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A p-y CURVE-BASED APPROACH TO ANALYZE PILE BEHAVIOR IN
LIQUEFIED SAND UNDER DIFFERENT STRESS STATES

Sheng-Huoo Ni', Xiong Xiao® and Yu-Zhang Yang?

ABSTRACT

In general, p-y curves that represent the soil resisting force per unit length of pile as a function of soil displacement are used
to model the interaction behavior of soil and pile. However, there are significant uncertainties about how to model soil-pile be-
havior in liquefied sand, especially for the different softening effect of liquefied soil under different states of soil-pile interaction.
A new p-y model, which is capable of reflecting the dilative behavior of soil and the gap effect under different soil stress states, is
presented in an attempt to develop a practical approach for soil-pile interaction behavior. This p-y model incorporates an upper-
bound p-y curve calculated from the improved p-multiplier and y-multiplier and a lower-bound p-y curve regarding the residual
state of the soil-pile reaction in liquefied sand. Also, for the stress state between the two boundaries, the p-y curve can be ap-
proximately obtained from linear interpolation. The comparison between calculated results and the results of pile lateral-load test,
which was taken in medium dense sand liquefied by blast load, indicate that the proposed p-y model provides reasonable esti-

mates of response for piles in liquefied medium dense sand while pile-head displacements were less than 150 mm.
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1. INTRODUCTION

Soil liquefaction induced by earthquakes and other cyclic
loading is one of the major causes of damage to pile structures.
However, the prediction of soil-pile responses in liquefied sand is
quite complex. Some studies have been conducted to account for
that load-resistance behavior. Liu and Dobry (1995) performed a
group of centrifuge tests to study pile behavior in sand with cer-
tain levels of excess pore pressure. A series of reduction factors
(i.e. p-multipliers) was therefore recommended to compensate for
this softening effect on sand approaching liquefaction and a p-
multiplier of 0.1 was suggested for liquefied sand. Wilson (1998)
and Wilson et al. (2000) also proposed back-calculated p-
multipliers ranging from 0.1 to 0.35 based on the initial relative
density of liquefied sand. Tokimatsu (1999) observed that the
field performance of piles subjected to lateral spreading was
strongly related to the safety against liquefaction (Fp) factor, and
p-multipliers ranging from 0.05 to 0.2 were suggested. However,
the results in this paper showed that it is not sufficient to consider
this problem without adding a y-factor. Wang and Reese (1998)
incorporated the use of p-y relationships for soft clay (Matlock
1970) based on the undrained residual strength (S;) of sand to
account for the reduced resistance provided by liquefied sand. S,
is commonly estimated from its relationship related to (Nj)so
(Seed and Harder 1990). Gillette (2010) showed that the S, sug-
gested by Seed and Harder (1990) may not fit well with the ob-
served soil resistance of near-surface soils which provide the
main resistance to laterally loaded pile. This means Wang and
Reese’s method had a built in limitation to account for the effect

Manuscript received June 10, 2014; revised October 14, 2014; ac-
cepted October 20, 2014.

! Professor (corresponding author), Department of Civil Engineer-
ing, National Cheng Kung University, Taiwan (e-mail:
tonyni@mail.ncku.edu.tw).

? Graduate Student, Department of Civil Engineering, National
Cheng Kung University, Taiwan.

of confining pressures. Weaver et al. (2005) gave a comparison
between the estimation of soil-pile behavior using a p-y curve
modified according to the above recommendations and full-scale
test data. The results demonstrated that these simple methods
tend to over-predict the soil resistance at small displacements and
do not reflect the dilative behavior often observed during the
shearing of medium-dense sand. Rollins et al. (2005) developed
an empirical p-y curve to quantify the dilative behavior of lique-
fied sand. Ashour and Ardalan (2012) proposed the strain wedge
model to assess the p-y curve for piles in fully liquefied saturated
sands by using a liquefied sand stress-strain model. This method
requires a complicated iteration process and the accuracy of this
technique is influenced by the method used to estimate the soil
properties. Dash et al. (2008) reviewed the most commonly used
models for the p-y curve for liquefied soils, and subsequently, a
group of p-y curves were presented for the sandy soil transit from
a non-liquefied state to a fully liquefied state characterized by an
excess pore pressure ratio. Also, some studies (e.g., Ishihara and
Cubrinovski 2004; JRA 1996; Tokimatsu 2003; Lin et al. 2005;
Chang et al. 2008) had already discussed the situation of lique-
faction-caused lateral spreading with the consideration of ground
motion induced earth pressure in piles. However, the mechanism
in the research referenced above was different from the one dis-
cussed in this paper.

