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Abstract: The results of five centrifuge models were used to evaluate the response of pile-supported 
wharves subjected to inertial and liquefaction-induced lateral spreading loads. The centrifuge models 
contained pile groups that were embedded in rockfill dikes over layers of loose to dense sand and were 
shaken by a series of ground motions. The p-y curves were back-calculated for both dynamic and static 
loading from centrifuge data and were compared against commonly used American Petroleum Institute 
p-y relationships. It was found that liquefaction in loose sand resulted in a significant reduction in ultimate 
soil resistance. It was also found that incorporating p-multipliers that are proportional to the pore water 
pressure ratio in granular materials is adequate for estimating pile demands in pseudo-static analysis. The 
unique contribution of this study is that the piles in these tests were subjected to combined effects of iner-
tial loads from the superstructure and kinematic loads from liquefaction-induced lateral spreading. 
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fuge tests reported by Wilson (1998) indicate that peak values 
of soil reaction for the experimentally derived p-y curves were 
significantly greater than those recommended by the API p-y 
curve at depths that are less than approximately three times the 
pile diameter. Yang et al. (2011) performed a series of shak-
ing table tests on dry and saturated dense sand deposits and 
found that the API p-y curve underpredicts the ultimate soil 
resistance (smaller than one third of experimental p-y curves) 
at shallow depths. Yoo et al. (2013) carried out a centrifuge 
test for a single pile in dry sand under sine wave loading and 
found that pseudo-static analysis using the API curve over-
estimated the maximum bending moment and pile displace-
ments as compared to those measured from the centrifuge test. 
They also found that the subgrade reaction modulus at shallow 
depths could be overestimated by the API sand curve within 
an elastic pile displacement of 1% of the pile diameter. On the 
other hand, when the displacement of the pile was greater than 
1% of the pile diameter, which may occur during earthquake 
loading, the API sand relation significantly underestimated the 
ultimate soil reaction at shallow depths. 

Existing p-y curves have been widely used in pseu-
do-static analysis to predict the response of pile foundations 
in liquefied soils. However, there is no consensus on how to 
modify the static p-y curves to account for the effects of lique-
faction and pore water pressure generation in loose granular 
soils. In previous studies, the p-y springs of piles in liquefy-
ing soils were back-calculated from case histories, centrifuge 
model studies (e.g., Wilson et al. 2000; Brandenberg et al. 
2005; Abdoun et al. 2003), full-scale tests (e.g., Rollins et al. 
2005; Chang and Hutchinson 2013), and numerical analyses 
(e.g., McGann et al. 2011). 
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Introduction
Liquefaction-induced ground deformations can cause severe 
damage to pile-supported wharves and other waterfront struc-
tures. A common approach in analyzing the lateral behavior 
of piles against seismic loads is using the beam on nonlinear 
Winkler foundation (BNWF) simulation or p-y spring analy-
sis. One common p-y relationship for sand is the one proposed 
by the American Petroleum Institute, also known as the API 
sand model (API 1993). While the API sand model was origi-
nally developed for static loading conditions, it is common to 
modify the API sand curves to account for the effects of cyclic 
loading. A number of studies have shown that complex pile 
behavior under dynamic loading conditions is not captured by 
the API curves. Observations from a series of dynamic centri-
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One approach to account for the effect of partial/full liq-
uefaction on the p-y curve is to apply a p-multiplier to de-
grade the ultimate soil resistance of liquefied soil. Liu and 
Dobry (1995) investigated the effect of excess pore water 
pressure on the p-y curve in partially/fully liquefied sands 
by performing a series of centrifuge tests, and they defined a 
dimensionless degradation parameter, Cu, that changes more 
or less linearly with the excess pore water pressure ratio Ru 
to degrade the p-y curves. Wilson (1998) performed a series 
of dynamic centrifuge tests in complement with pseudo-stat-
ic analyses of pile-supported structures. They concluded that 
the p-multiplier strongly correlated to initial relative density 
(DR) of the soil. They found that a range of 0.1–0.2 for rela-
tively loose sand (DR = 35%) and about 0.25–0.35 for medi-
um dense sand (DR = 55%) would be reasonable to predict the 
measured pile demands. Tokimatsu (1999) evaluated the field 
performance of pile foundations subjected to lateral ground 
spreading during the 1995 Kobe earthquake. They compared 
the pseudo-static analysis results to values in well-document-
ed case histories and concluded that p-multipliers ranging 
from 0.05 to 0.2 are reasonable for predicting the observed 
pile performance in liquefied soils in the field. 

