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INTRODUCTION

This report compares the results of static pile load tests with pile
capacity predictions obtained using cone penetration test data. Cone
penetration test (CPT) data were collected at 27 sites where Caltrans
had conducted 32 static pile load tests for highway constructicn. These
penetration test data were used to predict pile capacity through appli-
cation of six previously published CPT-based analytical procedures.
Even though some of the procedures were developed for a limited range
of soil conditions, all six were applied to the penetration data set
to evaluate applicability for a variety of soil conditions. The
predicted pile capacities were then compared to those determined by

static load tests to determine which method performed best.

After a brief description of the cone penetration test, the body of the
report presents a description of the criteria used to select the 32 pile
load tests. This is followed by an overview of the methods used for
analyzing the CPT data, a comparison between predicted and actual

capacities, and recommendations for departmental implementation.

Background °

In 1980, Caltrans evaluated a penetrometer conceptually similar to the
CPT called the Dutch Cone Penetrometer {John, 198¢}). The Dutch Cone
(Figures 1- and 2) transmits resisting forces at fhe tip and along the
sides of the probe through a set of coaxial push reds to the ground
surface where the forces are read from pressure gauges. It is advanced
by alternately pushing the tip and friction jacket while taking manual
readings of soil resistance, a process which is discontinuous and
involves many operator manipulations. For the three sites investigated
in the 1980 study, the Dutch Cone was found to provide an accurate

measurement of in situ scil conditiens. The equipment used to push the




Dutech Cone, however, limited the reaction weight which could be

generated and, thereby, the depth of penetration.

Advancements in electronics have allowed the Dutch Cone concept to
develop into a device which eliminates many previously undesirable
aspects. This modern cone penetrometer, the electreonic cone penetrom-—
eter, first developed by Fugrce in 1965 (Broms and Flodin, 1988}, is
fully described by the ISSMFE Technical Committee on Penetration Testing
{DeBeer et al, 1988). The CPT consists of a stress—-sensitive probe that
is hydraulically pushed into the ground (Figure 3). While pushing at
a constant rate, socil resistance at the tip and along the side of the
probe is measured by strain gages and relayed to the surface. A
computer at the surface displays and records the data. Unlike the Dutch
Cone, the electronic cone penetrometer provides a nearly continuous
record of subsurface soil information with readings every 5 centimeters.
Also, it advances at a rate of 2 cm/sec and only stops at one-meter
intervals to add additional push rod. Therefore a sounding can be made

in a relatively short period of time.

Both the electronic cone penetrometer and Dutch Cone have been part of

routine geotechnical investigations in Europe since about 1930, but
until recently, have received only limited acceptance in the U.S.
Conséquently, the majority of foundation design procedures for CPT data
have originated in Europe or have been developed on the basis of
European experience. These design procedures are generally empirical

and do not necessarily apply to scil conditions encountered elsewhere.

In excess of 20 procedures (Gwizdala, 1984} have been developed for
predicting the static capacity of piles using data from a cone penetra-
tion test. Work by Briaud and Tucker (1988) and Robertscn et al (1988),

has shown a few design procedures to be more promising than others.

This research was undertaken to determine whether six of the more preva-

lent CPT pile capacity analysis methods can be successfully applied to

&
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a wide variety of soil types. The soils of the 27 sites in the data
base of this report vary from predominately granular alluvial fan and
basin deposits to moderately sensitive cohesive soils from marine tidal
environments. This variety of soil types represents a significant
portion of the wide spectrum of conditions routinely encountered during

soil investigations throughout California.

Equipment

The cone penetrometers used for this research were 35.7 mm diameter
electric and electronic cones (Figures 4 and 5). All cones and testing
procedures met the guidelines set forth in ASTM Designation D3441-79.
Both 10and 20-ton penetrometer rigs were used (Figure 6). These heavy
vehicles enabled a penetration depth far in excess of that which could
be achieved by the equipment used to push the Dutch Cone in the 1980
study and provided greater stability when dense granular and hard

cohesive soils were being penetrated.

