical stiffness at the top of the pile were 300 kN/m, 596

kN/m and 830 kN/m for each soil type.

The lateral stiffness of passive soil on pilecap vertical sides also has a great
influence on the demand of the pile shear force by reacting part of the overstrength
column shear. The lateral stiffness of passive soil on pilecap side was determined by the

following equation.

K(z) = kp(z) - B¢- hy (6.38)
where k;,(z) is the coefficient of horizontal subgrade reaction at depth, z, which is the soil
spring location, Bs and h¢ are the width and the depth of the pilecap, respectively. The

coefficient of horizontal subgrade reaction, ky(z), was obtained from the following

equation.
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Figure 6.13: Distribution of vertical deflection and force of pile along depth
for applied tension force of 800kN, with different soil stiffnesses
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ESl ° Z
n(2) = =2 (6.39)

where Eg, is the increase rate of soil Young’s modulus and D* is the reference pile

diameter, 1.83m.[7]

6.1.4 Moment at the top of piles under diagonal loading

Because the parameter study is on the pile moment under orthogonal direction
loading, the result is compared with the diagonal direction loading cases. The pile top
moment under diagonal direction loading can be obtained using the same method which
is adopted for the cases under orthogonal direction loading. However, the direction of

pile moment is obviously 5n/4 from the x-axis shown in Figure 6.3-(a).

1) Pile top moment, MZ,, and M,

due to gravity load, P.
The moments induced at the top of the piles due to gravity load, P, can be expressed

as before, by Egs. (6.5) and (6.11).

2) Pile top moments, Mg, and M@

s due to a combined rigid body rotation, 6;, and

lateral translation of pilecap, A;.

The pile top moments, M§p and Mt'f), due to a combined rigid body rotation, 6,
and lateral translation of pilecap, A;, can be found via the force method using the
principle of virtual work. However, under diagonal direction loading, it is important to
note that the width of the pilecap varies along the local x; and x, axes and accordingly,
the second moment of inertia of the pilecap, Iy, is a function of x; and X,, respectively, as

illustrated in Figure 6.14. Thus, the width of the pilecap, B¢(x;) and B¢(X,), are :
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Figure 6.14: Varying pilecap width along x; and x, axes
Be(X{) = 2([2Dp +X;)
L (6.40)
B(Xp) = Z(ﬁDp + % - Xz)

Another difference from the case under orthogonal direction loading is that the
lateral passive stiffness of soil on the pilecap vertical side is /2 ks since the effective

width of the pilecap, which mobilize the passive soil pressure, is /2 Bs.

The released structure and the redundant forces are shown in Figure 6.15. The

approximation is reasonably made that the center of rotation is assumed to be at the tip
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of the compression pile because the ratio of vertical soil-pile interaction stiffnesses

between tension and compression piles is so large.

The compatibility condition in matrix form is :

(Dq] [fuat 17k, f) fi3 fu(X1] o]
D f f f £, || X 0
2|, 21 22 23 2|} %2 _ JOL 6 a1y
Ds fa1 f3 fy3 +1/2ky, faa || X3 0
D4 | fa T4 f43 fa][Xe) (O]

After obtaining the redundants, X1 - X4, by solving Eq. (6.41), the reactions of the

released structure, R1, R2 and R3, are :

2h
o F R, (6.42)

Therefore, MCRIO and Mt'f) due to a combined rigid body rotation, 6;, and lateral
translation of pilecap, A, are :

M = R,L

o P (6.43)
MR = X,L

P
The flexibility coefficients for this method are presented in Appendix E.

3) The magnitudes of Mcp, My

cp

From the Egs. (6.5), (6.11) and (6.43) :
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Mo
My

- MP R
= Mg, + Mg,

P R
Mi, + Mip

p

6.1.5 Results of parameter study

(6.44)

The result of the parameter study is shown in this section using polar, 2-D and 3-D

graphical presentations. Referring to Figure 6.16, polar graphs can be interpreted.

Analysis of the results under orthogonal direction loading is followed by the comparison

with the result under diagonal direction loading. Lastly, the sensitivity of the moment

direction and the normalized magnitude along with the individual variable is

investigated.

M 4 -
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y
A
<z Comp.
pile Otcp
225° !
270° P

‘Mé\‘ } Magnitude of pile moment, axial force

LPg

Plan view of pilecap quadrant

under orthogonal direction loading

normalized by maximum MmN pé\lp

p cp’

under diagonal direction loading

_M(Pp} Magnitude of pile moment, axial force

D
LTcp

O¢p Angle of pile moment direction

e Data point of pile moment

Figure 6.16: Interpretation of graph in polar coordinates
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Min. (0.025, 249°)
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Figure 6.17: Moment and direction at compression pile-pilecap joint

under orthogonal direction loading
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Figure 6.18: Histogram of moment direction
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Max. (1.00, 267°) Min. (0.22, 249°)