Another approach proposed in other studies uses an up-
ward concave shape for p-y curves in liquefied soils (e.g., 
Rollins et al. 2005; Franke and Rollins 2013; Chang and 
Hutchinson 2013). Rollins et al. (2005) performed full-scale 
tests on a large drilled shaft using blast-induced liquefac-
tion, and they proposed an upward concave shape for the p-y 
curve to capture the dilative behavior of liquefied soils dur-
ing shearing. Reasonably good agreement was demonstrat-
ed between measured and predicted pile response by imple-
menting the proposed p-y curve in the lateral pile analysis. 
Franke and Rollins (2013) developed a simplified hybrid p-y 
model by incorporating aspects of the p-y curve of Rollins 
et al. (2005) and the p-y curve for liquefied soils proposed 
by Wang and Reese (1998); they evaluated the applicabili-
ty of the proposed hybrid model against various published 
case histories and observed a reasonable computed response 
for piles in liquefied soils under both kinematic and inertial 
loadings. Chang and Hutchinson (2013) conducted sequen-
tial loading on a single-pile specimen in a saturated sand de-
posit and observed an inverted S-shaped p-y curve from the 
back-calculated experimental data even at low levels of pore 
water pressure ratios (Ru > 10–15%).  

The studies mentioned above provide varying and some-
times contradicting recommendations on how to modify the 
static p-y curves to capture the complex behavior of soil dur-
ing the liquefaction process, which highlights the need for 
further investigation. The focus of this study is to evaluate the 
effectiveness of the p-multiplier approach in modifying p-y 
springs in partially/fully liquefied soils to predict the lateral 
response of piles. This was done by using the results of five 
centrifuge tests that simulate pile-supported wharves in slop-
ing ground (McCullough et al., 2001). The p-y curves were 
back-calculated in loose sands, dense sands and sloping rock-
fill dikes. The p-y curves were back-calculated for both piles 
subjected to cyclic static push/pull forces at the pile head as 

well as for piles subjected to dynamic transient earthquake 
shaking. The static p-y curves were approximated using the 
API relationships for sands, and the input parameters for the 
API curves were back-calculated. The dynamic p-y curves 
were compared against the static p-y curves to provide in-
sight on the applicability of the p-multiplier approach in de-
veloping p-y curves for liquefied zones. What differentiates 
this study from previous studies on piles in liquefied soils 
is that the piles in these centrifuge tests were subjected to 
both kinematic loads from laterally spreading soils as well 
as inertial loads from the superstructure mass. Therefore, 
the back-calculated p-y curves in liquefied zones represent a 
more realistic loading condition for pile-supported structures. 
To evaluate the effectiveness of using p-multipliers in the API 
sand curves, the piles from the centrifuge tests were modeled 
in LPILE (version 2016.9.10; Ensoft, Inc.), and the predict-
ed maximum bending moments in each pile were compared 
against the values measured in the centrifuge tests. It will be 
shown that the maximum bending demands in piles were rea-
sonably captured using p-multipliers that are proportional to 
the pore water pressure ratio in partially/fully liquefied zones. 

Description of Centrifuge Tests
Centrifuge Models and Cross Sections
Data from a series of five centrifuge tests were analyzed to 
back-calculate pile lateral behavior (i.e., the p‑y springs) 
for static and dynamic loading conditions. These tests were 
performed on pile-supported wharves by Dickenson, Mc-
Cullough, Schlechter, and coworkers at the UC Davis Center 
for Geotechnical Modeling (McCullough et al. 2001). These 
centrifuge models represent the typical layout of major port 
facilities in California, and the findings can be used to repre-
sent other similar pile-supported wharves embedded in rock 
dikes over native soils and potentially liquefiable artificial fill 
soils. The cross sections of all models and key soil properties 
are shown in Figure 1. Uniform fine Nevada was used in all 
five centrifuge experiments. The sand had a specific gravity 
of (Gs) 2.67, mean grain size (D50) of 0.15 mm, coefficient 
of uniformity (Cu) of 1.6, minimum dry unit weight of 13.98 
kN/m3, and maximum dry unit weight of 16.76 kN/m3. The 
parameters discussed in this paper are all in prototype scale 
unless noted otherwise.

Dynamically Loaded Piles
The wharf deck in these tests was supported by three rows of 
seven piles (for a total of 21 piles). The pile diameters ranged 
from 0.38 m to 0.68 m. Each centrifuge model was subject-
ed to a sequence of scaled input motions with the peak base 
acceleration values ranging from 0.15 g to 0.82 g. The pile 
group was subjected to the combined effects of inertial and 
liquefaction-induced kinematic demands during earthquake 
shaking (these piles are referred to as dynamic piles). 

