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FOREWORD
By Staff

Transportation Research
Board

This report contains the findings of a study to develop and validate an improved
design method for pile groups under static and dynamic lateral loads. The report
includes recommendations for estimating the distribution of load to piles in a group and
provides guidance on analytical methods for predicting dynamic response. The mate-
rial in this report will be of immediate interest to bridge engineers and geotechnical
engineers involved in designing pile and drilled shaft foundations to resist lateral loads.

The principal force experienced in transportation structures during an earthquake,
a hurricane, or a vessel impact is transient horizontal loading. These loads must be
transmitted to the structure’s foundation. State-of-the-practice design for lateral load-
ing of pile and drilled shaft foundations uses beam-on-elastic-foundation analysis. In
this analysis, load shedding from a pile to the soil is represented by “p-y springs” in
which the soil response is modeled as a series of discrete nonlinear springs. The p-y
springs currently used in these analyses were developed primarily to determine the
load-shedding behavior of single piles subjected to static loads. The use of p-y springs
in the analyses of pile groups subjected to static and dynamic lateral loads had not been
validated.

The objective of this research was to evaluate and extend current design methods
for groups of piles and groups of drilled shafts subjected to lateral loads associated with
earthquakes, hurricanes, and vessel impacts. Under NCHRP Project 24-09, Auburn
University conducted experimental and analytical studies of pile groups. Through a
series of field tests, the researchers determined the distribution of lateral loads to the
individual piles in a group and verified that the pile-group response can be predicted
analytically using p-y springs. Experimentally determined multipliers are used to adjust
the magnitude of load carried by each row of piles in the group. The findings from this
research could significantly increase confidence in and reduce the cost of foundations
subjected to dynamic loads.
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Groups of piles, commonly used to support bridge structures, are frequently subjected
to lateral loadings during extreme events, such as vessel impacts and earthquakes. There
is evidence that during past extreme-event loadings, pile group foundations have under-
gone lateral translations severe enough to cause loss of bearing support for superstructure
elements and, on rare occasions, structural failure in the piles. Current design methods
for deep foundations for highway structures most often involve making an estimate of the
ratio of shear load to lateral deflection for the group as a whole and using this constant
stiffness ratio as an input to model the foundation in linear modal analysis computer codes
to analyze the structural response, especially for seismic loading. The code also outputs
the dynamic loads on the foundations. For critical structures, nonlinear pushover analy-
ses are then conducted on the substructure and foundation to ensure that there is adequate
ductile reserve at these loads to preclude complete collapse.

However, lateral pile foundation response to static or dynamic loading is nonlinear,
often considerably so. It is therefore more desirable to analyze the foundation and sub-
structure considering this nonlinearity and either to couple such a nonlinear analysis
method with a nonlinear superstructure analysis code, or to use a nonlinear foundation
analysis code independently, iterating with the superstructure analysis code until the loads
assumed to act on the foundation for determining equivalent linear foundation stiffnesses
equal the loads exerted on the foundation from the superstructure analysis.

In this project, several full-scale field tests were conducted on pile groups of 6 to
12 piles, both bored and driven, in relatively soft cohesive and cohesionless soils. All of
the groups were loaded laterally statically to relatively large deflections, and groups of
instrumented pipe piles were also loaded dynamically to large deflections, equivalent to
deflections that might be suffered in major ship impact and seismic events. Dynamic
loading was provided by a series of impulses of increasing magnitude using a horizon-
tally mounted Statnamic device. Although such loading did not capture the aspects of
lateral loading and ground shaking that may generate high pore water pressures, it did
capture the damping that occurs at very large pile deflections and the inertial effects of
the problem.

A dynamic version of the computer code FLPIER (the Florida Pier program)—
FLPIER(D)—was developed in parallel with the field tests. This program has the capa-
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bility of modeling complete hysteresis in the soil surrounding the piles via p-y curves, as
well as cracking and hysteresis in the structural components of the pile group, inertia in
the structural components, viscous damping in the soil, lateral group action by the appli-
cation of adjustment factors for the p-y curves (termed “p-multipliers”), loading of the
piles directly through vibrating soil, and simple superstructure feedback (i.e., inertia)
loads. FLPIER(D) was used mainly to interpret the results of the field tests. The results
of this interpretation can be used in similar codes that simulate the dynamic behavior of
systems of piles and coupled pile-structure systems.

Simultaneously with the development of FLPIER(D), separate analytical solutions
were also developed for dynamic p-y curves and simplified dynamic p-multipliers for
piles in cohesionless soils, as well as for frequency-dependent damping in the soil. These
solutions were programmed into FLPIER(D). The p-y curves, however, were non-
hysteretic. Although the option to use the p-y curves is available in FLPIER(D), the
curves were not used in the interpretation of the dynamic field load tests. Through analy-
sis of the full-scale field load tests with FLPIER(D), it was found that use of both (1) 
p-y curves that are prescribed in standard programs for static (i.e., noncyclic) loading,
modified to simulate unloading, reloading, and gap development, and (2) default values
of static p-multipliers that were derived from a review of many historical static lateral
group loading tests and given in the help files of FLPIER were reasonably accurate in
simulating the initial load-deformation response and subsequent free vibration of groups
of piles loaded with the Statnamic impulse device to large lateral deflections. In general,
the computed group response was in reasonable agreement with the measured response.

FLPIER(D), or any other program that uses p-multipliers that are defined row-by-row,
outputs shear and moment diagrams that are constant from pile to pile in each row. That
is, the shear and moment diagrams are averages for piles in a given row. However, mea-
surements of shear and moment, while indicating average row-wise values that were
near those predicted by FLPIER(D), were quite variable. This variability was apparently
caused by point-to-point variations in lateral stiffness of the soil within the pile groups
and other random factors such as inadvertent minor batter of plumb piles. In order to
account for these random effects, a load factor of approximately 1.2 should be applied
to the computed maximum bending moments in the piles when the piles are designed
structurally.

It is also suggested that, for assessing pile group stiffness, it is quite acceptable to use
an average p-multiplier for all piles in the group, rather than defining p-multipliers row-
by-row, as is the standard practice. Use of a single average group effect parameter (i.e.,
p-multiplier) is justified for seismic loading on the basis that the direction of loading
changes, constantly and often unpredictably, during the loading event and that load rever-
sals occur, converting “leading” rows of piles (i.e., high p-multipliers) instantaneously
into “trailing rows” (i.e., low p-multipliers).

In regard to the testing method and load test components, impulse loading by the Stat-
namic device was found to be a feasible way to test the pile groups economically by apply-
ing dynamic loads that produced large deflections and by inducing vibrations in the pile
groups at natural periods of 2 to 4 Hz. It is recommended that in future tests, the piles be
tied together at their heads by cast-in-place reinforced concrete caps rather than by the
steel frame first envisioned by the research team. The Statnamic device and the instru-
mented test piles used on this research project are available for future use to assist state
departments of transportation in the design of laterally loaded pile groups on production-
level projects.
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INTRODUCTION

A key concern of bridge engineers is the design and perfor-
mance of pile group foundations under lateral loading events,
such as ship or ice impacts and earthquakes. This report docu-
ments a research program in which the following were devel-
oped: (1) a numerical model to simulate static and dynamic
lateral loading of pile groups, including structural and soil
hysteresis and energy dissipation through radiation; (2) an ana-
lytical soil model for nonlinear unit soil response against piles
(i.e., p-y curves) for dynamic loading and simple factors (i.e.,
p-multipliers) to permit their use in modeling groups of piles;
(3) experimental data obtained through static and dynamic
testing of large-scale pile groups in various soil profiles;
and (4) preliminary recommendations for expressions for p-y
curves, damping factors, and p-multipliers for analysis of lat-
erally loaded pile groups for design purposes. The report also
describes experimental equipment for performing site-specific,
static, and dynamic lateral load tests on pile groups.

Background

Observations made during two recent earthquakes in Cali-
fornia, the 1989 Loma Prieta and the 1994 Northridge events,
as well as during the 1995 Hanshin-Awaji earthquake near
Kobe, Japan, and the 1999 Chi-Chi earthquake in central Tai-
wan, provide clear evidence of the types of damage that occur
in pile foundations and in the structures that they support.

Bridge Performance—Loma Prieta Earthquake

During the Loma Prieta earthquake of October 17, 1989,
significant damage occurred to bridges located in the five-
county area near the earthquake epicenter south of San Fran-
cisco. Of the approximately 1,500 bridges located in the five-
county area, more that 80 suffered minor damage, 10 needed
temporary supports, and 10 were closed because of major
structural damage (1). The cost to restore these structures to
their pre-earthquake operational capacity was estimated at
between $1.8 and $2.0 billion.

The greatest bridge damage occurred to older structures on
soft ground. Collapses of the Cypress Street viaduct and a link
span for the San Francisco–Oakland Bay Bridge are the most

well-known examples of this damage. The death toll from the
Cypress Street viaduct collapse was 42. It is also reported that
other bridges of similar design would have collapsed if the
ground shaking had lasted longer. 

Ground motions for the bridges damaged in Loma Prieta
were often surprisingly low (e.g., less than 0.2 g). Typically,
the bridges were supported on pile foundations (e.g., cast-
in-drill-hole [CIDH] and timber piles). It was inferred from
discussions with Caltrans’ engineers that many of the bridge
foundations were supported by groups of piles located at spac-
ing ratios of three-to-five pile diameters.

Structural damage to the pile foundation systems for bridges
during the Loma Prieta event was apparently limited. Shear
failure occurred near the heads of some piles in the Struve
Slough bridges near Watsonville. This failure was attributed to
large ground deformation resulting from liquefaction. In most
cases, however, amplification of the bedrock acceleration and
relative displacement of the ground and bridge structure were
generally the principal causes of damage. Some pile group
foundations, particularly at the Port of Oakland, showed evi-
dence of structural distress when a few batter piles were used.
The bents attracted lateral load, evidently because the batter
piles were stiff with respect to lateral loading compared with
the vertical piles in the group.

Bridge Performance—Northridge Earthquake

During the Northridge earthquake (in the Los Angeles met-
ropolitan area) of January 17, 1994, 7 highway bridges suf-
fered partial collapses, and another 170 bridges suffered dam-
age ranging from minor cracking to the slumping of abutment
fills. One life was lost, and several injuries were the direct con-
sequence of these failures (2, 3). The total repair cost for the
damaged bridges was estimated to be about $150,000,000 (4).
Most of the damaged bridges had been designed with pre-1971
design standards.

Peak ground accelerations were much higher for the North-
ridge event than were those for the Loma Prieta event, exceed-
ing 1 g close to the epicentral area. Soils were, however, typi-
cally stronger than the soils associated with damage during the
Loma Prieta event. The damaged bridges were supported on
piles (e.g., primarily 406- to 610-mm- [16- to 24-in.-] diame-
ter CIDH piles, but including H-piles and drilled shafts up to

CHAPTER 1 
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3.66 m [12 ft] in diameter) or combinations of piles and spread
footings.

The only bridge where pile damage was possibly noted was
the Los Virgenes Bridge on U.S. Route 101. Most of the dam-
age seemed to result from span displacements that exceeded
girder seat widths or excessive forces in columns that sup-
ported the bridge deck. At one bridge location, the S.R. 14/ I-5
separation and overhead structure, spatial variation in ground
motion from support to support was suspected of being a con-
tributor to bridge damage.

Bridge Performance—Hanshin-Awaji Earthquake

The Hanshin-Awaji earthquake occurred on January 17,
1995, near the city of Kobe, Japan. This earthquake caused
more than 5,000 deaths and extensive property damage in a
highly urbanized area of Japan (5). On the order of 27 high-
way bridges sustained major damage, and many more suffered
moderate-to-minor damage. One estimate of the cost of the
damage to one of the agencies operating freeways in the Han-
shin area was U.S. $5 billion. Most of the damage was con-
fined to structures built more than 30 years ago and before the
introduction of modern seismic codes.

Typical damage sustained by the bridge structures included
shear and flexural failures in nonductile concrete columns,
flexural and buckling failures in steel columns, steel bearing
failures under lateral load, and foundation failures caused by
liquefaction. Costantino (6) reports that geotechnical observa-
tions suggested pile-supported facilities faired well during the
event, although some damage was noted, and that significant
damage occurred to dock facilities as well, as at connections
to pile-supported structures. The caisson-supported seawall on
Port Island showed lateral movement at some locations and
extensive collapse of pavements immediately in front of the
wall. Most of the observations of pile foundation damage were
associated with lateral ground displacement (i.e., soil flow).

According to Buckle (5), many of the bridges were
founded (on piles) and installed in sand-gravel terraces (allu-
vial deposits), which overlie gravel-sand-mud deposits at
depths of less than 10 m. Liquefiable soils were present along
the shoreline and in most ports and channels above those
founding deposits.

Ishihara (7 ) concluded that some serious damage occurred
where bridges were supported on groups of large-diameter
(i.e., typically 1 m or greater) bored piles (i.e., drilled shafts)
during the Hanshin-Awaji event, which had a Richter magni-
tude of 7.2 and whose epicenter was less than 10 km from the
sites of heavily damaged bridges. The most damaging condi-
tion by far was a combination of liquefaction and lateral spread-
ing of the ground surface. Permanent lateral movement of the
soil surrounding grouped bored pile foundations in the order
of 0.5 to 2.0 m occurred where the groups were located within
about 100 m of quay walls that yielded during the earthquake.
The permanent lateral movements of the pile heads, which
were nominally fixed to the pile caps, were about one-half of

the reported permanent ground movements; some were as high
as 0.5 m. After the earthquake, the damaged piles were cored,
subjected to pulse-echo testing, and excavated partially for
examination by remote television cameras. The most severe
structural damage in the piles, as evidenced by severe crack-
ing, was found at three locations: (1) at the bottom of the liq-
uefied zone; (2) at the depth at which the reinforcement sched-
ule or cross-section changed; and (3) at the pile heads, where
the bending moments were theoretically the highest because
the piles were fixed into their caps. Although the piles suffered
damage, the structures experienced little damage when the
piles were more than 12 m long. Presumably, such piles pen-
etrated well below the zone of liquefaction and lateral soil
movement.

Matsui et al. (8), who investigated these and other pile group
foundations after the Hanshin-Awaji earthquake, stated that
pile groups located away from areas in which liquefaction and
lateral spreading occurred behaved well structurally, with the
exception of the development of tension cracks, which reflect
high bending moments, in some concrete piles below the
ground surface, especially near the contact between soil zones
of high soil stiffness contrast.

Bridge Performance—Chi-Chi Earthquake

An earthquake of Richter magnitude 7.3 struck the central
mountain region of Taiwan, near the town of Chi-Chi, on Sep-
tember 21, 1999, causing widespread damage and more than
2,400 deaths. One hundred twenty-one buildings of five sto-
ries or higher were damaged so severely that they had to be
torn down. Of 457 structures with damaged foundations that
were surveyed (i.e., bridges and buildings), 27 percent were
discerned to have been damaged by direct movement of one of
two causative faults immediately next to or beneath the struc-
ture; 15 percent were damaged as the result of ground lique-
faction; and 58 percent were damaged because of “superstruc-
ture interface” failure—for example, shear failure of plinths
and columns or rotation of substructures to the extent that
beams and joists fell from their seats or were buckled (9).
Most of the damaged bridges were near or across the fault
breaks and appeared to have been damaged because of
superstructure interface problems (10).

In the four counties nearest the epicenter, approximately
20 percent of the bridge inventory suffered minor-to-major
damage. Damage modes that could possibly be associated with
foundation performance included displaced bearings; unseated
girders; shear failure in columns, abutment walls, and caissons
(i.e., drilled shafts); foundation failures caused by slope move-
ments; joint failures in column-to-girder connections; and liq-
uefaction (11). Of 183 distinct damage patterns noted in high-
way bridges damaged in the Chi-Chi event, 14 (i.e., 8 percent)
were identified as structural failures of foundations (11),
although many of the superstructure failures may have been
caused at least partially by excessive movements of founda-



tions. Most of the bridges with major damage were very close
to the epicenter, and many even crossed the Chelungpu Fault,
one of the two causative faults for this earthquake. In such a
case, permanent displacement or rotation of the bent or abut-
ment, or both, were frequently noted. Only two bridges, both
at river crossings, were reported to have clearly been damaged
because of liquefaction (although the foundations for others
may have suffered excessive movement because of elevated
pore water pressures in the fine sand and silt alluvium typical
in the four-county area). For severely damaged bridges that
were not close to a causative fault, failure most often occurred
because of loss of seating for girders in simple-span bridges.

Significance of Damage Observations

Bardet et al. (12) state that the structural performance of the
pile foundations during the Loma Prieta, Northridge, and 
Hanshin-Awaji (i.e., Kobe) earthquakes appeared to be quite
good, with few if any examples of damage being mentioned,
except in places in the Kobe area in which there were signifi-
cant liquefaction and lateral ground spreading. In fact, where
there was liquefaction but no lateral spreading of the ground,
piles suffered little or no structural damage.

However, although the piles may have survived the earth-
quakes with little or no damage, many bridge structures in the
four earthquakes did not. Forces in and displacements of the
damaged structures exceeded allowable values, in some cases
leading to collapse of the structures. Because the forces and
displacements are directly related to the stiffness of the foun-
dation systems, it is likely that at least some of the observed
damage to the structures could have been prevented or mini-
mized by improved modeling of the deformability of the pile
foundations during the design process. Many of the pile foun-
dations in the four earthquakes consisted of groups of piles
with center-to-center spacing ratios of three-to-five diameters.

A significant cause of bridge failures in the Chi-Chi event
was a lack of horizontal restraints at the girder seats, which
allowed the girders to slide off their supports. This factor
may have also reduced inertial loads on the foundations,
which, in turn, may have prevented some structural failures
of foundations.

A significant factor contributing to the apparent lack of
structural damage in the pile foundations in the California
events is Caltrans’ design philosophy of limiting maximum
design loads applied to the foundation in order to preclude
severe inelastic behavior (e.g., without development of plastic
hinges within the foundation). This is often achieved by limit-
ing the maximum moment at the connection of the column to
the bent cap or to the piled footing (e.g., forcing the plastic
hinge to occur there), thereby providing a limiting maximum
load to the pile system. Although this approach “protects” the
pile system, it does not limit the inertial forces or the displace-
ment that can develop in the structure and therein is an appar-
ent cause of past superstructure damage. Recognizing that
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foundation systems have, in general, performed well in earth-
quakes, suggestions have been made that recommend that the
next generation of AASHTO seismic design guidelines allows
the foundation system to carry more load. If this approach is
adopted, it is possible that, following future earthquakes, evi-
dence of at least some structural damage in the pile system will
become more prevalent unless design methods are improved.

