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INTERPRETATION, APPRAISAL, AND APPLICATION

INTERPRETATION

The primary reason for initiating this study was to develop
guidelines and computational vehicles for designing laterally
loaded groupsof pilesfor transportation structures. Theempha:
siswas on extreme-event dynamic loading, such as shipimpact
and seismic loading. As the research developed, it appeared
that this type of loading would be amenable to analysis by
means that have been well developed in the past for modeling
the static behavior of laterally loaded pile groups. That is, by
applying inertial effectsto the structural elements; using static
stiffness relationships for the sail (in the form of p-y curves);
adding soil damping through either a viscous damping factor
or hysteresis and gapping in the p-y model; using p-multipliers
developed from previous, full-scale and centrifuge static load
testing; and employing minor structural material damping,
solutionstoinertial loading events(i.e., |loading through thepile
cap) could be obtained that are sufficiently accurate for design
purposes.

A computational model, adynamic version of FLPIER, was
developed to include the characteristics listed above. This
model was then verified against a series of full-scale static
and impulse-type dynamic tests performed in thefield at two
sites. Theimpulseloading events used in the field tests can be
classified as “inertia,” in the sense that |oading was applied
through the cap, rather than “kinematic,” in which the |oad-
ing would be applied to the piles to the soil. Seismic loading
is a combination of inertial and kinematic loading. Although
FLPIER was not verified for the case of loading through the
soil, it was programmed with the capability to model such
loading through time-domain motion of the supportsfor the
p-y curves; the motion mimics free-field ground mation.

Although it should be possible to include a liquefaction
model inthe p-y curveformulation, in neither thefield testsnor
FLPIER was any attempt made to model explicitly the effects
of liquefying soil.

This approach to modeling the test groups appeared to give
results that are sufficiently accurate for the design of pile
groups in nonliquefying soils at alimited number of sites and
generally should be applicable to the design of pile groupsin
nonliquefying soil asthe number of sites at which the method
has been calibrated increases. It should be pointed out that this
approach is not limited to the code used here (i.e., FLPIER),
but should apply to any structural program that includes the
inertia of structural elements and uses hysteretic p-y curves
that can be modified by p-multipliers.

APPRAISAL

Using the genera inputs described above and without using
viscous damping factors for the soil, the computational tool
FLPIER(D) provided reasonable predictions of the field test
behavior, with two exceptions. First, the program did not give
reasonabl e resultswhen the pile heads were specified to be par-
tialy fixed (i.e., rotation permitted with someresisting moment
developing) to the pile cap. Second, the program did not pre-
dict accurately the distribution of either head shears or bend-
ing moments among the various piles. The first deficiency
likely is dueto a“bug” in the program that has not yet been
located. In due time, it is expected that this problem will be
solved, but it could not be solved in the time frame available
to the research team. The second deficiency appears not to be
adeficiency in the program, but rather to be aresult of spatia
variationsin latera soil resistance among the locations of the
individual pilesin the group that is not associated with group
action. For example, it was shown that extreme differencesin
the ingtallation method (e.g., boring and casting pilesin place
versus driving displacement piles) produced rather large dif-
ferencesin soil resistance against bothindividual pilesand pile
groups at an independent test site in Taiwan. For this reason,
it isrecommended that theideal (computed) maximum shears
and moments in the various piles be multiplied by aload fac-
tor before the piles are designed structurally.

Thefieldtest program included only two sitesthat, although
dissimilar, did not represent geotechnically all of the soil
types of concern in designing laterally loaded pile groups for
extreme events. When using the approach described here, itis
expected that the most accurate designsfor impact or seismic
loading will be achieved when full-scale pile group tests are
tested at the site of interest. In the event that large, portable
inertial vibrators become available in the future, using vibra
tors instead of the Statnamic device will undoubtedly prove
more appropriatefor simulating seismicloading. Thetest piles
that were developed for this project would be appropriate
for future field studies; however, the steel frame should be
abandoned in favor of using a cast-in-place concrete cap.

APPLICATION

The results and analyses of the field load test program sug-
gest thefollowing engineering guidelinesfor thedesign of pile
groups subject to lateral loading.
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Pile-Soil-Pile Interaction and Group Effects

The use of p-multipliers derived from static testing, as
implemented in FLPIER, is an effective means of modeling
the effects of group action on the soil resistance. In granular
soils, consideration should be given to reducing the default
values of the p-multipliers (see Table 3) when bored piles(i.e.,
drilled shafts) are used by (1) about 40 percent on the leading
row if row-by row p-multipliers are used or (2) about 20 per-
cent if asingle, average p-multiplier is used for al rows of
piles. The default values provided in FLPIER (see Table 3)
from the soils at the field test sitesfor 3D and 4D c-c pile spac-
ing appeared appropriate when the pileswere driven displace-
ment piles. For the rare case in which closer spacings (2.5D)
are used and granular soil is present near the ground surface,
the p-multipliers that are approximated from Figure 9 are
recommended for use.

Although the general trend of distribution of shear and
moment to the piles within agroup is similar by row position
to the trend predicted by the row position—based p-multipliers
in Table 3, the actua distribution of shear and moment that
might be expected among the pilesin the row considered on a
realistic, full-sized pile group foundation is subject to signifi-
cant random variations because of variations in soil prop-
erties. Thisunpredictablevariability isat least assignificant as
any geometric variability; therefore, designers should provide
accommodations for variability of computed maximum bend-
ing momentsin the piles by multiplying the computed average
maximum moment for a pile in a given row by aload (i.e,
moment multiplication) factor of about 1.2 before completing
the structural design of the piles.

The use of asimple average p-multiplier for dl pilesin the
group based on a computed weighted average of the individ-
ual piles based on row position provides a computed response
that is equaly suitable for design purposes. Given the uncer-
tainties related to the above-noted variability and to the un-
known, reversible, and likely variable direction of loading
from aseismic event, it appears sufficient for design purposes
to use this simplified approach.

The test data and the modeling efforts both indicate strong
coupling between |ateral and rotational stiffness. Theaxial pile
stiffness has a major influence on the rotation of the cap, and
thisstiffnessisstrongly coupledtothelateral stiffness. Theuse
of group models such asFL PIER or other computer codes that
include axial stiffness of the piles are recommended. The use
of uncoupled analyses could significantly underestimate or
overestimate the laterd stiffness, particularly if the pilecapis
assumed not to rotate.

Dynamic Behavior

The lateral dynamic responsefor large lateral loads that are
similar to extreme-event loading is strongly nonlinear, even
when the structural response of the piles and cap is within the

linear elastic range. The damped resonant frequency isreduced
and the damping increases with increasing displacement
amplitudes; therefore, damping needs to be included in the
design model (e.g., FLPIER).

If funds are available at a bridge site, Statnamic loading of
a test group should be strongly considered, especially in the
case of critical structures. The Statnamic loading device pro-
vides a mechanism to apply large lateral loads to a test foun-
dation with aforcetimehistory that is closeto the resonant fre-
quency of afull-scaletest foundation. Except for thelargest pile
groups, this system is effective at inducing large-amplitude
dynamic motionsin test foundations and provides a means of
obtaining meaningful dynamic measurements of the system
response. The Statnamic loading mechanismislimited in pro-
ducing the cyclic degradation in soil strength and stiffnessthat
might be expected during a seismic or repeated loading event
and could bereplaced with aportablevibrator. At present, how-
ever, inertia vibrators with force amplitudes large enough to
produce lateral deformationsin the piles equivalent to those
that are expected in major seismic events in full-scale pile
groupsarenot available. When the vibrators become available,
they may be employed in place of the Statnamic device.

A simple SDOF modél for evaluating the dynamic response
of apile group to Statnamic impulse loading, however, can be
very useful for identifying fundamental system propertiesand
extracting nonlinear static stiffness, which is the most
important parameter in predicting dynamic response. SDOF
modeling can be done independently of computer simulations
and may, in certain circumstances, be sufficient for evaluating
the response of the pile group.

For more in-depth analysis, FLPIER(D) or a similar code
should be used to simulate the behavior of the group. Model-
ing the dynamic response of the soil using hysteretic, static
p-y curves and static p-multipliers seems to capture well the
most important aspects of foundation behavior during dynamic
loading. Theinertial effects of the structure above grade are
straightforward and must beincluded in the simulation because
they areimportant to the overall system response. Some small
amount of system damping, which can be modeled with addi-
tional participating mass, may be considered, but this damp-
ing does not appear to be amajor influence on the foundation.
Compared with the static response, the most important ele-
ments in the dynamic soil response are the gapping and hys-
teretic damping and the rate effectsin cohesive soils. Radi-
ation damping may contribute to overall damping, but it is
difficult to separate the effects of radiation damping from
that of hysteretic damping. For this reason, all damping for
low-frequency, large-displacement (i.e., y/D > 0.05) loading
ismodeled as hysteretic for seismic loading conditions.