ESTABLISHING A DATA BASE

Tnitial Site Selection

To test the six CPT pile capacity analysis methods, CPT data were
collected at locations where Caltrans had load tested piles for highway
construction projects. An effort was made to select a representative
sample of the pile and soil types encountered throughout California.
Pile load test records and boring logs were screened to locate sites
where there was a reasonable expectation of pushing the cone penetrom-
eter deeper than the pile tip and where failure of the load test pile

was indicated. The locations were then field reviewed to determine




accessibility for the CPT equipment and the presence of conflicts which
would hamper data collection. BAlso, sites were reviewed to determine

if previous construction would influence the CPT data.

Static Pile Load Tests

Davisson's failure criterion (Vanikar, 1985) was used to evaluate 350
pile 1load tests from Caltrans bridge construction projects. The
Davisson criterion was chosen because it is easily defined, repeatable,
and considers the material properties of the pile. Also, it is compa-
rable to the failure criteria used by Caltrans (California Foundation

Manual, 1984).

Using the Davisson criterion, 47 of the 350 pile load tests reached
failure, or were so close to failure that a confident extrapolation
could be made. This group of load tests represents data from 40 sites
and consists of driven precast concrete piles, driven closed-end steel
pipe piles, steel H-piles, 1l6-inch diameter bored piles, one 36-inch

diameter drilled shaft, and one 48-inch diameter drilled shaft.

The load test method used by Caltrans is most similar to the cyeclic
loading procedure referenced in ASTM-D1143. Piles were typically loaded
in 20~ton increments with each load being held until the pile head
deflection rate was less than 0.01 inch per hour. At double design
load, the load was maintained for 60 hours. Pile lcad tests were termi-
nated prior to application of double design load for 60 hours if the
pile plunged. This procedure is essentially a construction proof-test
with the addition of a 60-hour load period which is an attempt to allow
for time-dependent mechanisms such as creep. For purposes of this
investigation, settlement resulting from sustaining a locad for more than
one hour was accounted for by subtracting this pile head movement from

the load test record prior to applying the Davisson failure criterion.




Soil Conditions

Soil conditions at the 40 selected sites were evaluated by reviewing
boring logs of the original design investigation. In some cases, the
piles passed through dense granular or cemented scils of sufficient
thickness to prevent penetration by the cone penetrometer. Thus, 10
pile load tests at nine sites were eliminated due to soil conditions

inappropriate for use of the CPT equipment.

Site Access

A significant number of the remaining sites are located in what has
become congested urban areas. These locations were field inspected to
determine accessibility for the CPT equipment. Two sites of one pile
load test each were dropped from this study due to traffic and utility

conflicts.

At the completion of the site selection process, 35 pile load tests at

29 sites were candidates for field testing.

Field Testing

The aim of the field program was to use the CPT equipment to gather the
type and quantity of data required for all six design procedures. The
primary criterion was that the cone penetrometer sounding be advanced
a minimum of four pile @diameters below the pile tip, typically four
feet. Also, in order to evaluate the wvariability of the soils, an
effort was made to conduct two or three cone penetration tests at each

pile site.

The s0il conditions at two sites proved to be inappropriate for cone

penetration testing due to a 10-foot, or thicker, layer of very weak




soils underlain by very hard or very dense scils. When the penetrometer
probe reached the more resistant lower soils, the sounding rods
developed excessive bowing because the weak upper soils did not provide
sufficient lateral support. Penetration testing was consequently aban-
doned for the three pile load tests at these two sites. Thus, the data

base was reduced to 32 pile load tests at 27 sites.

The CPT and pile load test data, which together make up the data base,
are presented in the Appendix. A summary of the dJata is shown in

Table 1.

PILE CAPACITY PREDICTION METHODS

Many analytical procedures for predicting pile capacity using CPT data

exist. However, the scope of this study was purposely limited to six
procedures. In general, an effort was made to select analytical proce-
dures which had fundamentally different approaches. Analytical proce-

dures which appeared frequently in the geotechnical engineering litera-
ture were included. Also, recommendations of the Federal Highway
Administration (FHWA) and the availability of complete references

influenced the selection.

A brief summary of the six design procedures follows.

Cone—-M Method

Tumay and Fakhroo (1981) used 37 test piles from 10 sites to develop
the Cone-M procedure. All test piles were driven piles and the sites
were widely scattered throughout Louisiana in order to test a variety

of representative scils. It is important to note that most of the test
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sites are underlain by very soft to stiff cohesive soils. This method
dces not take soil, pile type, or 1installation method into

consideration.