In order to minimize future damage to bridges during seis-
mic events, a two-step approach to design likely will be in-
cluded in the AASHTO guidelines. This two-step approach
will involve linear dynamic response analyses of the structure
at a lower level of earthquake loading—for example, ground
response corresponding to return periods of 150 to 200 years
(Step 1) and a quasi-static “pushover” or collapse analysis at a
higher level of loading, which is currently identified as an event
with a return period of approximately 2,500 years (Step 2).
For both analyses, the modeling of the foundation system
will have a direct effect on the capacity demands within the
structural system. The accuracy of the foundation model will,
therefore, have direct relevance to the improvement or opti-
mization of bridge performance during seismic loading.

Bardet et al. (12), after considering the first three seismic
events summarized above, identified several productive areas
for research concerning pile foundations in seismic events. At
the top of their list were the following:

1. Develop a better understanding of the way the soil is
modeled, including the effects of pile-soil-pile inter-
action in soft ground, including
• “p-y” and “t-z” response of soil (which will be defined

later) or liquefied ground under extreme event load-
ing conditions;

• Relations between lateral ground pressures, p-y curves,
and free-field ground displacements;

• Lateral loads imposed on pile foundations by lateral
ground spreading, including the effects of nonlique-
fied crustal soil sliding laterally upon layers of lique-
fied ground; and

• The influence of site stratigraphy.
2. Evaluate systematically methods of analysis against

case histories and refine design and analysis methods.
3. Evaluate design philosophy; specifically, should inelastic

behavior of the piles be permitted to occur?

Current Design Practice

1997 Survey of Practice

The interim report for this project (13) provided a general
overview of current design practice for laterally loaded pile
groups, primarily for seismic loading. A brief review of cur-
rent practice is presented here. First, seismic loads are viewed
as being primarily horizontal. Budek et al. (14) indicate that
common current department of transportation (DOT) practice



for the quasi-elastic lateral-load design of pile foundations and
bridge columns for seismic loading is to (1) estimate the lateral
stiffness of the foundation (i.e., pile group) under a selected
load, so that deflections under that load can be computed;
(2) replace the foundation with an extension of the bridge col-
umn and select a depth to fixity for that column, assuming lin-
earity, that will give the same lateral displacement at the top of
the foundation as that of the foundation; and (3) determine the
expected deflections and rotations at the top of the column
through appropriate analysis. In order to analyze for stresses
in the superstructure, a dynamic, linear modal analysis of the
extended column and the structure it supports may be per-
formed. The piles that support the column are then analyzed
under the computed loads at the foundation level to ensure that
they do not yield structurally, which is usually the desired sit-
uation. This may be viewed as Step 1 in the analysis of a foun-
dation for seismic loading. A second step, Step 2, is then some-
times performed to determine the capacity of the foundation at
the time plastic failure fully develops. This plastic capacity
should exceed the loadings computed from Step 1 by some
prescribed amount in order to ensure that adequate ductility is
available to prevent total collapse.

At one level of practice, lateral pile group stiffness for a
Step 1 analysis is estimated by performing static, elastic sub-
grade reaction analyses (see Davisson [15] for an example) on
typical piles within the group using factors that reduce the lat-
eral stiffnesses of the individual piles in the group below the
stiffnesses estimated for single, isolated piles in order to
account for overlapping strains in the mass of soil in which all
of the piles are embedded. The group stiffness is then the
sum of the individual pile stiffnesses, and the group stiff-
ness is inserted as a boundary constraint in a linear super-
structure modal analysis program without formally comput-
ing a depth of fixity for an equivalent column.

Pile stiffness reduction for group action for this approach
to design is accomplished in a variety of ways. Many DOT
designers use the recommendations given in the U.S. Navy’s
Foundations and Earth Structures—Design Manual 7.2
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(DM-7) (16) and in the 1985 edition of the Canadian Foun-
dation Engineering Manual (CFEM) (17 ). These documents
recommend a factor, R, to reduce the lateral subgrade modu-
lus acting against group piles (not pile stiffness). AASHTO
(18) recommends the same reduction factors for drilled shafts,
but not explicitly for driven piles. The DM-7 and CFEM fac-
tors, which are summarized in Table 1, along with factors rec-
ommended by ASCE and the U.S. Army Corps of Engineers
(19), are not specific to the installation method; the factors
are also strictly valid only for static loading conditions, and
their origins can be traced to traditions of practice and to
small-scale model tests. The most recent edition (1992) of the
CFEM refers to procedures to estimate group-pile stiffness,
based on theory of elasticity, that are suggested by Poulos and
Davis (20) and others.

On the other hand, PoLam and Martin (21) suggested ne-
glecting group effects during seismic loading for sandy soils
and introducing as much as a 50-percent reduction in lateral
pile stiffness for piles spaced at three diameters on centers or
less in soft clays. That recommendation is somewhat incon-
sistent with Section C4.5.5 of a recent Applied Technology
Council report, which states “in view of the uncertainties, it is
recommended that group effects be neglected for earthquake
loading at three-diameter center-to-center spacing or higher”
(22, p. 123).

A listing of specific methods for analyzing pile groups stati-
cally as linear systems, with and without batter piles, in which
the reduced soil or pile stiffness values are used, is given in the
interim report (13).

Commentary on Current Practice

The conventional design procedure discussed above,
although relatively easy to apply, is based on the assumption
of linear elasticity in both the superstructure and the founda-
tion; hence, modal analyses are possible. The procedure
ignores the fact that both piles and soil can behave in a non-

Pile Spacing in  

Direction of Loading,  

D = Pile Diameter 

DM-7 and CFEM Subgrade 

Reaction Reduction Factors, 

R 

U.S. Army Corps of

Engineers/ASCE Group

Reduction Factor,

R 

8D  1.00 1.00 

6D  0.70 0.56 

4D  0.40 0.38 

3D  0.25 0.33 

NOTE: Esubgrade (lateral soil subgrade modulus) for a group pile = R Esubgrade isolated pile 

TABLE 1 Subgrade modulus reduction factors from DM-7, CFEM-1985, and ASCE



linear manner during an extreme event. Williams et al. (23)
indicate that linear modal analyses can result in significant
errors in the moments and shears in bridge pier columns for
certain configurations of piles and certain types of soil. Some-
times, these errors are unconservative. It can be inferred from
the paper authored by Williams et al. that linear modal analy-
ses for both the structure and the foundation should be replaced
with nonlinear time-domain analyses. This philosophy, how-
ever, has not yet been incorporated in design practice, except
on occasion for major structures in which designers have
redefined iteratively the stiffness of pile foundations based
on either the load or displacement computed in the structural
analysis at the level of the foundation. The computational
model that will be described in this report has the capability
of modeling both soil and structural nonlinearities.

Although present design practice presumes to keep group
piles from experiencing the development of plastic hinges
in order to force structural failures to occur and ductility to
develop in the superstructure, design philosophy is turning
more toward allowing plastic hinge development in grouped
piles during seismic events, specifically at the points at which
the pile heads are fixed into the pile footing or bent cap, with
secondary hinges at the depth of maximum subsurface bend-
ing moment (14). Plastic hinge development in piles pro-
foundly affects the piles’ stiffness and energy dissipation
capacities. It also affects the natural frequencies of the super-
structure-foundation system and, thus, the way the structure
responds to seismic loading. Budek et al. (14) describe the
phenomenon of migration of the secondary (i.e., below pile-
head) plastic hinges in fixed-headed pile groups from the depth
at which the hinges initially develop toward the surface, which
can materially affect structural response during a seismic
event. This observation again suggests that analyses that con-
sider both the nonlinear behavior of the structural elements
(i.e., piles, substructure, and superstructure) and the nonlinear
behavior of the supporting soils should be performed if accu-
rate predictions of both pile and structure performance are to
be obtained.

Considering the nonlinear nature of soils during extreme
events, PoLam et al. (24) recommend p-y methods for defin-
ing the stiffnesses of laterally loaded piles and pile groups for
seismic loading. The lateral secant stiffnesses of pile heads (for
either single piles or groups) can be developed as functions of
head deformations using the p-y method. In an iterative Step 1
analysis, the deformations computed from the linear modal
analysis of the structure at the top of the foundation (i.e., pile
heads) can be matched to a specific linear (i.e., secant) stiff-
ness for the piles that was developed through a nonlinear p-y
analysis. If that value of stiffness differs from the one assumed
in the linear structural analysis, the stiffness is changed and
the linear model analysis for the structure is repeated, several
times if necessary, until closure is achieved. The p-y method
models the bending behavior of the pile by either finite differ-
ence or finite element techniques and models the soil reaction
using nonlinear reaction “springs” (i.e., nonlinear Winkler
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subgrade springs), which have been derived for static loading
in many types of soil and rock semi-empirically (see Reese and
Wang [25] for an example).

Detailed ways of handling the effects of cyclic soil degra-
dation and the velocity of the pile relative to that of the soil for
extreme event loading using a p-y soil model are described by
PMB Engineering, Inc. (26). For example, consider the “back-
bone” (i.e., static) p-y curve (Figure 1). A set of such p-y curves
for a given pile may be obtained from published criteria or can
be measured at a specific site. Values of p can then be adjusted
tentatively for cyclic degradation using Equation 1:

where

pc = degraded value of p;
N50 = number of cycles required to degrade the shear

strength by 50 percent, which could be estimated
from cyclic triaxial tests or similar soil tests;

pp = p on the degraded p-y curve for the previous cycle of
loading; and

pd = fully degraded shear strength of the soil, which can
also be estimated from triaxial or similar soil tests.

Hysteretic damping can be considered in the p-y model by
allowing the unloading path to differ from the loading path
and to discount soil resistance whenever the pile displacement
relative to that of the soil is less than the displacement that

p p p pc
N
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Figure 1. p-y Method for modeling cyclic
degradation and hysteretic damping in soil.



occurred during the last unloading cycle. This model is also
illustrated in Figure 1. Radiation damping can be simulated
using a viscous damper (i.e., dashpot) that may be dependent
on frequency, displacement, or both.

In the mathematical model of the pile-soil system, the instan-
taneous velocity of the pile relative to that of the soil is multi-
plied by c (the damping value) (see Figure 1) to obtain a resist-
ing force per unit length of the pile that is added to the
displacement-dependent value of p (i.e., degraded p-y curve).
One way of estimating c in Figure 1 is to use Equation 2:

where

D = pile diameter,
γ = total unit weight of the soil,
g = acceleration of gravity,
vs = shear wave velocity of the soil, and
v = average of shear wave and compression wave velocity

of the soil.

The p-y method, with consideration of both soil degradation
and viscoelastic strength gain, has long been used successfully
in the design of piles for offshore structures.

Washington State DOT Method. A more advanced level
of design, which is not yet customary in U.S. DOTs, is illus-
trated by Washington State’s DOT (WashDOT) procedure
(27 ). This procedure incorporates the p-y method of analysis
in a rational way that involves a linear-iterative superstructure
analysis. A detailed summary of the development of that pro-
cedure, developed for WashDOT by Geospectra, Inc., is given
below to serve as a definition of the current high-level state
of the practice. The WashDOT procedure recognizes implic-
itly that the piles in a pile group are loaded along their lengths
by the lateral translation of the soil via upward-propagating
shear waves produced by seismic motion of the earth at a
large depth and at the piles’ heads by inertial effects from
the vibrating structure that is supported by the piles. These
two modes of loading are sometimes referred to as “kine-
matic” loading and “inertial” loading. The WashDOT method
is intended primarily for use in Step 1 of the two-step design
approach mentioned earlier.

The WashDOT method includes only stiffness and does not
explicitly address foundation damping. The method simpli-
fies and standardizes the procedures for designers by assum-
ing standard earthquake spectra, site conditions, pile types,
and layouts. Whether, in standardizing the design process,
important effects of differences in these factors at actual con-
struction sites may tend to be overlooked in the interest of
simplicity of design remains to be seen.

The WashDOT method recognizes that soil reactions against
the piles and the pile cap in the lateral direction occur only
when there is relative movement between the piles and the

c D g v vs= +( )2 2
γ

, ( )
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soil in the free field. The free-field motion, as well as the equiv-
alent, strain-based elastic stiffness of the soil, is controlled by
base motion in bedrock and details of the soil profile.

The procedure used to develop the stiffness terms for pile
groups in this method was as follows:

1. Select seven typical soil profiles that are common in
Washington State.

2. Develop 500-year-return-period rock spectra corre-
sponding to peak horizontal ground accelerations of
0.2, 0.3, and 0.4 g and match appropriate recorded
acceleration time histories to these spectra.

3. Select six typical foundation types used for typical
bridges in the state of Washington and combine these
with the seven typical soil profiles to arrive at specific
analysis cases. Some of these foundations were single-
pile foundations, and some were grouped-pile foun-
dations.

4. Use the computer program SHAKE (28) to determine
the one-dimensional free-field site response above the
elevation of the vibrating rock for all seven soil profiles
and for the acceleration time histories determined above
that corresponded to the various rock spectra.

5. From the SHAKE analysis, which yields shear strain
profiles, determine strain-compatible soil properties
(e.g., shear and Young’s moduli, shear strength) and
establish average soil properties for each of the seven
standard soil profiles and for each seismic spectrum.

6. Compute the horizontal stiffnesses (i.e., load/deforma-
tion) for a typical single pile as a function of pile-head
translation in each foundation group in each typical
soil profile for a pinned- or fixed-head condition. The
p-y method, referenced above, was used to develop
these stiffness values. The pile-head stiffness was
defined as shear load/lateral displacement for each of
several magnitudes of displacement (i.e., secant stiff-
ness) and is deflection dependent.

7. Compute the vertical stiffness for the typical single pile
as a function of pile-head settlement in each foundation
group in each typical soil profile. The t-z method, which
is similar to the p-y method but for axial loading, was
used to develop the pile-head stiffness values. This
stiffness was defined as thrust load/axial displacement
for each magnitude of axial displacement (i.e., secant
stiffness) and is also deflection dependent.

8. Model the lateral and vertical dynamic response of the
typical piles and groups using a finite-element pro-
gram (i.e., SASSI) in order to determine how the
loading of one pile affected the stiffness of other
piles in a group. These analyses were elastic, but they
were also dynamic and so included inertia and stress-
wave propagation effects. The software allowed for the
consideration of pile-soil-pile interaction during
dynamic loading. Individual pile stiffness reduction



factors for static loading were then obtained using elas-
tic methods (see Poulos and Davis [20] for an example)
for horizontal and vertical loading for every pile in each
typical group in each typical soil profile. The dynamic
single-pile stiffness terms (i.e., shear/ lateral displace-
ment and thrust/axial movement) computed from the
finite element analysis were then modified by these stiff-
ness reduction factors. It was found that the group pile
stiffnesses obtained by using the simple static stiffness
reduction factors were similar to the pile stiffnesses
computed from the finite element program for a period
of motion, T, exceeding 0.5 s (frequency < 2 Hz). For
shorter periods or higher frequencies, the stiffnesses
determined for group piles from the linear dynamic
finite element analyses differed somewhat from the sin-
gle-pile dynamic stiffnesses that were modified by the
static stiffness reduction factors. A complete set of the
dynamic stiffness reduction factors obtained in this step
is documented in the referenced report (27).

9. Compute the horizontal stiffnesses of the pile group
by summing the reduced stiffnesses of the individual
piles in the group determined in the above step. Sim-
ilarly, compute the vertical stiffness of the group by
summing the reduced stiffnesses axial stiffnesses for
the individual piles determined in the above step.

10. Compute the rocking stiffnesses and torsional stiffness
of the group from the stiffness values for the individual
piles and their geometric coordinates. (No description
is given of how coupling was between lateral and rota-
tional modes; however, cross-coupling values are given
in the completed design charts for groups. Norris [29]
suggests that relatively accurate analyses can be made
by neglecting such cross-coupling if the group is small
and the piles are slender.)

11. Compute the stiffness of the pile cap versus lateral
deflection of the cap by assuming a passive condition
against the pile cap (limit equilibrium method).

12. Sum the cap and pile stiffnesses to obtain the overall
lateral translational group stiffness.

13. Tabulate the stiffnesses at zero (or very small) displace-
ment and graph the ratios of the stiffnesses of the vari-
ous groups to the zero-deflection stiffness as a function
of pile-cap displacement. These stiffness tables become
the design aids, and they are given in Design Manual for
Foundation Stiffnesses Under Seismic Loading (27) in
detail for all of the typical foundations for all of the typ-
ical soil profiles for each of the typical free-field ground
deformations. (This approach allows the designer to
vary the stiffness of the pile foundation based on pile-
cap deflections computed in the modal analysis of the
superstructure, so that displacement-compatible stiff-
ness is achieved in the foundation, even though the
analysis is linear.)

14. Use the “strain wedge method” (30, 31) to estimate the
ground deflections around the group piles that are pro-
duced by the lateral translations of the piles. These are
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compared with the free-field deformation patterns in
each soil profile for each base acceleration time. The
group stiffness values for lateral translation are then
truncated at lateral pile group deflections correspond-
ing to the free-field ground deflections. There are two
case scenarios. The horizontal stiffnesses are taken in
design as the values corresponding to the target deflec-
tion for the pile cap if that target deflection is equal to
or greater than the free-field deflection computed by
SHAKE (Case 1). If the computed free-field deflection
exceeds the deflection targeted for design, the stiffness
is evaluated based on the assumption that the pile-cap
(and therefore pile-head) displacement is equal to the
estimated free-field displacement (Case 2). This deci-
sion process allows for approximate consideration of
inertial loading (Case 1) and kinematic loading (Case 2).

The linear superstructure analysis is then performed using
the resulting stiffnesses at the connection between the col-
umn and the pile cap, and the connection deformations are
compared with the target deformations from which the pile
stiffnesses were developed. If deformations are approximately
equal, the computed pile group stiffnesses are satisfactory. If
not, they are modified according to the computed values of
deflection, using the design tables, and a revised superstruc-
ture analysis is made.

Norris (29) questions the use of standard p-y criteria for
developing lateral stiffness terms for the individual piles, cit-
ing the fact that pile shape and the presence of the pile cap may
affect the p-y curves. However, he states that the effects of soil
degradation and pile-soil-pile interaction may have a greater
effect than do the pile shape and surface conditions; it was
therefore considered reasonable from a design perspective to
use the p-y approach in the research described here.

The WashDOT method also provides normalized bending
moment and shear diagrams for typical piles for each of the
cases considered. If analysis beyond this step is not required,
these diagrams can provide the basis for checking the ade-
quacy of structural capacity of the piles.

For major structures, however, AASHTO requires that
the ductility of the structure be shown to be adequate under
extreme event loading; this includes the ductility of the foun-
dation system. Methods for performing a ductility evaluation
are documented in the interim report (13). The computer
code FLPIER (the Florida Pier program), developed during
the current research project, has the capability of performing
a ductility analysis of the substructure.