Static Cyclically Loaded Piles
Two of the five tests (SMS02 and JCB01) included two single 
piles that were statically pushed by two to seven cycles of 
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loads using actuators attached to their pile heads (these piles 
are referred to as static piles). The static loads, which were 
applied prior to earthquake shaking, provided key data for the 
comparison of p-y springs under static and dynamic loading 
conditions. In these two tests, the static pile at the back of 
the wharf was placed in dense sand with no slope; the static 
pile at the front of the wharf was placed in sloping rockfill 
in SMS02 and in a sloping rock face overlying loose sand in 
JCB01. The layout for the static piles is shown in Figure 1. 
The structural properties of the static piles were the same as 
those for the dynamic piles. 

Sensors and Instruments
Measurements for all centrifuge tests conducted in this study 
were obtained using a suite of sensors and instrumentation. 

Linear volt displacement transducers (LVDT) mounted on the 
wharf deck, ground surface and the shear box container were 
used to measure the horizontal and vertical displacements. Pore 
pressure transducers (PPT) were embedded within the soil 
model at various depths to measure pore fluid pressures. Accel-
erometers were embedded within the soil model and attached to 
the wharf deck and the shear box to measure horizontal ground 
shaking accelerations. Strain gauges were attached to static and 
dynamic piles to back-calculate pile bending moments. 

Procedures to Back-Calculate P-Y Curves
Lateral Soil Reactions 
Bending moments were back-calculated at discrete locations 
along the pile where strain gauges were attached. The bend-

Figure 1. Cross sections and plan view of five centrifuge tests on pile-supported wharves
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ing moments were interpolated along the pile length using 
a cubic spline fitting method before being numerically dou-
ble-differentiated to back-calculate the lateral soil reactions, 
p (Haiderali and Madabhushi 2016; Brandenberg et al. 2010). 
For the piles where the bending moment at the pile head was 
not measured, the bending moments were extrapolated as-
suming a constant shear force above the ground surface. The 
bending moments and shear forces at the pile tips were as-
sumed to be zero. 

Horizontal Pile Displacements
The horizontal pile displacements were estimated by dou-
ble-integrating the bending moments along the pile and di-
viding by the pile flexural stiffness (EI). The rotations at the 
pile head were assumed to be zero as the piles were rigidly 
connected to a relatively rigid wharf deck. The displacement 
at the pile head was set to be equal to the measured displace-
ment from the LVDT at the wharf deck and the pile tip was 
allowed to have a non-zero rotation. 

Horizontal Soil Displacements 
Total horizontal soil displacements were calculated by 
combining the transient (high-frequency) and permanent 
(low-frequency) components of displacement following the 
methods described by Wilson et al. (2000). Transient soil 
displacements were calculated by double-integrating the 
recorded accelerations. A high-pass Butterworth filter was 
applied to remove the low-frequency motions from the re-
corded accelerations. The permanent soil displacements were 
calculated based on the displacements recorded using LVDTs 
at the ground surface after applying a low-pass Butterworth 
filter. The pattern of distributing the permanent component 
of the soil displacement with depth was a major source of 
uncertainty in our analyses. The estimated pile bending mo-
ments in our consecutive pseudo-static analyses were also 
found to be very sensitive to the assumptions made regard-
ing the pattern of permanent soil displacements with depth, 
which warranted investigating this issue methodically. After 
considering various patterns of permanent soil displacement 
with depth and investigating their effects on the estimated 
bending moments, we used the normalized shape of the max-
imum transient soil displacements with depth as a guide to 
determine where the subsurface shear failure zones formed 
as well as to distribute the permanent component of the soil 
displacement from the ground surface down to the shear fail-
ure plane. No permanent soil displacement was considered 
below the shear failure plane.

Back-Calculated P-Y Curves
Lateral pile behavior is commonly characterized using p-y 
curves at various depths along the pile. The p in these re-
lationships corresponds to the lateral soil reaction, and the 
y corresponds to the relative displacement between the soil 
and pile (i.e. y = horizontal pile displacement – horizontal 
soil displacement). As described earlier, there is some uncer-
tainty in estimating the horizontal soil displacements and pile 
displacements for dynamic piles. Therefore, the dynamic p-y 

curves were used primarily for estimating ultimate lateral soil 
reaction, and the relative soil–pile displacement (y) was only 
used qualitatively.