The end bearing component of pile capacity is calculated using a
weighted average of cone tip pressure readings for a distance of four
pile diameters below, and eight pile diameters above, the specified pile

tip.

Pile skin friction is developed using the preoduct of cone sleeve fric-
tion data and a hyperbolic adherence coefficient. The adherence coeffi-
cient, denoted as "m", 1s a function of the observed cone sleeve

friction ratio.

A FORTRAN program entitled PILECAP was obtained from the Louisiana
Department of Transportation and Development and used to analyze the
data. The PILECAP program requires only cone penetrometer tip and

sleeve data and pile geometry.

Schmertmann's Method

The procedure presented by Schmertmann (1978), and WNottingham and
Schmertmann (1975), is a refinement of work first reported by Nottingham
in his Ph.D. dissertation (1975). Both the original procedure and its
modification were based on load tests conducted with model piles and
full-scale displacement piles in the states of Georgia and Florida.
The procedure recommendea by Schmertmann (1978) considers soil and pile

type for skin friction capacities but net for pile end bearing.

Pile end bearing is calculated by means of a weighted average of cone
penetrometer tip readings between 0.7 and four diameters below, and
eight diameters above, the specified pile tip elevation. Limiting
values , are recommended for the raw cone penetrometer wvalues and the

computed pile end bearing stress.




skin friction capacity calculations differ for cohesive and granular
soils but both categories of soil use friction sleeve data. A series
of formulae is presented with which the unit skin resistance is calcu-

lated for each soil layer.
Schmertmann's recommendations were incorporated into a spreadsheet

program and require input of pile geometry, scil stratigraphy, and cone

penetrometer tip and sleeve data.

Bustamante's Method

Bustamante's method refers to the static pile capacity calculation
procedure by Bustaﬁante and Gianeselli (1982) of the Laboratoire Central
des Ponts et Chaussees. This method is based on load tests to failure
of 96 piles at 48 sites in France. Of these tests, 55 were for bored
piles, 31 for driven piles, 8 for grouted piles, one fqr a pier, and
one for a burrette. Seoils at the sites are described as consisting of
", ..clay, silt, sand, gravel or even weathered rock, but also mud, peat,
more or less weathered chalk, and marl.” The Bustamante method
considers both pile and soil type for pile end bearing and skin friction

capacities.

Pile end bearing. is calculated by multiplying a "bearing capacity
factor" by the "equivalent cone resistance". Equivalent cone resistance
is determined by means of an averaging procedure applied te cone pene-
trometer %tip readings 1.5 pile diameters above and below the specified
pile tip elevation. The bearing capacity factor is a function of pile

and soil type, method of pile installation, and cone penetrometer tip

reading.

Pile skin friction capacity is the product of cone penetrometer tip
reading and a reduction factor. A limiting value is applied to the

calculated pile skin friction. Both the reduction factor and limiting
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values are functions of pile and soil type, method of installation and

cone penetrometer tip reading.
Bustamante's recommendations were incorporated into a spreadsheet

program and require input of pile geometry, scil stratigraphy, and cone

penetrometer tip data.

LPC Cone Method

The LPC Cone method refers to a set of rules proposed by the Laboratoire
Central des Ponts et Chaussees in France and subsequently modified as
described by Briaud et al (1985). This method is based upon the
Bustamante methed, but provides substantially more detail with regard

to installation method, pile type, and soil type.

Pile end bearing capacity is calculated by multiplying the average cone
penetrometer tip resistance between four pile diameters above and below
specified tip by a "point bearing factor". The "point bearing factor"

is a function of pile and soil type.

Pile skin friction is determined from an extensive family of curves

which relate pile skin friction to cone penetrometer tip resistance,

soil type, installation method, and pile type.

A BASIC program which utilizes the LPC Cone method {Tucker and Briaud,
1986) was obtained and used to analyze the data. Input parameters for
the program include pile type, installation method, pile geometry, soil

type and layer thickness, and cone penetrometer tip resistance data.

Direct CPT Method

The procedure referred to as Direct CPT (Briaud et al, 1985) is the

simplest application of cone penetrometer data for pile capacity




determination. It was developed by the Dutch (Sanglerat, 1972) as one
of the original applications for the cone penetrometer. The method does
not consider soil type, pile type, or pile installation method. The
primary concept of this method is the same as that behind the develop-
ment of the CPT, the penetrometer probe is considered to be a model pile
penetrating soil. The early Dutch work was primarily for sandy soils,

hence this method is generally assumed to give better results in sands.