P/(f.Ay) = 0.3 P/(f;Ag) = 0.05

L./D, = 3.0 L./D, = 13.0
hy/D, = 2.0 | hy/D, = 2.0
E,, = 7MPa/m E,, = 60MPa/m

Figure 6.19: Axial force in compression pile under orthogonal direction loading

1) Distribution of data points with respect to principal directions of pile shear

The angles of the compression pile moment directions under orthogonal direction
loading are in the range of 227° and 268° as shown in Figures 6.17 - 6.19. The
distribution of the data points along with the angle of moment direction is shown in
Figure 6.18. The distribution ratio gradually increases from 227° and peaks at 20% in
the range of 255° ~ 260°. The distribution ratio of data points is, then, drastically
reduced past peak. The magnitudes of corresponding moments and axial loads, which are

normalized by respective maximum values, are also shown.
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2) Axial load effect on pile moment

Figure 6.20 shows the ratio of the moments with respect to y-axis, which is obtained
by dividing the moment, based on enhanced pile bending stiffness due to axial force in
the pile, with the moment based on original bending stiffness. It is seen that the axial load
effect on the pile moment is significant. The ratio of the increased shear force due to the

axial force effect is from 1.13 to 1.36.

3) Increase of pile moment due to three-dimensional behavior of foundation

The three dimensional geometry which is inherent in the four-CIDH-pile supported
foundation system develops pile moment about x-axis. Combined with the y-component
which has been previously discussed, the pile is subjected to greater moment than that
predicted by two dimensional analysis. The increase of the pile moment due to this
behavior can be seen in Figure 6.21. The ratio of moment increase is 1/sin(occp) and

the maximum reached to 1.37.

4) Combined effect of axial force and three-dimensional behavior of foundation on

pile moment

Total moment increase in the compression pile was compared to the moment
obtained via two-dimensional analysis without consideration of axial load effect as
shown in Figure 6.22. The ratio 1.13 ~ 1.77 indicates that use of conventional two
dimension analysis for the moment-resisting pile foundation underestimates pile
moment significantly. Therefore, it is recommended that modified pile bending stiffness,

based on axial load in the pile, be used in the analysis of the moment-resisting pile
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Min. (1.13, 240°)

Max. (1.36, 261°)

P/(f;Ag) = 0.3 P/(f;Ag) = 0.05
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h¢/D, = 2.0 h¢/D, = 1.0
Es; = 60MPa/m Es; = TMPa/m

Figure 6.20: Moment increase in compression pile due to axial load
under orthogonal direction loading
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Figure 6.21: Moment increase in compression pile due to the rotations of moment direction
under orthogonal direction loading
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Max. (1.77, 227°) Min. (1.15, 262°)

P/(f;Ag) =0.3 P/(feAy) = 0.05
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h¢/D, = 1.0 h¢/D, = 2.0
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116
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Figure 6.22: Moment increase in compression pile due to combined effect
of axial force and moment directions under orthogonal direction loading

foundation. In addition, three dimensional behavior of the foundation should be

considered in the analysis and design.
5) Sensitivity of the moment magnitude and direction vs. variables

The sensitivity of the pile moment for individual varibles are discussed in this
section with the 3-D graphical presentations as shown in Figures 6.23 - 6.34. Since the
total number of variables are more than two, the maximum number which is required to
plot the 3-D graph, two variables are selected in a graph and investigated while the other

two variables are fixed at an arbitrary value in their range.
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» Column length : L.

The column length impacts the ratio of the moment over the shear force. Besides,
the column moment influences the x-component of pile moment as discussed in section
6.1.2, while the column shear force develops only the y-component of pile moment.
Accordingly, the increase in the column length makes the weight of the x-component in
the pile moment grow. This is noted in Figures 6.23, 6.25 and 6.33 which reveal that the
angle of the pile moment direction reduces by increasing the x-component of the pile
moment as column length increases. In Figures 6.23, 6.25 and 6.33, it is also shown that
the reduction of the angle of moment direction escalates with the decrease of pilecap

flexibility and the increases of the soil density and column axial load ratio.

The magnitude of the pile moment decreases with increasing column length as
shown in Figures 6.24, 6.26 and 6.34. This is because the shear force of the column
decreases as the column length increases, although the column moment, which depends
on the column section, remains constant for a given column. The high rate of decrease,

observed in the range for short columns, dwindles as column length increases.

* Ratio of pilecap depth and pile diameter : h¢/D,,

The ratio of pilecap depth over pile diameter is a measure of the relative pilecap
stiffness over pile stiffness. As briefly mentioned above, it is shown in Figures 6.23, 6.29
and 6.31 that the angle of the pile moment direction reduces as the ratio of pilecap depth
over pile diameter decreases. Since the decrease of the angle indicates the reduction of

the weight of the y-component in the pile moment, the y-component of the pile moment
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reduces as the pilecap becomes more flexible due to the rotation of the pile-pilecap joint
for a given lateral loads. This effect intensifies as the column gets longer as shown in
Figure 6.23. It is also shown in Figures 6.24, 6.30 and 6.32 that, as the ratio of pilecap
depth over pile diameter increases, the magnitude of the pile moment decreases because

the relative stiffness of the pile reduces.