Experimental P-Y Curves from Static Piles 
Experimental p-y curves were extracted from the results of 
statically loaded piles in SMS02 (penetrating dense sand and 
rockfill) and JCB01 (penetrating dense sand, loose sand and 
a thin rockfill) prior to shaking. Given that these soil and 
rockfill units are made from granular materials, the back-cal-
culated p-y curves were approximated using API sand rela-
tionships. It was assumed that the behavior of rockfill can be 
modeled as a granular material; therefore, an API sand with 
a friction angle was used for rockfill with the properties that 
are tabulated in Table 1. The API sand model recommends a 
hyperbolic tangent function to characterize the ultimate soil 
reaction (pult) and initial stiffness (kT). In the API sand model, 
the ultimate lateral reaction (pult) increases with depth, pile 
diameter and internal friction angle. Internal friction angles 
of 33°, 37° and 45° were used to develop API curves for loose 
sand (DR = 30%), dense sand (DR = 70% to 80%) and rockfill, 
respectively. It will be discussed later that the API sand mod-
els are modified with reduced stiffness for all soil units and 
a pseudo-cohesion for rockfill to better approximate the p-y 
curves calculated from the centrifuge tests. 

As an example, a comparison between the experimental 
p-y curve and the API relationship for loose sand is shown in 
Figure 2a for the front pile in JCB01 at a depth of 3.05 m, which 
is approximately five times the pile diameter (D). This static 
pile was subjected to seven cycles of static loading. Different 
loading cycles are plotted with different colors on this figure 
to help understand how p and y evolve in the experimental p-y 
curve. As can be noticed from this figure, the API sand curve 
using a friction angle of 33° captures the ultimate resistance of 
the experimental p-y curve reasonably well. The comparison is 
not that favorable at other depths; however, it will be shown lat-
er that the overall pile demands are reasonably captured using 
the API sand curves. Figure 2b shows the 6th cycle of the same 
experimental p-y curve compared to the same API curve used in 
Figure 2a, which has been manually shifted to the left for plot-

Table 1.  Back-calculated input parameters for p-y curves

Soil unit
Total unit 

weight  
(kN/m3)

Friction 
angle

Modeled 
in  

LPILE

Modulus of 
subgrade 
reaction,  
k (kN/m3)

Loose sand  
(DR = 30% 
to 40%)

19.4 33° API Sand 3500

Dense sand  
(DR = 70% 
to 85%)

20.4 37° API Sand 3500

Rockfill 20.5 45°

Cemented 
c-phi with 
a pseudo 
cohesion  
of 15 kPa

5200
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ting purposes. This figure clearly shows that the API sand curve 
captures the overall shape of the experimental p-y curve. It 
will be discussed later how the stiffness of the API sand curves 
was reduced to better match the experimental results. Similar 
comparisons were performed for other soil units and at various 
depths, and these results will be presented next. 

Figure 3 presents a comparison between the back-cal-
culated experimental static p-y curves and the API relation-
ships for the back pile and front pile in SMS02 and JCB01 
at depths of ~ 1D, 3D, 5D and 7D. Comparing the values 
for ultimate resistance in the API curves with those of the 
back-calculated p-y curves show that at a depth of ~ 1D, the 
API relationships underestimate the ultimate resistance of 
the p-y curve. This observation is consistent with the exper-
imental results reported by Wilson (1998) for depths that are 
less than approximately three times the pile diameter. The 
comparison is relatively reasonable at depths of 3D to 5D. 
However, at depths of 5D to 7D, the ultimate resistance val-

ues in the experimental curves were not fully mobilized due 
to small pile deflections. 

Modifications to API Sand P-Y Curves
The initial stiffness in the API sand curve (kT) is the product 
of the depth below the ground surface and the modulus of the 
subgrade reaction (k). The initial stiffness in loose sand, dense 
sand and rockfill were back-calculated from the experimental 
static p-y curves. The back-calculated initial stiffness values 
are plotted versus depth in Figure 4. Each data point in this plot 
represents the initial stiffness calculated from an experimental 
p-y curve shown in Figure 3. No clear slope effect was ob-
served for the initial stiffness of the p-y curves in the landward 
and bayward directions for the two front piles in SMS02 and 
JCB01 located along the face of the rockfill slopes. Therefore, 
the initial stiffness values plotted in Figure 4 are calculated 
based on the average values in the landward and bayward di-
rections. These initial stiffness values were then divided by the 

