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ABSTRACT: In this study, dynamic p-y curves were suggested for pseudo-static analysis from 1g shaking table tests under various loading
frequencies. Based on the results of the model tests, the dynamic p-y curves are highly dependent on the relationships between the natural
frequency of the soil-pile systems and the loading frequency. The dynamic p-y curves were proposed as hyperbolic functions. The ultimate
soil resistance and the initial soil stiffness were developed as functions of the properties of the pile and soil. Based on comparisons with the
existing p-y curves, the proposed dynamic p-y curve was demonstrated to be capable of predicting the behaviour of a pile under dynamic

|oads.
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1 INTRODUCTION

Seismic design has become increasingly important, because the
number of large-scadle earthquakes has increased worldwide to
reduce the threat that earthquake-induced structural deformation and
damage. Pseudo-static analysis, which is a method of converting
dynamic loads into the equivalent static loads, is widely used in the
seismic design of pile foundations. The p-y curves considering
nonlinear behaviour of soil are most frequently used for pseudo-
static analysis in practical engineering applications. However, the p-
y curves, which were proposed by Reese et a. (1974) and API
(American Petroleum Institute, 1987), derived from fied tests
applying static and cyclic loads at the pile head. In other words, the
p-y curves do not properly consider soil stiffness and soil inertia
effects under seismic loads. Therefore, the p-y curves are not
suitable for application to seismic design of pile foundations.

Much work has been done on pile foundations subjected to
dynamic loads. Ting et al. (1987) noted that the secant slope of the
dynamic p-y curve is highly dependent on the loading frequenciesin
dynamic pile load tests. Dou and Byrne (1996) showed that API p-y
curves underestimate the lateral soil stiffness or resistance under
strong shaking intensities. The NCHRP (National Cooperative
Highway Research Program, 2001) described that the dynamic
behavior of the soil-pile interaction is closely associated with the
pile diameters, shear wave velocities of the soil and loading
frequencies. Additionally, the NCHRP suggested dynamic p-y
curves by using a numerical analysis method that related the static
p-y curves to the dimensionless frequency. However, the
verification of the dynamic p-y curves was conducted under
restrictive conditions by statnamic tests in which a lateral load was
applied on a pile head. El Naggar and Bentley (2000) observed that
the soil resistance under dynamic loading increases due to the
damping effect. They also noted that the dynamic p-y curves
depended on the loading frequency. Therefore, it is necessary to
study dynamic p-y curves for seismic design of pile foundations.

The objective of this study is to develop dynamic p-y curves for
pseudo-static analysis by using model tests under various loading
frequencies based on the natural frequencies of soil-pile systems.

2. 1G SHACKING TABLE TESTS
21 Test set-up and programs

The dynamic model tests were conducted by 1g shaking table tests.
The size of the soil box was 1,200x600x800 mm with sponge pads
50 mm thick on the sidewalls to reduce reflection waves during
shaking (Fig. 1). The model pile was made of aluminium alloy with
a hollow circular section. The size of the model pile was applied the
similitude law proposed by lai (1989). The properties of the model
pile are summarized in Table 1. Jumoonjin sand, characterized as
clean and uniform sand, was used in the tests. The properties of
jumoonjin sand are listed in Table 2.

Fig. 1 shows the sectional view of 1g shaking table tests. The
displacement of the pile was measured by two LVDTs (linear
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variable differential transformers) located on either side of the pile
cap. In other to obtain the bending moments, strain gauges were
installed adong the pile. Accelerometers were instaled on the
superstructure and within the soil of to measure the natural
frequencies of the soil-pile system and the free field displacement.