The p-Multiplier Method. In lieu of using dynamic or sta-
tic soil stiffness reduction factors based on elastic solutions,
as was done in the development of the WashDOT procedure,
PoLam et al. (24) now recommend that pile groups be mod-
eled by applying p-multipliers, ρ, which are defined in Fig-
ure 2, of 0.5 to static p-y curves for piles or drilled shafts in
cohesionless or cohesive soils to reflect both group action



(i.e., stress overlaps) and cyclic degradation of soil around
the piles for seismic loading in deposits that do not liquefy.
This can be a simple alternative to the explicit PMB Engi-
neering, Inc. method described previously. In addition, this
factor takes into account the effects of stress overlaps that
occur among the piles in a group because of loading of neigh-
boring piles. Table 2 summarizes typical p-multipliers that
are used presently for static analyses of pile groups (32,
p. 223; 33). On the average, these values are quite close to
the value of 0.5 recommended by PoLam et al., indicating
that for dynamic, cyclic loading, the combined effects of soil
degradation and temporary strength and stiffness gain caused
by radiation damping approximately offset one another.

PoLam et al. (24) also conclude that the effects of pile-
head fixity, variations in bending stiffness in the piles during
lateral loading, scour, soil liquefaction, and the formation of
gaps between piles and soil during cyclic loading are major
issues that need to be considered in pile-group design. That
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is, the use of p-multipliers is only one detail that is significant
in the design of laterally loaded pile groups.

Alternative Analysis Methods. Alternative methods for
the analysis of laterally loaded pile groups are used by some
consultants to state DOTs (13). Some of these methods, like
the WashDOT method, take account of the effects of stress
waves that are generated in the soil by laterally vibrating
piles on the stiffness of their neighboring piles. These waves
in theory can affect both the stiffness and damping in the soil
supporting a given pile in the group. Current practice, how-
ever, generally concedes that these effects are small for
extreme event loading, in which considerable energy is dis-
sipated through hysteresis rather than through radiation,
because only radiation produces stress waves. The model
that is proposed in this report does not directly consider stress
wave interaction effects.

Liquefaction. In the event that soil in the free field is
determined through separate geotechnical analysis to have
the potential to liquefy during a loading event such as an
earthquake, PoLam et al. (24) recommend that p-multipliers
smaller than 0.5 be used. Such values would come from the
evaluation of the strength loss in the soil from free-field pore
pressures. Some guidance on these factors is available through
small-scale centrifuge experiments on the behavior of piles
in liquefied soil (see Dobrey et al. [34] or Wilson et al. [35]
as examples). Ashford and Rollins (36 ) conducted very
informative large-scale, slow-cyclic, field lateral-load tests
on single piles and pile groups within zones of liquefied sand
(which was produced by controlled blasting). For a four-pile
(2 × 2) group of free-headed, 324-mm-diameter steel pipe
piles in liquefied soil, the lateral stiffness of the group on the
first cycle of loading was reduced to a value of about 0.2
times its stiffness in the same soil prior to liquefaction. For a
nine-pile (3 × 3) group of the same piles, the lateral stiffness
of the group in the liquefied soil on the first cycle was
reduced to about 0.15 times its stiffness in the same soil mass
before liquefaction. These data suggest, as PoLam et al. indi-
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cate, not only that liquefaction has a profound effect on lat-
eral stiffness of the soil-supporting piles in groups, but also
that such stiffness does not decrease to zero.

The analysis method that will be pursued in this report,
which is based on the p-y method, will not explicitly consider
liquefied soils. The information from the Chi-Chi earthquake
and similar studies has indicated that far less than half of the
damaged foundations and superstructure damage resulting
from excessive foundation movements occurred in liquefied
soils. However, soil strength in the proposed method can be
degraded, and p-multipliers can be modified empirically to
account for the designer’s best estimate of loss of soil sup-
port because of liquefaction.

Axial Pile Stiffness Modeling. Proper modeling of axial
pile response is very important in the analysis of laterally loaded
pile groups. Lateral forces applied to the superstructure mobi-
lize axial loads in piles in two ways. First, the forces produce
moments about the pile cap that produce rotation of the cap and,
therefore, axial compression and tension thrusts in the piles.
Second, even if the resultant of loads passes through the cen-
troid of the pile group, any lateral component will cause the cap
to translate. If the piles are fixed into the cap with any degree
of fixity, “fixing” moments will be produced at the pile heads
that will cause the cap to rotate, thus inducing axial thrusts in
the piles. The extent to which such cap rotation can produce
axial thrusts depends on the axial stiffness of the piles (37). In
turn, these axial forces affect the pile-head moments, which
affect the lateral response (i.e., stiffness) of the pile group.

Norris (29) stated that the axial stiffness of piles is differ-
ent in compression and uplift so that when a pile group rotates
under extreme lateral loads, the center of rotation migrates
because the piles acting in compression have a different axial
stiffness than those acting on the uplifting side of the group.
One-half cycle later, the piles that were in compression go
into uplift and vice versa, which causes a shift in the location
of the axis of rotation. If the migration of the center of rota-
tion is not taken into account in the analysis, the motion of the
pile group and the loads on the piles will be computed incor-
rectly. This is not easily done in a Step 1 analysis unless the
method used in the analysis can incorporate different values
of stiffness for axial compression and uplift loading. Most
current design procedures ignore this effect, and many ignore
axial stiffness altogether.

Summary

The realization that nonlinear structural and soil behavior
affect the stiffness of laterally loaded pile groups during
extreme events, which in turn affects the response of the
structure, suggests that an improved, user-friendly, nonlinear
model should be developed and employed for designing lat-
erally loaded pile groups for DOT structures in the future.
That development and employment effort was the overall
goal of this research project. Because of the successful expe-
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riences of designers of offshore structures in the use of the 
p-y method, the p-y method was selected as the basis of non-
linear soil modeling for the pile-group-superstructure analy-
sis method that was developed for this project. In order for
that method to improve practice significantly, it must have
the capability of simulating yielding of piles during the ex-
treme event being modeled and simulating the effects of axial
loads in piles in the group on lateral behavior, and, per the
recommendations of Bardet et al. (12), it should permit loads
to be applied to the pile-structure system through the soil. It
will be possible to model liquefaction implicitly and empiri-
cally through user-supplied modifications to the p-y curves;
however, the computational model will not be developed to
analyze the effects of laterally spreading ground.

In order to facilitate the use of this computational model, or
similar models that now exist that could conceivably be used
for the same purpose, it was desirable to develop a means of
defining p-y curves and correction factors for p-y curves to
take account of group action, dynamic loading, and similar
effects. That was a major effort in this research project. The
p-y curves and correction factors such as p-multipliers were
developed through a combination of analytical modeling and
full-scale dynamic field testing, and a means for deriving such
factors on a site-specific basis was also devised.

RESEARCH OBJECTIVES

The underlying objective of the research reported herein
was to advance the state of design-level practice for laterally
loaded pile groups, with a strong focus on extreme-event load-
ing by using and improving upon the current concepts that
were described in the previous section. Specific objectives
were as follows:

1. Determine experimentally the effect of method of pile
installation on p-multipliers.

2. Determine appropriate p-y curves analytically, includ-
ing damping factors and p-multipliers for harmonic,
dynamic loading.

3. Develop a specific, user-friendly numerical model for
static and dynamic loading of pile groups. This model
will incorporate the capability of using the dynamic p-y
curves and p-multipliers from Objectives 1 and 2 and be
capable of modeling (a) extreme nonlinear structural
behavior of the piles within the group and full or partial
restraint at the pile heads; (b) loading of the piles through
the pile cap (as for ship or ice impact loading) and from
the pile cap (as for feedback from seismic loading of the
foundation); (c) loading of the piles kinematically by
the seismically excited soil; and (d) the presence of bat-
ter piles in the group.

4. Design, develop, and deploy a reusable pile group that
can be installed at various sites by state DOTs to deter-
mine directly site-specific and pile-type-specific dyna-
mic stiffness, site-specific and pile-type-specific dynamic
p-y curves and p-multipliers, or both.



5. Perform repetitive impact loading tests upon the pile
group (i.e., Objective 4) at two geologically diverse sites
and with two geometric configurations for the purposes
of evaluating the performance of the group piles and
other features of the portable system, and derive experi-
mental p-y curves and p-multipliers from those tests.

These objectives address the recommendations of the report
by Bardet et al. (12), except for providing a better understand-
ing of the behavior of laterally loaded pile groups in liquefied
soil and the means for modeling the effects of laterally spread-
ing soils.

RESEARCH APPROACH

The research objectives were accomplished by performing
the following tasks:

1. Reviewing the literature on design and analysis of lat-
erally loaded pile groups.

2. Reviewing the state of the practice in designing later-
ally loaded pile groups for extreme events, and devel-
oping an initial design for the reusable pile group
referred to in Objective 4 in the preceding section.

3. Writing an interim report covering Tasks 1 and 2 (13).
The salient points in the interim report, except for the
design of the reusable test pile group, are summarized
in the introduction to Chapter 1 of this report. Drawings
of the reusable test pile group are provided in this
report.

4. Selecting and testing a numerical model that can be
modified to meet Objective 3. Use that model to infer
p-multipliers for new static lateral loading tests on pile
groups—for example, a set of massive group tests con-
ducted recently in Taiwan. The model chosen was
FLPIER, developed at the University of Florida, which
employs a time-domain analysis of a pile-soil-cap-pier
system.

5. Modifying FLPIER to include dynamic loading. The
modifications are illustrated in Figure 3. Included in the
FLPIER modification are two capabilities. The first is
the capability to excite the piles by exciting the supports
of p-y curves according to time histories of free-field soil
motion predicted off-line by SHAKE (28) or similar
methods; to include mass effects in the piles, pile cap,
and supported pier; and to include nonlinearity and hys-
teretic damping in the p-y curves (i.e., soil) and the M-Φ
relations (piles and other structural elements). The sec-
ond is the capability to model the development of gaps
both in the soil adjacent to a pile after lateral movement
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of the pile has thrust the soil away from the pile and in
the piles, in which, for example, cracks in concrete piles
may need to be closed before the section can begin to
develop a higher resisting moment. Test the modified
version of FLPIER against well-controlled experiments,
and validate it against ADINA, a well-known, compre-
hensive finite element program (38).

6. Performing field load tests with the reusable pile group.
First, construct an instrument and calibrate the piles;
then, construct a portable cap (i.e., frame). Second,
select sites for testing. The sites chosen were the U.S. 17
bypass over the northeast Cape Fear River, near Wilm-
ington, North Carolina (which is a soft-soil location),
and the Spring Villa National Geotechnical Experimen-
tation Site near Auburn, Alabama (which is a stiffer-
soil location). Third, conduct the load tests by per-
forming static and Statnamic® load tests on single
reference piles and then upon the test groups. Stat-
namic tests applied a single-direction impulse load
through an increasing sequence of load amplitudes.
Fourth, reduce and analyze the test data to infer 
p-y curves and p-multipliers under repeated impulse
loading (for use in FLPIER or similar software), and
comment on the future use of the portable pile group
for site-specific testing.

7. Developing the final report (i.e., this document).
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INTRODUCTION

The findings for this research are given in detail in Appen-
dixes A–F. This chapter provides a summary of those findings.

EFFECT OF INSTALLATION METHOD 
ON p-MULTIPLIERS

Current typical modifications for p-y curves for group
action using p-multipliers were reviewed in Table 2. These
factors were developed from analysis of full-scale pile group
tests and from centrifuge tests on pile groups. They modify 
p-ycurves on a row-by-row basis, rather than on a pile-by-pile
basis, mainly because analysis of test results did not yield a
clear pattern of shear resistances among the individual pile
heads within any group, but it did reveal clear patterns of
average head shears on each row, from leading to trailing.
Trailing rows tend to attract less load than do leading rows
because the strength of the soil mass against which a trailing
row of piles pushes has been reduced by the movement of the
piles in a leading row away from that soil mass. This physical
effect is not reflected in elastic solutions for pile-soil inter-
action without artificial manipulation of elastic constants for
the soil, but it is directly reflected in the p-multipliers.

One factor that may affect the values of p-multipliers is the
manner in which the piles are installed. For example, the
installation of a group of bored piles tends to reduce the effec-
tive stresses, and thereby the strength and stiffness, in soils
surrounding piles already in place. For driven piles, the oppo-
site effect may prevail. The values in Table 2 do not reflect
installation method. During the performance of this research
project, the research team had the opportunity to acquire and
analyze data from a major static lateral pile group testing pro-
gram in predominantly loose to medium-dense silty sand; the
testing program was conducted for the Taiwan High Speed
Rail Authority near the city of Chaiyi, Taiwan. Details of the
test program and soil conditions are given in Appendix A.

Two pile groups were installed and tested as illustrated in
Figures 4 and 5. The first group (Figure 4) was a group of 6
(3 × 2) bored piles 1.5 m in diameter. The second group (Fig-
ure 5) was a group of 12 (4 × 3) driven, circular displacement
piles 0.8 m in diameter. The spacing in both groups in both
directions was three-diameter on centers. Companion, iso-
lated piles were also installed adjacent to the test groups to

serve as references. Because of the manner in which the group
piles were attached to the pile caps (i.e., thick, cast-in-place
reinforced concrete caps), the bored piles were considered as
being fixed (i.e., having full moment connections), while the
driven piles were considered as being pinned to the cap.

In both groups, the installation order was generally from the
leading row (i.e., first) to the last trailing row (i.e., last), although
there were some variations in this pattern (see Figures 4 and 5
for documentation of installation order). After all of the group
piles were installed, but before they were loaded, cone penetra-
tion tests (CPTs) and dilatometer tests (DMTs) were performed
in the soil between the group piles and compared with the CPT
and DMT readings before the piles were installed. These tests
indicated that in the zone in which lateral soil response is impor-
tant, installation of the bored pile group generally caused the
strength and stiffness indicators to decrease, while the opposite
observation was made of the driven pile group.

Site-specific p-y curves were determined through back-
analysis of the results of the lateral load tests on the reference
piles, using the computer code LPILE (25). These p-ycurves
then were input into an early (i.e., static) version of FLPIER
(33), and the deformations of the group caps were predicted.
The version of FLPIER that was used had the capacity to
model nonlinear structural behavior in the piles.

Meanwhile, the group caps had been loaded to a maximum
load of 1000 metric tons (1,100 tons) each by one-way jack-
ing, and the deformations of the pile caps and individual piles
were measured. The loads were applied as ground-line shears
in several increments of increasing load, with unloading after
every increment.

The predicted and measured load-deformation relations did
not match without modification of the p-ycurves that had been
developed for single piles at the site. p-Multipliers had to be
applied to both sets of p-ycurves (i.e., bored and driven piles)
in order for an acceptable match in predicted and measured
results to be obtained. These p-multipliers were quite different
for the bored and driven pile groups—lower for the bored piles
than for the driven piles, which reflects, at least qualitatively,
the changes in CPT and DMT readings observed in the soil
within the groups before they were loaded. The values for the
p-multipliers that were required to affect acceptable matches
in load-deformation behavior are shown in Table 3.

On average, the p-multipliers for the bored pile group were
slightly lower than those recommended by Peterson and

CHAPTER 2

FINDINGS
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Rollins (32) or by FLPIER (33). As for the other methods,
the p-multipliers were found to be larger for the first row than
for the subsequent trailing rows. For the driven pile group,
however, the p-multipliers were higher on average than those
recommended by Peterson and Rollins or by FLPIER. This
may have been caused to some extent by the fact that the 
driven piles were modeled as pinned-headed. Had they been
modeled as having partially restrained heads at the level of
the pile cap, the p-ycurves that would have been required to
match the measured behavior would be softer, and the p-
multipliers, therefore, would be lower. There was no evidence
in the test results, however, that the piles were restrained by
the pile cap.

It can be concluded from the Chaiyi tests that lower 
p-multipliers should be used in loose to medium-dense cohe-
sionless silty sand for modeling groups of bored piles rather
than for modeling groups of driven, displacement piles, in the
general pattern shown in Table 3. Further research on this
issue is warranted. This effect may not be true at sites at which

cohesion exists in the granular soil. It is also noted that the
p-multipliers for these very large-scale static tests were in the
general order of magnitude of the p-multipliers that PoLam
et al. (24) recommend for seismic analysis of laterally loaded
pile groups.

ANALYTICALLY DERIVED p-y CURVES 
AND p-MULTIPLIERS

The development of p-y curves and p-multipliers for
dynamic (e.g., seismic) loading involved several sub-studies,
which are documented in Appendix B.

Kinematic Loading of Pile Groups

First, in order to investigate the effects of kinematic loading
(i.e., loading of the piles by the soil) versus inertial loading
(i.e., loading of the piles from inertial feedback from the super-
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structure), single piles and pile groups embedded in soil were
modeled using the computer code ANSYS (39) by imposing
seismic motion from a simulated bedrock base located either
at the elevation of the pile toes (simulating socketed piles) or
below the elevation of the pile toes (simulating floating or
“friction piles”). ANSYS is a three-dimensional finite ele-
ment code that permits the use of nonlinear soil stiffness,
including damping and gapping between the soil and the piles.
The piles had mass, but supported no superstructure with mass
or stiffness when modeling only kinematic action.

The salient results of this sub-study were that

• Pile-head response resembles free-field response at low
predominant earthquake frequencies;

• Pile-soil-pile interaction (pspi) is not important in the fre-
quency range of interest for seismic loading (0–10 Hz);
and
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• Based on limited evidence, pspi is important in the fre-
quency range of interest for seismic loading (0–10 Hz)
when inertial feedback occurs, but pspi appears not to be
dependent on the frequency of loading in this frequency
range.

Inertial Loading of Pile Groups

Inertial (i.e., pile-head) loading of both individual piles
and pile groups under harmonic conditions was analyzed
using a computational model addressed in an article by El
Naggar and Novak (40). A schematic of that model is shown
in Figure 6. Hysteretic, hyperbolic p-ycurves are used in the
near field, in the vicinity of the pile, to capture the nonlinear
stiffness of the soil and the hysteretic energy dissipation that
occurs in the soil near a pile. This stiffness model is placed
in parallel with a damper, which is frequency dependent. The

(b) Order of installation for driven piles in test group. 
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soil in the far field, away from the pile, is modeled by a sep-
arate linear spring and dashpot to represent the stiffness of
the soil in the far field (which, in a group, is the soil between
piles) and its radiational damping characteristics. The stiff-
ness and damping parameters were evaluated from methods
referenced in Appendix B. The piles were modeled with a
numerical version of the dynamic bending stiffness equation.
The piles remained elastic, had mass, and, for computational
purposes, were circular and vertical.

The basic near-field soil stiffness relation was taken to be
the static p-y curve recommended by the American Petro-
leum Institute (41). Both clay criteria and sand criteria were
used to develop these curves. The soil and computational
models were validated by modeling Statnamic tests on piles.