The static stiffnessisthe dominant component of resistance
to lateral load for the low-frequency motion characteristic of a
full-scale group of piles or shafts (in the range of 2 to 4 Hz).
Damping adds significantly to the resistance at higher ampli-
tudes of motion (e.g., in excess of 20 to 30 mm), with increas-
ing effect at larger amplitudes. For vessel impact loads, which



may occur at a much lower rate of loading than seismic load-
ing (e.g., load times on the order of several seconds to peak),
the static responseislikely to dominate most cases, and sta-
tic analyses should be only dlightly conservative (unless
inertial components of the structure are substantial).

APPLICATION OF FLPIER(D) TO THE ANALYSIS
AND DESIGN FOR SEISMIC LOADING

FLPIER(D), the dynamic version of FLPIER, was devel-
oped in this study to facilitate interpretation of the field test
resultsand to serve asadesign tool for those who wish to use
it. It is emphasized that FLPIER(D) is one of many suitable
tools that can be used to analyze pile groups under lateral
loading.

Thefollowing is a summary of the process used to analyze
abridgepier for earthquakeloading. This process assumesthat
the reader is familiar with FLPIER and how to devel op mod-
els of bridge piers using the FLPier_Gen graphics generator.
FLPier_ Dyn Genisthe equivalent generator in the new code,
FLPIER(D). Some hand editing may be necessary because al
of the capabilitiesfor the FLPier_Dyn engineare not available
inthe FLPier_Dyn_Gen generator.

Before executing the program, users should download the
program from www.ce.ufl.edu/nchrpdemo.html. A help file
and asampledatafile can befound on thisdownload. Thispro-
gram will be disabled after December 31, 2001, as a precau-
tion against propagating a new program that may have bugs.
If the program has never been installed before, the user should
understand that the graphics interface uses a font that most
Windows 98 and new NT systems do not have. Users are
encouraged to go to the software link at www.ce.ufl.edu/ and
download the font for their operating system, following the
instructions given at that site.

In order toillustrate the use of FLPIER(D), the following
exampleisgiven. Theanalysisprocessisbased on theresults
from the Statnamic field testsfor this project and the ensuing
dynamic model results using FLPIER(D).

Consider thefollowing soil properties, which are assumed
to apply to al of the piles at the location of the pier to be
analyzed.

Example:
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These properties were taken from soil borings near the
subject pile group. The sail profileis similar to that at the
Wilmington site (i.e., Cooper River Bridge) described earlier
inthisreport and elaborated uponin Appendix D. From these
data, aninitia pile system was developed. Notethat the param-
eter T; is the ultimate unit side resistance used by FLPIER
or FLPIER(D) to produce axial unit load transfer curves. A
very high value was used in this example analysisto force the
response of the pilegroup to betrandational inthelateral direc-
tion of loading, rather than both translational and rotational.
In most cases, thisvaluewould be the estimated val ue of max-
imum unit side resistance.

The following step-by-step procedure is then followed to
develop the input file.

Step 1: Estimate an equivalent static load for initial sizing of
the piles.

Use 10 percent of the pier + bridge weight. For this
example, 2,000 kips (8.9 MN) was used.

Step 2: Create a pier model with atrial size and number of
piles.

The* Pseudo Dynamic Curve’ option isused. Thisoption
requiresan approximate fundamental period of the structure
(17 cycles/s was chosen for this example) and the shear
velocity of each soil layer. For this example, 2,000 in./s
(50.8 m/s) was used for soil shear wave velocity.

Step 3: Run this pseudo-dynamic option and iterate on the
sizeand number of pilesuntil the displacements of the pile
head and the pile and pier moments are within design tol-
erance.

Set the pilesto “linear” with “ properties,” obtain conver-
gence on the soil, change the pile to “nonlinear,” and final-
ize the pile configuration. The file used for this analysisis
included with the example files as part of the FLPier_Dyn
install and isnamed “design_stdyn.in.” (Notethat the*non-
linear” option of the program automatically checks the
moment capacity of the piles and pier elements because of
the nonlinear bending. If the program converges, the pile
sections have sufficient capacity.)

During the execution of this pseudo-dynamic phase of
the analysis, FLPIER(D) used the following:

* The default p-y curves for the soil types encountered
(Matlock soft-clay criteria[42] inLayer 1 and Reeseet d.
stiff-clay below-water-table criteria[43] in Layer 2).

* The simplified pseudo-dynamic reduction (i.e., damp-
ing) model in Appendix B for the p-y curves, which
was turned on for the pseudo-static analysis (i.e., the
preliminary sizing of the piles achieved in this phase).
This model provides an estimate of damping and was
assumed to apply to clay p-y curves (conditionsin this
case) aswell asto sand p-y curves (conditions assumed
in Appendix B). A different approach was used in the
next phase, as described subsequently.

* A pile cap that was assumed to be flexible, but elastic. It
wasassigned aY oung’ smodulus of 4,400 ks (30.3 GPa).



Cap-—soil interaction was not modeled. The piles were
rigidly framed into the pile cap. (Note that at this time,
only rigid framing and pinned connections should
be assumed at the pile heads in FLPIER[D] because
FLPIER[D] may havedifficulty converging when partial
pile-head fixity is specified.)

* Thedefault p-multipliers. That is, valuesof 0.8, 0.4, 0.3,
0.2, and 0.3 were used from front row to back row in the
5-row x 4-column group that wasfinally devel oped. (Note
that these would be appropriate for adriven pile group,
but possibly not for adrilled shaft group in cohesionless
sands bel ow thewater table, asisdemonstrated in Appen-
dix A. Because the shear wave velocity of the soft clay at
thissiteislow, the natural frequency of thebridgeishigh,
andthepileradii arelarge, a,isvery high[i.e, > 1]. Thus,
the p-multipliers that are given for sand with value of a,
up to 0.12 in Figure B-41 and ahead in Figures B-42 and
B-43 are not appropriate.)

* For axia loading, the maximum unit skinfriction (t;) and
unit tip resistance are specified as shown in the example
table on the previous page, and the default t-z curvesin
FLPIER for clay are applied automatically. No damping
was assumed to occur because of axia loading of the
piles asthe cap rotatesin response to alateral load.

The pile group that was found to be satisfactory was a
5-row x 4-column group of steel pipe piles, each with a
diameter of 60 in. (1.524 m), a wall thickness of 1.5 in.
(38.1 mm), and a c-c spacing of 3D in both directions. A
layout of this group is shown in Figure 42.

For that group, the final displacements given below
were obtained. X isthe displacement in the loading direc-
tion; Y is the transverse displacement; Z is the vertical
displacement.

Summary of Displacements at Pile Heads Only

NODE X (in.) Y (in) Z(in)
1 4.9487 -0.0001 -0.5371
2 4.9484 0.0001 -0.0060
3 4.9479 0.0002 0.5431
4 4.9487 0.0001 -0.5371
5 4.9484 -0.0001 -0.0060
6 4.9479 -0.0002 0.5431

NoTE: 1in. =25.4 mm.

Because the problem converged using the “nonlinear”
option, the piles have sufficient capacity. The preliminary
design has now been completed. The full time domain
analysis using an actual or assumed earthquake record
can be run next to provide afinal check on the pile group
system.

Please note that alternative approaches could have been
taken in this step, which results in preliminary sizing of
the group. Static codes such as FLPIER, or, for example,
asimple program known as PIGLET (45), could have been
employed using an estimated peak dynamic load. How-
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Figure42. Layout of pile group for FLPIER(D) example
problem.

ever, use of FLPIER(D) inthisstep isexpected to savetime
in the overal design process.

Step 4: Convert the static model to a time-domain dynamic
mode! by adding damping, mass, and an earthquakerecord.