Figure 2. Comparison of an experimental p-y curve for loose sand (DR = 40%) from the front static pile in JCB01 and  
API sand using back-calculated input parameters
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Figure 3. Comparison of experimental p-y curves from static piles in JCB01 and SMS02 and API sand using back-calculated input parameters

corresponding depth to obtain the modulus of subgrade reac-
tion (k) for different soil units. The initial stiffness values rec-
ommended by API for loose sand, dense sand and rockfill are 
also plotted in this figure for comparison. It can be observed 
that the initial stiffness values calculated from experimental 
p-y curves were smaller than the values recommended by API. 
This reduction might be attributed to the aging effects between 
the soils in field and freshly deposited sands in the centrifuge. 
It could also be due to the uncertainties in back-calculating 

the initial stiffness at shallower depths where small variations 
in the modeling parameters (i.e. friction angle and/or pseudo 
cohesion for rockfill) may have a large impact. Despite the 
differences between the back-calculated moduli of subgrade 
reaction from centrifuge tests and those recommended by API, 
the results of centrifuge tests are applicable in evaluating the 
effects of liquefaction on p-y behavior since the comparisons 
are made between the static and dynamic p-y curves that are 
driven from the same centrifuge tests. 
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In order to account for additional resistance caused by the 
interlocking and movement of rock particles near the ground 
surface, a pseudo-cohesion value of 15 kPa was applied to rock-
fill as suggested by McCullough and Dickenson (2004). This 
pseudo-cohesion was incorporated in our analysis by using 
the cemented c-phi p-y curves implemented in LPILE. In the 
current implementation of the cemented c-phi curves in LPILE 
(version 2016.9.10; Ensoft, Inc.), the difference between API 
sand and c-phi curves are not significant when the initial stiff-
ness is reduced as evidenced from the p-y curves plotted for 
rockfill in Figure 3. Table 1 lists the input parameters for p-y 
curves to approximate the experimental p-y curves from static 
piles. No significant difference was observed in the back-calcu-
lated subgrade reaction moduli between loose and dense sands; 
therefore, the same modulus is recommended for simplicity. 

Validation Using Lateral Pile Response
The effectiveness of the API sand curves in predicting the 
lateral pile response is investigated by comparing the pile de-
mands measured from static piles in the centrifuge tests to 
those computed using p-y models in LPILE. The shear load 
and bending moment at the pile head were back-calculated 
directly from the centrifuge tests and applied as pile head 
loading conditions in LPILE. The p-y curves were developed 
for loose sand, dense sand, and rockfill based on the input 
parameters reported in Table 1. 

Figure 5 presents the comparison of lateral pile re-
sponses measured in the centrifuge and computed using 
LPILE for the front static pile in JCB01, which is selected 
for comparison purposes because it penetrates through all 
three soil units and is located on a slope. The LPILE results 

Figure 4. Comparison of initial stiffness back-calculated from experimental static p-y curves and recommended by API 

Figure 5. Comparison of recorded and predicted pile lateral responses for the front static pile in JCB01

vol14no1souri 212.indd   7 10/10/20   10:45 AM



8 |  DF I  JOURNAL  |  VOL .  14  |  ISSUE  1 � © Deep Foundations Institute

Souri, Khosravifar, Schlechter, McCullough, Dickenson | Development of Experimental P-Y Curves from Centrifuge Tests

are shown for a case using the original API sand curves and 
a case with the modifications discussed earlier (i.e., reduced 
stiffness in all soil layers and a pseudo cohesion of 15 kPa in 
rockfill). While both models capture the maximum bending 
moment reasonably well, the model with reduced stiffness 
better captures the bending moment profile with depth as 
well as the maximum shear, soil reaction and pile displace-
ment. Similar comparisons were made for the back pile in 
JCB01 and the back and front piles in SMS02. Figure 6 
shows the bending moment comparisons between measured 
and estimated values using LPILE for all four static piles 
in both tests. The results shown in this figure confirm that 
the modifications made to API input parameters improve 
the predictions of the bending moment profiles, although 
it does not change the magnitude of the maximum moment 
along the pile. 

Figure 7 shows the comparison of measured and predict-
ed pile head load–displacement response in both the back and 
front piles in SMS02 and JCB01. As shown in this figure, the 
predicted pile head responses are in good agreement with the 

responses back-calculated from the centrifuge tests (the se-
cant stiffness in the models with LPILE with modification is 
up to 15% softer than the original LPILE results (e.g. JCB01, 
static back pile, bayward direction.) It is observed that the 
two LPILE models (with and without modifications) do not 
vary significantly in predicting the pile head response for the 
static piles. However, it will be shown later that using these 
modifications significantly improves the prediction of the 
bending moments for dynamic piles.

Experimental P-Y Curves from 
Dynamic Piles 
Experimental p-y curves were also derived from centrifuge 
tests for piles supporting the wharf deck. These piles were 
subjected to wharf inertia during shaking, combined with 
varying magnitudes of ground deformation induced by par-
tial/full liquefaction and slope instability. These dynamic p-y 
curves were then compared to the static p-y curves to inves-
tigate the effects of excess pore water pressure in liquefiable 
soils on the lateral response of piles and p-y curves. 