Using the computational model, dynamic p-y curves were
developed for a typical single pile in clay and sand profiles.
Soil parameters and pile properties used in the various runs are
documented in Table B-1 of Appendix B. Cyclic degradation
of the soil was permitted using the Idriss δmethod (see Appen-
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dix B), and gapping was modeled. The pile was considered to
be a solid circular pile with mass. Results (after five cycles of
harmonic pile-head loading at various frequencies) are repre-
sented by Figure 7 (i.e., soft clay) and Figure 8 (i.e., medium-
dense sand). The dynamic p-ycurves were stiffer and stronger
than the static p-ycurves.

Simplified Dynamic p-y Expressions

The dynamic, single-pile p-y curves were fit with an ana-
lytical expression, which appears to be valid for soft to stiff
clay and loose to dense sand. That expression is given in
Equation 3.

where
pd = dynamic value of p on the p-y curve at

depth x (e.g., in N/m);
ps = corresponding reaction on the static p-y

curve at depth x (N/m);
ao = frequency of loading, expressed in dimen-

sionless terms ωro/Vs;
ro = pile radius equals D/2 (m);
ω = circular frequency of loading equal to 2πf,

where f equals the actual frequency of
loading (rad/s);

y = lateral pile deflection relative to the soil at
depth x, when the soil and pile are in con-
tact (m); and

D = pile diameter (m);
α, β, κ and n = constants determined from curve fitting

Equation 3 to the dynamic p-ycurves such
as those shown in Figures 7 and 8. Values
are given for various soil types in Table 4.
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Average 0.40 0.63 0.47 0.43 (0.50)1 0.25 0.64

1 Value is 0.2 for a 4-row group and 0.3 for a 3-row group; average is 0.43 for a 4-row group and 0.50 for 3-row group.  

TABLE 3 p-Multipliers for Chaiyi lateral group load tests
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Figure 6. Schematic of model used for deriving dynamic
p-y curves and p-multipliers.
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The fitted expressions are shown as dotted lines in Fig-
ures 7 and 8.

Equation 3 can be separated into two parts: a secant stiffness
that is exactly equal to the secant stiffness to the static p-y
curve at a given value of y and a damping term that is used to
multiply the lateral velocity of the pile at depth x. That is,

where

k = secant modulus to the static p-y curve at pile deflec-
tion y,

c = damping value given by Equation 5, and
ẏ = velocity of the pile at the depth of the p-y curve.

The damping constant c is given by

where the factors are as defined previously. This p-y curve
formulation has been incorporated as an option in FLPIER,
which is discussed in the next section and in Appendix C. For
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Figure 7. Static and dynamic p-y curves for soft clay (1-m depth).

Figure 8. Static and dynamic p-y curves for
medium-dense sand (1.5-m depth).



use in FLPIER, or any similar program, ωcan be taken as 2π
times the predominant frequency of the earthquake for which
the foundation is being designed, not to exceed 10 Hz. The
dynamic p-y curve expressions, Equations 4 and 5, are most
accurate for ao > 0.02 because the plane strain dynamic stiff-
ness model used to develop the far-field stiffness terms tends to
become inaccurate as static conditions are approached (ao = 0).

Dynamic p-Multipliers

p-Multipliers for dynamic pile-head (i.e., inertial) loading
were developed using the model described by El Naggar and
Novak (40) by comparing the response of two identical par-
allel piles at a given center-to-center spacing, S,with that of a
single pile under comparable harmonic, pile-head loadings. In
this set of computations, only sand p-ycurves (loose, medium,
and dense) were used as backbone relationships. Nonlinear
near-field soil behavior, gapping, and soil degradation were
modeled, but the piles remained linear. The dynamic p-ycurve
p-multiplier is expected to depend upon several parameters,
indicated in Equation 6 below, in which θ is the angle between
the direction of movement of a pile for which p-y curves are
being computed and a line connecting the center of that pile
with the center of a neighboring pile that influences the stiff-
ness and strength of the soil surrounding the pile for which
p-ycurves are being calculated.

The analytical work did not directly address the effect of θ;
however, preliminary analyses indicated that θ had only a

p f S D y D a-multiplier = ( ), , , ( )0 6θ
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small effect on the p-multiplier. That is, group interaction for
two side-by-side piles with this model was similar to that for
two in-line piles at a comparable spacing, and the p-multiplier
was not strongly dependent upon direction of loading. That is,
the p-multiplier for the effect of a leading pile on a trailing pile
was about the same as for the effect of a trailing pile on a lead-
ing pile. The effect of direction of loading was not strong—
the p-multipliers were determined after five cycles of loading,
after which the model could not distinguish “shadowing” in a
trailing pile from “plowing” in a leading pile.

The p-multipliers that were obtained for a medium-dense
sand using this model are shown in Figure 9 for several values
of dimensionless spacing, S/D,dimensionless displacement,
y/D, and dimensionless frequency, ao, for in-line loading (θ =
0). The soil and pile properties were identical to those used to
obtain the dynamic, single-pile p-y curves (Figures 7 and 8)
and are given in Table B-1 of Appendix B.

Figures similar to Figure 9 for loose and dense sand are
shown in Appendix B. The values for the dynamic p-
multipliers vary very little among loose, medium, and dense
sand profiles. It is also clear by comparing the various pan-
els in Figure 9 that the p-multipliers are almost independent
of the frequency of loading. To date, similar factors have not
been developed for clay soils.

The p-multipliers were developed through a series of analy-
ses of two interacting piles with varying spacing and varying
frequency. Varying values of y were produced by varying the
amplitude of applied load. The manner in which the derived 
p-multipliers can be used to analyze a pile group under seismic
or impact loading is illustrated in Figure 10. For any given pile,
its p-multiplier is obtained by successively multiplying the 

SOIL TYPE DESCRIPTION α   N 

 ao < 0.025 ao > 0.025 
Soft clay Cu < 50 kPa 

Vs < 125 m/s 
1 –180 –200 80 0.18

Medium clay 50 < Cu < 100 kPa 
125 < Vs < 175 m/s 

1 –120 –360 84 0.19

Stiff clay Cu > 100 kPa 
Vs >175 m/s 

1 –2900 –828 100 0.19

Medium-dense sand 
(saturated) 

50 < Dr < 85 % 
125 < Vs < 175 m/s 

1 3320 1640 –100 0.1
 

Medium-dense sand 
(unsaturated) 

50 <Dr < 85 % 
125 < Vs < 175 m/s 

1 1960 960 –20 0.1

Dense sand 
(saturated) 

Dr > 85 % 
Vs > 175 m/s 

1 6000 1876 –100 0.15

*(D = 0.25 m; L/D = 40; 0.015 < ao = ωro/Vs < 0.225 ); 
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Figure 9. Dynamic p-multipliers versus pile-head displacement for medium-dense sand.

Figure 10. Calculation of dynamic p-multiplier for typical pile 
in group.



p-multipliers for surrounding piles (not to exceed a spacing of
six diameters) together. θ is not considered in the determina-
tion of the p-multiplier; however, the p-multiplier is dependent
on pile displacement, y, especially at close spacings. In theory,
therefore, the computer code that uses these p-multipliers must
vary the p-multiplier according to the computed lateral pile
displacement. However, the dynamic p-multiplier can be eval-
uated approximately as a constant at the target value of pile-
head (i.e., soil-surface) deflection for practical purposes.

The analytical results, which show very little dependence of
the p-multiplier on θ, along with the observation that seismic
motion is multidirectional as indicated in Figure 10, suggest
that an acceptable approach to analysis of laterally loaded pile
groups using the p-y method with p-multipliers would be to
calculate the average p-multiplier from among all piles in the
group and to use that average p-multiplier for each pile in the
group when executing FLPIER or similar numerical models.

It is of value to compare the dynamic p-multipliers given in
Figure 9 with the static p-multipliers obtained from the large-
scale pile group tests at the Chaiyi site in Taiwan. The com-
parisons are made in Table 3. For the bored pile group, the
dynamic p-multipliers were determined at a value of y cor-
responding to 20 mm, the largest value measured at the cap
elevation in the load test, and for a value of ao = 0.06. This cor-
responded to y/D = 20/1500 = 0.013, which might reasonably
be taken as a lower bound to the limiting deflection of this
group in an earthquake. Much larger deflections were achieved
in the driven pile group, and the limiting deflection for seismic
action for the purpose of computing the p-multipliers was arbi-
trarily set at 60 mm (y/D = 60/800 = 0.075). Again, ao = 0.06
was assumed (although very similar values would have been
obtained for ao varying from 0.02 to 0.12). It is observed in
Table 3 that the dynamic p-multipliers were somewhat lower
than the static values determined from the load test on the lead-
ing two rows and were somewhat higher on the trailing two
rows. However, the average values were nearly equal. Because
the p-multipliers in Figure 9 are relatively constant beyond
y/D = 0.075, it can by hypothesized that the average static
p-multiplier that is measured in static load tests such as the
ones performed at Chaiyi is a reasonable approximation of the
average dynamic p-multiplier in soil that can be characterized
as a medium-dense to loose sand at relatively large pile dis-
placements that may occur in a severe extreme event. For the
bored pile group, the match of average p-multipliers was not
as close. This difference may be because the physical piles
were much larger than the piles modeled analytically on an
absolute scale basis (D = 1500 mm versus D = 250 mm).

FLORIDA PIER (FLPIER[D])

A computational model for the nonlinear dynamic analy-
sis of pile groups, group caps, and supported superstructures
was produced as part of this research project. The computer
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code is called FLPIER(D). FLPIER has been developed to its
current state through a 10-year evolutionary process under
sponsorship of the Florida DOT, FHWA, and NCHRP. In
developing the current dynamic version of FLPIER, special
attention was given to nonlinear modeling of the reinforced
concrete members of the pile-cap-pier system as cracking
and yielding occur during a seismic or impact event.
FLPIER(D) also includes nonlinear soil response in the axial
and lateral directions along all piles in the system using p-y
curves and t-z curves (see Figure 3) and has the provision for
specifying the parameters for the simplified dynamic p-y
curves that are described in the previous section and p-
multipliers that are selected by the user. Although explicit
values for dynamic p-multipliers based in Figure 9 are not
determined internally in FLPIER, the user can select values
from Figure 9, based on pile spacings and target deflections,
and input the values into the code. It should be noted that the
dynamic p-multipliers in Figure 9 have only been developed
for sand profiles (i.e., soils whose initial stiffness increases
in proportion to depth). The applicability of these factors to
clay sites is unknown.

The material models and general computational methods
used in FLPIER are documented in Appendix C. FLPIER
runs in a Windows® environment and was written in such a
way that it can be used readily by designers. For information
on obtaining copies of the code and instructions for its use,
the reader should contact the Bridge Software Institute at the
University of Florida (www.ce.ufl.edu/∼ bsi/).

One potential advantage of FLPIER(D) (i.e., the dynamic
version of FLPIER) is that it is capable of modeling the soft-
ening effects that occur in any component of the soil-pile-
cap-pier system as an impact or seismic event progresses. By
appropriate future application of FLPIER(D) (to model the
nonlinear dynamic behavior of the soil-pile-cap-pier system),
FLPIER(D) can be used iteratively with other computer codes
that model the nonlinear behavior of the detailed superstruc-
ture and adjoining bridge piers. By using this simulation
method in the design approach, it will not be necessary to
compute the feedback loads on the pile caps computed in a
linear modal analysis of the superstructure and to divide those
loads by a factor (in the range of 1.5 to 5), as is currently
done, to reflect structural nonlinearity before analyzing the
piles structurally. Because both the foundation-pier program
(FLPIER[D]) and a nonlinear superstructure program will
capture nonlinear effects (cracking, yielding, and plastic
hinges), the loads that are determined to occur in the piles
will be the correct ones to be used for structural detailing.

However, FLPIER, as well as other appropriate computer
pile foundation codes, can be used in the current two-step de-
sign process to compute displacement- and velocity-dependent
pile group stiffness for use in analyzing the supported struc-
ture in a modal analysis process (i.e., Step 1). The forces and
moments computed at the column–cap connection by modal
analysis of the structure can then be reduced by the appropri-
ate structural ductility factors and applied back to the founda-



tion, using FLPIER to compute the axial thrusts, shears, and
bending moments in all of the piles to permit structural detail-
ing in such a manner that appropriate ductility will be pro-
vided. The simplified dynamic p-y model for laterally loaded
pile groups described in the previous section and the dynamic
p-y curves and p-multipliers inferred from the full-scale test
data reviewed in the following section are intended to improve
the accuracy of FLPIER, or other nonlinear foundation analy-
sis software, for the purpose of this design application.

The version of FLPIER(D) that has been developed for
this project contains the following specific improvements
relative to earlier versions of FLPIER:

• A fiber model for modeling nonlinear bending of re-
inforced concrete cross sections, including hysteresis
with gapping in cracked regions;

• Distributed mass models for the piles, cap, and pier for
modeling dynamic loads;

• The facility to impose dynamic loads at the level of the
pile cap or motion time histories at some prescribed ele-
vation in the soil, usually the top-of-rock elevation, for
which the acceleration time history is either known or
can be estimated for a given design seismic event;

• The capability to input estimated ground acceleration
time histories into the piles within the pile group at the
support points of all p-y curves (equally in all piles);

• Extension of the existing p-y models for the soil to con-
sider unloading and gapping, to include effects of radia-
tion damping through user-prescribed values of a dashpot
constant attached in series to each p-y curve (e.g., Equa-
tion 5), and to include forced movement of the reference
points (i.e., supports) for the family of p-y curves needed
to implement the algorithm for Equation 4; and

• The specific formulation for p-y curves under dynamic
loading given in Appendix B.

None of the p-y models currently implemented in
FLPIER(D) explicitly considers soil liquefaction or lateral
spreading of ground resulting from liquefaction.

FLPIER(D) was validated against a sophisticated finite ele-
ment code, ADINA (38), for the case of linear piles and non-
linear soil. Details are provided in Appendix C.

Application of the new version of FLPIER(D) to structural
load tests reported in the literature indicates that the proposed
model for concrete is in reasonable agreement with a number
of reported test results. Several comparisons of predicted and
measured nonlinear structural behavior are thoroughly doc-
umented in Appendix C. A “fiber” model incorporated into
FLPIER(D) (see Figure 3) to consider nonlinear bending and
hysteresis in reinforced concrete seems to be effective in mod-
eling steel as well as circular and square reinforced concrete
sections.

It is clear from laboratory test results that are reviewed in
Appendix C that anchorage slip of reinforcement is an impor-
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tant concern when analyzing reinforced concrete members
under cyclic loading, which is typical in earthquakes. Anchor-
age slip is not explicitly included in the reinforced concrete
model for FLPIER(D); however, it is shown in Appendix C
that it is possible to model anchorage slip effects by decreas-
ing the values of the moduli of elasticity for both concrete and
steel. The reduced-modulus model can be calibrated for a spe-
cific structure by performing physical tests for different struc-
tural sections and by adopting the corrected value for the mod-
uli of elasticity in the analytical model. Others performed
physical tests on rectangular-shaped cross sections under var-
ious modes of loading. Those tests are modeled numerically in
Appendix C, and the same values of corrected moduli of elas-
ticity for steel and concrete gave the best results for each test
on a given section, showing that anchorage slip is a function
of the cross-sectional details rather than of the type of loading.

A concrete gap was introduced into the fiber model to repli-
cate the stiffness degradation of the section. This appeared to
work very well when compared with cyclic load tests on re-
inforced concrete members. However, it is clear from the hys-
teresis diagrams for all of the tests that a steel model that
includes strain hardening, and possibly cyclic degradation,
should be used in addition to the modeling of anchorage slip.
Strain hardening of reinforcing steel is available as an option
in FLPIER(D).

The dynamic version of FLPIER (i.e., FLPIER[D]) was
used to model two dynamic pile group tests in which soil was
present around the piles (see Appendix C). Although the com-
putational results were generally reasonable, procedures for
specifying the dynamic group effect were not well under-
stood at the time that these tests were modeled, and factors
such as dynamic p-y curves and pspi were modeled arbi-
trarily. However, the approximations for p-y curves that
were made in the analysis of centrifuge tests and full-scale
tests using FLPIER(D) (see Examples 6 and 7, Appendix C)
gave reasonable estimates for the displacements and forces
acting in the structures from very simple soil parameters.

The dynamic field tests described in the next section of this
chapter and in Appendixes D, E, and F provide additional
insight into modeling the dynamic group effect. These new
field tests were performed in parallel with the development
of the new version of FLPIER(D), and analysis of these new
test results using FLPIER(D) (documented in the following
section) provided valuable guidance in modeling dynamic
group effects.

FIELD TESTING PROGRAM

Objectives

The major effort in this research project was the perfor-
mance of field tests on full-scale, instrumented pile groups at
two sites in the United States in order to accomplish the fol-
lowing four objectives:



1. Evaluate group effects on lateral soil response against
piles, specifically observing the differences between
group effects that occur during static loading, which are
reasonably well documented, and between those for
large-magnitude dynamic loading, which are not;

2. Measure and assess the effects of the rate of loading on
the lateral response of pile groups;

3. Develop data from these tests in such a way that these
test results can be used to evaluate or provide a basis
for a dynamic model for laterally loaded pile groups
that employs the p-y approach to soil modeling, such as
FLPIER(D) (see Appendix C); and

4. Develop and evaluate the benefits of a reusable pile
group for possible applications at future field test sites.

In order to accomplish these objectives, a group of instru-
mented steel pipe piles were constructed, complete with a steel
frame that was designed to serve as a both driving template and
loading cap. Thirteen piles were instrumented internally with
strain gauges that were designed to survive and function after
repeated installation by driving and extraction of the piles.
The system worked generally as intended, although the frame
proved to be somewhat time consuming to erect and disman-
tle. The future use of this part of the system will be discussed
in more detail.

The tests completed for this project include both static and
dynamic lateral loading tests at sites with a range of soil con-
ditions, along with static tests on single piles that serve as
controls for comparison of group effects. Static tests were
performed by hydraulic jacking of the instrumented pile
group against a reaction foundation. Dynamic tests were per-
formed by using the Statnamic loading system to impart a
sequence of rapid load pulses against the test group. Tests
were performed at two locations at each of two sites.

Overview of the Load Testing Program

The first of the two sites was in Wilmington, North Carolina,
at the proposed location of the Cape Fear River Bridge. The
use of the test pile system was incorporated into a design phase
load-testing program with the cooperation of the North Car-
olina DOT (NCDOT). Static and dynamic load tests were per-
formed at a location composed of very soft clay underlain by
sand, and dynamic load tests were done at a second location
with a depth of almost 2 m of water underlain by loose sand.

The second site was near Opelika, Alabama, at the Spring
Villa National Geotechnical Experimentation Site (NGES)
operated by Auburn University. Static and dynamic tests
were performed on pile groups installed at different spacings
between piles in a silty residual soil.

