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1. Introduction

Buildings and bridges on loose to medium dense sands are often built on piles foundation. If sand layer is
saturated, liquefaction is likely to occur. In recent earthquakes, liquefaction and its effects have been reported as one
of the main reasons for failure of piles and pile-supported structures [1]. When pile foundations are exposed to
intense dynamic transverse loads during earthquakes, soil-structure interaction (SSI) plays an important role in
allocating the response of pile foundations to lateral excitation [2]. Recent observations after major earthquakes have
shown that extensive damages and destructions are still likely to be happened to pile foundations. This problem is
significant particularly for pile foundations in loose saturated cohesionless deposits which are vulnerable to
liquefaction and lateral spreading during seismic loading. Design procedures that have been developed for
evaluating pile behavior under earthquake loading, have many uncertainties to be used for cases involving
liquefaction. The performance of piles in liquefied soil layers is much more complex than that of non-liquefying soil
layer as a result of the diminishing of stiffness and shear strength of the surrounding soil over time due to the
increase of pore water pressure [3].By increasing the density of the soil the probability of liquefaction is reduced
liquefaction. Soil compaction increases the soil relative density, modulus of elasticity, the angle of internal friction,
and SPT-N of the soil. With regard to the relationships in soil mechanics science increase of relative density causes
the bearing capacity of foundation to be increased, improves the soil properties, reduces the inappropriate
subsidence, risk of liquefaction, and stabilizes embankments. High relative density is accounted suitable for
geotechnical activities and provides the ideal conditions at least for static designs.

In this article, concrete and steel pipe pile behavior with different diameters for different soil relative densities,
earthquake predominant frequencies, and peak accelerations, are studied. The effect of soil relative density on the
behavior of the pile and the soil and two important potential pile failures mechanisms in liquefiable soil, i.e. bending
failure and buckling instability are examined. For the stated purposes a plain strain analysis has been conducted
using finite difference program, FLAC?. Results show that increasing the amount of soil density may result in
reduction of occurrence of buckling instability of pile however increases probability of occurrence of bending
failures.

2. Methodology
2.1. Model description

In this study, the bending behavior of pile foundations embedded in different soils are analyzed using a finite
difference model, known as fast Lagrangian analysis of continua (FLAC) Itasca Consulting Group, Inc. 2006 [4].
Soil liquefaction is taken under consideration utilizing a nonlinear constitutive model [5]. Validation of the
constitutive model has been done with respect to centrifuge test [6] data from the literature. For examining the
response of a single end bearing pile in liquefiable soil, five different earthquake predominant frequency values,
three different ranges of soil relative densities, and concrete piles and steel tube piles with six different pile
diameters are considered for analysis. Dynamic liquefaction analysis calculation is done by a two-dimensional, plain
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strain analysis by FLAC based on an explicit finite difference scheme for solving the equation of motion utilizing
lumped grid point masses which are derived from the real density of neighbor zones. Analysis of soil-structure
interaction brought about by ground shaking in FLAC is permitted by coupling FLAC formulation to the structural
element model. Damping and energy-absorbing characteristics of real soil are captured using the hysteresis curves
for sandy soil. The dynamic loadings are applied as acceleration time histories to the base of the model. Wave
reflections at model boundaries are minimized by specifying free-field boundary conditions. The present study
utilizes the Byrne model for modeling the soil which considers soil behavior due to energy dissipation, volume
changes and modulus degradation under cyclic loading.