Figure 6. Comparison of recorded and predicted bending moments for static piles in SMS02 and JCB01
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Figure 8 presents a comparison of static versus dynamic 
p-y curves for loose sand (DR = 40%). The static p-y curve 
shown in this figure was derived from the front static pile 
in JCB01 (the same curve shown in Figure 2). The dynam-
ic p-y curve was derived from Pile #3 in JCB01 during the 
first earthquake motion. Both static and dynamic p-y curves 
are extracted at the same depth (3.05 m below the ground 
surface) and normalized by the same pile diameter (0.64 m). 
Overlapped on Figure 8 are two API sand curves that approx-
imate the p‑y responses under static and dynamic conditions. 
The API sand curve for the static condition is developed us-
ing the input parameters in Table 1. The API sand curve for 
the liquefied condition was developed by modifying the static 
API curve using a p-multiplier (Pm) to approximately envelop 
the dynamic experimental p-y curve. The p-multiplier was 
adjusted until it was visually a best fit to the measured re-
sponse, and in this case was calculated as 0.21. The p-multi-
plier approach accounts for the first-order effects of liquefac-
tion on p-y behavior. 

The experimental dynamic p-y behavior is complex and 
is affected by contraction and dilation of loose sand, the iner-
tial demand from the superstructure during earthquake load-
ing, as well as factors such as strain rate, stress condition, and 

Figure 7. Comparison of recorded and predicted pile head load-displacement response for the static piles in JCB01 and SMS02

Figure 8. Comparison of static and dynamic p-y curves in loose sand 
in JCB01

ground slope. The last three cycles of loading for the experi-
mental dynamic p-y curve presented in the previous figure are 
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plotted in Figure 9a using different colors to help understand 
the effect of the transient dilation of liquefied sand on the 
p-y response. The relative movement shown in Figure 9 is all 
in the bayward direction. The corresponding time windows 
for cycles A, B and C are shown with colored areas in the 
time histories in Figures 9b and 9c corresponding to the same 
colors shown earlier in Figure 9a for each cycle. These time 
histories illustrate the lateral soil resistance (p), relative lat-
eral displacement between soil and pile (y), and excess pore 
water pressure ratio (Ru) in the loose sand. It can be observed 
that as the excess pore water pressure ratio builds up in the 
loose sand in sloping ground, lateral spreading occurs that 
exerts lateral loads on the pile. It is also observed that the lat-
eral soil reaction (p) in liquefied soil exhibits sudden spikes 
in the bayward direction as shown by the dashed lines. Care-
ful examination of the spikes in p reveals that they follow 
transient drops in Ru implying that they might be attributed 
to the dilative response of sand combined with an increase in 
the relative displacement between the soil and pile driven by 
the inertial demand from the wharf deck. However, the mag-

nitude of the spikes in p are not very large (they are approx-
imately 20% of Pult of the static p-y curve), suggesting that 
a simple p-multiplier approach could be an effective choice 
for modifying the static p-y curve to represent the complex 
behavior of dynamic p-y curve in liquefied soil. 

To further investigate the softening effect of liquefaction 
on the dynamic p-y curves, similar comparisons were made 
between the back-calculated static and dynamic p-y curves in 
loose sand as plotted in Figure 10. This figure includes static 
and dynamic p-y curves at depths of 5D and 7D below ground 
surface for Pile #3 and Pile #5 in JCB01 for two shaking events 
and at depth of 11D below ground surface for Pile #3 in NJM02 
for one shaking event. These depths are selected because the 
loose sand layer was shallow enough that a direct compari-
son between static and dynamic p-y curves was possible. The 
p-multipliers were calculated as the ratio of the ultimate soil 
reaction in the dynamic curve to the ultimate soil reaction of 
the static p-y curve. For p-y curves at shallow depths (5D), pult 
is accurately captured by the API sand curve. However, for p-y 
curves at deeper locations (7D), the pult of the experimental stat-

Figure 9. (a) Comparison of dynamic loading cycles in experimental p-y curve and modified API curve for liquefied sand; (b) Time histories of 
back-calculated soil reaction and relative soil-pile displacement; (c) Excess pore water pressure ratio measured in loose sand in JCB01
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ic p-y curve is smaller than the pult of the API sand curve. This 
could be because the pult of the experimental static p-y curve is 
not yet mobilized at the displacements observed in the static 
tests at greater depths. Therefore, for these cases, the p-multi-
pliers are divided by the pult from the API sand curve instead of 
the maximum soil reaction in the experimental static p-y curve. 