The following is a summary of the lateral loading tests per-
formed for this project:

1. Wilmington static test on 3 (column) × 4 (row) group
at three-diameter center-to-center (3D c-c) pile spacing
in both directions in soft clay;
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2. Wilmington dynamic test on 3 × 4 group at 3D c-c
spacing in soft clay;

3. Wilmington static test on single pile in soft clay;
4. Wilmington static test on single pile over water in

loose sand;
5. Wilmington dynamic test on 3 × 4 group at 3D c-c

spacing over water in loose sand;
6. Spring Villa static test on 3 × 4 group at 3D c-c spac-

ing in silt;
7. Spring Villa dynamic test on 3 × 4 group at 3D c-c

spacing in silt;
8. Spring Villa static tests (at two separate locations) on

single pile in silt;
9. Spring Villa static test on 3 × 3 group at 4D c-c spac-

ing in silt; and
10. Spring Villa dynamic test on 3 × 3 group at 4D c-c

spacing in silt.

The dynamic tests were generally performed by loading the
pile group in the direction opposite to that of the static load-
ing and after the static loading test was completed. Exceptions
were the Wilmington test over water in sand, which did not
have a static load test, and the Spring Villa 3 × 4 group test,
in which the Statnamic loading was performed first, followed
by the static loading in the opposite direction.

In the interest of producing a readable report, the details of
the testing and test results at each site are provided in Appen-
dix D (the Wilmington tests), Appendix E (the Auburn tests),
and Appendix F (the instrument calibrations) of this report.
A summary of the test results is provided in the following
sections of this chapter, along with illustrations and compar-
isons with computational models; these serve to provide a
general sense of the observations and support the conclusions
that are derived from these observations.

Load Testing System and Methodology

The reusable load testing system is composed of the in-
strumented piles, a reusable frame, the loading systems, the
external instrumentation, and the data-acquisition system.
The instrumented piles and frame were constructed explic-
itly for this project. The loading systems (i.e., hydraulic jack
and Statnamic device) were rented, and the external instru-
mentation and data-acquisition system used equipment that
is the property of Auburn University.

Instrumented Piles

The most critical part of the load testing system is the
instrumented steel pipe piles. These piles were selected to be
large enough to represent field-scale piles, with an outside
diameter of 273 mm (10.75 in.) and a length of approximately
12 m (40 ft). The piles had a wall thickness of 12.7 mm (1⁄2 in.)
and a yield strength of approximately 300 MPa (43 ksi) so that
the piles can be loaded repeatedly to relatively large displace-



ments and bending stresses without yielding the piles. The
piles consisted of straight seam pipe rather than spiral welded
pipe so that the fabrication process would have minimal influ-
ence on the instrumentation. All strain gauges were installed
with the seam at 90° from the direction of loading and strain
measurement.

Each of the 13 piles was instrumented with strain sensors
on opposite sides of the pile at various levels. Seven of the
piles were instrumented at seven elevations (i.e., 14 instru-
ments) designed to measure the distribution of stresses along
the portion of the length of the pile likely to be affected by lat-
eral bending stresses; the other six piles were instrumented at
three elevations (i.e., 6 instruments) near the top of the pile.

The strain sensors were constructed using a system of
strain transducers welded to the inside of the pile. The strain
sensors consisted of a square tube approximately 12 mm
wide and 300 mm long that was instrumented on two oppo-
site sides with a pair of electrical resistance strain gauges in
T-rosette configuration on each side. These four gauges com-
posed a single strain sensor, which provided a full-bridge
strain gauge circuit that was stable, automatically thermal
compensating, and unaffected by the resistance of lead wires.
The electrical resistance gauges were used to allow for high-
frequency measurements during dynamic loading; vibrating
wire gauges were not suitable in such conditions.

Each strain sensor was positioned over two alignment holes
drilled into the face of the pile at a distance approximately
200 mm apart at the appropriate elevation, and TIG (i.e., gas
tungsten arc) welded through these holes from the outside
face of the pile. The hole left on the pile face was then filled
with epoxy so that the strain indicator had no effect on the
shape of the pile. These strain sensors were thus entirely
within the enclosed steel pipe and were protected from dam-
age by the soil during installation.

The lead wires for the sensors were routed up through the
pile and attached to a hook inside the pile near the top so that
the lead wires were entirely inside the pile during driving.
The leads were connected to a quick connect–type plug so
that a separate, independent cable could be attached from the
data-acquisition system after completion of pile driving.

At each measurement elevation, a strain sensor was posi-
tioned on each opposite side of the pile, with the sensor posi-
tions aligned with the direction of load. The piles had an exter-
nal marking so that the pile could be aligned properly for a
given loading direction. Because each sensor was a full-bridge
circuit, each one provided a measure of tensile or compressive
strain as a stand-alone device. Bending moments could be
computed from the difference in strain between gauges on
opposite sides, and axial forces could be computed from the
average strain reading from gauges on opposite sides.

The completed piles with internal strain sensors were cal-
ibrated in the structures laboratory at Auburn University.
This calibration was accomplished using a three-point load-
ing system, in which the two ends of the 12-m-long pile were
clamped to the strong floor and the center of the pile lifted
via a cable equipped with a tension load cell. In this manner,
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the bending moment at each gauge location was known, and
the associated strains were compared with the gauge output.
The piles were loaded multiple times in opposite directions
in order to exercise the gauges and to verify that the signal
was repeatable in both compression and tension. Details of
the pile calibration are provided in Appendix F.

It is of interest to note that the gauge calibrations varied
significantly from the theoretical values, with output signals
smaller than anticipated by a factor of as much as 2. The sig-
nals were reproducible, reversible, and otherwise completely
consistent in every case, and the calibration of the load cell
was checked to verify that the calibration process was accu-
rate and reliable. The field measurements of bending versus
depth from the single-pile test results agreed with the
expected trend near the top of the pile after adjustment of 
the sensors for the calibration factors. It is not clear why the
gauge calibrations were variable. It is possible that the weld-
ing of the tubes to the pile on one side of the tube induced
some bending in the tubes so that the strain measured on the
sensor tube was not precisely that of the pipe to which the
tube was attached. This is only a hypothesis for the observa-
tion, however, as the actual mechanism was not known. In
any event, so long as the strain sensor members behave elas-
tically and the measurements are repeatable, this strain mea-
surement system appears to provide reliable data. The strain
sensors on the piles have survived four installations and three
extractions with only a few lost gauges (and these generally
appear to be caused by wire damage near the top of the pile).

Loading Frame and Pile Installation

The steel loading frame was constructed of steel H and
wide flange sections with attached steel cutouts welded to the
frame to provide a guide for each pile. Dywidag bars (i.e.,
high tension–capacity threaded-steel rods) passed through
the frame to allow the frame to be clamped down onto the
piles after installation. Angle steel cross bracing on either
side was provided to add stiffness. A schematic and a photo
of the frame are provided, respectively, in Figures 11 and 12.

For the typical arrangement of four rows of three piles, the
center portion of the frame was erected, and cross braces were
tack welded into position for the two center piles to be driven.
The outside piles on the two center rows were driven next, and
the central portion of the frame was tightened onto the piles
with cross braces welded to the frame in these two bays. The
leading and trailing row members of the frame were positioned
next, and the center piles on these two outside rows were
driven, followed by the four corner piles. Finally, the outermost
frame members were tightened, Dywidag bars were adjusted,
and cross-brace members were welded.

After the first such installation was completed and the sys-
tem was examined and evaluated, the decision was made that
the piles should be tack welded to the frame guides. This
decision was the result of concern that some slippage might
occur if the axial loads in the pile during rotation of the group



24

became high. Without welding the piles to the frame, the
only mechanism available to transfer axial forces through the
frame would be friction at the guide contacts on the top and
bottom of the frame. These guide contacts did not appear to
fit so snugly as to eliminate concern that the axial forces might
exceed the friction available at these points. The welding of
the piles to the frame then required that these welds be cut
and ground upon demobilization of the system; after three
rounds of cutting and demobilization, the pile guides appear
ragged and will need to be refabricated prior to another use.

External Instrumentation

Other instrumentation used during the testing program
included linear potentiometers for displacement measure-

Figure 11. Schematic of loading frame with pile group.

Figure 12. Photograph of loading frame at the
Wilmington site.



ment of the frame, piezoelectric accelerometers mounted on
the frame for measurement of acceleration during Statnamic
loading, and electronic load cells during all static and Stat-
namic loading operations. The potentiometers were mounted
at four different locations on the face of the frame so that the
overall displacements, pitching rotations, and torsional rota-
tions could be determined. Accelerometers were mounted
similarly. During single-pile tests, two potentiometers were
mounted with the lower one at the elevation of the point of
loading and a second one at a higher elevation, so that the
slope of the top of the pile could be determined. Electronic
load cells were used in every case to monitor load, with
backup provided for static tests by observation of fluid pres-
sure in the calibrated hydraulic jack. Details of the instru-
mentation setup and measurement locations for each test are
provided in the appendixes, which describe the specific load
tests. Although each test was arranged similarly, the actual
location of each instrument was measured and recorded for
each individual load test.

Data-Acquisition System

The acquisition of all instrumentation during the testing
was accomplished using a Megadac® data-acquisition sys-
tem. This system provides the needed capability to monitor
more than 100 channels of data at a frequency of up to 2,000
samples/s. The system is controlled using a laptop computer;
data storage on the device is downloaded, using an Institute
of Electrical and Electronics Engineers (IEEE) interface, to
the computer hard drive immediately after completion of the
test. For static testing, the system was typically set to moni-
tor and record all channels of data at an interval of 2 to 10 s.
For the dynamic tests (i.e., Statnamic loading), the system
was set to record each channel at a frequency of 2,000 
samples/s, with a recording trigger off the load cell and stor-
age of 0.5 s of pre-trigger and 4 s of post-trigger data. This
time interval proved more than adequate to capture the pile
group response during the dynamic loading events. Data
stored using the Megadac test control software were exported
to ASCII files for storage and subsequent analysis. Matlab®

software was generally used for data presentation and analy-
sis of test results.

Static-Load Application

Static loads were applied to the instrumented pile groups
using a hydraulic jack with a load cell, pushing between the
test foundation and a reaction foundation. In the case of the
Wilmington Site 1 (i.e., Ratt Island) test, the load was applied
to the back side of the frame by pushing against a beam that
was connected to the reaction foundation via tension cables.
For the Auburn (i.e., Spring Villa) tests, the reaction and test
foundations were pushed apart. In every case, hemispherical

25

bearings were used on either side of the jack to avoid eccen-
tricity in the load cell-and-jack system. Single-pile tests were
performed in a similar manner.

Loads were applied and maintained at increments of load in
order to include 6 to 12 load increments during the load appli-
cation and to define a load-versus-displacement response to
the static loading. At the Auburn site, some unload-reload
cycles were included to measure the stiffness in such applica-
tion. Each load was maintained for a duration of approxi-
mately 5 min. It was difficult to maintain the load precisely by
pumping the jack because smooth application of load in very
precise amounts was not possible. Instead, the pressure valves
from the jack were simply closed, and the creep displacement
and load was monitored. A static test was performed in typi-
cally 1.0 to 1.5 h. The data-acquisition system monitored all
instrumentation and was set to record data every few seconds.

Statnamic Loading

The Statnamic loading method allows for generating large
loads on foundations by “launching” a heavy reaction mass
away from the foundation at an acceleration that can approach
20 g. Figure 13 illustrates the typical test arrangement. The
energy for the test is generated by burning special fuel pellets
in a combustion chamber inside the Statnamic device and
allowing the resulting high-pressure gas to vent at a controlled
rate, which in turn controls the rate at which the foundation is
loaded. The reaction mass is initially set up against the side of
the foundation and imparts a load that ramps up to its maxi-
mum value in a finite amount of time, usually between 0.1 and
0.3 s, and then gradually decreases as the mass is propelled
away from the foundation and physical contact between the
foundation and the reaction mass ceases. The load is not a
sharp impact, but builds rapidly as a function of the gas pres-
sure generated by fuel burning. The Statnamic loading pro-
vides a test that is quick, provides energy in a frequency band
close to the fundamental frequency of the foundation, and pro-
duces significant inertial forces in the system that allows the
determination of dynamic system properties. Successive Stat-
namic loadings with increasing load amplitudes were intended
to approximate roughly the nonlinear soil response against the
piles that would be experienced during a seismic event in
nonliquefiable soils.

Basic Interpretation of Statnamic 
Test Measurements

Because the Statnamic loading involves inertial forces, the
direct measurement of load and the measurements of founda-
tion response must be considered with regard to a dynamic
system. For a simple initial examination of the test data, eval-
uation of the dynamic response of each foundation group
tested with the Statnamic loading device has been modeled



using an equivalent single-degree-of-freedom (SDOF) system.
The dynamic response of a SDOF system is governed by the
following differential equation:

where u″, u′, and u represent the acceleration, velocity, and
displacement of the system, respectively, and define the phys-
ical state of the system at any instant of time, t. F(t) represents
the forcing function vector; actual values of applied force in
the load cell are measured with the data-acquisition system at
a frequency of 2,000 samples/s. M, C, and K are the general-
ized mass, damping, and stiffness coefficients of the SDOF
system. The mass and the damping coefficient are generally
considered constant during a single loading event. Because soil
load-displacement response to lateral loading at large strains is
known to be highly nonlinear, the stiffness coefficient K is
modeled with a nonlinear stiffness term that decreases as a
function of displacement, u within a single loading event.
Equation 7 may also be expressed as follows:

where

Finertia = inertial resistance from effective mass of the
foundation,

Fdamping = effective viscous damping resistance,

F F F Finertia damping static Statnamic+ + = , ( )8

Mu Cu Ku t′′ + ′ + = ( )F , ( )7
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Fstatic = effective static soil resistance, and
FStatnamic = measured force on the Statnamic load cell.

The Newmark-β integration algorithm is used to solve the
dynamic equation of motion numerically. Assuming the accel-
eration varied linearly between consecutive time steps, the
response at any time could be computed using a total force bal-
ance and the state of the system at the previous step. The solu-
tion was implemented using a Matlab program with a graphic
user interface, the input of which consisted of the measured
Statnamic load vector F(t) and the values of the system param-
eters M, C, and K. The response of the system was obtained
by interactively changing the values of M, C, and K until a good
match was observed between the measured displacement time
history (i.e., signals from the displacement transducers) and
the simulated response (which was computed by the model).
The goodness of match between the model response and the
measured response is judged by eye by plotting the time histo-
ries simultaneously on the same graph. In most cases, it is pos-
sible to arrive at a good match between the two with a relatively
small number of trials.

The effective mass M is composed of the total mass of the
pile cap and portions of individual piles that contribute iner-
tially to the response. The latter is usually restricted to the mass
of the piles above the mud line or ground line, but it may vary
slightly depending on the magnitude of displacement and the
degree of nonlinearity of the system. As such, this is the param-
eter that is easiest to define for SDOF analysis. The mass term

Figure 13. Schematic of Statnamic load test.



affects the amplitude and form of the forced-vibration part of
the response (i.e., duration of Statnamic load) and the fre-
quency of oscillation for the post-loading response, in which
the system undergoes damped free vibration.

The numerical value of the viscous dashpot, C, has rela-
tively little effect on the response magnitude during the actual
loading event, but is significant in determining the amplitude
decay and the damped free vibration frequency for post-
loading response. In order to relate C more meaningfully to a
system damping parameter, the damping constant may also be
expressed as a percent of the critical damping Cc as follows:

where ξ = the damping ratio, and

The term C is required to capture all of the rate-of-loading
effects in the soil, which can be considered to result in energy
dissipation in the soil through radiation, the material damp-
ing in the piles and pile cap, and the displacement-dependent
hysteretic damping in the soil. Therefore, while Equations 7
and 8 are useful in visualizing the general performance of a
dynamically laterally loaded pile group, a model, such as
FLPIER(D) (see Appendix C), is desirable to separate these
distinct effects.

The magnitude of the first peak in the simulated displace-
ment time history is sensitive to the value of the effective stiff-
ness parameter chosen, K. The stiffness term also affects the
frequency of damped free vibration at the end of the Statnamic
loading event. K is also used to back-calculate a derived static
load-displacement response, which may be compared with
the load-displacement function obtained from a conventional
static test.

The simple SDOF model has been found to be extremely
useful in comparing the results of Statnamic loading tests with
more conventional static tests and in visualizing the dynamic
and rate-of-load effects that are present during such a test.
This model is described further in Appendix D.

Test Results and Static Evaluation

This section provides a brief overview of the static evalua-
tion of the Statnamic loading tests at each site, followed by an
examination of all of the test data in comparison with the
FLPIER(D) model (see Appendix C). Greater details of the
test measurements are provided in Appendixes D and E. Com-
plete test data are voluminous, but they are available from
Auburn University on CD-ROM.

Wilmington Tests

The test pile program on the Cape Fear River in Wilming-
ton, North Carolina, was the first use of the test piles. Two test

Fdamping = ( ) ′2 10
1

2ξ KM u ( )

ξ = = ( )[ ]C C C KMc 2 9
1

2 , ( )
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areas were identified and used: Test Area 1 was on the shore
of a land area known as Ratt Island, and Test Area 2 was in the
water along the eastern edge of the channel in relatively deep
water. For purposes of this evaluation, Test Area 1 data will be
considered in greater detail because the test provides both sta-
tic and dynamic measurements to large displacements at a soft-
soil site. Test Area 2 included only Statnamic loading, and
the great depth to the mud line resulted in the domination of
the behavior of the pile group by structural characteristics of the
system above the mud line, not soil behavior. At both loca-
tions, the piles were driven at a spacing of 3D c-c, with four
rows of three piles per row. These tests are described in detail
in Appendix D.

Soil Conditions. The soil profile at Test Area 1 (i.e., Ratt
Island) consists of an upper layer of soft organic clay, 2.5 m
thick, underlain by a 7.5-m-thick layer of loose, alluvial sandy
silts and silty sands. Below this layer is a thin layer of very
soft alluvial clay just above the top of a dense, silty sand, con-
stituting the locally termed “Peedee Formation.” The test
piles were entirely within the organic clay and alluvial sand.
Standard penetration test (SPT) values in the upper 6 m were
generally 0, with 11 to 12 blows per 0.3 m (1 blow per foot
[bpf]) in the lower portions of the alluvial sand. Cone pene-
tration (CPT) tip resistance in the organic clay was close to
0 (at the lower limit of the instrument), around 3 to 5 MPa in
the 3-to-7-m depth range, and above 10 MPa below 7 m. Some
pressuremeter tests (PMTs) were performed at this location,
and these data indicate a modulus of deformation of around
2 to 3 MPa in the upper 2.5 m, around 20 MPa for the allu-
vial sand at the 3-to-5-m depths, and around 60 MPa for the
lower portion of the alluvial sand.