This paper focused on the performance of the proposed p-y
curve-based procedure to evaluate pile behavior in level-ground
liquefied sand. As shown in this study, it is impossible to simu-
late the soil-pile interaction of different load states using a single
p-y curve. The full-scale test results, which represented the initial
load state, medium load state and residual load state of soil-pile
reaction in liquefied sand, provided by Ashford and Rollins
(2002), were compared to results from the analyses which im-
plement p-y curves modified by p-multipliers and y-multipliers,
interpolated p-y curves and Rollins’ p-y curves, respectively. This
overall process of lateral-load test was taken place in sand after
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blast induced liquefaction, and initial state indicates the condition
of no relative lateral displacement had yet occurred between soil
and pile; residual state indicates the condition which the curve of
load vs. displacement remain the same while the number of load
cycle increased and with a 50 mm relative lateral displacement
between soil and pile; medium state indicates the condition of
relative lateral displacement between above two conditions.

2. THEORETICAL BACKGROUND

2.1 Excess Pore Water Pressure Response

Previous work of Dobry and Abdoun (1998), Kutter and
Wilson (1999) and Tokimatsu et al. (2005) suggested that during
phase transformation, a sudden drop in excess pore pressure will
cause the resistance to pile displacement in medium-dense lique-
fied sands to increase. The observance of this dilative behavior in
response to pile movement is important in verifying models used
to predict soil-pile interaction in liquefied sands. A detailed re-
view of the relationship between excess pore water pressure and
applied load is able to provide information that explains this dila-
tive behavior and reveals soil behavior in response to lateral
loaded piles in liquefied sand.

The measured pore water pressure near a 0.6 m cast-in-steel-
shell (CISS) pile presented by Ashford and Rollins (2002) ex-
plains this dilative behavior, as shown in Fig. 1. Excess pore wa-
ter pressure ratio near the pile shows a small initial increase in
excess pore pressure as the pile is pushed toward the piezometer.
However, it can be seen that as the pile continues to displaced,
the excess pore water pressure begins to reduce until the maxi-
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mum pile displacement is reached. The reduction in excess pore
water pressure indicates that liquefied soils may provide signifi-
cant resistance to pile movement as a result of a phase transfor-
mation. As the pile is unloaded, excess pore water pressure be-
gins to increase initially but decreases as the pile continues to
unload. It can be seen that dilative behavior was not noticeable at
4.2 m from the center of the 0.6 m CISS pile or at greater depths
(Fig. 1).

Therefore, while analyzing soil-pile reactions in liquefied
sand, one must consider the ascension of soil stiffness induced by
this phase transformation. A concave-up shape p-y curve is
needed.

2.2 Gap Effect

A gap was formed between the pile and the soil when sever-
al cycles of shaking force were conducted during the full-scale
tests, which is partially responsible for the generation of zero
resistance zones. The plot of load versus displacement of the
0.6 m CISS pile (Fig. 2) for the first post-blast series shows that
the gap generation increased with load cycle, and was able to
yield a 50 mm gap after the 9" cycle with maximum displace-
ments of 228 mm. With the pile displacement increased, the soil
can make contact with the pile body again, and soil stiffness is
recovered in this stage. The soil-pile response predicted by the
use of standard sand p-y curves (Reese et al. 1974), which have a
high initial soil resistance slope, contradicted the phenomena of
zero resistance and soil stiffness recovery. Therefore, a gap effect
is another possible reason for a concave-up shaped p-y curve.
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(b) 4.2 m from the 0.6 m CISS pile center

Fig. 1 Excess pore water pressure ratio and load versus time
(Ashford and Rollins 2002)
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Fig. 2 Load versus displacement of the 0.6 m CISS pile for the
first post-blast series (Ashford and Rollins 2002)

2.3 A p-y Curve-based Procedure to Analyze Pile
Behavior in Liquefied Sand

Different soil-pile interactions were observed in different
stress states as the excess pore water pressure was generated. As
shown in Fig. 2, the softening effect of the soil for the first cycle,
with a maximum pile head displacement of 73 mm, is not as sig-
nificant as that exhibited in the 9™ cycle, with a maximum pile
head displacement of 228 mm. Therefore, the dilative and gap
effect became more obvious as more load cycles were conducted
to displace the pile. A new procedure for analyzing pile behavior
in liquefied sand is described as follows:

1. When the pile was surrounded by liquefied soil with certain
levels of excess pore pressure generated, and no gap was
formed between them, soil stiffness was mainly affected by
the drop in effective soil stress. For this case, an upper
bound p-y curve should be given to simulate the pile behav-
ior.