Sweep tests were conducted to evaluate the natural frequencies
of the soil-pile systems under various conditions. The input wave
was as a sine wave and applied approximately 5 seconds. The
loading frequencies used in the tests were calculated from the
natural frequencies (fn) of the soil-pile systems. The natura
frequencies range from 0.4fn Hz to 1.6fn Hz. The amplitude
accelerations ranged from 0.098g to 0.4g.
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Figure 1 Sectional view of 1g shaking table test
Table 1 Pile Properties
) Scaling factor .
Pile (1ai, 1989) Prototype Modé pile
Diameter (cm) A 91.44 20
Thickness (cm) A 14 0.2
Pile depth (m) A 1,710 64
Flexural rigidity 45
(kN-1?) A 842,983 0.31995
*Note: Scaling factor A =26.72
Table 2 Properties of Test Soil
Dio Deo Yd,max Yd,min
USCS  om)  (mm) & G wm)  @m)
SP 0.38 0.49 1.59 2.65 1.62 1.36
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2.2 Determination of experimental dynamic p-y curves

The experimental dynamic p-y curves were derived from the
bending moments along the depth of the pile. The bending moment
profile along the pile was double differentiated and integrated to the
obtain soil resistance (p) and lateral pile deflection (ye) according
to simple beam theory, as shown in Eq. (1) and Eq. (2):

_ d’M(2) 1)
dz?
ypile :J. ME(IZ) dz (2)

where p is the soil resistance, M(2) is the bending moment at depth
Z, Yyile is the lateral pile deflection, El is the flexural rigidity of the
pile and z is the distance aong the pile.

The bending moment of the pile foundation were calculated by
Eq. (3) using the stain measured by the strain gauges.

- Ed 3
y

where M is the bending moment, y is the distance from the neutral
axis, E is the Elastic modulus of the pile and ¢ is the strain of the
pile.

2.3 Testresults

The natural frequencies of the soil-pile systems were determined
from sweep tests. Fig. 2 shows the typical fourier transform for a
natural frequency of a soil-pile system using sweep tests results. As
shown in Fig. 2, the natura frequency of this soil-pile system is
10.86 Hz under an accel eration amplitude of 0.154 g in dense sand.

Fig. 3 shows change in the natura frequency with the
acceleration amplitude of the soil-pile systems. As the acceleration
amplitude increases the natural frequency of the soil-pile systems
decreases due to the reduced e astic modulus of the soil. In addition,
the natura frequency of the soil-pile system for the relative density
of 40 %, is smaller than that for the relative density of 80 % due to
the increased stiffnessin the soil with a higher relative density.

Fig. 4 shows dynamic p-y curves under various conditions. As
shown in Fig. 4(a), the dynamic p-y curves are flat near the surface
and become dtiffer with depth because the soil confining stress
increases. Fig. 4(b) shows that the lateral pile deflection increases
with the acceleration amplitude due to greater inertial forces. The
soil resistance also increases with the acceleration amplitude.
However, the increments of the soil resistance decreased with the
acceleration amplitude. The secant slope of the dynamic p-y curve
decreases with an increase in the acceleration amplitude. As shown
in Fig. 4(c), The dynamic p-y curve is closely related to the ratio of
the loading frequency to the natural frequency. As the frequency
ratio approaches 1.0, the lateral deflection further increases, and the
slope of the dynamic p-y curve decreases due to resonance.
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3. PROPOSED DYNMAIC P-Y CURVES

Based on the experimental dynamic p-y curves, the simplified
dynamic p-y backbone curve was suggested for pseudo-static
analysis under various loading frequencies. All of the peak points of
the experimental dynamic p-y curves corresponding to the
maximum soil resistance, were collected at several depths and
plotted on a p-y plane. The dynamic p-y backbone curves were fitted
to this data.

In this study, the general shape of experimental dynamic p-y

curves for dry sand were fit mathematically by a hyperbolic function.

The best fit curve was the hyperbolic function of Kondner (1963):
y 4)
1.y

K p,
where p is the soil resistance, y is the lateral pile deflection, K isthe
initial soil stiffness and p, is the ultimate soil resistance. Generadly,
the shape of the hyperbolic curveis controlled by the value of p, and
K. Therefore, these values were proposed from model tests.

Figs. 5 show the peak points of the experimental dynamic p-y
curves and the dynamic p-y backbone curves, which were
determined by regression anaysis. As shown in Fig. 5, the results
indicate nonlinearity of the soil-pile system, and the hyperbolic
function accurately reflects the experimental results. Additionaly,
the initial slope (K) and the ultimate soil resistance (p,) increased
with depth due to confining stresses of soil. In this study, the initial
soil stiffness and the ultimate soil resistance were suggested to be a
function of the confining pressure and the Ranking's passive
pressure coefficient, respectively.
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Figure5 Dynamic p-y backbone curve at dense sand: (a) at 2 pile
diameter; (b) at 4 pile diameter; (c) at 6 pile diameter
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3.1 Ultimate soil resistance

Kim et al. proposed the ultimate soil resistance based on Rankine's
passive earth pressure. The best-fit ultimate soil resistance was
determined by using Eq. (4).