Subsurface conditions at Test Area 2 (i.e., the east side of
the river) consisted of 2 m of water depth at high tide and 0.3
to 0.6 m of water depth at low tide. The upper 13.5 m con-
sisted of loose, alluvial silty sands and loose-to-dense sands.
The top of the Peedee Formation was encountered around
elevation −15.5 m. The piles were entirely within the alluvial
sands. These sands had SPT values of 0 to 4 blows per 0.3 m
(bpf) in the elevation range of −2 to −7 m, and in the range
of 10 to 20 blows per 0.3 m (bpf) below. CPT tip resistance
was less than 1 MPa above elevation −6 m and rose steadily
to a value of around 15 MPa at a depth of around −9 m. The
PMT modulus was 3 to 4 MPa in the five tests performed above
elevation −7 m, rising to around 65 MPa at elevation −9 m.
Dilatometer modulus values ranged from 1 to 10 MPa above
elevation −7 m and from 50 to 130 MPa below that elevation.

Load-Deflection Response. The static loading at Test
Area 1 was completed first, followed by Statnamic loading in
the opposite direction in four successively larger increments.
Presented in Figure 14 is the general load-versus-displacement
response from the static and the derived static and total (static
+ damping) soil resistance from the Statnamic loading. For
Test Area 2, only Statnamic results are available as no static



test was performed. These results are presented in Figure 15.
In each case, the group was obviously loaded to very large lat-
eral displacements, approximately equal to 50 percent of the
diameter of an individual pile. The static behavior and static
behavior derived from the Statnamic loading using the SDOF
model compare exceptionally well for these test data. The
initial loading point on the Statnamic result at Test Area 1 is
likely to be softer than would be the case for a virgin loading
because of residual displacement from the preceding static test
in the opposite direction. The Statnamic test data indicate that
a considerable damping contribution was present in the soil
resistance for the two largest Statnamic loads (as indicated by
the separation between the derived static and derived total load
versus displacement points). This was likely a result of large
hysteretic (i.e., displacement-dependent) soil damping at those
loads, which could potentially represent relatively severe seis-
mic loading.

Interpretation of Strain Measurements. Examples of
the bending moment versus depth measurements are provided
in Figures 16 and 17, for two load levels on Piles 8 and 11 dur-
ing the static loading at Test Area 1. Pile 8 was in the lead row
for this load, and Pile 11 was in the trailing row. One can see
that the maximum positive bending moment for the trailing-
row pile occurs deeper than for the leading-row pile.
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At and above the ground line, the slope of the bending
moment versus the depth relationship should provide an indi-
cation of the shear force transmitted to each pile. This inter-
pretation of pile-head shear provides an estimate of the load
distribution to the piles in the group. The load distribution
estimated in this manner should be considered approximate
as measurement errors are greatly magnified when compar-
ing differences between measurements (each of which has an
associated measurement error).

Evaluations of the test data to estimate shear force distri-
bution to the piles in the group indicate that the expected gen-
eral distribution by row position was observed in these tests,
with the greatest shear distributed to the leading-row piles
and lesser amounts to trailing rows. However, any conclu-
sions regarding the spatial distribution of shear force must be
tempered by the fact that large variations between individual
piles were observed, by a factor on the order of a magnitude
of 2. These variations appeared to be random and associated
with spatial variations in soil resistance. In general, the piles,
which were soft during the static loading, were also soft dur-
ing the Statnamic loading in the opposite direction. There
was no apparent pattern relating to installation order, posi-
tion within a row, or any other obvious geometric factor other
than row position; row position is only obvious when exam-
ining the average shear to the piles by row. The averages of
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the shear distribution to piles by row position for the loadings
at Test Area 1 were (by percentage of the total) as follows:

• Row 1 (lead) = 29% (static) = 33% (Statnamic)
• Row 2 = 25% (static) = 23% (Statnamic)
• Row 3 = 21% (static) = 21% (Statnamic)
• Row 4 (trail) = 25% (static) = 23% (Statnamic)

One conclusion that might derive from these observations
is that random variability relating to soil variations is at least
as important as any other factor. Other factors such as locked-
in moments in the piles caused by lateral drift during driving
might also affect this phenomenon.

Rotation of the group was also measured and was signifi-
cant as were axial forces in the piles. The measurement of
axial-force distributions to the piles is not considered partic-
ularly reliable because of the large bending strains superim-
posed on the strains caused by axial thrust. In principle, one
can average the strain measurements across the pile cross
section (there were two such measurements at each gauge
level), but in practice the strains caused by bending are so
much larger that the derivation of axial force from such mea-
surements cannot be taken as entirely reliable. In effect, such
a measure is an attempt to use a pipe with two strain sensors
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as a load cell under conditions of severe bending. Even a
carefully manufactured load cell will not provide a very reli-
able indication of axial force under such conditions. Although
there is scatter in the data, the axial forces measured appeared
reasonable on the whole.

Comparison with FLPIER Static Model. It is instruc-
tive to evaluate the test data using a three-dimensional group
model such as FLPIER in order to compare the observed
group effects with those typically used for design. In order to
isolate the group effects from other factors relating to model-
ing errors in predicting soil behavior, it is necessary to “cali-
brate” the group model using the results of tests on a single
control pile. Any model prediction of group response without
calibration to a single-pile control is of limited use because
the errors associated with group effects are not separated from
general errors associated with predicting soil response at a
particular site. The results of the static load tests on the single
“control” pile (see Appendix D) were used to develop soil
properties such as p-y curves that accurately and reliably cap-
ture the response of the single pile–loading test. Of course,
there can be errors associated with spatial variability in soil
response between the control and the group, so no control data
set is perfect. The p-y curve profile used at Test Area 1 is com-
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posed of “soft clay” (i.e., according to Matlock criterion [42])
p-y curves overlying “sand” (i.e., according to Reese, et al.
criterion [43]) p-y curves. The calibration of the p-y curves to
the single pile–test data matched not only the load versus dis-
placement at the loading point, but also the bending moment
distribution with depth. The latter provides assurance that the
general distribution of soil resistance below grade used to for-
mulate the p-y curves is reasonable.

The FLPIER model of the pile group matched the as-built
configuration, with the cap modeled as a flexural element hav-
ing a stiffness roughly equal to that of a 1⁄2-m-thick concrete
cap. This cap is not perfectly rigid, but is thought to approxi-
mately match the stiffness of the frame. The axial stiffness of
the piles proved relatively important in matching the rota-
tional stiffness of the group, but axial loading test data were
not available with which to “calibrate” the single pile–axial
response. The axial stiffness was simply estimated using
default soil parameters within the FLPIER code and proved
to match the observations reasonably well. No piles were
observed to fail during static loading or during the first three
Statnamic loadings. Some slippage at the pile/frame connec-
tion appeared to occur during the fourth Statnamic loading as
evidenced by popping sounds from the tack welds and jerks
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in the strain data while the measurements were being taken.
The fourth Statnamic loading therefore may have higher rota-
tion than would be estimated by a model in which no pile
yielding occurs.

The FLPIER model for a rectangular pile group with piles
spaced at 3D c-c uses p-multiplier values according to row
position to account for group effects. By default, these values
are 0.3, 0.2, 0.4, and 0.8 for trailing to leading row, respec-
tively, for a four-row group. The default p-multiplier values
in FLPIER are based on historical static load test experiments
performed both in the field and in the geotechnical centrifuge.
Using these default values and the p-y soil models developed
from evaluation of the single-pile test, FLPIER computed load
versus displacement and rotation, which is compared with the
static test measurements in Figure 18. This model is seen to
provide excellent overall agreement with the measured group
response. The FLPIER analysis was performed again using a
common p-multiplier for all piles equal to the weighted aver-
age for the four rows of piles in the group. The results of that
analysis are also shown in Figure 18. This exercise was per-
formed to evaluate a much more simple computational proce-
dure. It appears that the overall response is captured reason-
ably well with this approach.
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Continuing with the average p-multiplier concept, data are
presented in Figure 19 that provide a comparison of bending
moments versus depth for the two FLPIER simulations with
those measured on two piles. Pile 12 is in the trailing row, and
Pile 8 is in the leading row. The symbols labeled “Pm = FLP”
represent the FLPIER model with the aforementioned default
row-wise p-multiplier values; the “Pm = 0.425” represents the
FLPIER model with a single averaged p-multiplier applied
uniformly to all piles. Both simulations appear to capture the
bending moments in the piles within the general range of
acceptance for engineering-design purposes. Considering the
wide variations among shear distributed to piles that was
unrelated to row position (and was apparently random), these
computed results appear acceptable for design purposes.

The distribution of shear to the piles by row position com-
puted by the FLPIER model was as follows (compared with
the measured average shear by row position):

• Row 1 (lead) = 34% (FLPIER) = 29% (static)
= 33% (Statnamic)

• Row 2 = 26% (FLPIER) = 25% (static)
= 23% (Statnamic)

• Row 3 = 19% ( FLPIER) = 21% (static)
= 21% (Statnamic)

• Row 4 (trail) = 21% (FLPIER) = 25% (static)
= 23% (Statnamic)
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It appears that the default row-wise p-multiplier values slightly
overestimate the variations by row position for this test. Of
course, the model using the uniform average p-multiplier com-
putes uniformly distributed shear to the piles (i.e., 25 percent
to each row).

Auburn University (Spring Villa NGES) Tests

The test pile program at the Spring Villa NGES was per-
formed in January and February, 2000, after shipment of the
piles and frame from North Carolina. Two test foundations
were constructed using the NCHRP pipe piles about a central
reaction foundation as shown in Figure 20. The test groups
consisted of a group of 12 piles at a spacing of 3D c-c (i.e.,
similar to the Wilmington test) and a test group of 9 piles at a
spacing of 4D c-c. Static lateral tests on each group were con-
ducted by hydraulic jacking, as shown in Figure 20. Dynamic
loading of each pile group was achieved in the direction oppo-
site to the static loading using the Statnamic device. Static lat-
eral tests were also carried out on single piles at locations
adjacent to each group as shown in Figure 20.

The 12-pile group was constructed first, using the steel
frame as a template. After the previous uses of this frame with
tack welding of piles and welding and cutting of cross braces
each time, the pipe guides and cross-bracing locations had
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become ragged and required a large amount of cutting and
grinding to match components together. The pile installation
was completed, and the piles were welded to the frame at the
contact points; however, these contact points required some
additional small pieces of steel plate to be inserted to fill voids,
and the process of completing this installation was very time
consuming. In addition, the cross braces were placed on the
outside of the panels, as shown in Figure 11, rather than inter-
nally within each bay, as shown in Figure 12, in an attempt to
expedite completion of the test setup. The 12-pile group was
tested first using the Statnamic device, followed by static load-
ing in the opposite direction by pushing against the reaction
foundation. The Statnamic loading was performed with a pro-
cedure similar to that used for Wilmington, although the sled
for the device rested directly on the ground rather than on steel
runner beams or a barge deck.

After completion of testing of the 3D c-c, 12-pile group, the
piles were extracted and redriven for the 4D c-c, 9 pile–group
configuration. The extraction proved to be exceedingly diffi-
cult because of the large axial tension capacity of the piles.
Note that the Wilmington tests over water had available a
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huge floating crane (i.e., 4-MN lifting capacity), which was
able to pull the piles directly. At the Spring Villa site with a
typical construction-site crawler crane having approximately
0.7-MN lifting capacity, it was not possible to pull the piles
statically. A vibratory hammer was obtained, but in order to
“grab” the piles with the hammer, it was necessary to weld a
rather large plate to the tops of the piles. This entire process
necessitated cutting about 1⁄2 m off the top of each pile to
remove the damaged portion relating to the plate welding.

Because of the difficulties with using the frame for the 
12-pile group, the fact that the frame would need to be recon-
figured for the 4D arrangement, concerns that the construction
time schedule had overrun the budget (the contractor was
unwilling to stay on-site to refabricate the frame), and con-
cerns that the frame had not proven to be as nearly rigid as
anticipated, a decision was made to complete the 9 pile–group
test using a conventional cast-in-place concrete cap. Form-
work was available from the 3-×-3-m reaction foundation
construction, and this was suitable for a 3-×-3 group of piles
at 4D c-c spacing. The piles were driven, and the cap cast
around them after completion of the installation process. The

Static Push

Static Push

Statnamic Load

Static Push

Static Push

Statnamic Load

NOTE:
All dimensions are in meters; Piles 1 to 7 have 
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Figure 20. Site plan of testing, Spring Villa Test Site.



0.9-m-thick, heavily reinforced concrete cap was formed
above grade using a plywood floor, and the supports for the
floor were removed after the concrete was set. The piles were
lubricated with form oil to facilitate future removal of the con-
crete cap, but this did not seem to result in slippage of the piles
within the cap during the load tests.

The tests on the 9-pile group were performed by first apply-
ing static loading against the reaction foundation, and subse-
quently applying Statnamic loading in the opposite direction.
The concrete cap proved to provide a very stable platform for
instrumentation during the Statnamic loading. No indications
of pile/cap slippage, cracking, or inelastic flexure in the cap
were detected.

Soil Conditions. The two test locations at the Auburn Uni-
versity site were within 20 m of each other, with no detectable
differences in soil conditions between the two locations. The
soil at the Spring Villa site is a residual soil typical of the Pied-
mont Plateau of the southeastern United States between the
Atlantic Coastal Plains and the Blue Ridge Mountains and
extending from Alabama to Pennsylvania. These soils are de-
rived from weathering of metamorphic rocks, predominantly
gneisses and schists of early Paleozoic Age or older (44), and
are composed of micaceous sandy silts. Commonly referred to
as “saprolite,” these residual soils retain the foliation and struc-
tural features of the parent rock, but have the texture and
appearance of soil. As is common in this geology, the clay con-
tent of the soil is higher in the upper meters because of the
more advanced state of weathering. Unified soil classification
is typically CL/ML, with some soils below the 3-m depth clas-
sified as SM, as the sand content is very close to 50 percent.
Groundwater is typically at a depth of 3 to 4 m below the sur-
face and varies seasonally.

Strength data include a wide range of in situ tests as well as
lab tests on undisturbed samples. SPT N-values were typically
10 to 18 blows per 0.30 m in the upper 2 m, 8 to 12 in the 
3-to-6-m depth range, and 10 to 15 below 6 m. Average CPT
resistance was 2 to 4 MPa in the upper 10 m, with friction
ratio values in the 4-to-6-percent range (generally higher at
shallower depths). Undrained shear strengths from unconsol-
idated, undrained triaxial tests indicated considerable vari-
ability, with strengths ranging from 50 to 150 kPa. The scat-
ter in these data at shallow depths likely is due to variations
in clay content and the effects of negative pore water pressures
at depths above the groundwater table. Results from consoli-
dated undrained and consolidated drained triaxial tests (mostly
from samples in the 3-to-12-m depth range) suggest that the
soil has an effective cohesion, c′ = 17 kPa, and an effective
friction angle, φ =31°. A more complete presentation of the
site geotechnical data, along with pressuremeter, dilatometer,
and other test results, are presented in Appendix E and the
Appendix E references.

The many borings and in situ tests on the site suggest that
the soil properties are spatially variable within small (i.e., cm)
distances. On the whole, the site appears to have consistent soil
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properties (as indicated by the CPT and SPT soundings) with
the high local variability superimposed on the general pattern.
The soils exhibit a trend of higher stiffness and strength in the
upper 3 m, apparently caused by higher clay content and neg-
ative pore water pressures above the groundwater level.

Load-Deflection Response. The measured load-displace-
ment response from the static test, along with the derived sta-
tic and total soil resistances from the Statnamic testing, is pro-
vided in Figure 21. Note that in this case the Statnamic test was
performed prior to the static load test. It appears that the Stat-
namic loading has a more significant effect on the subsequent
static loading in the opposite direction, which is due to a recoil
from the inertial effects of the group during the dynamic load-
ing that produces some prior loading in the opposite direction.
Thus, the initial slope of the measured static response rela-
tionship is thought to be softer than would occur for a virgin
test, and the derived static curve likely is to be more represen-
tative of an initial loading curve. The two static curves appear
to converge at large displacements. Note also that large damp-
ing (indicated by the separation between the total and derived
static resistance from the Statnamic loading) was present only
at large loads and displacements. Most of the increased resis-
tance mobilized by the fourth and final Statnamic loading over
that of the third loading appears to be related to damping as
only very small additional static resistance was generated.

The static load versus displacement response for the tests on
the 9-pile group at 4D c-c spacing are provided in Figure 22.
In this case, the static load test was performed prior to the
Statnamic loading. It appears that the initial Statnamic load
response is probably too soft and was affected by the residual
displacement from the prior static loading in the opposite
direction. At large displacements, these two curves appear to
merge. By comparing Figures 21 and 22, it is clear that the
magnitude of the load required to achieve large lateral dis-
placement was much higher for this test foundation than for
the Auburn 12-pile group. At a load of around 1600 kN, the
reaction foundation failed by yielding during the static load-
ing, so this represents the maximum static load that could be
achieved.

Interpretation of Strain Measurements—12-Pile Group.
Examples of the bending moment versus depth measure-
ments for the 12-pile group are provided in Figures 23 and
24 for each of the four peak-load levels during the Statnamic
loading on Piles 8 and 12. Pile 8 was in the lead row for this
loading, and Pile 12 was in the trailing row. As was the case
for the Wilmington data, the maximum positive moment
occurs deeper in the trailing-row pile than in the leading-row
pile. However, compared with the Wilmington data, these
bending moment curves indicate smaller negative bending
moments at the base of the frame and much larger positive
moments at depth. The applied loads at Spring Villa were
much larger than at Wilmington because of the stronger soil,
and these data suggest that more bending in the frame occurred



at the Auburn site. In fact, postmortem inspection revealed that
several of the welded connections between the piles and frame
had broken. Every indication suggests that there may have
been some internal racking in the frame (between rows of
piles) during these tests, such that the condition of restraint at
the pile heads was less than full fixity to a rigid pile cap. The
frame was fully intact and gave no outward appearance of any
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distortion, but these measurements suggest that the piles were
not fully fixed at their heads.

As was the case for the Wilmington tests, there was a gen-
eral pattern of shear distribution in which the leading-row
piles exhibited higher head shear than did other rows, but
there was large spatial variability in head shear between piles
within the group that has no apparent explanation other than
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random soil variations. The averages of the shear distribution
to piles by row position for the loadings on the 12-pile group
were (by percentage of the total) as follows:

• Row 1 (lead) = 29% (static) = 27% (Statnamic)
• Row 2 = 23% (static) = 23% (Statnamic)
• Row 3 = 21% (static) = 26% (Statnamic)
• Row 4 (trail) = 27% (static) = 25% (Statnamic)

The proportion of load distributed to the lead row at this
site is less extreme than was observed at Wilmington (e.g., the
distribution here is more uniform). However, the actual vari-
ation in head shear among individual piles at this site was
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more extreme. It should also be noted that interpretation of
shear force from the bending moment versus depth relation is
sensitive to small measurement errors and, at this site, is less
reliable than at Wilmington because of the stiff soil at shallow
depth. At Wilmington, the near-surface soils were extremely
soft, so the initial slope of the bending moment versus the
depth curve (which determines the shear at the top of the pile)
could be determined more accurately.