The end bearing stress of a pile is taken as the tip pressure of the

cone penetrometer at the specified pile tip elevation.
Pile skin friction stresses are equivalent to friction sleeve wvalues.
The Direct CPT procedure was incorporated into a BASIC program. Input

consists of pile geometry and cone penetrometer tip and friction sleeve

data.

European Method

The European method refers to the method described by de Ruiter and
Beringen (1979). This method is based on correlations to pile load
tests and considers two soil types, sand and clay. There is no consid-
eration of pile type or installation method but the target application
of offshore structures suggests that it is intended for driven pipe

piles.

Pile end bearing for cohesive soils is determined using the correlation
between undrained shear strength and cone penetrometer tip resistance
{Lunne et al, 1976 and Kjekstad et al, 1979). Pile end bearing in
cohesionless soil is determined by means of a weighted average of cone
penetrometer tip readings in a zoﬁe between 0.7 to four pile diameters
below, and eight pile diameters above, specified pile tip. The weighted
average is .further reduced using functions which consider the overcon-—

solidation ratio.

10
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Pile skin friction in cohesive soils is calculated by multiplying the
undrained shear strength, as determined from cone penetrometer tip
resistance, by an adhesion factor. The adhesion factor is a function
of the overconsolidation ratio. 8kin friction in cohesionless soil is
the minimum of three values: the cone penetrometer sleeve friction

readings, the cone tip resistance divided by 300, or 1.25 TSF.

Calculations of ultimate pile resistance using the European method were
done, in part, by using a BASIC, program. The remainder of the calcula-
tions were performed by hand. Input parameters consist of pile

geometry, soil type and layer thickness, and cone penetrometer tip and

fricfion sleeve data.

COMPARISON OF MEASURED AND PREDICTED CAPACITIES

Measured -pile capacity for each pile load test and predicted pile
capacities for each CPT sounding using the six methods are presented
in Table 1. &Each pile load test was assigned one predicted value for
each method by averaging the results obtained by the soundings at that
location. In this way, each pile load test was represented by a single

value in subsequent statistical evaluations.

Por each method, the predicted versus measured pile capacities are
plotted in Figures 7 through 12. Values which fall below the "predicted

equals measured" line are conservative.

When considering all pile types and installation methods, the LPC Cone
method performed significantly better than any of the other methods.
For driven piles, all methods, except the Direct CPT method, yield good
to very good accuracy. However, the Bustamante method for driven piles

consistently tends to yield conservative predictions.

11




In order to statistically evaluate the six prediction methods, the ratio
of predicted to measured capacity was calculated for each method for
the 32 pile load tests. The mean (up), standard deviation (s}, and
coefficient of variation (COV) of these ratios were determined and are

shown in Table 2.

These parameters support the assertion that, overall, the LPC Cone
method is the most accurate (mean of 1.09) and most precise (COV of
0.39). The statistical parameters support different conclusions when

driven and bored piles are considefed separately.

When only driven piles are considered, the Schmertmann procedure clearly
performed best; having both very good accuracy (mean of 0.96) and preci-
sion (COV of 0.36). The LPC Cone method also exhibits very good
accuracy {mean of 1.01) but only fair precision (COV of 0.45). With
a COV of 0.35, the Bustamante procedure exhibited a precision practi-
cally identical to the Schmertmann method, but lacks accuracy, having

a mean of only 0.79.

For bored piles, the statistical parameters indicate that the LPC Cone
method performs best: having a mean of 1.15 and COV of 0.37. All other
methods were considerably less accurate or precise when applied to bored

piles.

DISCUSSION

The Schmertmann method performed best for driven piles. The LPC Cone
method performed best for bored piles and when all piles are considered
together. The LPC Cone method performed reasonably well for driven

piles.

12
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One difference between these methods is that the LPC Cone method employs
lower end bearing pressures for bored piles than for driven piles. The
Schmertmann method does not differentiate end bearing pressure for
construction methods. Ultimate tip pressure cutoff values recommended
by Schmertmann are 160 TSF in silty sand and 150 TSF in sand, values

that are appropriate for driven piles in dense to very dense sands.