2.2. Problem statement

Three various soil different relative densities 40%, 55%, and 80% are considered for the study which has shear
modulus from 25000 to 41460 kPa respectively. Characteristics of Nevada sand was used for the centrifuge test has
brought in Table 1. The depth of the soil layer is considered to be 20 m and the lateral dimension of the soil
environment in dynamic model is 40 m and is discretized to 600 numbers of 4-noded quadrilateral finite difference
grids (30 rows and 20 columns). The water table is assumed to be present at the ground level. A 21-m end bearing
pile with various radius from 0.6 to 1 m and two materials, concrete and steel piles, and the length above ground of
1 m, is modeled with pile elements in FLAC. The total length of modeled piles below ground is 20 m. Fig. 1
represent the schematic diagram of soil-pile system considered in the analysis. Five different earthquake time history
data are utilized for the analysis which capture a wide range of frequencies from 1.2 to 5 Hz and are scaled to 0.1g,
0.2g, and 0.3g. Linear baseline corrected scaled earthquake data are used.

Table 1. Soil properties for parametric analysis

Characteristics Dr=40% Dr=55% Dr=80%
Depth of layer (m) 20 20 20
pa (kg/m®) 1538 1586 1674
Shear module, G (MPa) 27 30.2 44.7
Bulk module, K (MPa) 216 292 432
(N1)eo 72 14 30
Porosity 0.424 0.406 0.373
Permeability, k (m/s) 6.6 6.05 3.7
Friction angel, ¢ (°) 33 34.2 39.5
Ko 0.5 0.5 0.5
Poisson’s ratio, v 0.45 0.45 0.45
T40 KN
20m ¥_x

Soil medinum with P
various relative densities

MMM MM M MMM NN NN

[
O 40 m

Fig. 1. Configuration of soil-pile system in numerical models

3. Results and discussion

The influences of different soil relative densities for five earthquake predominant frequencies and three peak
acceleration values, on the pile’s dynamic response are examined as follows:

3.1. Depth of liquefied soil layer

In saturated sandy soil, due to seismic excitation and subsequently high shear strains in soil layer, pore water
pressure increases at different soil depths. Excess-pore water pressure ratios (Ru) at different times of excitation at
different depths of soil are obtained. When Ru reaches 1.0 the soil is considered to be completely liquefied thus the
depth from which Ru reaches 1 is the depth of liquefaction (h.). According to Fig. 2, it can be observed that increase
of soil relative densities decrease the (h.). Also increment of predominant earthquake frequency has the similar
effect, because of deviating from fundamental frequency of liquefied soil which is followed by lower applied shear.
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Fig. 2. Liquefaction depth respect to soil relative densities for two predominant frequencies: a) Friuli earthquake (f=3.85 Hz),
b) Kocaeli earthquake (f=1.2Hz)

3.2. Effect of soil relative density

Effects of variations in sandy soil’s relative densities on pile dynamic response and induced internal forces have
been examined. The maximum bending moments values for different soil relative densities (Dr) under two
earthquakes for one meter diameter concrete are presented in Fig 3. According to the diagrams increase of soil
relative density results in higher maximum bending moments. Results show that in 87.8% increase in soil relative
density results in higher M .. In 12.2% cases, for five earthquake frequencies, the increase of soil relative density
did not result in the increase of M, in pile. From the above exceptions the shares were 57.8%, 5.2%, 15.8%,
15.8%, and 5.3% for Kocaeli, Loma Perita, Kobe, Feriuli, and Mohawk earthquakes respectively. Also evaluation of
pile head relative lateral displacements has not result in a certain relation between alterations of soil relative density
and pile head relative lateral displacements.

600
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Fig. 3. Maximum bending moments in piles with 1 m of diameter respect to various Dr for: a) Mohawk earthquake, b) Kobe
earthquake

4. Conclusions

Soil-pile interaction under seismic excitations has been considered in several numerical models and the
influences regarding soil relative densities have been clarified. The depth of liquefaction of soil layer decreases with
the increase of predominant earthquake frequency. The decrease of depth of liquefaction leads to the decrease of
free length of pile. In 87.8% of cases, increase in soil relative density increased the M., in pile, which shows the
denser soil impose higher moment to the pile. This can render the conclusion that soils with higher relative densities
that may provide a desirable situation in static design may increase the danger of bending failure in seismic loading
conditions. Also results show that there is no certain relation between pile head relative lateral displacements and
soil relative density.
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