Thefile used for thisanalysisisincluded with the exam-
ple files as part of the FLPier_Dyn install and is named
“design_dyn _gap.in.” In this phase of the analysis (i.e.,
thetime-domain analysis), damping ishandled differently
fromtheway inwhich it was handled in the previous phase
(i.e., the pseudo-dynamic analysis[Step 3]). In the pseudo-
dynamic analysis, soil dampingwashandledin FLPIER(D)
by using the approximation developed in Appendix B. In
this step, however, hysteretic damping in the soil under
lateral loading (with the p-y curves) was modeled in
FLPIER(D) using the gap model describedin Appendix C.
Thereisno hysteretic damping associated with axial |oad-
ing of the piles as the cap rotates in this example. Radia-
tion damping in this step, for both lateral and axial load-
ing of the piles, was handled in FLPIER(D) by specifying
Raleigh damping (45). The axial 1oad-movement curves
were generated in FLPIER(D) using McVay's (33) driven
pile model for unit load transfer curves.

Inthisphase, an earthquakerecord (i.e., the acceleration
time history) wasinput asadiscretetime history at the ori-
gin of coordinates (i.e., the middle of the top of the pile
cap). The acceleration time history used in this example
was the El Centro, California, record of 1940. Any saved



acceleration record can be captured by the user interface
for FLPIER(D) and placed intheinput file. At present, two
records are saved for use by the program: El Centro and
Northridge, California.

The results of the field Statnamic tests summarized in
Chapter 2 and covered in detail in Appendixes D and E
were used to infer input parameters for this phase of the
analysis. From the field Statnamic tests, the following
parameters appear to work well inthe FLPIER(D) model:

» Damping: Raeigh damping can be used to replicate radi-
ation damping in the pile group system. Such damping is
expressed in FLPIER(D) by (a x mass of the cap and pile
system + 3 x lateral group stiffness). Inthefield testscon-
ducted with steel piles, good matching was found with
FLPIER(D) using the following, with the exception (for
s0il) described in the following:

a B
Structure (pier) 0.04 0.01
Piles 0.001 (steel) 0.001 (steel)
Soil 0.015 0.015

In the analysis of earthquake motion, additional damp-
ing is required that was not found in the Statnamic tests
because the Statnamic device applies a short pulse of
energy followed by a period of free vibration response.
An earthquake accel eration record, however, causes con-
tinuous energy input, and the response is more sensitive
to damping.

It is estimated that the soil damping is about 10 times
that of a steel pile. Asaresult of Step 3, the damping
values shown in the preceding table were used, and the
pier and pile group shown in Figure 42 was analyzed.

* Additional Input Options. For thedynamictimedomain
analysis, the following options were specified:
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— P = 2,1, 4 Print displacements for the analysis for
Nodes1and 4 (i.e., the pile heads). Thiswill createthe
name.DS1 and name.DS2 files, which contain the six
displacements at Nodes 1 and 4, respectively, for each
timestep. Thesearetext filesand are best viewed using
a spreadshest such as Microsoft Excel.

— W = 1,1, 1: Print the forces for Pile 1, Element 1,
and Node 1 (the bottom of the element) for each time
step. Only one end of a single element can be printed
per run. The forces are saved in the file name.DFO.
All the plots in the list given below were executed

using Excel. To read the result filesin Excel, do the fol-

lowing:

1. Start Excel by using the File->Open command,;

2. Changeto dl files (*.*);

3. Select thefiletoread (name.DS1 or name.DFO, €tc.);

and

4. On the pop-up dialog, select finish (to read the data).
All data are now in columns and can be plotted

using normal Excel functions.

Principal Resultsfrom Time-Domain Analysis: From

the dynamic time-domain analysis, plots were made for

the pile-head trandation in the direction of loading (X)

and for the induced bending moment in the direction of

loading for Pile 1 for the time window of the analysis.

These plotsare given in Figures 43 and 44, respectively.

In both of these figures, time is expressed in seconds.
The maximum displacement in the analysisis alit-

tlemore than 2 in. (51 mm). Notice that the earthquake

response has several significant peaks during the mod-
eled time window of response. Unlike the free vibration
response from the Statnamic test, the response does not
decay. The moment at the head of Pile 1 isgivenin Fig-
ure 44. Similarly, several peaks occur, and the maximum
moment is dightly more than 15,000 in.-K (1695 kN-m),
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Figure43. Lateral displacement time history for Pile 1 computed by

FLPIER(D).



56

20000 -

Moment at Pile Head

15000

10000
/

5000

)
J

1

RN

=‘_'>
<G
D

Moment (K-in)
o
]
—

-10000

A Mhl'\ﬁl uﬂ ﬂv ——Seriesl
vV T

50

-5000 -0 V]]
U

-15000
-20000 -

Time

Figure44. Time history of bending moment computed at the head of
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which is less than the moment at which plastic behavior
occurs.

Because convergence occurs in FLPIER(D), the
piles have sufficient moment capacity. The gap model
causesthe structureflexibility toincrease astime increases
becauselessand less of the soil isin contact with the piles.
Completingthe Design Process: Thisandysisshould be
conducted using a range of values of soil properties that

covers the associated uncertainties, including damping
and p-multipliers. For example, it would be prudent to
vary the default p-multipliers by about + 25 percent and
to reduce the front-row values to as low as 0.5 for bored
pilesin cohesionless soil. For critical structures, the de-
sign process should include site-specific dynamic pile
group loading testswith a large-force exciter to calibrate
the program to site conditions.
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CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

The research confirmed the viahility of the reusable pile-
testing system with the Statnamic activator; however, the orig-
inal plans for a stedl-frame cap proved infeasible for repeated
use, and cast-in-place caps are recommended in any future
experiments.

From a design perspective, the research demonstrated that
laterally loaded pile groups in nonliquefying soil that are
exposed to low-frequency (2 to 4 Hz), high-displacement-
amplitude (= 20 mm) loading, or both, can be simulated using
a code such as FLPIER(D), which models the soil with hys-
teretic, static, p-y curves and which uses p-multipliers that are
derived from static tests (such asthe default valuesin FLPIER
or FLPIER[D]). Evidence was presented that the average
p-multipliers were about 10 percent lower for bored piles
in cohesionless soil than the average default values givenin
FLPIER or FLPIER(D). Inertial effects must beincludedin
the method; however, structural damping hasaminor effect on
pile group behavior and may be included and omitted, as the
designer chooses.

Random variations from the maximum bending moments
and shears that were computed for each row of piles by
FLPIER(D) were observed in thefield experiments. Thisbe-
havior appeared to derive from random variationsin soil stiff-
ness within the group and from other random factors, such
as random small battersin the piles. This variability should
be accounted for in designing the piles structurally by apply-
ing aload factor of approximately 1.2 to the computed maxi-
mum moments and shears.

RECOMMENDATIONS FOR FURTHER STUDY

Some modifications to FLPIER—to create the dynamic
version FLPIER(D)—are in order:

1. Thedefault parametersin FLPIER(D) tend to overesti-
mate damping, based on comparisons with the impact-
typefield testsin thisstudy. Adjustmentsto the unload-
ing branches of p-y curves may improve modeling of
hysteretic damping for this type of loading. Further
studies of the effects of high-amplitude, cyclic dynamic
loading should be undertaken to determine whether the

FLPIER(D) damping model is suitable for seismic
loading without modification.

2. FLPIER(D) gives unexpected results at certain times
when the displacement is large and when the piles are
prescribed to have partid fixity with the cap. This effect
appears to be due to convergence of the mathematical
solution and to the sensitivity of the solution to thevaue
of the rotational restraint at the pile head. Corrections
have been made in the program to minimize this effect;
however, users should proceed with caution when ana
lyzing pileswith partial head fixity. Thisbehavior should
be investigated further, and the formulations should be
corrected, if necessary.

3. FLPIER(D) has not been verified for the case in which
loading is generated against the piles from the sail (i.e.,
kinematic loading withinertial feedback from the super-
structure). Further physical data should be collected,
perhaps using shaking-table tests or full-scale testswith
significant explosive charges, against which to verify
FLPIER(D) for this application.

4. An appropriate p-y mode should be developed to han-
dle liquefying sail.

5. A formal research project should be undertaken to eval-
uate methods for determining pile-head shear accurately
from bending sensorsin the piles or by other means and
to evaluate theflexura stiffness of pile headsfor piles of
differing types (e.g., pipe, prestressed concrete, H, cir-
cular reinforced concrete) with varied procedures for
ataching the pilesto the caps. Thisproject, if successful,
should makeit easier to perform and interpret the results
of field tests on laterally loaded pile groups.