Other researchers have shown that Pm values are correlat-
ed to the pore water pressure ratio (Ru) generated during shak-
ing (e.g., Liu and Dobry 1995; Wilson et al. 2000; Branden-
berg 2005; Chang and Hutchinson 2013). Figure 11 shows 
the back-calculated p-multipliers versus Ru during dynamic 
shaking. The Ru value was calculated using the pore pressure 
value from the transducer that was closest to the locations 
where the p-y curves were extracted. In practice, the pore wa-
ter pressure can be estimated using advanced methods such 
as effective-stress dynamic analysis or simplified approach-
es where the excess pore water pressure ratio is correlated 
with the factor of safety against liquefaction (e.g. Marcuson 
at al. 1990). Also plotted in this figure are the data suggested 
by Liu and Dobry (1995) as presented in FHWA (2011). The 
data points for Ru greater than 0.8 generally follow the data 
by Liu and Dobry. However, the three data points with Ru 
between 0.4 to 0.6 exhibited p-multipliers that were approx-
imately 0.15, which is much lower than those suggested by 

Figure 10. Comparison of static and dynamic p-y curves in loose sand at various depths

Figure 11. Comparison of back calculated p-multipliers from 
experimental p-y curves with excess pore water pressure ratio in loose 
sand and suggested data and relationship by Liu and Dobry (1995) as 
presented in FHWA (2011)
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ers in liquefiable soils in predicting the lateral response of 
dynamic piles is investigated by comparing the pile bending 
moment profiles measured in the centrifuge tests to those 
estimated using p-y models in LPILE. The LPILE models 
consider combined kinematic and inertial effects, in which 
the soil displacements were imposed to the end nodes of the 
p-y springs and wharf inertia was imposed by a shear force 
at the pile head. The kinematic demands (i.e., soil displace-
ments) and inertial demands (i.e., pile head shear) were di-
rectly calculated from the centrifuge tests at the exact time 
when the bending moments are at their peak values. The p-y 
curves were developed for each soil unit based on the API 
relationships with the input parameters listed in Table 1. 
The p-y curves were then softened using p-multipliers cor-
related to the Ru value using the linear equation described 
above Pm = 1.2 – 1.1*Ru for Ru > 0.2 and Pm = 1.0 for Ru ≤ 
0.2.

Figure 12 shows a comparison of the bending moments 
obtained from the first shaking event in Pile #1 in NJM01 
(as a representative case) to those estimated from the LPILE 
analyses. The LPILE analyses were performed for four cas-
es to evaluate the effectiveness of the modifications to the 
p-y curve and the application of a p-multiplier in predict-
ing the pile bending moments in a liquefied layer. The best 
agreement between the measured and predicted pile bend-
ing moments was observed in the case where the initial 
stiffness of the API curve used the back-calculated stiffness 
values listed in Table 1 and the p-y curves were modified by 
p-multipliers that are a function of the Ru value in granu-
lar materials. As expected, the predicted bending moments 

Figure 12. Comparison of recorded and estimated maximum bending moments during shaking event for dynamic Pile #1 in NJM01

Liu and Dobry. These three cases correspond to the p-y curve 
shown for NJM02 and the two p-y curves from Event 18 for 
Pile 3 in JCB01. We hypothesize that close proximity to the 
highly permeable rockfill layers might have contributed in 
recording low Ru in these three cases. Additionally, there is 
more uncertainty in the outlier data point for NJM02 because 
the pult of the experimental dynamic p-y curve may not have 
fully mobilized and there is significant amount of uncertainty 
in soil displacements as the shear failure plane passes through 
this location. More work is needed to explain the outlier cas-
es observed in this study. The red line in this figure shows a 
polynomial fit to the data from Liu and Dobry (1995) com-
bined with data from this study excluding the three outlier 
data points mentioned earlier. While the trend shows a non-
linear behavior, for simplicity, the p-multipliers in this study 
were calculated using Pm = 1.2 – 1.1*Ru for Ru > 0.2 and Pm 
= 1.0 for Ru ≤ 0.2 as indicated by a dashed line in Figure 11. 
When Ru is equal to 1.0, the p-multiplier is calculated as 0.1 
and when Ru is lower than 0.2 the effect of liquefaction is 
assumed to be negligible and the p-multiplier is calculated 
as 1.0. The Ru threshold of 0.2 corresponds approximately to 
a factor of safety against liquefaction (FSliq) of 1.4 based on 
the laboratory test data on granular material by Marcuson at 
al. (1990). This linear fit was found to be a practice-oriented 
simplification and the effectiveness of this approach in esti-
mating the pile demands is investigated next.