2. With the load cycle number is increased, there will be gaps
generated between the soil and pile. As the gaps grow to
their maximum widths, and excess pore pressure is maintain
at a relatively higher level (80% or higher), the decrease in
soil stiffness is no longer due only to the effective stress
drop, but is also caused by the generation of a zero re-
sistance zone. Therefore, a lower bound p-y curve should be
used to model this residual soil-pile response state.

3. For states between the above two cases, linear interpolated
p-y curves can be used to account for this medium soil-pile
interaction state.

A. Upper bound p-y curves for liquefied sand

Under conditions in which soil is not being separated from
the pile body, a p-y curve (Reese et al. 1974) modified by a p-
multiplier and a y-multiplier can be used to model the soil-pile
reaction. The p-multiplier suggested by Liu and Dobry (1995) is
recommended.

Liu and Dobry (1995) performed a group of centrifuge tests
to quantify excess pore water pressure’s effect on the lateral load
capacity of steel pile in liquefied sand. The scaling factor of the
centrifuge test was 40. The prototype steel pile was 6.7 m long,
0.381 m in the outside diameter, 0.353 m in the inside diameter,
with a bending stiffness of EI = 5241.7 kN-m’. A series of cyclic

lateral forces F, was conducted to cause a maximum pile head
displacement of 5 cm at 5 seconds after shaking, while a certain
level of excess pore water pressure was generated. In this case,
when the pore water pressure was large, less force was needed to
displace the pile to 5 cm. The degradation rate of soil resistance
for certain pore water pressure ratios is back-calculated and
shown in Fig. 3 below. In this plot, dimensionless degradation
parameter K, is more or less uniquely correlated with r,. This
relationship has been suggested to establish the effect of excess
pore water pressure in the sand on p-y curves at different depths
along the pile (the p-multiplier). The effect of the y-multiplier
will be discussed in the program LPILE modeling below.

B. Lower bound p-y curves for liquefied sand

Based on the results of Ashford and Rollins’s (2002) full-
scale pile tests, Rollins et al. (2005) developed an empirical
mathematical equation to describe the concave-up soil-pile re-
sponse in liquefied sand. This mathematical model is back-
calculated from the 10™ load cycle. As shown in Fig. 2, the initial
soil resistance of each load cycle decreases during shearing until
the 10™ load cycle, at which time this initial soil resistance will
be kept constant, which means a residual phase of the soil-pile
response is reached. The mathematical expression for this residu-
al phase is shown as Eq. (1):

p=ABy) (p,) (1)

where 4=3x10"(z+ 1)*”
B=280(z+1)""
C=285@z+1)""
P,=381(Ind)+5.6

where p is the soil pressure per unit length of the pile (kN/m); y is
the relative differential displacement between pile and soil (mm);
z is the depth of interest from the ground surface (m); P, is the
diameter adjustment factor; and d is the diameter of the pile (m).

Equation (1) should generally be used in conditions similar
to those of the full-scale test, namely for soil pressures of
55 kN/m or less, deflections of 150 mm or less, and sands with
relative densities of approximately 50%.

C. Linear interpolation of p-y curves

For the soil stress state between the two boundaries, the p-y
curve can be approximately obtained from linear interpolation.
Taking the 3™ load cycle as an example, which is located in the
middle of the 1 and 9™ load cycle, the soil-pile response of this
intermediary state is modeled by averaging the p-y curves of the
upper and lower boundaries.

The three p-y curves discussed above in the theoretical
background section are shown in Fig. 4. The standard Reese sand
p-y curve (Reese et al. 1974) was given to provide a comparison
with these three p-y curves.