With respect to the field testing program, it is noted that
the test piles that were instrumented and developed for this
study, as well as the Stathamic testing device (which is the
property of FHWA) are avail ablefor further testing on other
sites. The major conclusions of this research, stated above,
should be verified by further field testsin other geol ogic set-
tings (e.g., stiff clay; loose, clean water-bearing sand; loose,
dry sand; and soft-over-stiff soil layering). This verification
can be accomplished most conveniently in conjunction with
highway-construction projects.

The applicability of thisresearch to seismic loading can be
enhanced by repeating these experiments, using alarge vibra-
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tor, to correlate damping inferred from Statnamic tests with
damping under continuous loading with nonlinear displace-
ments. Such a vibrator should be designed, constructed, and
deployed.

IMPLEMENTATION PLAN

A brief plan for the implementation of this research is as
follows:

1. Theappropriatefederal agency should identify state DOT
design projects in which seismic or vessel-ice impact is
amajor concern in the design of the foundations.

2. Twotofour such projects should be selected for research
implementation. The selected projects should cover a
variety of soil sites(e.g., saturated sand, soft clay, very
stiff clay or rock) and more than one type of loading
event (e.g., seismic and vessel impact).

3. The custodian of the testing equipment from this project
should then be directed to make such equipment available
tothe state DOTswhose design projectsare selected, and
those states should conduct full-scale field tests with a
Statnamic device, as was employed in this project, or
with avery large vibrator.

4. Thestate DOTsor their consultants should, in parallel

with the field tests, perform mathematical modeling
of the test pile group using either FLPIER(D) or other
suitable software, taking advantageinitially of the rec-
ommendations developed in this report and modifying
the input parameters as necessary to affect acceptable
matches with the observations. The same software
should then be used to design the pile foundations for
the subject structure.

. During this process, the responsible federal agency

should compile the results of the field tests and of the
designers’ interpretations for input parameters (i.e.,
damping values, p-multipliers, etc.) and should make
the information available to the national community
of DOT structural and geotechnical engineersthrough
a sponsored conference or short course.

. Theuseof thefield testing system developed for the cur-

rent project and the software that is used in the above
process should then be evaluated by a select pand of
experts, and a decision should be made by the responsi-
ble federal agency, with the advice of the pandl of ex-
perts, whether to continue with further field experiments,
to standardize the input parameters (so as to use them
without field testing), or take some other approach to the
design of laterally loaded pile groups.
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APPENDIX A

A-1

COMPARATIVE BEHAVIOR OF LATERALLY LOADED GROUPS

OF BORED AND DRIVEN PILES

INTRODUCTION

The soil modeling approach that has been adopted in this
research isto simulate lateral group behavior by (1) using p-y
curves for statically loaded single piles from well-known
criteria(e.g., 1, 2—these criteriaare resident in many design-
level computer codes and are easy for the designer to imple-
ment (e.g., 3-5); (2) converting the static p-y curves into
dynamic p-y curvesif seismic or impact loading isbeing mod-
eled (see Appendix B); and (3) modifying single-pile curves
for lateral group action by using ap-multiplier, which may be
either a dtatic factor (as discussed in this appendix) or a
dynamic factor (asdiscussed in Appendix B). The p-multiplier
approach isused in the Florida Pier Program (FLPIER) (4, 5),
modified for dynamic loading as described in Appendix C.

Values for p-multipliers have been evaluated through
detailed numerical or analytical modeling or by performing
load tests on pile groups, or by a combination of both numer-
ical or analytical modeling and field or centrifuge tests (6—10).
However, none of these studies has been specific to the con-
struction method that is used to install the piles. The contribu-
tion of this appendix is to describe amajor field load test pro-
gram in which the effect of the piling construction method on
p-multipliers was evaluated.

TEST SITE AND TEST ARRANGEMENT

Site Conditions

In planning for the construction of foundations for numer-
ous viaducts to support rail traffic through the west centra
coastal plain of Taiwan, the High Speed Rail Authority of
Taiwan contracted with several universities, consulting firms,
and contractors to construct and load test two large, full-scale
pile groups. The west central coastal plain of Taiwan isin a
geographical areathat is prone to large seismic events, and it
was considered necessary to design the viaductsto resist large
horizontal loads.

The objective of thetest program was to measure the capac-
ity and stiffness of groups of vertical piles of different designs
that wereloaded laterally with aquasi-static ground-line shear.
Two test groups were selected for construction and testing.
The cost of construction for each group was estimated to
be approximately equal. These groups were constructed and
loaded to the capacity of the loading system, 1000 metric
tons (“T") (9.8 MN). One pile group consisted of bored piles
(drilled shafts), and one consisted of round, displacement-type
prestressed concrete piles, which were driven into position.

The test site was located about 5 km west of the town of
Chaiyi, Taiwan, on aflat coastal plain. Soil conditionsat thetest
Site are summarized in Figure A-1. The ground surface shown
in that figure is the elevation of the ground surface at the base
of the pile caps of the tested groups after minor excavation.
Detailed soil data are available in Reference 11. Made on the
test site, within 5 m of each test group, were numerous geo-
physical tests; soil borings; and cone penetration test (CPT),
standard penetration test (SPT), and dilatometer test (DMT)
soundings. The Unified classifications of the soil layersand the
various parameterslisted in the “ Properties” column of Figure
A-1 were deduced from the borings and soundings (11). The
piezometric surface was located at 3 m below the ground sur-
face. The soilsin thetop 8 m of the profile are considered to be
“sands’ with arelative density of 50 to 60 percent in the fol-
lowing analysis.

Testing Arrangement

The layouts of thetest groups are shown in Figures A-2 and
A-3. All piles were plumb to the tolerances permitted by the
High Speed Rail Authority (i.e., 2 percent). The lateral load
testswere conducted essentially by jacking the two test groups
apart. That is, the test groups served as mutual reactions for
each other.

Bored Pile Group

The bored pile group (see Figure A-2) consisted of six 1.5-
m-diameter pilesinstalled to a depth of 33 to 34 m below the
ground surface. All six of the group piles were constructed
using the durry displacement method of construction, inwhich
abentonite durry was used to maintain borehole stability. Sev-
eral other bored piles were constructed, as shown in Figure
A-2. PilesB1 and B2 served asreference pilesfor lateral [oad-
ing (tested as single, isolated piles). They were tested indi-
vidually with free heads. Pile B10 served as areference pile
for axial loading. (Piles B9 and B11 served as anchor piles
for the axial loading test on Pile B10. The group cap served
asthereaction for the lateral load tests on PilesB1 and B2.)
Only Pile B1 was constructed by the slurry displacement
method, as per the group piles. Piles B2 and B10 (which are
highlighted in Figure A-2 with boldface) were constructed
using the oscillated casing method, in which casing is oscil-
lated into the soil continuously for the full depth of the bore-
hole, and the soil within the casing is excavated while main-
taining a balance on the water head at the base of the casing
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Figure A-1. Subsurface profile at Chaiyi, Taiwan, test site.

throughout the process. The reinforcing steel isthen set, and
the borehole is concreted using temie techniques as the cas-
ing is withdrawn, similar to the way in which a borehole is
concreted during the construction of bored piles by the dlurry
displacement method. Because Pile B2 was constructed in a
manner different from the group piles, results from the test
on Pile B1 were used exclusively in the analysis that is
described in this appendix. The axial load test results on Pile
B10 were used only in a general way to confirm the approx-
imate correctness of the axial load model that is needed for

the analysis of laterally loaded pile groups with nonpinned
heads.

A potentially important detail isthe order in which the piles
were installed. In very genera terms, the bored piles in the
group wereingtalled from the front, or leading, row (i.e., first)
to the back, or trailing, row (i.e., last). It is speculated that this
installation order might have resulted in reduced effective
stresses in the coarse-grained soil surrounding the pilesthat
were installed first—those in the leading row—Dby the later
installation of piles behind the leading row. Reduced effective
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stressesin the soil massaround the front-row piles should have
produced softer soil response behavior of theleading-row piles
compared with the behavior that might have occurred if the
leading row of piles had been installed last.

Driven Pile Group

The driven pile group consisted of 12 0.80-m-diameter,
closed-toe, hollow, circular prestressed concrete piles. They
were also driven to a penetration of 33 to 34 m. These piles
can be considered to be“ displacement piles.” Thehollow core
of each pile was filled with an instrument package and con-
crete after all of thepileswereinstalled. A single, isolated pile,
denoted P13 in Figure A-3, was tested laterally in a free-
headed state by reacting off the group pile cap. Before the cap
was constructed, Piles P6 and P7 were subjected to axial load

tests. Because of the assumptions concerning head fixity in
the driven pile group, which is discussed | ater, it was not nec-
essary to model theaxial load behavior of the group pileswith
close accuracy.