A means of evaluating the accuracy with which a method will predict the
end bearing capacity of a pile is to compare the predicted skin friction
capacity to the measured total pile capacity. Therefore, for bored
piles, the skin resistance component of the predicted capacity was
plotted against the measured total capacity and statistical parameters
were calculated. As expected, Figures 13 through 18 and Table 2 show
that the skin friction component of the predicted capacities are, with
the exception of the Direct CPT method, mostly less than the measured
total capacities. For this compariscn, the precision of Schmertmanﬁ's
method is superior to the other methods. The LPC Cone and Cone~-M

methods provide slightly less precise results.

The precision exhibited by the Schmertmann method when comparing
predicted skin friction to total measured capacity of bored piles,
together with the poor performance it displayed when considering total
capaéity of bored piles and the good performance for driven piles,
indicate that the results from applying the Schmertmann method to all
piles are poor because of inaccuracies in calculating the end bearing
component for bored piles. The data collected for this work suggest
that a 20 TSF cut-off pressure is realistic for the tested 1l6-inch
diameter bored piles. It is suggested that 20 TSF is an appropriate
end bearing pressure for piles tipped in loose to slightly compact
granular scoils. If the bored piles were overdrilled or soil caved from
the side of the boreholes, the state of material accumulatéd in the
bottom of a bored pile prior to concrete placement could likely be loose
to moderately dense. Although the load test records are free of any

references to overdrilling or loose soil on the bottom of bored piles,

13




P such a condition would be difficult to detect given that Caltrans does
not routinely clean out the bottom of small diameter bored piles and
visual inspection is difficult. Other in-house studies also support

a 20 TSF limit for end bearing of bored piles.

When the 20 TSF ultimate tip bearing pressure is applied to bored piles
using the Schmertmann method, the statistical parameters for bored piles
improve from a mean of 1.68 and a COV of 0.58 to a mean of 1.00 and a
cov of 0.26. These results are the best of the six methods for bored
piles. Combining these modified Schmertmann results with those obtained
I with driven piles gives an overall mean of 0.98 and cov of 0.31.
predicted versus measured pile capacity using this modification te the

lis Schmertmann method is shown in Figure 19.

The findings presented here are éomparable to those reported in two
i recent similar studies. Briaud and Tucker (1988) had a data base of
| 98 pile load tests. They evaluated 13 analytical procedures, of which,
:'i 6 used cone penetrometer data. 0f these procedures, the LPC Cone method
Lol was found to perform best. Briaud and Tucker observed that all 13

design procedures tended to overpredict static pile capacity and that

hﬁ;‘ the better design procedures yielded COV values of about 0.40. This
I compares well with the results of this study: Schmertmann's modified
Hi procedure had a COV of 0.31 and the LPC Cone method had a cov of 0.39.
i A similar study by Robertson et al (1988) was limited to eight pipe

]; piles of various lengths at one site. Thirteen design procedures using

[Hi cone penetrometer data were evaluated. The three methods which
performed bast were the LPC Cone method, Schmertmann's method, and the

|§l ‘ European method.

I LIMITATIONS

The data used in this study may be influenced by the manner in which

i

|
!: the load tests were conducted, the soil conditions at the various sites,
, i

hi}' 14




and the time span between the load testing and cone penetrometer work.
These limitations were recognized at the beginning of this study and

minimized as best as possible.

Pile groups used for load testing consisted of three colinear piles.
Center to center spacing between these piles was typically three to five
feet. This distance is c¢lose enough to allow for the overlapping of
pressure bulbs when the test is performed, thereby lowering measured

pile capacities.

Applied test loads were measured by a pressure gauge in the hydraulic
line to the jack. This procedure is not as accurate as could result
with a load cell at the point of load application., Fellenius (1980)
reports that this technique of lcad measurement may give an error of

15 to 20 percent.

Maintenance records from several of the sites underlain by soft cohesive
and loose cohesionless so0ils indicate that settlement, in response to
£fill placement, has taken place since test pile installation. At these
locations, the effects of scil changes on the capacity comparisons have
been minimized by performing CPTs at locations outside their zone of

influence.

At sites where settlement was not noted, cone penetration tests were
performed as close to the test pile as possible, often within the influ-

ence zone of embankment vertical stress.