3. CASE STUDY
3.1 Overview of the Full-Scale Field Test

Ashford et al. (2002) conducted a group of full-scale pile
tests on Treasure Island in San Francisco, California to study the
lateral load behavior of piles in liquefied soil. In their tests, pile
head displacements and lateral loads were measured by potenti-
ometer and load cells, separately. Piezometers were installed
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along pile and at a radial distance of approximately 4.2 m from
the pile center to measure the excess pore water pressure. Lique-
faction was induced by detonating down-hole explosives. A high
speed hydraulic actuator was used to apply half-cyclic lateral
loading to the 0.6 m and 0.9 m CISS pile. The series of loading
cycles for the 0.6 m CISS pile consisted of one 73 mm, one
150 mm, and ten 228 mm displacements and ten 36 mm, one
76 mm, one 152 mm and eleven 225 mm displacements for the
0.9 m CISS pile.
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Fig. 3 Excess Pore water Pressure Ratio r, versus degradation
parameter K, (Liu and Dobry 1995)
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Fig. 4 Comparison between the proposed p-y curves and the
Reese sand p-y curve

3.2 Soil and Pile Property

The full-scale pile lateral load tests were performed at
Treasure Island’s National Geotechnical Experimentation Site,
where well-documented investigations have been previously
conducted, including the results of the Standard Penetration Test
(SPT) and Cone Penetration Test (CPT). Relative density (D,)
can be estimated according to the empirical relationship between
SPT-N value with D, as proposed by Kulhawy and Mayne (1990),
and the D, for the sand layers in this case are approximately 50%.
The horizontal subgrade reaction (k), friction angle (¢), and total
unit weight (y) were obtained using a relationship with D, pro-
posed by the American Petroleum Institute (API 2005). The total
unit weight value was assumed for each of the layers: 19.5 kN/m’
for sand above the water table, 21.1 kN/m’ for sand below the
water table, 9.5 kN/m’ for grey clay, and the soil properties used
in the lateral pile analysis are shown in Table 1 and Table 2 be-
low. The pile properties are shown in Table 3 below.

Table 1 Soil layering and properties used in lateral pile analysis

for 0.6 m CISS pile
Depth below .
excavated Effec_tlve | Friction Lateral
d Type of | unit [Cohesion Subgrade
groun - . Angle €50
soil weight | ¢ (kPa) - Modulus,
Top |Bottom (KN/) o (°) e (MN/m’)
(m) | (m)

0 0.51 sand 19.5 0 33 24.4 -
0.51 | 2.59 sand 11.1 0 33 154 -
259 | 473 sand 11.1 0 32 13.6 -
473 | 7.49 sand 11.1 0 30 10.8 -
7.49 | 9.25 |softclay| 9.5 19.2 0 - 0.01
9.25 | 10.16 sand 11.1 0 30 10.8 -
10.16 | 17.8 |softclay| 9.5 19.2 0 - 0.01

Table 2 Soil layering and properties used in lateral pile analysis

for 0.9 m CISS pile
Depth below .
excavated Effecpve | Friction Lateral
d Type of | unit [Cohesion Subgrade
groun - . Angle €50
Top |Bottom soil weight | ¢ (kPa) 0 () Modulus,
kN/m’ k (MN/m’
m) | (m) ( ) ( )
0 1.6 sand 19.5 0 33 244 -
1.6 6 sand 11.1 0 33 15.4 -
6 8.1 sand 11.1 0 30 10.8 —
8.1 9.9 |soft clay 9.5 19.2 0 — 0.01
9.9 13.1 sand 11.1 0 30 10.8 —
13.1 | 244 |softclay| 9.5 19.2 0 — 0.01

Table 3 Properties of CISS pile

Length (m) Outside diameter (m) Bending stiffness EI (kN/m?)
13.9 0.6 291800
12 0.9 1019358
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3.3 Numerical Modeling

In this study, a finite difference method computer program,
LPILE 2013 V.7 (Isenhower and Wang 2013) was used to predict
the pile displacements. LPILE 2013 is a widely used program for
analyzing a pile under lateral loading developed by ENSOFT,
Inc., Austin, Texas. Soil behavior is modeled with p-y curves
internally generated by the computer program following pub-
lished recommendations for various types of soils or with p-y
curves manually introduced by the user.

To verify the procedures presented in this paper, the p-y
curves mentioned in the previous section were exported into the
LPILE 2013 program to simulate the soil-pile response in lique-
fied sand. The calculation procedures are given as follows:

1. The calculated soil-pile reactions using the upper-bound p-y
curve were compared with the full-scale test result for the 1%
load cycle of the 0.6 m CISS pile and the 1% load cycle of
the 0.9 m CISS pile.

2. The residual soil-pile reaction states calculated by the lower-
bound p-y curve were compared with the full-scale test re-
sult of the 9™ load cycle of the 0.6 m CISS pile and the 19"
load cycle of the 0.9 m CISS pile.