The installation order of the driven pilesis aso shown in
Figure A-3. The order of installation was more random than
that of the bored pile group; however, in general, the pileson
theleading row wereinstalled prior to the piles on the second
(i.e., first trailing) row, which were in turn installed prior to
the pilesin the third (i.e., second trailing) row. The piles on
the fourth (i.e., third trailing) row were installed last. With
displacement-type pilesin coarse-grained soil, it can be spec-
ulated that the effect of installing the leading row first was
opposite to the effect of installing the leading row first in the
bored pile group. That is, installing displacement pilesin a
row behind a row of piles aready installed would increase
effective stresses around the piles already installed and would
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result in stiffer soil response in those piles than in the piles
installed | ater.

Instrumentation

Both the bored and driven piles were instrumented thor-
oughly. The piles that were subjected to individual pile axia
load tests were instrumented with atoeload cell, afamily of
telltalesand rebar stressmeters (referred toin the United States
as “dster bars’). The piles that were subjected to lateral load
tests, including all of the group piles and the lateral reference
piles, were instrumented with inclinometer tubing on approx-
imately the neutral axis of the pile. Deviations in lateral
deflection from the pile toes (which are considered to be sta-
tionary) were measured with precision inclinometers during

theload tests. Some of the pilesthat wereloaded laterally also
contained sister bars. The tranglations and rotations of the
group caps were measured by using linear variable differen-
tial transformers suspended from reference frames supported
inthe soil asfar from thetest groupsas possible. Theload was
applied to the group by multiple hydraulic jacks whose loads
were controlled in order to “steer” the group on an approxi-
mately straight path. Each jack was equipped with acalibrated
electronic load cell.

The instruments for the bored piles were affixed to the re-
inforcing steel cages prior to inserting the cagesinto the bore-
holes and concreting the piles. The instruments for the driven
piles were installed in the hollow core of each pile by attach-
ing theinstrumentsto acarrier and lowering the carrier intothe
core after the piles were driven. The operation was completed
by concreting the instruments into the core.



The interpretations given here are based on the jack load
cell, cap-deflection, and inclinometer readings. Sister-bar read-
ings, although available, were not used because not all piles
had sister bars and because initial review of the readings
revealed some inconsistencies that could not be explained by
theindividuals reviewing the data.

More information on the instrumentation and pile-group
arrangements can be found in Reference 12 (12).

Single-Pile Tests
General Description

The single-reference piles (i.e., B1, B2, and P13) were dl
tested statically, free-headed, by applying a horizonta load
approximately 0.5 m above the ground surface. The geo-
materials from that level to the ground surface were removed
in the analyses that follow. The individua test piles were all
subjected to forced vibration tests to load amplitudes as high
as44.5kN (5tons) prior to the static load tests. Because these
loadswere comparatively small, it hasbeen assumed that they
had minima effect on the load-movement behavior that was
measured in the static tests. Theloadswere applied to thesin-
gle piles by reacting off the respective group pile caps, prior
toloading the pile groups, in adirection perpendicular to the
direction of group loading. Again, it was assumed that the
loading of the single piles in this manner had no effect on
the measured response of the pile groups.

The single pile load tests were performed from May 29
through 31, 1997, approximately 5 months after the pileswere
installed. Loads were applied semi-monotonically. That is,
loadswere applied inincrementsuntil theload reached approx-
imately one-seventh of the expected capacity, at which time
the load was removed. The process was repeated for loads
equal to about two-sevenths of the expected capacity, three-
sevenths of the expected capacity, and so forth, until the final
capacity was reached. Readings that were made near the peak
loads on each cycle are reported in this appendix as it was
assumed that thelateral pileresponseat suchloadswasnot sig-
nificantly influenced by cycling at lower load amplitudes.

The load deformation depth relations that were measured
for PilesB1 (i.e., the reference for the bored pile group test)
and P13 (i.e., the reference for the driven pile group test) are
shown in Figures A-4 and A-5, respectively. In thesefigures,
the symbol “T” represents metric tons (or tonnes) rather than
U.S.tons, where 1 T = 9.8 kN. As stated previoudy, Pile B2
was not used as areference because it was installed using the
oscillated casing procedure rather than using the slurry dis-
placement procedure, which was used for al of the group
piles. Aswould be expected, the bored pile, B1, carried con-
siderably more load at a given head deflection than did the
driven pile, P13, because of B1's much larger moment of
inertia. For the same reason, significant lateral pile movement
occurred to agreater depth in the reference bored pile (about
7 m) than in the reference driven pile (about 5 m).
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Figure A-4. Measured load deflection depth
relations for Pile B1.

Analysis of Sngle Pile-Test Results

From the perspective of thisappendix’ sobjective, themain
purpose of the single-pile tests was to establish site-specific,
pile geometry—specific, and construction method—specific p-y
curvesfor the reference piles. The pile-and-soil profile that
was assumed for the analysis of the single piledoad tests is
shown in Figure A-6. The soil was modeled initialy by using
standard p-y curve formulations—that of Reese et al. (1) for
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Figure A-5. Measured load deflection depth
relations for Pile P13.
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Figure A-6. Soil properties used in developing initial p-y curves.

coarse-grained soil layers (i.e., sand) and that of Matlock (13)
for fine-grained (i.e., clay) soil layers. In preliminary analy-
ses, the Murchison and O’ Neill (2) p-y criterion was al so used
for the sand layers, in place of the Reese et al. criterion; how-
ever, the predictions of deformed pile shape was better with
the Reese et al. criterion, so the Reese et al. criterion was used
asthe starting point for the analysis.

Modeling of the structural properties of the pilesis at least
asimportant as modeling the resi stance-deformation behavior
of the sail (i.e., through p-y curves). Simplified design draw-
ings for atypical bored pile and atypical driven (prestressed
concrete) pileare shown in Figures A-7 and A-8, respectively.
Material properties of the concrete and steel aregivenin Table
A-1. (These were the target properties that were verified from
concrete cylinder tests for cast-in-place concrete and stedl
coupon testson reinforcing steel. No verification wasavailable
for the properties of the concrete in the prestressed outer shell
of the driven piles or for the prestressing steel.) The concrete—
steel model was the model proposed by Andrade (14) and
implemented in the version of FLPIER used in this study (15).
Thismode computes bending stiffness along the pile by first

computing strains across the cross section of a bending ele-
ment (representing the pile) and assigns corresponding stresses
based on uniaxia stress-strain curves for concrete and stedl in
compression and tension. The gapping-unloading-reloading
(hysteretic) structural model described in Appendix C was not
resident in the version of FLPIER used in these analyses (i.e,
Version 5.1); however, because of the procedure by which the
tests were conducted, the gapping-unloading-reloading phe-
nomenon should have had little effect on the pile deflections at
the loads at which the tests, both single-pile and group, were
analyzed (at or near the peak load in acycle).

When the tests were first analyzed with FLPIER using the
Reese et d. (1) and Matlock (13) p-y criteria for the soil and
the Andrade (14) structural model for the piles, relatively poor
comparisons with the measurements were achieved. Modifi-
cationsto the p-y criteriain the upper 12.0 m of the soil profile
were then made in order to improve the match in measured
versus computed displaced configuration at several selected
loads; that is, site-specific p-y curves were determined. The
diameters of all bored piles (including the group piles dis-
cussed later) were increased in FLPIER from 1.5 to 1.60 m
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TABLE A-1 Concrete and steel propertiesfor Chaiyi load tests

Property

Bored Pilesand Cap

Prestressed Concrete Piles

f'c (concrete)

27.5 MN/m?

78.4 MN/m? (shell)
20.59 MN/m? (core)

E. (concrete)

25X 10 MN/m?

3.35 X 10* MN/m? (shell)
No datafor core (2.0 X 10*

MN/m? used)
fy (sted) 411.6 MN/m? 1421 MN/m? (cable)
Es (steel) 199.8 GN/m? 199.8 GN/m?

to account for the oversizing of the borehole that commonly
occurs when excavating a bored pile in coarse-grained soil
under adrilling durry. The p-y curves derived from the origi-
nal published criteria are compared with the modified p-y cri-
teria that were necessary to provide acceptable matches with
themeasured datain FiguresA-9, A-10, and A-11for PilesB1,
B2, and P13, respectively.