Interpretation of Strain Measurements—9-Pile Group.
Examples of the bending moment versus depth measure-
ments for the 9-pile group are provided in Figures 25 and 26
for the leading-row and trailing-row piles at the maximum
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Figure 23. Bending moment profiles, leading-row pile, 
3 × 4 pile group at Spring Villa Site.

Figure 24. Bending moment profiles, trailing-row pile, 
3 × 4 pile group at Spring Villa Test Site.

Figure 25. Bending moment profiles, leading-row pile, 
3 × 3 pile group at Spring Villa Test Site.

Figure 26. Bending moment profiles, trailing-row pile, 
3 × 3 pile group at Spring Villa Test Site.



load level during the static loading. Note the large negative
bending moments at the tops of the piles and the variability
between piles in a given row. The large negative bending
moments at the tops of the piles suggest that the piles were
strongly fixed to the concrete cap and that the cap rotation
was minimal (i.e., measurements of rotation of the cap indi-
cated very small rotation). Because the ground surface was
located at a small distance below the base of the cap and the
shallow soils were stiff and strong, the determination of shear
from these bending-moment measurements is subject to con-
siderable uncertainty. Interpreted average values for the lead-
ing and trailing rows of piles at this load are shown in Fig-
ures 25 and 26, respectively. The averages of the head shear
distribution to piles by row position for the loadings on the
9-pile group were (by percentage of the total) as follows:

• Row 1 (lead) = 45% (static) = 31% (Statnamic)
• Row 2 = 36% (static) = 35% (Statnamic)
• Row 3 (trail) = 19% (static) = 34% (Statnamic)

Note that the variation between rows observed with the static
test is substantial from front to back, but this pattern did not
repeat during the Statnamic loading. The third and final Stat-
namic loading exhibited this trend, and this load produced
displacements far beyond any that may have been affected by
the earlier static loading; thus, the influence of the prior static
loading cannot adequately explain this head shear distribu-
tion. In addition, the head shear variation among individual
piles for this group of piles was at least as large as with any
other test group, and this group test used the concrete cap cast
after pile installation. It appears, therefore, that variability in
shear distribution to individual piles was not affected sub-
stantially by structural details within the loading frame. On
the other hand, it appears that the piles in the row that made
up the lead row for static loading (and Row 3, the trailing row,
for Statnamic loading in the opposite direction) were simply
installed into stiffer soil relative to the average and that the
piles in the row that made up Row 3 for static loading (and
Row 1 for Statnamic loading in the opposite direction) were
in softer soil relative to the average. If one averages the two
cases (thus averaging out some of the random variability), the
variation by row position is 38 percent to 35 percent to 27 per-
cent from leading to trailing row, respectively.

These data suggest that the trend observed throughout all
of the testing for this project is confirmed by this final test
configuration: for actual field conditions, random variability
relating to soil variations is as important as any other factor
influencing head shear distribution to the piles in a group.

Comparison with FLPIER Static Model. As discussed
with respect to the Wilmington data, the soil parameters for
the generation of p-y curves in FLPIER were calibrated to
the single pile–test results in order to isolate the group effects
from other factors relating to modeling errors in predicting soil
behavior. The results of the two static load tests on the single
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control piles (see Appendix E) were similar and were used to
develop a soil profile that accurately captures the response of
the single-pile loading tests. The p-y curve profile that was used
consisted of the Reese et al. (43) static stiff clay criterion with
a higher shear strength near the surface and lower strengths
below the 3-m depth. The calibration to the single pile–test data
matched not only the load versus displacement at the loading
point, but also the bending moment distribution with depth.
The latter provides assurance that the general distribution of
soil resistance below grade is reasonable.

The FLPIER model of the 12-pile group was similar to the
model used at Wilmington, with adjustments for ground sur-
face elevation and soil characteristics (i.e., p-y curve pro-
files). Because the pile bending-moment data and observa-
tions suggest that some internal rotation occurred within the
steel frame, the piles were not modeled as completely fixed
to the cap. This “partial fixity” between the piles and the
frame introduces some additional degree of uncertainty in the
interpretation of the results. However, FLPIER has a provi-
sion to model partial fixity, and this provision was exercised
with these test results. A partial fixity factor of 0.1 was used
at the pile–cap connection to release some of the moment that
occurs at this connection.

The 9-pile group was modeled using nine similar piles, with
the pile cap modeled using shell elements, each 0.85 m in
thickness and with an elastic modulus of concrete (3 × 107 kPa,
or 4400 ksi). The piles were modeled as fixed to the cap.

The input parameters for the axial soil model (i.e., t-z
curves) were based on the CAPWAP (Case Pile Wave Analy-
sis Program) analyses of a restrike blow on one of the piles
after installation and also on the default parameters suggested
in FLPIER. Observations of the test results suggest that none
of the piles yielded (either geotechnically or structurally) in
the axial direction, so the axial pile stiffness is the only rele-
vant parameter. The shear modulus (used for construction of
the default t-z curves) used for the 12-pile group was at the
lower range of the FLPIER default parameters and was less
than that used for the 9-pile group, in order to reduce the axial
stiffness to account for axial group effects caused by the
closer pile spacing. The value for the 9-pile group is consis-
tent with the guidelines provided in the FLPIER help manual.

FLPIER Results—12-Pile Group at 3D Spacing. The
FLPIER model for a 12-pile group spaced at 3D c-c uses 
p-multiplier values according to row position to account for
group effects. By default, these values are 0.3, 0.2, 0.4, and
0.8 for trailing to leading row, respectively. Using these
default values and the p-y soil models developed from eval-
uation of the single-pile test, the load versus displacement
and rotation relations computed by FLPIER are compared
with the static test measurements in Figure 27. The computed
results are stiffer than the measured response, although not
by a large amount. In order to match the measurements more,
the p-multipliers were scaled down by a uniform value. The
computed displacements and rotations are shown to be very



close to the measurements with an additional scaling factor
of 0.8 applied, giving p-multipliers by row of 0.24, 0.16,
0.32, and 0.64. There is no special significance to this factor
of 0.8 other than to define the magnitude of the error in the
prediction for this test using default values. It appears that the
default values are generally within the range of engineering
accuracy for most applications. One possible explanation for
this overestimation of stiffness may be related to the soil pro-
file at the site. This profile includes a stiffer crust over a weaker
underlying stratum, and this type of profile may tend to
amplify the group effects because the group is influenced more
strongly by the deeper soils than is an isolated pile.

In order to evaluate the effects of a simpler model, addi-
tional analyses were performed using a uniform p-multiplier.
An additional plot of lateral displacement is shown in Fig-
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ures E-17 (see Appendix E) for a FLPIER analysis with the
p-multiplier for all 12 piles set at 0.34 (i.e., the average of
0.24, 0.16, 0.32, and 0.64). The overall response with this
simple model appears to be sufficiently close to the distribu-
tion obtained using row-wise p-multipliers for general engi-
neering and design purposes. A simple, uniform p-multiplier
may have advantages for some seismic analyses in which
load reversals occur in multiple directions and the consider-
ation of directional effects makes the analysis much more
complex.

Figures 28 through 30 provide plots of the computed and
measured bending moments as functions of depth for two
piles. Piles 8 and 10 are in the trailing row; Pile 12 is in the
leading row. There is general agreement in the trend of the
measured and computed bending moment profiles, but there
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Figure 27. Measured versus computed displacement and rotation, 3 × 4 pile group 
at Spring Villa Test Site.



is a wide variation in the magnitude of the maximum moment
values. The computed maximum moments in Pile 12 are
somewhat less than those measured on Pile 8, but signifi-
cantly more than those measured on Pile 10. Piles 8 and 10
are in the same row, so the computed values are identical.
The results shown demonstrate the wide measured variations
observed within the physical group. However, there is excel-
lent overall agreement with the measured group shear load
versus displacement relationship. Also shown in Figures 28
through 30 are the results of static analyses with FLPIER in
which all 12 piles were assigned a p-multiplier value that was
equal to the weighted average for the four rows of piles in the
group. This exercise was performed to evaluate a simple
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approach to estimating bending moments in piles within the
group. It appears that the overall measured bending moment
response is captured well with this approach.

The distribution of shear to the heads of the piles by row
position computed by the FLPIER static model (with row-
wise default p-multipliers) was as follows, compared with
measured averages by row position:

• Row 1 (lead) = 38% (FLPIER) = 29% (static)
= 27% (Statnamic)

• Row 2 = 25% (FLPIER) = 23% (static)
= 23% (Statnamic)

• Row 3 = 16% (FLPIER) = 21% (static)
= 26% (Statnamic)

• Row 4 (trail) = 21% (FLPIER) = 27% (static)
= 25% (Statnamic)

It appears that the default p-multiplier values overestimate
the variations by row position for this test. Of course, when
the piles are assigned the uniform average p-multiplier, uni-
formly distributed pile head shears are obtained with FLPIER
(25 percent to each row).

FLPIER Results—9-Pile Group at 4D Spacing. The 
p-multipliers used for the initial analysis of the 9-pile group
were the default values recommended by the help file in
FLPIER for a pile group with three rows. Values used for the
spacing of 4D c-c were interpolated between the values given
in the help file for 3D spacing and 5D spacing, as values are
not given for 4D spacing. These interpolated values are 0.50,
0.625, and 0.90, starting with the trailing row and ending
with the leading row. As was the case for the 12-pile group,
these default values produce a response that is slightly too
stiff, and better agreement with the overall load-deflection
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Figure 28. Bending moment profile, trailing-row pile, 3 × 4
pile group at Spring Villa Test Site, group load = 1111 kN.

Figure 29. Bending moment profile, trailing-row pile, 3 × 4
pile group at Spring Villa Test Site, group load = 1111 kN.

Figure 30. Bending moment profile, leading-row pile, 3 × 4
pile group at Spring Villa Test Site, group load = 1111 kN.



behavior was again obtained by scaling the p-multipliers
down by a factor of 0.8. The resulting p-multipliers are 0.4,
0.5, and 0.72 for the trailing to leading rows, respectively.
The computed lateral load displacement response at the base
of the cap using these values is shown in Figure 31, along
with the measured static response and the static response
derived from the Statnamic test using the SDOF procedure
outlined previously. Note that the static test was performed
prior to the Statnamic test for this pile group; therefore, the
measured initial derived equivalent static test data may be
slightly too soft because of the permanent set that occurred
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in the earlier loading in the opposite direction. In addition,
the initial stiffness of the measured static response may be
too stiff because of a residual load in the jack that appeared
to be in place when the instrumentation was zeroed. (This
was discovered upon unloading.)

As was the case for the 12-pile group, the computed lateral
displacement at the pile heads using the default p-multipliers
was too stiff. The adjusted p-multipliers appear to lead to
slightly soft responses at small displacements (i.e., less than
5 to 8 mm), but appear to match the measured data well at
larger displacements, which are of most interest for extreme
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Figure 31. Measured versus computed lateral displacement and rotation, 3 × 3 pile group at Spring Villa
Test Site.



event loadings. The stratigraphy (i.e., stiff crust over softer
soil) at the location of the 9-pile group was similar to that at
the location of the 12-pile group, which was situated a few
meters away.

As with the 12-pile group, analyses were also performed
using a uniform p-multiplier. The plot in Figure 31 of lateral
displacements with the p-multiplier for all 9 piles set at 0.54
(i.e., the average of 0.4, 0.5, and 0.72) appears to be suffi-
ciently close to the more realistic distribution for general
engineering and design purposes, for reasons advanced for
the 12-pile group.

Figures 32 through 34 provide plots of the computed and
measured bending moments as functions of depth for three
piles. Piles 10 and 11 are in the lead row; Pile 13 is in the trail-
ing row. There is general agreement in the trend of the mea-
sured and computed bending-moment profiles, but the magni-
tude of the maximum moment values do not match. Some
error in the maximum measured moment values may be attrib-
uted to the strains superimposed from the axial pile forces.

The distribution of shear to the pile heads by row position
computed by the FLPIER model was as follows (compared
with measured average by row position):

• Row 1 (lead) = 45% (FLPIER) = 45% (static)
= 31% (Statnamic)

• Row 2 = 36% (FLPIER) = 36% (static)
= 35% (Statnamic)

• Row 3 (trail) = 19% (FLPIER) = 19% (static)
= 34% (Statnamic)

Note that the agreement between FLPIER and the static test
measurements (average by row) appears to be excellent. How-
ever, this result is likely to be fortuitous, as there is a distinct
lack of agreement between FLPIER and the results from the
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third and final Statnamic loading. As for all of the previous pile
group tests in this study, the measurements are influenced by
apparently random variations within the group attributed to
variations in soil response unrelated to spatial position.

In summary, the group effects on the 9-pile group were sub-
stantial and slightly greater than those predicted using FLPIER
with default p-multipliers. The stratigraphy of stiff crust over
softer underlying soil is thought to have contributed to the
more significant group effects. After calibration using the sin-
gle pile–test data, the FLPIER model for static response of the
9-pile group appeared to capture the general load-deformation
behavior well for engineering-design purposes, especially
when the row-wise p-multipliers were reduced by a constant
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Figure 32. Bending moment profile, leading-row pile, 3 × 3
pile group at Spring Villa Test Site, group load = 1333 kN.

Figure 33. Bending moment profile, leading-row pile, 3 × 3
pile group at Spring Villa Test Site, group load = 1333 kN.

Figure 34. Bending moment profile, trailing-row pile, 3 × 3
pile group at Spring Villa Test Site, group load = 1333 kN.



factor of 0.8. The measured distribution of head shear from
pile to pile was more variable than predicted by FLPIER,
owing to apparently random variations in soil response that
appear unrelated to spatial position of a pile in the group. The
use of an averaged p-multiplier does not reproduce the mea-
sured head shear distribution pattern, but it appears to pro-
vide overall load-displacement results, as well as maximum
moments and shear, that are suitable for design purposes. The
deviation of the computed pile-by-pile head shears and maxi-
mum bending moments from the measured values will require
a relatively high load factor to be used when using FLPIER or
similar software to design the piles structurally to account for
the uncertainty in the pile stresses that are unrelated to geo-
metric positions of the piles.

Dynamic Response of Test Foundations

This section provides a brief summary of the dynamic char-
acteristics of the test foundations that were measured during
the Statnamic loading and an interpretation of the results. The
Statnamic loadings, described in the previous section, repre-
sent a rapidly applied push to the foundation as gas pressure
builds during the rapid burn of the propellant within the
device. As the inertial mass is accelerated away from the test
foundation, the gas pressure is diminished and finally vented.
An example of the measured force time histories for Statnamic
loading of the test foundations is provided in Figure D-30 (see
Appendix D); these plots represent the force measured in the
load cell between the Statnamic cylinder and the foundation
during the four test loadings at Test Area 1 in Wilmington.
Other test loadings are similar although the load amplitudes
varied in magnitude (the Auburn [i.e., Spring Villa] loads were
larger).

Evaluation of Dynamic Response Using Simple
SDOF Model

The simple SDOF model for the Statnamic loading event
was described earlier. This model provides a simple frame-
work for capturing the components of dynamic motion of the
test foundation in terms of inertia (i.e., force proportional to
acceleration), damping (i.e., force proportional to velocity),
and nonlinear static stiffness (i.e., force proportional to dis-
placement). Although this model (in the form used for this
study) does not have provisions to capture permanent set,
gapping, hysteresis in the soil, combined rotation and trans-
lation, and so forth, the advantage of the use of the SDOF
model is its simplicity and utility in placing the test results in
a meaningful form for ready, direct comparison with static
test results.

A direct comparison of the foundation stiffness at the rate
of loading applied in the Statnamic tests is provided by com-
paring the total soil resistance versus the equivalent static soil
resistance for each test foundation as shown in Figures 14, 15,
21, and 22. These plots demonstrate that the damping resis-
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tance observed during the Statnamic load event was small
until large displacements were mobilized as is evident by the
close tracking of these two curves. At large displacements
(i.e., those generally exceeding 10 percent of the pile diame-
ter), the damping resistance contributed significantly. The
velocity was much higher at these larger displacements than
it was at small displacements, but the soil supporting the pile
was also subjected to considerably more hysteretic damping
(resulting in energy loss) near the ground surface than would
have occurred at lower displacements when the soil was still
semielastic. Whether the damping effect is due to elastic
energy dissipation or soil hysteresis or a combination thereof,
it is impossible to tell from the observation that damping
increases with increasing deflection, which also corresponds
to increasing velocity.

In order to place the test observations into a useful form,
however, the SDOF model may be used to derive a “rate
effect” parameter to estimate the overall stiffness of the foun-
dation at different rates of loading. This parameter can be con-
sidered a surrogate for the physical soil hysteresis and elastic
wave dissipation effects, but it will be analyzed in conjunction
with the SDOF model as if it relates only to velocity. Consider
that for each Statnamic load event, the effective static stiffness
is defined as the soil resistance (i.e., measured force corrected
for inertia) divided by the maximum displacement (at which
point the velocity is zero). The average rate of displacement,
V, during this loading event is defined as the peak displace-
ment divided by the time required to achieve this displacement
from the initiation of loading. The total stiffness of the foun-
dation is defined as the peak total resistance force (i.e., static
spring force + viscous damping force) divided by the dis-
placement at which this peak force occurs. So, the total stiff-
ness compared with the static stiffness is a measure of the
increase in stiffness caused by the viscous damping compo-
nent derived using the SDOF model. A foundation could have
a relatively large damping coefficient (i.e., force as a function
of velocity), but if the velocity (or displacement) is not high
during the loading event, the total stiffness will not be sub-
stantially increased above the static stiffness.

Using this concept and the average velocity for each load-
ing event, the total dynamic stiffness normalized by the sta-
tic stiffness from all of the Statnamic tests performed during
this research is plotted as a function of displacement rate (i.e.,
average velocity) on a single plot as shown in Figure 35. This
relationship is not meant to be an exact representation of the
dynamic foundation resistance, but is rather meant to serve
as a guideline for estimating the resistance that might be
mobilized by a forcing function that induces the system to
react at different rates (or to different deflections).

The data in Figure 35 reveal some interesting aspects regard-
ing foundation resistance to dynamic applied loads. First, the
test data from a range of soils and foundation geometries sug-
gest similar effects of loading rate for steel piles. Larger
damping at low displacement rates might be expected for
drilled shafts because of structural cracking of the reinforced
concrete at these smaller displacement rates.