3. For the load cycle between the above two cases, the linear
Interpolated p-y curve was used to model the soil-pile reac-
tion. In this paper, the test results for the 3" load cycle of the
0.6 m CISS pile and the 12" load cycle of the 0.9 m CISS
pile, located in the middle of the upper and lower bound,
were compared to the calculated results of the averaged p-y
curve. This p-y curve is the average of the upper and lower
bound p-y curves.

In addition, the percentage error between the calculated dis-
placement and the full-scale test result is defined as Eq. (2).

D, calculated — D, measured (2)
D,

measured

error(%) =

where D cutated @0d Dineasured are the calculated and measured pile
head displacements, respectively.

4. Results and Discussion

4.1 Calculation of 0.6 m CISS Pile

A. 1"load cycle with a maximum pile head displacement

of 73 mm

In this case, firstly, only p-multipliers were used to modify
p-y curve, and the dilative effect was not considered. The com-
parison between the results for the actual measured value and
calculated results are shown in Fig. 5. The values of the p-
multipliers are related to the excess pore water pressure at dif-
ferent depths, which were measured when no lateral loads were
applied at the pile top, following Liu and Dobry’s (1995) sugges-
tion. The p-y curves modified in this way were then used to mod-
el the 0.6 m CISS pile behavior in the 1% load cycle. Since this
modified method has been suggested by many previous practi-
tioners, for convenience, this procedure is called the traditional
method (Fig. 5). Under a small lateral load, the calculated pile-
head displacements converge with the test results, for which the
error percentage is below 5%. However, it can be seen that as the
lateral load increased, the error percentage grew as well. A lateral
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Fig.5 Load versus pile head displacement for the 0.6 m CISS
pile in the 1% load cycle

load of 200 kN produces an error percentage of 37%. It appears
the error will become larger at larger displacements based on a
comparison of the slopes of the load-displacement curves. The
error is produced because the dilation of sand in the large pile
head displacement in the modified method is not considered.
Then, the upper-bound p-y curves presented in this paper are
used to model pile behavior for the same case. In order to quan-
tify the dilative effect properly, the pore water pressure values for
each lateral load (shown in Fig. 6) are used to modify the soil
resistance by using p-value). The calculation results for the pile
head displacements for each lateral load are shown in Fig. 7. If
we considered only the dilative effect with no multiplying a y-
factor to p-y curves, the calculated results are smaller than the
test results with a maximum error of 21% at a lateral load of
200 kN. If the lateral displacement is multiplied by a y-factor of
1.8, the calculated results agree well with the test results, which
means both p-multipliers and y-multipliers should be given to
model the softening of the soil-pile response for pore water pres-
sure building up during an earthquake in a liquefied sand deposit.

B. 9™ load cycle with a maximum pile head displacement of
228 mm

In this case, lower-bound p-y curves (Rollins et al. 2005)
were used to model the soil-pile reaction of the 0.6 m CISS pile
in its 9™ load cycle. The results are shown in Fig. 8. Except for
the maximum 12.3% error at a lateral load of 255 kN, the calcu-
lated results match the test results. This error is possibly caused
by the limitation of the Rollins’ model, which only allows an
ultimate soil resistance of 55 kPa and a maximum pile head dis-
placement of 150 mm. Also, as shown in Fig. 9, the moment
curves that calculated using lower-bound p-y curves matched
well with the field measured moments along the pile.

C. 3"load cycle with a maximum pile head displacement of
228 mm

In the case of the medium stress state, the 3™ load cycle,
upper-bound p-y curves were first given to model the soil-pile
interaction. The pore water pressure values for each lateral load
are shown in Fig. 10. The calculated pile head displacements for
each lateral load are shown in Fig. 11. If a y-multiplier of 3.8 is
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used, errors in the results between calculated and measured re-
sults are acceptable, with the highest error of 35.6% at a lateral
load of 86.2 kN. The linear interpolation p-y curves as presented
in this paper are conducted to model the same case. When the
lateral load is less than 350 kN, and the pile head displacement is
less than 150 mm, the calculated results agree well with the
measured data, and the error at a lateral load of 86.2 kN is re-
duced to 20%. However, due to the limitations of the model in
regard to ultimate soil resistance and maximum pile head dis-
placement, this method is unable to simulate the situation of a
large lateral load. Therefore, the method using average p-y curves
can predict the soil-pile response for the medium stress state case
better than the method using an upper-bound p-y curve.