One modification to the p-y curves was to prescribe a non-
zeroresistance at the soil surface. Thismodificationiscontrary
to the Reese et al. sand criterion, which provides for zero sail
resistance at the surface. It isnot clear what physical phenom-
enon this change reflected. The surface soil (see Figure A-1)
was described as a “sandy silt with some clayey silts,” even
though it classified asan SM (i.e., silty sand) according to the

Unified classification system. It is possible that the need to
give the soil surface resistance could reflect a cohesion com-
ponent to shear strength of the soils not reflected by the
Reese et al. sand criteria. A more likely condition, however,
was that the bored pileswere greater than 1.6 min diameter at
the surface because of the effects of auger drilling and that the
need to give the soil non-zero surface resistance actually
simulated increased bending stiffnessin apile with a“mush-
room” top. The salutary effect of using a non-zero surface
resistance p-y curve, as shown at the soil surface in Figures
A-9through A-11, versususing null p-y curves at the surface,
is demonstrated in Figure A-12.

The original and modified p-y curves necessary to model
Pile B2 (see Figure A-10) wereincluded, even though the data
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Figure A-9. Original and modified p-y curvesfor Bored Pile B-1 (slurry drilled).
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Figure A-12. Effect of p-y formulation on
deflected shape of Bored Pile B1—
load =200 T (1.96 MN).

from Pile B2 were not used in modeling the bored pile group,
because a comparison of Figure A-9 for the durry bored pile
with Figure A-10 for the full depth—casing pile shows that,
athough thereareloca, depthwise differencesin the p-y curve
corrections, the mean correction is about equal for both meth-
ods of construction. This suggests that there was no advantage
from the point of view of maintaining soil properties around
the pilesin using one construction method over the other.

Onthe other hand, acomparison of Figures A-9 (Bored Pile
B1) and A-11 (Driven Pile P13) indicates that smaller modifi-
cations had to be made to the p-y curves for the driven piles
than had to be madefor the bored piles. The modificationsthat
were made were generally to stiffen the p-y curves for the
driven pileswhereasthe p-y curves had to be softened, in gen-
eral, for the bored piles.

Two numerical models (i.e., computer codes) were used to
analyze the single pile-test results: LPILE (3) and FLPIER
(15). Both codes simulate nonlinear bending and axial load
effects in laterally loaded concrete piles using similar proce-
dures, and both use p-y curvesto represent the soil in an iden-
tical manner. The results from both codes were essentially
identical, asisdemonstrated for Pile B2 in Figure A-13. How-
ever, FLPIER was selected for further usein this study because
it wasdesired ultimately to devel op p-multipliersthat could be
used in FLPIER.

The modified p-y curves shown in Figures A-9 through
A-11 were accepted asthe correct set of p-y curvesfor thetest
site for bored and driven piles, respectively, of the sizes used

A-11

Loading =150 T

Deflection (mm)

-10 0 10 20 30 40 50 60
; /'J//'/
6 _» |
~ 615 i
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g_ 10
a 12H Modified - FLPIER
14
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g \ \ \

Figure A-13. Predictions of deflected shape
of Bored Pile B2 using FLPIER and LPILE
plus with modified p-y criteria—oad = 150 T
(1.47 MN).

inthetest groups. The p-y curves below adepth of 12 m were
taken asthe curves predicted by the standard p-y criteria. These
curves were used without any site-specific modifications. Any
deviations from these families of p-y curves that were needed
to model the group tests were considered to be the results of
(a pile group congtruction, including installation order; and
(b) pile-sail-pile interaction during lateral loading.

Pile Group Tests

Effects of Pile Construction on
Soil Property Indexes

When the pile group construction was completed, but prior
to load testing of the groups, soundings were made though
small access holes in the pile caps to assess the index proper-
ties of the soil within the pile groups compared with index
properties before the piles were installed. Severa different
types of probes were used. Two will be considered here: the
seismic piezocone (SCPTU) and the DMT. Locations of the
probes within each group are shown in Figures A-2 and
A-3. Changes from initial values prior to construction to val-
ues obtained by probing the soil within the groups for g (i.e.,
cone-tip reading corrected for pore pressure) and E (i.e., the
dilatometer modulus) are shownin Figures A-14 through A-17
for both the bored pile group and the driven pile group (16).
The differences in initial and post-construction readings are
denoted by the symbol “A” in those figures.

In comparing FiguresA-14 and A-15, it isobviousthat there
was atendency for g. to decrease because of pile installation
in the upper 12 m in the bored pile group; in the same depth
range in the driven pile group, the tendency was for g. to
increase because of pile ingtalation. Similarly, in comparing
Figures A-16 and A-17, it is seen that the dilatometer modulus
decreased within the bored pile group, while therewas adight
tendency for it to increase in the driven pile group above a
depth of 12 m. These datastrongly suggest that theinstallation
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Figure A-14. Changein cone-tip reading (g.) within
bored pile group from preinstallation value to value
obtained after pilesinstalled (SCPTU-N1)

(after Huang [ 16]).

of bored piles loosened the soil between the piles within the
bored pilegroup or, perhaps, reduced lateral effective stresses,
or both. On the other hand, the installation of the driven piles
increased the soil density or lateral effective stresses, or both.
These data suggest that the p-multipliers that are necessary
to simulate group behavior using the site-specific (modified)
single-pile p-y curves as abaseline will likely be differentin
the two groups.

Lateral Load Tests

The groups were tested approximately 2 months after the
single reference piles were tested, using a quasi-monotonic
loading procedure that was very similar to the procedure used
for the single piles. The groups were loaded by essentially
jacking them apart. Theresults of theload tests, in terms of cap
trand ation versuslateral load (applied 0.5 m above the ground
surface), are shown in Figures A-18 and A-19. A maximum
load of 1000 tonnes (17.8 MN) was applied to each group.
It is obvious that the bored pile group, consisting of six 1.5-m-
diameter piles, was much stiffer than the driven pile group,
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Figure A-15. Changein cone-tip reading (q.) within
driven pile group from preinstallation value to value
obtained after pilesinstalled (SCPTU-N3) (after
Huang [16]).

consisting of twelve 0.8-m-diameter piles, despite the fact
that the installation method seemed to weaken the soil around
the bored piles within the group.

This seemingly anomalous behavior (from a soil-mechanics
perspective) was likely caused by two important factors.
First, the bored pilesweretied into the pile cap through heavy,
hooked rebars, with full development lengths extending into
the pile cap, which were assumed to provide amoment connec-
tion between the pile cap and the pile heads. No such moment
connection existed between the pile cap and the driven piles,
in which the cast-in-place concrete for the steel-reinforced
pile cap was merely poured over the extended heads of the
driven piles. Thedriven group pilestherefore behaved more
as free- or pinned-headed piles than as fixed-headed piles.
Moment connections stiffen the group response consider-
ably, relative to pinned connections. Second, the sum of the
moments of inertia of the 6 bored piles was higher than that
of the 12 driven piles, which further stiffened the bored pile
group. The fact that the bored pile group was stiffer despite
the obvious disadvantages of using bored pileswith regard to
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Figure A-16. Change in dilatometer modulus (Ey)
within bored pile group from preinstallation value to
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the stiffness of the soil between the pilesindicates the signifi-
cance of the behavior of the structural components of the pile-
soil-cap system and the importance of modeling correctly the
structural performance of the pile group system.

On the other hand, a measure of the effects of soil softening
caused by lateral pile group action in both groupsisevident in
Figures A-20 and A-21. The depths of significant lateral pile
deflection are much deeper in these figures, from the group
tests, than in the corresponding figuresfor the single-piletests,
Figures A-4 and A-5. The loads shown in Figures A-4 and
A-5 are loads per pile whereas those shown in Figures A-20
and A-21 areloadsfor the entire group. Notethat thereis some
discrepancy in measured head deflections among pilesin Fig-
ure A-20. Thelatera deflectionsat the head of each pile (at the
base of pile cap) should be equal; hence, the differences in
head deflections in Figures A-20 and A-21 are indications of
the reliability of the deflection readings, which seemed to be
comparable in both groups.