% = AK,y' 2" )
where D is pile diameter, K, is Ranking's passive pressure
coefficient, is effective unit weight, z is depth of soil and A, n are
curve fitting parameters. In order to determine the curve fitting
parameters A and n, Eq. (4) was normalized in logarithm as Eq. (5):

log(2%) = nlog(z) + log(AK 5y ) ©)

Fig. 6 shows the soil resistance in transformed coordinates from
the model test results. From the linear regression analysis, empirical
equations for the soil resistance were obtained as Egs. (6) and (7):
The soil resistance for dense sand:

Pu _ 11,97
E =7.10K pY'2 (6)
The soil resistance for loose sand:
Pu _ 1188
D 8.21K pY'2 )
2
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Figure 6 Determination of ultimate soil resistance

3.2 Initial soil stiffness

The variation of the initial tangent modulus with confining pressure
is represented by an empirical equation proposed by Janbu(1963):

K = AP, ()8 ®

where P, is atmospheric pressure (10.13 N/cm?), is confining stress
and A is acurve-fitting parameter.

A linear regression analysis was used to obtain the best-fit
values for the parameter A.

Fig. 7 shows the initia soil stiffness in the transformed
coordinates from the model test results. Through a linear regression
analysis, the curve-fitting parameters of A were determined to be
1,414.8 and 995.94 for the relative densities of D, 80 % and D, 40
%, respectively. Based on these results, the empirical equation for K
can be rewritten as Egs. (9) and (10).

The initial soil stiffness for dense sand:

K =1414.8P, (—)°5 ©)
Pa
Theinitial soil stiffness for loose sand:

K = 995.94P, (%)O-5 (10)
a
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Figure 7 Determination of initial slope

3.3 Application of proposed dynamic p-y curves

To verify the applicability of the proposed p-y curve more reliably,
other test results were compared with proposed dynamic p-y curves.
Yang (2008) has conducted 1g shaking table tests in dry loose and
dense sand. The test soil was Jumoonjin sand and the model pile
with hollow circular section was embedded in a soil box (1,800x600
x1,200 mm) and the embedded depth of pile was 110 cm with a
diameter of 3.2 cm. An input sine wave of acceleration amplitude
0.154 g and frequency 6 Hz applied at the bottom of the soil box.

The proposed dynamic p-y curves were validated by pseudo-
static analysis with the FB-MultiPier program (2007). The anaysis
was performed by applying the inertial force determined by the
measured accel eration at the surcharge mass and the surcharge mass.
Fig 7. shows the predicted and measured bending moment
distributions in test piles. The resulting proposed p-y curves predict
a trend of the measured bending moment distributions better than
the existing p-y curves.

Table 4 Pile Properties and Test Conditions (Y ang, 2008)

Pile M odel Test Condition

pile
Diameter (cm) 3.2

Soil condition  Dr 80%, 40%

Thickness (cm) 0.5
Pile depth (cm) 110 (F;ez‘;'”ency 6
Flexural rigidity Acceleration
(kN-cmZ) 2764,424 @ 0.154

Bending moment (N-cm)
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Figure 7 Comparison of bending moment distributions results of
Y ang(2008) for application of proposed p-y curves

4. CONCLUSION

In this study, a new hyperbolic p-y curve was proposed under
dynamic loads for piles embedded in dry sand that can apply to
pseudo-static analysis. The experimental results confirmed that
dynamic p-y curves are largely affected by the relationships between
the natural frequency of the soil-pile systems and the loading
frequencies, the acceleration amplitude. Based on comparisons with
the existing p-y curves, the proposed dynamic p-y curve is shown to
be capable of predicting the behavior of the pile under dynamic
loads. Therefore, the proposed p-y curves are appropriate to
represent the behavior of the pile subjected to dynamic loads.
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