Second, these data could be used to infer which cases of
loading might include a significant component of damping
resistance such that the overall foundation stiffness computed
using a static model might be low. Consider the case of a
barge impacting a pile foundation group: the barge causes the
foundation to deflect laterally by 0.15 m (about 6 in.). Assum-
ing that the barge causes this displacement to occur within
approximately 3 s after initiation of loading, the average rate
of displacement is approximately 0.05 m/s. The data in Fig-
ure 35 suggest that the total foundation stiffness for such a rate
of displacement is not more than 5 percent greater than the
static stiffness, a trivial amount considering normal engineer-
ing practice in estimating foundation stiffness for design. For
all practical purposes, such a problem can be analyzed as a
static problem from the standpoint of the foundation response
(but obviously not from the standpoint of the barge, as the
effective load is a function of the inertial forces generated as
the barge momentum is altered).

Consider also the case of a seismic load with a frequency
of around 0.5 Hz and a force that produces peak foundation
displacements on the order of 0.1 m relative to the at-rest
position. An average displacement rate from such a loading
is on the order of 0.8 m/s (i.e., 0.2 m peak to peak divided by
0.25 seconds for 1⁄2 cycle). The data in Figure 35 suggest that
the foundation stiffness might be on the order of 30 percent
greater than the static stiffness for such high rates of loading,
an amount that is certainly not trivial.

43

Of course, for cyclic loads such as seismic shaking, there
may be other factors such as cyclic degradation, buildup of
free-field pore pressures, and so forth. The data and discussion
provided above serve (1) as a guideline for the implication of
the data from this research on the magnitude of the differences
in static and dynamic response under certain conditions and
(2) to help identify circumstances in which dynamic analyses
may be in order.

Dynamic Response Using FLPIER(D)

In order to evaluate the dynamic version of FLPIER that
was developed for this project, FLPIER(D), the site-calibrated
static p-y curves, pile geometries, cap properties, p-multipliers
adjusted to average uniform static values (as described above),
and the Statnamic force measurements from the load cell were
sent to the computational research team at the University of
Florida. In each case, the pile group model arrangement that
was used was identical to the arrangement for the static tests,
except for the load time history provided as input. For the
Spring Villa 12-pile group, the partial fixity at the pile–cap
connection was used exactly as it was in the static analyses.
The model used includes both velocity-dependent damping
and hysteretic damping in the p-y curves (as described in
Appendix C). Some minor structural damping was included,
in the form of proportional damping equal to (0.015 × cap
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mass) + (0.01 × cap stiffness) + N [0.01 × pile mass + 0.01 ×
pile stiffness], where N is the number of piles in the group.
Some other parameters were varied for one test case that will
be discussed. The results of these computations were returned
in the form of the FLPIER(D) output files. The plots provided
in this section of the report were generated from those files by
the experimental research team at Auburn University.

Presented in Figure 36 are the computed and measured
displacement time histories for the four Statnamic loadings
of the 12-pile group at Test Area 1 (i.e., Ratt Island) at Wilm-
ington, North Carolina. The computed displacement for the
initial peak is somewhat larger than the measured value for
all four Statnamic loadings, and the model appears to have a
frequency response that is too high after the initial peak. Note
that the oscillations from the linear variable differential trans-
former (LVDT) measurements are thought to be the result of
measurement errors related to vibration of the reference
beam. Although the reference system was founded on piles,
the ground was so soft that movements of this system could
be visibly detected; the integrated accelerometer measure-
ments are shown to indicate fairly high damping of the test
foundation.

For the 12-pile group at Spring Villa, the inputs to
FLPIER(D) were similar to those for the Wilmington test for
Test Area 1, except for the differences in site-calibrated p-y
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curves caused by the soil differences and the partial-fixity
parameter. Presented in Figure 37 are the computed and mea-
sured displacement time histories for the 12-pile group at the
Spring Villa test site. For this test case, FLPIER(D) is seen
to match well with the measured displacement data in terms
of both amplitude and frequency. Note that the LVDT and
accelerometer data are similar for this test, indicating little
movement of the reference beam. It is not immediately
apparent why the model appears to provide such good agree-
ment at this site, but fares so poorly for the Wilmington data.
Analyses were performed for these two test cases with the
radiation damping set to zero; this made virtually no differ-
ence in the computed response as the damping component
appears to be dominated by hysteretic damping.

The FLPIER(D) model for the 9-pile group are thought to
provide the most realistic computed response because of the
excellent measurements obtained on the concrete cap and the
confidence that this cap provides a rigid and well-defined end
condition. Presented in Figure 38 are the computed and mea-
sured displacement time histories for the second Statnamic
loading of the 9-pile group. The computed initial peak dis-
placement is relatively near the measured value (although
somewhat low), and the frequency response is similar. Pre-
sented in Figure 39 are the FLPIER(D) results for the third
Statnamic loading of the 9-pile group, computed using dyna-
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Figure 36. Computed and measured dynamic response, Wilmington Test Area 1.



mic soil parameters similar to the previous runs. These com-
puted data are also close to the measured response.

The third Statnamic loading of the 9-pile group was used
to evaluate the effects of various input soil parameters within
FLPIER(D) in order to develop some sense of the relative
importance. Also shown in Figure 39 is a computed response
for which a dynamic rate effect has been added to the soil 
p-y curves. This effect has been included as outlined in Appen-
dix C, with a soil factor F2 of 0.07 and a baseline (i.e., static)
loading rate of 7E-6 m/s (1 in./h). The effect of loading rate
using these parameters is seen to be negligible, as the two
computed curves are virtually identical.

FLPIER(D) was performed with mass added to the p-y
curves in order to represent some contribution of participat-
ing soil mass within the pile group. Data are presented in Fig-
ure 40 that illustrate the effect of adding mass equal to 1⁄2 of
the soil mass within the group, distributed evenly to the p-y
curves on the group piles. The effect is seen to be most sig-
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nificant in extending the period of oscillation. The effect on
the amplitude of motion is fairly small for this group.

Data are presented in Figure 41 to illustrate the effect of
radiation damping on the overall computed response. The
influence of this parameter is seen to be minor; the computed
damping in this foundation is clearly dominated by hysteresis.

The conclusion resulting from these parametric runs using
FLPIER(D) is that the dynamic response of the model of the
test foundation is dominated by the static stiffness, the over-
all mass of the system, and the hysteresis in the p-y curves.

SUMMARY

The findings from the test program in Chaiyi, Taiwan, the
analytical modeling; the numerical modeling; and the testing
programs in Wilmington, North Carolina, and in Auburn,
Alabama, can be summarized as follows:
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1. Analysis of static lateral load tests of a 2 × 3 × 3D–
spaced group of large-diameter bored piles and a 3 ×
4 × 3D–spaced group of large-diameter driven dis-
placement piles in silty to clayey fine, saturated sand
on the western Taiwan coastal plain indicated that 
p-multipliers for groups of bored piles are lower than
those for groups of driven piles, particularly in the
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front or leading row. Comparative values are given
along with default values from FLPIER in Table 3.

2. Layered continuum analyses of the dynamic lateral
loading of a single pile and of two parallel piles at vary-
ing spacings and harmonic frequencies in cohesionless
soil were conducted. These analyses indicated that the
harmonic dynamic lateral response of a single pile
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Figure 39. Computed and measured dynamic response, 3 × 3 pile
group at Spring Villa Test Site.



could be simulated well using static p-y curves, in par-
ticular those recommended for sands by the American
Petroleum Institute (41), provided a velocity-dependent
resistance is added to the static resistance at a given
local pile displacement, y. The velocity-dependent
stiffness can be expressed through a damping param-
eter, c, that is a function of several other parameters,
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including the frequency of vibration. This concept is
expressed mathematically in Equations 4 and 5. Dy-
namic p-multipliers for piles in a group for cohesionless
soil derived from analytical two-pile interaction analy-
ses are given in Figure 9. With the mathematical for-
mulation that was used, there is no difference in the 
p-multiplier, ρ, based on the relative position of the pile

Displacement vs Time for 3 by 3 Pile Group Statnamic Test 3

Figure 40. Effect of adding soil mass to computer model.

Displacement vs Time for 3 by 3 Pile Group Statnamic Test 3

Measured
Comp, w/ rad’n damping
Comp, no rad’n damping

Figure 41. Effect of radiation damping on computer response.



within the group relative to another pile (e.g., leading,
trailing, in-between, side-by-side, or skewed). Only the
c-c spacing, pile-head displacement, and frequency of
loading affect ρ. In a group of more than two piles, ρ is
obtained for a given pile by multiplying together the ρ
values for all surrounding piles. For a series of dimen-
sionless frequencies, 0.02 < ao < 0.12 (ao = πfD/Vs, in
which f is the frequency of harmonic pile motion, D is
pile diameter or equivalent diameter for a noncircular
pile, and Vs is the shear wave velocity of the soil), ρ is
expressed in Figure 9. This figure applies to medium-
dense sands, in terms of relative head displacement,
y/D, and c-c pile spacing. Similar graphs for soils of dif-
ferent density are provided in Appendix B. For relative
pile-head displacements of interest for extreme event
loading—for example, 0.075 for the more flexible
driven pile group in Taiwan, and for 0.02 < ao < 0.12,
which may be typical for seismic loading as long as the
soil does not liquefy—the computed values of ρ are less
dispersed row by row than was measured during static
testing, but the average analytical ρ-value was about
equal to the average measured value of ρ (see Table 3).
However, for the more rigid bored pile group tested in
Taiwan, in which the maximum y/D was only 0.013,
the row-by-row and average analytical ρ values were
smaller than the measured static ρ values (see Table 3).
This “p-multiplier” effect appears to be less dependent
on frequency than on pile deformation (according to the
analytical model) and method of construction (accord-
ing to the test program in Taiwan; see Appendix A). It
appears tentatively, therefore, that values of ρ obtained
from static load testing of pile groups or inferred from
static p-y criteria and criteria for ρ for static design
can be used to analyze pile groups undergoing low-
frequency, large-displacement dynamic (i.e., extreme-
event) loading, provided the relative head displace-
ments are in the order of 0.05 to 0.10 D during the
extreme event. During static loading, the ρ values did
not appear to be highly dependent on y/D, as shown in
Table A-2 (see Appendix A), so the use of values of 
ρ obtained from static lateral group tests or from 
published criteria to model low-frequency, low-
displacement (0 < y/D < 0.05, approximately) extreme-
event loading was not established in this study. In any
event, damping must also be included in the p-y
model (e.g., using Equations 4 and 5 or through
explicit modeling of soil or structural material hys-
teresis, or both [see below]).

3. The analytical layered, continuum model (see Appen-
dix B) referred to above does not consider soil hys-
teresis, nor does it consider nonharmonic or kinematic
loading directly. To provide the designer with a ver-
satile, user-friendly computational tool, FLPIER(D)
(see Appendix C), a dynamic version of the FLPIER
program, was written to model dynamic laterally loaded
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pile groups in the time domain with hysteretic soil and
structural material (i.e., cap and piles) damping, along
with gapping. The value of c proposed for application
to static p-y curves in Equation 5 can be input into
FLPIER(D), which uses several standard static p-y
models for clay and sand. FLPIER(D) also permits the
modeling of both inertial loading (i.e., from the cap)
and kinematic loading (i.e., through the soil), although
the latter was not verified. FLPIER can consider var-
ious levels of fixity of the pile to the cap and consid-
ers nonlinear axial behavior, which affects the lateral
behavior of the group if there is any fixity between the
piles and the pile cap. It appears that FLPIER(D) may
exhibit difficulty converging under some conditions
when there is partial fixity at the pile heads, but this
did not occur for the field tests that were analyzed
here. Overall, FLPIER(D) provided reasonable simu-
lations of the impulse (i.e., Statnamic) tests on full-
scale pile groups that are summarized below.

4. This comment and the following comments apply to
the field-testing program carried out with driven pipe
piles in North Carolina and Alabama. The Statnamic
loading sequence (i.e., a series of lateral impulses with
increasing amplitude) was used to simulate dynamic
extreme-event loading, such as barge impact and seis-
mic loading. Although the relatively long time lapse
between pulses did not allow for simulation of the
response of soils in which high pore water pressures
build up during the extreme event (e.g., liquefiable
soil), it did allow for the simulation of the effect of
loading rates and displacement amplitudes produced
in the soil by the movements of the piles.

5. With only a few small exceptions, the instrumentation
and measurements appear to provide reliable indica-
tions of the pile group behavior. The strain gauge pairs
within each pile provided reliable bending-moment
measurements; however, the superposed axial forces
appeared to contribute to some measurement errors in
converting the measured strains to bending moment.
Conversely, the superposed bending strains made the
measured axial forces in the piles subject to large mea-
surement errors. In essence, steel pipe piles do not
make very good load cells when large bending stresses
are imposed and measurements are obtained using
only an averaged pair of strain sensors. Previous field
loading tests that use a pinned connection avoid some
of these measurement problems because axial and
bending forces are not superposed on the piles; how-
ever, such tests are less realistic foundation models
than are the fully coupled foundation tests performed
as part of this research.

6. The group effects were substantial for all foundations
tested, including the tests in Taiwan, and were slightly
larger than expected at the Spring Villa site using the
default p-multipliers for both the 3D and 4D c-c spac-



ing. The default p-multipliers used by the FLPIER code
provided excellent agreement with the observed test
results. Close agreement at the Spring Villa site was
obtained between measured and computed results when
p-multipliers were scaled down by a factor of 0.8. This
reduction factor appears to be associated with a stiff-
over-soft soil profile. The differences in overall group
performance (i.e., shear load versus lateral deformation
and rotation) between the 3D and 4D c-c spacing pre-
dicted by using the interpolated p-multipliers in the
FLPIER code appear to be approximately correct.

7. The axial stiffnesses in the piles for the 4D spacing
appeared to be higher than was the case for the 3D spac-
ing. It is suggested that designers may apply judgment
and use softer t-z curves for closely spaced groups of
piles (which is accomplished by using a smaller shear
modulus within FLPIER), but the measurements of
group rotation for these two test cases are insufficient
to develop specific design guidelines. No piles were
observed to yield either structurally or geotechnically
in the axial direction during these tests.

8. The measured distribution of shear loads to the piles in
the group by average row position was generally less
extreme than was computed using the row-by-row 
p-multipliers in FLPIER.

9. The measured distribution of shear loads to the indi-
vidual piles within the group was more extreme than
was computed using the row-by-row p-multipliers in
FLPIER. There appeared to be significant and sub-
stantial variation in individual pile stiffness that was
unrelated to geometric position alone. Random spatial
variability in soil response caused by stratigraphic vari-
ations, installation effects, or other uncontrolled vari-
ables was at least as important as geometric position
of the pile within the group in determining the actual
shear distribution to an individual pile within the
group. The general pattern of greater load to the lead-
ing row and less to trailing rows could only be dis-
cerned by observing average response for piles in a
given row. This behavior was observed not only for
the piles driven within the frame template, but also for
piles driven in the free field for the 9-pile group, which
had a suspended, cast-in-place concrete cap constructed
after pile driving was completed. Therefore, for pur-
poses of designing the piles and pile–pile cap connec-
tions structurally, the average row-wise moments and
shears computed using a code such as FLPIER should
be multiplied by a load factor. Figures 19, 28 through
30, and 32 through 34 suggest that this factor should
be on the order of 1.2 for bending moment. Further
tests of grouped piles at other sites are clearly justified
for purposes of defining this factor more accurately.

10. The use of the steel frame for pile group testing proved
to be difficult and time consuming and led to uncer-
tainties relating to small connection details. Although
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the difficulties with the use of this frame could be
resolved, the use of a cast-in-place concrete cap proved
to be much more reliable and cost effective and pro-
vided better measurements. The use of the frame on
future projects is not recommended.

11. The static FLPIER computer model using a single
average p-multiplier (which was equal to the weighted
average of all the p-multipliers by row position) 
provided a good prediction of overall static load-
deformation behavior. Given the many other uncer-
tainties in the actual distribution of shear and
moment, this simple approach may be sufficient for
many engineering design applications, provided an
appropriate load factor (which was discussed in Item
9) is applied to the results.

12. The rotation of the cap and, to a lesser degree, the lateral
stiffness in translation were sensitive to the axial stiff-
ness of the piles. When there is any degree of fixity of
the pile heads to the pile cap, attention must be paid to
axial pile stiffness when experimentally deconvolving
p-y curves or p-multipliers, or both, for the pile group.

13. The interpretation of the Statnamic loading using the
simple SDOF model appears to provide a good corre-
lation with static test results for load versus lateral
translation and natural frequency of vibration. The
rate of loading effects with the Statnamic loading
appear to be relatively modest although they increase
with increasing displacements. The Statnamic device
provided the capability to push the 9-pile group to
large lateral displacements after the reaction founda-
tion failed during the static testing and so was a very
valuable part of the test program.

14. At the rates of loading achieved in the field (which
were similar to rates of loading in seismic events), sta-
tic soil stiffness was the dominant component of soil
resistance to lateral load. Damping adds significant
additional stiffness only at a relatively high displace-
ment rate (i.e., velocity)—an increase on the order of
30 to 40 percent from the static resistance at a velocity
of around 0.8 m/s.

15. In general, the static version of FLPIER was successful
in modeling the test results. The partial fixity at the
pile–frame connection appears to be modeled appro-
priately using this feature of FLPIER. The dynamic
version did a reasonable job of modeling the Statnamic
loadings of the 12- and 9-pile groups at Spring Villa,
capturing the peak displacements and frequency of
motion well. This agreement was achieved by (1) using
as inputs to the model static p-y curves for the soil, such
as the Reese et al. (43) p-y curve formulation for stiff
clay with small changes to calibrate the p-y curves to
the behavior of reference or “control” piles at the test
site; (2) defining (internally) unloading branches to the
p-y curves in which hysteretic damping was included in
the system by allowing the p-y curves to “loop” (see



Appendix C); (3) including modest material damping
(as proportional damping), as defined in this chapter,
for the piles and cap; and (4) using a uniform average
of the default static p-multipliers. The Wilmington
model was less effective at modeling the measured
response, with a computed frequency of motion that
was too high. The reasons for this poor correlation
are as yet unknown, but additional evaluations of the
FLPIER(D) model for this case are ongoing.

16. Sensitivity studies conducted using the FLPIER(D)
model for the 9-pile group suggest that the most impor-
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tant parameters controlling the computed dynamic
response to inertial lateral loading are the static soil
stiffness (including axial stiffness of individual piles),
the overall mass of the foundation, and the hysteresis
damping provided by the p-y curves. Radiation damp-
ing, structural damping, rate effects in soil stiffness (as
defined using the default parameters outlined in Appen-
dix C), the use of uniform average p-multipliers in lieu
of row-by-row values, and the addition of a modest
amount of soil mass had relatively small effects on the
computed response.
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