Modeling Group Behavior

Both group testswere modeled in apreliminary step using
Program GROUP 4.0 (17) and FLPIER Version 5.1. Both
codesgave similar resultsfor thegroupload testsat small loads;
however, it isnecessary to model nonlinear bending inthepiles
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at higher loads, which isnot done automatically in GROUP4.0.
This nonlinearity made it difficult to account for the effects of
the prestress on the bending stiffness of the driven piles at
higher loads. The prestressing force is applied as a uniform
axia load dong thepilein FLPIER. Thisforceretardsthe onset
of tensile cracking and the resulting reduced bending stiffness
in the piles. Eventually, however, the piles develop tensile
cracks, which reduce bending stiffness. FLPIER handles this
effect automatically. GROUP 4.0 gave a stiffer response than
did FLPIER for the bored pile group at higher loads because
GROUP 4.0 did not automatically adjust pile stiffness when
cracking moments were applied. (In the cases of both bored
and driven piles, bending stiffness can be reduced by the user
in GROUP 4.0, making multiple runs when combinations of
computed bending moments and axial loads indicate that
there will be cracking in the cross section; however, this
process is dow and inconvenient compared with using
FLPIER, which makes the stiffness adjustments for flexural
cracking automatically.) FLPIER dso allowsthe user to model
the bending flexibility of the pile cap whereas GROUP 4.0
assumes that the pile cap undergoes rigid body motion.
Because the pile diameters in the bored pile group were large
relative to the thickness of the cap, cap bending was a possi-
bility, and the ability to smulate this phenomenon was a
virtue in the group model. For these reasons, and because it
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Figure A-20. Measured deflected shapes along selected pilesin bored pile group.
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Figure A-21. Measured deflected shapes along selected pilesin driven pile group.

was desired to compute the p-multipliers directly for
FLPIER, further work with GROUP 4.0 was abandoned.
The pile-head and group-cap conditions that were modeled
by FLPIER are shown in Figures A-22 and A-23. All soil that
had surrounded the bottom parts of the pile caps was removed
physically prior to the tests so that there was no passive resis-

tance or side shearing resistance against either cap. However,
both caps were cast on the ground. No measurements of the
shearing stresses between the bottoms of the caps and the sail
were made, and no reliable measurements of shear load distri-
bution among the piles were available. It was assumed, there-
fore, that the contribution of cap base shear to the total group
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Figure A-22. FLPIER modeling for arrangement for bored pile group.
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Figure A-23. FLPIER modeling arrangement for driven pile group.

resistance was very small, and it was neglected in the FLPIER
analyses.

A lessobvious, but no lessimportant, phenomenon that had
to be modeled with FLPIER in the simulation of the behavior
of the fixed-headed bored pile group was the rotational stiff-
ness of the group, or the axial “push—pull” couplesthat resist
the applied moment (applied load times 0.5 m, as shown in
Figures A-22 and A-23) and the “fixing” moments that are
produced at the pile heads as the cap trandlates. These latter
moments cause the cap to rotate and the fixing moments to
relax, thus softening thelateral response of the pilegroup. The
degree to which the cap rotates under loading from the fixing
moments depends upon the stiffness of the group pilesin the
axial push—pull mode. It is therefore important to model the
axial gtiffnesses of the piles when the pile heads are assumed
to be fixed into the pile cap because these stiffnesses directly
influencethe p-y curvesthat are required to be used to provide
amatch with the lateral deflection measurements.

Unfortunately, the only axial load test that was availablefor
direct determination of unit axia load transfer curves for the
bored piles, which can also be supplied to FLPIER to simu-
late axial pile stiffness, was the test on Pile B10. That pile,
however, was installed using the full depth—casing technique,
rather than the direct-durry-displacement technique used in
the group piles. Unit axial load transfer curves (sometimes
caled“t-zZ’ and“g-Z’ curves), therefore, were generated using
an interna routine in FLPIER, which uses an approximate
method based on principles given by Randolph and Wroth
(18). The axial stiffness calculations are carried out by using a
simple discrete element model to which t-zand g-z springsare
attached. In order to generatethet-zand g-zcurvesin FLPIER,
it isonly necessary to specify avalue of soil shear modulusin
the free field, G, and the ultimate value of unit side shear f,.5

and of base resistance g..». G was estimated in the coarse-
grained soil layers from Equations A-1 and A-2:

E

- 2(1+ V)’ (A-D

where

E (force/length? in pounds per square foot [psf]) = 10,000 Ng.
(A-2)

In Equation A-2, Ng is the standardized SPT blow count
(the average value in a given layer). Poisson’s ratio (v) was
taken to be 0.3. For fine-grained soil layers, Equation A-1 was
used to estimate G whereas E was obtained from Equations
A-3and A-4:

_ 90s

T@a+v) (A-3)
where
su(in tsf) = 15N. (A-4)

In Equation A-4, s, isthe undrained shear strength of thefine-
grained soil. Poisson’sratio (v) was taken to be 0.5.

The ultimate unit side and base resistances were obtained
from the American Petroleum Institute (API) (19), which are
strictly valid only for driven piles but which were assumed
to give appropriate values for bored piles, aswell. In coarse-
grained soils, . isSet equal to o, K tan & <5 (limit), where
0, isthe vertical effective stress at the center of a given soil



layer; K is an earth pressure coefficient taken equal to 0.8;
and o isan angle of pile-soil wall friction prescribed by API
Recommended Practice 2A (APl RP2A) (19), based on the
fines content and relative density of the soil. . (Ilimit) is
based on the same properties. gma iN compression is defined
by oy (base) Ny, where N, is a function of fines content and
relative density < Qa (Iimit). gue (limit) islikewise given by
API to be afunction of fines content and relative density and
is set equal to zero for uplift loading.

Infine-grained soils, f. isdetermined in APl RP2A from
theratio of 5,10 0). g iStaken to be 9 s, at the base of the
pile for compression loading and zero for uplift loading.

Oncetheaxia load—movement behavior of single pileswas
simulated in FLPIER, that value was used for each bored pile
inthe group without modification for axial group effects. The
argument for making this simplifying assumption was that
thefront (i.e., leading) row of pileswould settle, the back (i.e.,
trailing) row of pileswould gointo tension, and the middle row
of piles would essentially remain stationary axially. The ten-
dency for one pile on the front row to soften the behavior of its
neighbor on that row is approximately offset by the tendency
for the uplift in both pilesin the back row to stiffen the behav-
ior of the piles on the front row, with similar effects for piles
on the back row.

No strong concern about modeling of axial behavior existed
for the driven pile group because no fixing moments develop
with pinned-headed piles, and thelateral stiffnessisessentially
decoupled from the axial push—pull behavior. Nonetheless,
the same procedure was used for simulating axial responsein
the driven pile group as that used for the bored pile group.

With the modeling of axial behavior accomplished, the
main effort in modeling the test groups with FLPIER was to
determine how the site-modified, single-pile p-y curves (Fig-
ures A-9 and A-11) were required to be modified again to pro-
duce the p-y curves best suited to modeling group behavior.
The second-step modification (for group action) was made by
multiplying the site-modified p-y curves in Figures A-9 (for
the bored piles) and A-11 (for the driven piles) by appropriate
p-multipliers specific to each row of piles, from the leading
row to thelast trailing row.

The concept of the p-multiplier, as applied in this study,
isbriefly explained in Figure A-24. For each pileonagiven
row inthegroup (leading, first-trailing, second-trailing, and so
forth), all of thep-valueson al of the p-y curvesat every depth
are multiplied by a single factor, p (i.e., the p-multiplier for
that row in the group). p was varied in the FLPIER model
until an acceptable match was found between the computed
and measured |oad-deformation behavior of the pile cap for
both group tests. By following the procedure outlined in this
appendix, the factor p describes the combined effect of group
construction and group loading on lateral pile group action.

The p values (i.e., p-multipliers) were ascertained by vary-
ing p on arow-by-row basis and comparing the computed cap
trandations at seven values of cap load, ranging from 150 T
(1.47 MN) to 1000 T (9.8 MN). The number of loads at which
the absolute value of the computed defl ection minus the mea-
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Figure A-24. Definition of the p-multiplier (p) for
simulating lateral group behavior.

sured deflection divided by the measured value of deflection
exceeded 15 percent was consi dered ameasure of the accuracy
of the selected family of p values. The results of a subset of
analyses of the effects of families of p values on cap displace-
ment inthebored pilegroup are summarizedin Table A-2. The
most accurate family of p valuesfor the bored pile groupis
shown in Column 8 of Table A-2 although the families of
valuesin Columns 2 and 10 are essentially of equal accuracy.