* Increased rate of soil elastic modulus with depth : Eq;(MPa/m)

Figures 6.25, 6.27 and 6.31 exhibit that the angle of the pile moment direction
reduces as soil gets stiffer although the decrease of the angle is not great. The soil
property effects the lateral displacement of the pilecap, which cause the y-component of
the pile moment, as well as the pilecap rigid body rotation, which lessens the y-
component of pile moment. Therefore, the soil effect on the direction of pile moment is
not significant because respective influences on the y-component of pile moment work
against each other. However, the decrease of the angle of pile moment along with the
increase of soil stiffness implies that the effect of the soil property on the lateral
displacement of the pilecap is more substantial rather than the influence on the rigid body

rotation of the pilecap.

The magnitude of the pile moment also reduces as soil gets stiffer as shown in

Figures 6.26, 6.28 and 6.32.

 Axial load ratio : P/(f;Ag)

Although it is not significant, Figure 6.27, 6.30 and 6.33 show the effect of column

axial load ratio on the angle of pile moment direction. The increase in the column gravity
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load enhances the capacity of the overstrength moment of plastic hinge and shear force
of the column together for a given column length. Since the column moment effects the
x-component of pile moment, and the column shear force influences the y-component of
pile moment, the angle change of pile moment direction becomes minor by cancelling
out the respective influences. In Figures 6.27, 6.30 and 6.33, the angle of pile moment
decreases, as column axial load ratio increses. This indicates that the column moment

effects the direction of the pile moment more than the column shear force does.

It is obvious that the magnitude of pile moment pile moment increases as column

axial load ratio increases as is seen in Figures 6.28, 6.30 and 6.34.

6) Regression analysis of pile moment direction

To investigate the contribution of each variable to pile moment direction, regression
analysis was carried out via the Nonlinear Least-Square-Fit method. The relationship

between the pile moment direction and each variable is approximated as :

J70.096
P0.012}{0.04770.017

oR, = 274 (6.45)

where oc§p is the moment direction of the compression pile under orthogonal direction
loading, F(:hf/Dp) is the ratio of pilecap depth to pile diameter, P is the column axial
load ratio, H(=L./D,) is the nondimensional column length and X(MPa/m) is the

increasing rate of soil elastic modulus.

It is known from Eq. (6.45) that the ratio of pilecap depth to pile diameter, T, has the

greatest influence to the pile moment direction since it has the greatest power. Figure

204



6.35 shows the ratio of the moment direction for each data point, calculated using Eqg.
(6.45) to the exact solution calculated using Eq. (6.22). From Figure 6.35, it is known
that Eq. (6.45) which is the approximated solution yields good agreement with the exact
solution. The maximum and minimum errors of the regression analysis were - 2% to +
4%. Further, Eq. (6.45) enables the presentation of the sensitivity of the compression pile
moment to the individual variables, which is similar to that described in section 5), in 2-

D graphs as shown in Figures 6.36 - 6.39.

Since there is a total of four variables, each variable is selected in a graph while the

other three variables are fixed at an arbitrary value in their range.

7) Critical diagonal direction loading

Since the results of the parameter study which are discussed above are only under
orthogonal direction loading, the magnitudes of the moment and the axial force of the
pile are compared with those under diagonal direction loading. The magnitudes of
moments and axial loads, which are normalized by the values under diagonal direction
loading, are provided in Figures 6.40 and 6.41, respectively. The range of the ratios for
the compression pile moment is from 0.40 to 0.68 and that of axial force is from 0.56 to
0.76. The higher axial load and therefore the higher moment of the compression pile
under diagonal direction loading is theoretically explained in Section 6.2.1. Therefore, it
is recommended that the pile should be designed under diagonal direction loading.
Figures 6.40 and 6.41 also provide important information for the design of the pilecap

which is discussed in section 6.2.
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Figure 6.23: Moment direction vs. ratio of pilecap depth/pile diameter(h¢/Dy)
and nondimensional column length(L./D,) ,
for soil Young’s modulus(Eg;)=25MPa/m and column axial load ratio (P/fCAg) = 0.15
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Figure 6.24: Moment magnitude vs. ratio of pilecap depth/pile diameter(h¢/Dp)
and nondimensional column length(L./D,) ,
for soil Young’s modulus(Eg;)=25MPa/m & column axial load ratio (P/fCAg) = 0.15
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Figure 6.26: Moment magnitude vs. nondimensional column length(L./D.)
and ratio of pilecap depth/pile diameter(hs/Dy)

and soil Young’s modulus(E



Figure 6.27: Moment direction vs. column axial load ratio, P/(fCAg)
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Figure 6.28: Moment magnitude vs. column axial load ratio, P/(fCAg)
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Figure 6.29: Moment direction vs. ratio of pilecap depth/pile diameter(h¢/Dy)
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Figure 6.30: Moment magnitude Vs. ratio of pilecap depth/pile diameter(h¢/Dy)
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and column axial load ratio, P/(fCAg) for soil Young’s modulus(Es;)