4.2 Calculation for the 0.9 m CISS Pile

A. 1"load cycle with a maximum pile head displacement of
36 mm

The new simplified method, as proposed in the 0.6 m CISS
pile case, using p-multipliers and y-multipliers, was given to
model the 0.9 m CISS pile behavior in the 1% load cycle with a
maximum pile head displacement of 36 mm. The excess water
pore pressure at different depths is kept at 90% or higher during
the loading cyclic to maintain the p-multiplier at 0.1. As shown
in Fig. 12, the calculated results of soil-pile response using this
simplified method agree well with the test results with a y-
multiplier of 1.7.

B. 19" load cycle with a maximum pile head displacement
of 225 mm

The test results for the 0.9 m CISS pile shows that the soil
pile system decreased in stiffness during the first 18 cycles and
that the decrease in stiffness for the final six 225 mm cycles was
negligible. A Rollins’ p-y curve was conducted to model this
residual soil-pile reaction. The results are shown in Fig. 13. The
same as the 0.6 m CISS pile case, the calculated results match the
test results except for the maximum158.3% error at a lateral load
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Fig. 12 Load versus pile head displacement for the 0.9 m CISS
pile in the 1% load cycle
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Fig. 13 Load versus pile head displacement for 0.9 m CISS pile
in the 19™ load cycle

of 489.6 kN. This error was possibly caused by the limitation of
the Rollins’ model, which only allows an ultimate soil resistance
of 78 kPa and a maximum pile head displacement of 150 mm.

C. 12" load cycle with a maximum pile head displacement
of 225 mm

The p-y curves, which were obtained by averaging the p-y
curves of the 1% and 19" cycles, were conducted to model the
stress state case between the two boundaries. Figure 14 illustrates
that while the lateral load is less than 585 kN, and the pile head
displacement is less than 150 mm, the calculated results agree
well with the test data. However, due to the limitation of the
model in regard to ultimate soil resistance and maximum pile
head displacement, this method cannot be used to simulate a
large lateral load situation.
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Fig. 14 Load versus pile head displacement for the 0.9 m CISS
pile in the 12" load cycle

5. CONCLUSION REMARKS

The soil-pile response analyses performed using the p-y
curves mentioned in this paper are confirmed for use to simulate
pile behavior in liquefied sand under different stress state condi-
tions. The results can provide practitioners a better understanding
of how much resistance can be expected during liquefaction.
However, this p-y model was applicable in sand liquefied by
blast load, whether it is suitable for case of analyzing pile behav-
ior in sand liquefied by seismic ground motion or not still need
more study. The summarized findings and suggestions from this
study are given as follows:

1. Dilative behaviors of soil and gap effects are the two main
causes for different softening effects on a wide range of soil
stress states. Ignoring this phase transformation will gener-
ally overestimate soil stiffness at small lateral pile dis-
placements but will tend to underestimate soil stiffness for
case where piles are displaced by large lateral loads. In or-
der to properly use the upper-bound p-y curve, further study
about the relationships between the change of excess pore
pressure and the increased pile displacement were recom-
mended.

2. Under the condition where no gap was generated around the
pile in liquefied sand, and few load cycles were conducted
to displace the pile, a simplified method with an upper-
bound p-y curve can be used to account for the degradation
in soil resistance. The y-multiplier is 1.8 for the 0.6 m CISS
pile and 1.7 for the 0.9 m CISS pile in this study. More full-
scale lateral pile load tests are needed to provide a database
of information sufficient enough to determine the magnitude
of y-multipliers for different piles.

3. When a residual phase of soil-pile response is reached, low-
er-bound p-y curves can be used to model the soil-pile reac-
tion with restrictions of soil resistance less than 55 kPa; pile
head displacement less than 150 mm and sand relative den-
sity approximately 50%.

4. For the soil stress state between these two boundaries, the
linear interpolation p-y curve can be used to simulate the
soil-pile response. The calculated results agree well with the
test data except for the condition of the pile head displace-

ment over the model restriction of 150 mm.

5. The choice of which curve to be used depends on the rela-
tive displacement between soil and pile while no lateral
force was loaded on pile. When analyzing the behavior of
0.6 ~ 0.9 m CISS pile in medium dense sand liquefied by
blast load, an upper bond p-y curve is suggested when there
is no relative displacement between soil and pile; the lower
bound p-y curve is suggested when the relative displacement
between soil and pile reached 50 mm; in order to simplify
the interpolation procedure, a linear interpolation is sug-
gested when the relative displacement is between 0 and 50
mm. More pile load tests are warranted to provide a data-
base of information sufficient enough to determine the rela-
tionship between relative pile displacement and the choice
of p-y curve.
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