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Saturated loose soils have constituted superficial layers
of the ground in vast regions of the country. For instance,
geotechnical site investigations have revealed that shoreline
of the Mazandaran Sea involves thick layers of uniform
sand mixtures. Presence of such soil deposits in the northern
and southern Iran, which are prone to seismic activity, may
produce severe damages due to liquefaction occurrence.
To prevent earthquake damages to the structures relied
on liquefiable soils, two strategies might be preferred: (1)
improvement of liquefiable soil and ceasing liquefaction,
and (2) bypassing the liquefiable layer via deep foundations.
The latter strategy aims to transfer the superstructure load
to the underlying stiff layer by end-bearing piles while
raft foundation is also required because the superficial
liquefiable soil may be unable to provide sufficient bearing
capacity due to seismic pore pressure generation. In the pile-
raft systems passing through the liquefiable layer, it seems
that the liquefiable layer has less influence to the response
of the system. However, several interactions in the system
such as pile-liquefiable soil, pile-pile, pile-raft, and raft-
liquefiable soil could result in a sophisticated mechanism;
affected the amplification of the upward propagating seismic
waves. Amplification of seismic wave denotes variations of
amplitude and frequency content of upward propagating
wave passing through the reinforced liquefiable soil layer.
It is expected that the pile-raft system in conjunction with
the liquefiable layer considerably change seismic response
of the ground compared to the free-field liquefiable ground
in the absence of pile-raft system. In the design of routine
projects for which the national seismic building code is
employed, there is no clear recommendation to account for
the influence of pile-raft on the site amplification factors.
The currently used building codes have poorly addressed
the problem; and therefore, considerable research might be
required.

The aim of this project is to study the characterization
of seismic wave amplification by considering the presence
of piled raft in liquefaction site. To achieve this goal, three-
dimensional numerical modeling of piled raft and free-field
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ground in both liquefied and dry sand deposit is carried out.
Results of centrifuge experiments of a piled raft structure
on liquefied sand are used to evaluate the capabilities of the
numerical model constructed in OpenSees, as a state-of-the-
art numerical tool. Fully-coupled solid-fluid 3D nonlinear
numerical simulations are performed in OpenSees, in
combination with the pressure-dependent-multiyield soil
constitutive model that enables dynamic effective-stress
modeling of soil liquefaction in addition to embedded pile
and superstructure elements.

In this research, response spectra of free field and piled
raft system in liquefaction site are directly compared in
terms of seismic wave amplification. Moreover, comparison
of the free field and piled raft response spectra in dry and
liquefaction condition is used to investigate the effect of
excess pore water pressure on site response analysis. The
schematic plots of these conditions are illustrated in Figure
(3). Acceleration response spectra of piled raft and free field
in dry and liquefaction conditions are demonstrated in Figure
(4). The results in Figure (4 a,b) indicate that acceleration
response spectra of piled raft and free field in liquefaction
condition is smaller than those of the dry condition. This
is caused by excess pore water pressure generation and
soil stiffness degradation in saturated sand. In addition,
the reduction of piled raft response spectra is smaller than
that of the free field ground. Since the piles are located in
dense layer, the effect of liquefaction occurrence in upper
layer was not considerable on acceleration response spectra
of the piled raft. Moreover, the difference between response
spectra of piled raft in dry and liquefaction conditions is
mainly affected by excess pore water pressure generation,
reduction of soil stiffness in lower layer and interaction
between piles and upper layer liquefied soil.

In Figure (4 c, d), it is observed that spectral acceleration
of piled raft in dry condition at T = 0.4 sec was about 17
percent larger than that of the free field condition. However,
the spectral acceleration of piled raft in liquefaction
condition at T = 0.4 sec was about 63 percent larger than
that of the free field. It is inferred that reduction of upper
layer stiffness was not considerable for the no liquefaction
condition. However, the spectral acceleration of the free
field is reduced due to the occurrence of liquefaction
and soil stiffness softening in the upper layer. In general,
presence of piled raft has increased stiffness of soil in dry
and liquefaction conditions. In the following sections, the
effects of piled raft horizontal stiffness and amplitude and
frequency content of input motion on piled raft behavior are
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studied. As shown in Figure (5), the spectral acceleration
increases due to increase of piled raft horizontal stiffness.
The effect of excess pore water pressure and soil softening
on acceleration response spectra reduced due to increase of
piled raft horizontal stiffness.

Figure (6) presents spectral acceleration of piled raft on
harmonic input motion with amplitudes of 0.15g and 0.3g.
By increasing input motion amplitude, the rate of excess pore
water pressure generation and the duration of dissipation
phase increased. As a result, the upper soil layer remained
in liquefaction condition for longer duration. Since the piles
tip are penetrated within the dense layer, the acceleration of
piled raft at the ground surface increased due to the increase
of input motion amplitude.

The acceleration response spectra of piled raft under
harmonic input motion with periods of 0.1 sec, 0.4 sec and
0.7sec are demonstrated in Figure (7). By increasing the
period of input motion, duration of strong motion increased
and therefor, the upper soil layer remained in liquefaction
condition for longer duration. As discussed before, since the
piles are of end-bearing type, the acceleration of piled raft at
the ground surface increased by increment of input motion
period. Results of this study indicate that site-specific
analysis is necessary to account for the presence of piled-
raft system for superstructure design in the sites involving
thick sand layers.

Keywords: Liquefaction, Pile-raft system, Time history
analysis, Site amplification, OpenSees
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