Validation Against Pile Demands
The effectiveness of the back-calculated input parameters 
for the API sand curves and the Ru-proportional p‑multipli-
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without applying p-multipliers or without reducing the stiff-
ness overestimated the demands. Similar observations can 
be made for other piles shown in the layout in Figure 13, 
in which the locations where large bending moments were 
observed are color-coded: bending moments above grade 
are shown in red, and those below grade are shown in blue. 
A comparison of the bending moments at these locations 
confirms that the simple p-multiplier approach is a reason-
able approached to approximate the softer response of p-y 
curves in fully/partially liquefied zones. 

In order to further investigate the applicability of the 
modified API curves, similar analyses were performed for 
the piles in all the five centrifuge tests. Figure 14 compares 
the peak bending moments in each instrumented pile from 
the centrifuge tests to the corresponding bending moments 
predicted using LPILE. It can be observed that bending 
moments can be reasonably predicted in piles subjected to 
liquefaction and lateral spreading loads using the modifica-
tions made to the API sand p-y curves. The majority of the 
peak bending moments from the centrifuge tests occurred 
when the wharf deck was moving in the bayward direction. 
In Figure 14, the bending moments below the mudline are 
plotted in blue and those above the mudline (at the pile 
head) are plotted in red. On average, the estimated bend-
ing moments using LPILE are 5% larger than the measured 
bending moments while the majority of the data points are 
bounded within the 1:2 and 2:1 lines (with the exception of 
two data points are very small bending moments). It can be 
seen that the p-y models were more accurate in estimating 
the bending moments at the pile head; however, the accura-
cy relies on the confidence in the estimation of the inertial 
demand (pile head shear) and kinematic demand (soil dis-
placements). 

Figure 14. Comparison of maximum bending moments recorded 
from centrifuge and predicted from the LPILE analyses for all five 
centrifuge tests

Conclusions
The results of five centrifuge tests on pile-supported wharves 
in saturated sands were used to back-calculate representative 
static and dynamic p-y curves for laterally loaded piles. Two 
types of piles were used in this study: 1) single free-head 
piles with static cyclic lateral loads at the pile head prior to 
shaking, and 2) dynamic pile groups with fixed-head condi-
tion supporting the wharf deck and subjected to deck inertia 
loads and liquefaction-induced lateral spreading loads due to 

Figure 13. Comparison of recorded and estimated maximum bending moments for all instrumented dynamic piles in NJM01
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earthquake ground shaking. The primary conclusions of the 
analyses are summarized as follows:

•	 Back-calculated p-y curves from static piles were approx-
imated using API sand curves. The friction angles of 33°, 
37° and 45° were used for loose sand (DR = 30% to 40%), 
dense sand (DR = 70% to 85%) and rockfill, respectively. 
These friction angles appeared to be adequate for estimat-
ing the ultimate lateral resistance (Pult) of the experimental 
p-y curves, and the overall lateral response of the piles 
was adequately captured; therefore, no modifications were 
necessary. The initial stiffness values of the p-y curves 
that were back-calculated from the centrifuge tests. The 
back-calculated moduli of subgrade reaction were 3500 
kN/m3, 3500 kN/m3, and 5200 kN/m3 for loose sand, dense 
sand and rockfill, respectively. These values are smaller 
than the values recommended by API (1993) which might 
be attributed to the aging effects between soils in the field 
and freshly deposited sands in the centrifuge tests and the 
effects of pile driving and installation in the field. 

•	 When p-multipliers (Pm) in fully/partially liquefied zones 
were applied to the API sand curves, the softer response 
of the soils in liquefied zones was reasonably captured. 
The p-multipliers were calculated based on the excess 
pore water pressure ratio (Ru) generated during dynamic 
loading using a simple practice-oriented equation (Pm = 
1.2 – 1.1*Ru for Ru > 0.2 and Pm = 1.0 for Ru ≤ 0.2). 

•	 The comparison of the recorded pile bending moments 
and those estimated from LPILE demonstrates that the 
recommended modification of the API sand curves can 
reasonably predict the maximum pile bending moments 
in piles that are subjected to a complex combination of 
liquefaction-induced lateral spreading and superstructure 
inertial loading.

•	 The conclusions in this study were derived from the cen-
trifuge tests performed on sands. The applicability of 
these conclusions to other types of soils that are prone to 
pore water pressure generation during cyclic loading (e.g. 
sandy silts and low-plasticity silts) need to be investigated 
in future studies
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