The static load tests for the 13 driven piles were performed one to
seven days after the piles were driven. These piles have cohesive soils
along all, or part, of their length. Soil setup, the time-dependent
increase 1in soil/pile adhesion which occurs after pile driving in
cohesive soils, was not evaluated with the pile load testing program.
Therefore the potential increase was not accounted for in the comparisoﬁ

of measured and predicted ultimate pile capacities.

15




CONCLUSIONS AND RECOMMENDATIONS

For 32 piles, the results of pile load tests were compared to the pile
capacities predicted using CPT data and six analytical procedures. of

the 32 piles evaluated, 19 were pored piles and 13 were driven piles.

Both the LPC Cone metﬁod and a modification of the Schmertmann method
performed satisfactorily with this data set. Based on the data
presented in this report, static pile capacity predictions made using
the LPC Cone proéedure will be within 30 percent of the true ultimate
capqqity 57 percent of the time. The Schmertmann procedure with a
20 TSF tip stress 1imitation for bored piles would predict capacities
within these limits 70 percent of the time. These results are consid-

ered acceptable for predicting pile capacities.

1+ is recommended that both of these procedures be implemented for the
determination of pile tip elevations for vertical compressive load.
Te achieve this, gchmertmann's method should be developed into a
compﬁter program which incorporates the 20 TSF limitation for bored pile
end bearing. The spreadsheet program used in this research for the
schmertmann method may provide a good starting point. The LPC Cone

procedure is currently available as a computer program.

Future work is needed to fully develop the application of cone penetra-
tion testing to pile design. Data are needed specifically for piles
with tips in cohesionless soils so that the recommended ultimate tip
bearing calculatlon procedures and cut-off wvalues can be analyzed.
Also, more test data are needed for bored piles with diameters other

than 16 inches.

~With regard to the pile load test, it is suggested that all test piles

be constructed with at 1ea5t a telltale device at the pile tip. This
would be a simple and inexpensive means of gathering quantitative infor-
ation on load transfer at the pile tip and provide a rational means

of separating pile tip and skin resistances.

16
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The set of pile load tests used for this evaluation should be used to
evaluate the pile load capacity prediction procedures presently used
by the Bngineering Geology Branch. This evaluation should include the
procedures of Meyerhof (1976), Nordlund {1963), O'Neill and Réese
(1278), Tomlinsen (1980), and the Department of the Navy (1982).

IMPLEMENTATION

Copies of this final report will be distributed to appropriate personnel
within Caltrans, and to the Federal Highway Administration for distribu-
tion within their organization.

In-house training on the application of the CPT for geotechnical inves-

tigations will be provided to appropriate personnel within Caltrans.

Standard Plans for load test piles will be changed to incorporate a

telltale at the tip of all test piles.
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All Piles (N=32)

Cone-M | Schmertmann | Bustamante LPC Cone Direct CPT European
Mearr 1.53 1.39 1.24 1.09 3.53 1.55
Sid. Dev. 0.81 0.85 0.76 0.43 240 0.85
cov* 0.53 0.61 0.61 0.39 0.68 0.55
Driven Piles (N=13)
Cone - M | Schmertmann | Bustamante LPC Cone Direct CPT European
Mean 112 0.96 0.79 1.01 1.97 1.19
Sid. Dev. 0.52 0.35 0.28 0.45 1.01 0.60
cov* 0.46 0.36 0.35 0.45 0.51 0.50
Bored Piles - Total Resistance (N=19)
Cone-M | Schmertmann{ Bustamante LPC Cone Direct CPT Eurcpean
Mean 1.81 1.68 1.55 1.15 4.60 1.80
Std. Dev. 0.86 0.97 0.84 0.42 2.50 0.92
Ccov* 0.48 0.58 0.54 0.37 0.54 0.51
Bored Piles - Skin Resistance (N=19)
Cone-M |Schmertmann| Bustamante LPC Cone Direct CPT European
Mean 0.81 0.72 0.82 0.64 2.54 0.98
Std. Dev. 0.22 0.16 0.36 0.19 1.02 0.40
‘COv" 0.27 0.22 0.44 0.30 0.40 0.40

~ *COV = Coefticient of Variation

Table 2. Summary of Statistical Parameters

Based on Ratios of Predicted to Measured

Pile Capacity

40

T"‘%




APPENDIX

CPT AND PILE LOAD TEST DATA
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