The optimum set of p values (i.e., p-multipliers) for each
groupispresentedin Table A-3. Also shownin Table A-3 are
values that have been cited by Peterson and Rollins (8) as
being appropriate for laterally loaded pile groups based on
information availablein 1996. The p-multipliersfor the bored
pile group in the current study were, on the average, lower
than those cited by Peterson and Rollins; the p-multipliersfor
the driven pile group were higher, row by row and on the
average, than those of Peterson and Rollins. Considering the
independent soil data of Huang (16) in Figures A-14 through
A-17, these trends appear to be clearly related to installation
methods.

The measured lateral load versus lateral-trandation rela-
tions for both pile groups are compared with the relations pre-
dicted by FL PIER using the site-specific (modified) p-y curves
for both bored and driven piles (see Figures A-9 and A-11,
respectively). The p-multipliers tabulated in Table A-3 are
shown in Figure A-25. The predictions are excellent.

Finaly, a typica comparison of computed and measured
deflected shapes for group pilesis shown in Figure A-26. The
FLPIER model with the modified p-y curves and the deduced
p-multipliers appears to give good predictions of pile shape
under loading. Further detailsonthefield testsand the analysis
of thefield tests can be found in Reference 20 (20).

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

Although the knowledge obtained from the Chaiyi field tests
and their analysisissite specific, the general conclusions stated
below are expected to be valid for other sites at which similar
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TABLE A-2 Effect of varying p-multiplierson cap deflection for the bored pile group

Computed cap deflection (mm)
Load | Measured | (1) (2) (3 (O] (6) U] () 9 (@10 @11y (@12
@) cap 0.8 0.6 0.6 0.6 0.7 0.7 0.5 0.5 05 0.5 0.65 | 0.55
deflection | 0.4 0.3 0.3 0.2 0.2 0.3 0.3 0.4 0.4 03 | 035 | 047
(mm) 0333 | 03 0.2 0.3 0.3 0.2 0.3 0.3 0.2 04 02 | 013
150 1.38 181 | 215 | 232 | 231 | 219 | 220 | 2.28 2.14 231 | 213 | 218 | 2.26
+31% | +55% | +68% | +67% | +59% | +59% | +65% | +55% | +67% | +54% | +58% | +64%
300 434 348 | 417 | 458 | 456 | 424 | 427 | 457 4.22 461 | 420 | 424 | 451
20% | 4% | +6% | +5% | 2% | 2% | +5% | -3% | +6% | -3% | 2% | +4%
450 8.05 609 | 755 | 821 | 817 | 762 | 765 | 806 | 749 | 819 | 7.43 | 765 | 7.95
-24% | 6% | +2% | +2% | 5% | -5% | +0% | -7% +2% | -8% | -5% | -1%
600 12.96 7.85 9.8 10.8 | 108 | 100 | 10.0 | 10.6 9.7 10.7 | 9.67 | 100 | 104
-39% | -24% | -17% | -17% | -23% | -23% | -18% | -25% | -17% | -25% | -23% | -20%
800 10.1 118 | 153 | 170 | 170 | 156 | 157 | 16.7 15.2 169 | 152 | 155 | 164
+17% | +52% | +68% | +68% | +55% | +55% | +65% | +50% | +67% | +50% | +55% | +62%
900 18.69 146 | 191 | 215 | 215 | 195 | 195 | 211 18.9 213 | 189 | 193 | 205
-22% | +2% | +15% | +15% | +4% | +4% | +13% | +1% | +14% | +1% | +3% | +10%
1000 23.15 195 | 266 | 301 | 301 | 272 | 272 | 296 | 264 | 299 | 264 | 270 29
-16% | +15% | +30% | +30% | +18% | +18% | +28% | +14% | +29% | +14% | +17% | +25%
Average difference
ratio -10% | +13% | +25% | +24% | +15% | +15% | +23% | +12% | +24% | +12% | +15% | +21%
Error probability 77 37 | 47 47 | 47 47 | 47 3/7 47 37 | 47 47

Norte: The percentage below each computed deflection is the ratio of the difference between a computed and measured deflection to
the measured deflection; “ Average difference ratio” is the value of the sum of all the difference ratios in a column divided by the
number of total loads (i.e., 7); “Error probability” is defined as the ratio of the number of the loads whose corresponding difference

ratios exceed £15% to the number of total loads.

soil conditions exist (loose to medium-dense silty sands and

sandy silts near the surface) and at which piles are installed

with a similar geometry (rectangular groups with 3-diameter, 2.
center-to-center pile spacing) by casting the pilesin place or by

driving displacement piles. Please note that these conclusions

cannot be extended to sites at which liquefaction will occur,

nor isit likely that these conclusions apply to predominantly

clay sites. The conclusions can be stated as follows:

1. Single-pile p-y curves needed to be softer (i.e., reduced
p-valuesfor given values of y) than the prescribed curves 3.
(i.e., Reeseet d. [1] criteriafor sand layers; Matlock [13]

criteriafor clay layers) for large-diameter (1.5-m) bored
piles. See Figure A-9.

Single-pile p-y curves did not require overall softening
relativetothe prescribed curves(i.e., Reeseet al. [1] cri-
teriafor sand layers; Matlock [13] criteriafor clay lay-
ers) for smaller-diameter (0.80-m) driven displacement
piles; however, some modification—both softening and
stiffening—at individual depthswas needed to optimize
the ssimulation of measured single-pile behavior. See
Figure A-11.

The ratio of the deduced p-multipliers for the quasi-
static loading of bored piles, averaged over all rows, was

TABLE A-3 p-Multipliersfor Chaiyi lateral group load tests

Inferred p-Multipliers p-Multipliers Default
Pile from Chaiyi Load Tests from Peterson p-Multipliers
Bored Pile | Driven Pile | and Rollins(8) from
Row -
Group Group S/D =3 FLPIER (15)
S/D=3
Lead 05 09 0.6 0.8
First Trail 04 0.7 04 0.4
Second Trail 0.3 05 0.4 0.2
Third Trail - 0.4 - 0.3
Average 0.4 0.63 0.47 0.43
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Figure A-25. Measured lateral load-cap deflection
relationships for driven and bored pile groups.

approximately 0.65 times that for the quasi-static load-
ing of driven displacement piles. The ratio of the aver-
age p-multiplier for the bored pilesto the average “ stan-
dard” value recommended by Peterson and Rollins (8)
was 0.85; the ratio of the average p-multiplier for the
driven displacement pileswas 1.33 timesthe value rec-
ommended by Peterson and Rollins. See Table A-3.

4. The row-wise pattern of p-multipliers for both the
driven and bored pile groups, tabulated in Table A-3,
was similar to that observed by others. That is, the high-
est values appeared on the leading (i.e., front) row, the
next highest on thefirst trailing row, and so forth. (When
the extreme-event loading has a predictable direction, it
isappropriateto userow-wise p-multipliersinthedesign
process. In seismic events, however, loading direction
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likely varies, and loading is cyclic, making it more
reasonable from a design perspective to use average
p-multipliersfor all pilesin the group.) The exact row-
to-row ratios of p-multipliersis likely a function of the
order of pile ingtallation. In this study, the installation
order wasgenerally fromfront (i.e., leading) row to back
(i.e, last trailing) row.

Apparently, the differences in p-multipliers for bored
and driven pileslargely reflect the effects of the differ-
ing effects of boring and driving displacement piles on
the density and stress state in the mass of soil withinthe
pile group.

The reduced soil stiffness around the bored piles was
overshadowed by the effects of head fixity and pile
diameter (i.e., the higher moment of inertia) inthe bored

pile group.

The applicability of the results summarized in this appen-
dix to p-multipliers for dynamic loading (see Appendix B) is
not clear. However, the results suggest that for low frequen-
cies of seismic loading (low predominant frequency of the
seismic event), the average p-multiplier for groups of bored
piles should be lower than those for driven displacement piles
by afactor in the range of 0.65.

Recommendations for Further Research

The following additional research is recommended:

1

2.

Further research is needed to understand the frequency
range to which theratio of p-multipliersfor bored piles
to those for driven piles, deduced from static tests such
asthese tests, applies.

It is possible that p-multipliers will be different for
bored piles installed with continuous, full-depth casing
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Figure A-26. Measured and predicted deformed shape of Pile B3 on
leading row of the bored pile group—oad = 600 T.
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than for bored piles installed by slurry displacement.
Further research into this phenomenon is warranted if
full depth—casing construction methods become com-
mon on department of transportation projects in the
United States.
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