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ABSTRACT ARTICLE HISTORY
Installing reinforcement piles is an effective method to mitigate Received 17 May 2017
ground movement in liquefied soils. In this study, the effectiveness Accepted 20 March 2018
of the pile-reinforcement method is evaluated using an advanced KEYWORDS

finite element program OpenSeesPL. Parametric studies are conducted Liquefaction; Pile

to investigate key parameters in the mitigation model, including pile Reinforcement; Numerical
area replacement ratio, pile diameters and pile-embedment length. Simulation; Embedment
The effectiveness of pile reinforcement to reduce large flow deforma- Length; Soil-Pile Interaction
tion in the liquefied ground is significantly influenced by the pile-

embedment condition. It is recommended the embedment length is

at least 1 m or 2 m if the underlying soil is a dense or a medium sand.

1. Introduction

Earthquake-induced soil liquefaction has caused significant damage to buildings and
foundations, due to excessive ground deformation and loss of strength in liquefied soils
[Tokimatsu and Nomura, 1991; Ishihara, 1993; Berrill and Yasuda, 2002; Ye et al., 2016;
Ye and Wang, 2015, 2016]. Case histories learnt from major earthquakes in recent
50 years have led to many advances in developing ground improvement approaches to
reduce the risk of liquefaction and associated ground deformation, including deep soil
mixing, dynamic compaction, jet grouting, cementation, stone column, and pile-reinfor-
cement methods [e.g., Adalier and Elgamal, 2004; Zhang and Wang, 2010; Nguyen et al.,
2013; Lew et al., 2014; Rayamajhi et al., 2014]. Among them, installation of reinforce-
ment piles has been proved as an effective solution to mitigate lateral spreading of soils
during liquefaction [Arulmoli et al., 2004; Boulanger et al., 2006; Elgamal et al., 2009;
Rayamajhi et al, 2014]. Installing reinforcement piles in liquefiable ground can reduce
permanent lateral deformation in soils due to pile-pinning effects. It appears to be
equally effective for the sand and the silt strata [Elgamal et al., 2009]. On the other
hand, stone column procedure has significantly low efficiency for silty grounds due to
low permeability of silts.

Numerical simulation is an important tool to assess the effectiveness and efficiency of
ground improvement methods. For example, sensitivity analyses [Maheshwari and Sarkar,
2011] have been carried out to study seismic response of a single pile or pile groups in
liquefiable soils using finite element program. The numerical studies demonstrated that
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seismic response of the soil-pile system is largely influenced by spacing of pile groups,
ratios of pile-soil rigidity, peak amplitude, and frequencies of input acceleration time
histories. Elgamal et al. [2009] and Asgari et al. [2013] also used 3D finite element
simulations to investigate key design parameters for the pile-reinforcement approach,
including the influence of pile-replacement ratios and ground-motion characteristics on
the soil deformation. In these studies, the diameter of piles was assumed as 0.6 m, but the
effects of using different pile diameters have not yet been investigated. The base of piles is
assumed to be fixed, i.e., no displacement and rotation are allowed around the pile tip. The
assumption leads to maximum bending moment concentrated at the pile tip. On the other
hand, a number of studies [Phanikanth et al., 2013] assumed a floating tip condition in
their analysis of a single pile pinning through a liquefied layer, which means the bending
moment at the tip of the pile is always zero. Apart from numerical studies, centrifuge tests
have been conducted to investigate the efficacy of ground improvement with an emphasis
on modeling the fluid-like behavior of liquefied soils around piles [Takahashi et al., 2016].

The embedment condition of the reinforcement piles is still a subject of controversy in
various numerical schemes, which may greatly influence the effectiveness of the pile reinfor-
cement in the liquefied ground. The fixed-end condition for reinforcement piles, as adopted in
most literature, is only appropriate for an idealized case that the piles are socketed into a solid
rock. In reality, soils underlying the liquefiable layer may be less competent than a solid rock.
However, the influence of pile-embedment condition has not yet been well studied.

In this paper, fully nonlinear finite element analyses are conducted to study the
effectiveness of pile reinforcement in liquefiable multi-layered soils under earthquake
loading. Parametric studies are conducted by varying pile-embedment length into denser
strata in multi-layered soils, as well as different area replacement ratios and pile diameters.
Based on numerical studies, practical recommendations are proposed for pile layout and
pile-embedment length in different soil profiles, which is useful to improve the effective-
ness of pile reinforcement in the liquefied ground.

2. Computational Model
2.1. Model Geometry and Soil Properties

In this study, OpenSeesPL [Lu et al., 2011a], a finite element program is used to study the
pile-reinforcement effects for liquefied ground. This computational framework has been
actively used in many pile-soil interaction analyses in recent years [Elgamal et al., 2009;
Wang and Sitar, 2011; Asgari et al.,, 2013]. Figure 1 shows the schematic plan view of
ground layout with circular piles installed in a periodic pattern. If the ground shaking
direction is specified as shown in Fig. 1a, a periodic unit cell can be used to represent the
soil-pile interaction due to symmetry of the setup. The unit cell has two periodic
displacement boundaries on both sides, and two symmetric boundaries along the shaking
direction. Due to symmetry, the nodes along the symmetry boundaries can only displace
in the shaking direction as illustrated in Fig. 1b. The corresponding nodes on the two
periodic boundaries are tied together so that they will have identical movement. The
periodic unit cell greatly simplifies the numerical simulation, as it represents a large
remediated ground area. In this case, the area replacement ratio A,, is defined as the
area of the pile to the tributary area following Eq. (1):
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Figure 1. (a) Plan view of pile layout; and (b) a periodic unit cell.

nD?
482
where D denotes the pile diameter and S is the spacing between centers of piles.
The pressure-dependent multi-yield-surface plasticity constitutive model [Yang et al.,
2003] is used to model the behaviors of liquefiable soil in the current study. The model has
been used in a number of numerical studies on pile-soil interaction in liquefiable ground
[e.g., Lu et al., 2011b]. There are several features associated with the constitutive model:
(a) The yield surfaces of the soil are pressure-dependent, as shown in Fig. 2a as nested
cones in the principal stress space. The outermost surface is the envelope of peak shear
strength (failure envelope). The nested yield surfaces form the hardening zone in the
context of multi-surface plasticity to simulate nonlinear soil behaviors. (b) The model can
properly model shear-induced dilatancy during liquefaction process. The model specifies
the soil to be contractive if the stress is within a phase-transformation (PT) surface, and
dilative if the stress is beyond the PT surface, as shown in Fig. 2b.
Table 1 summarizes the main constitutive model parameters for loose, medium, and
dense sands that are used throughout this study. Major model parameters include mass

Ay = (1)

Shear stress
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(a) Conial yield surface in principal stress space (b)) Stress-strain and stress path

Figure 2. Pressure-dependent multi-yield-surface plasticity constitutive model [after Yang et al., 2003;
Elgamal et al., 2003].
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density (p), low-strain shear modulus (G,), and friction angle (¢) to quantify typical
dynamic soil properties. The variation of shear modulus is defined as a function of
effective confining pressure using the reference low-strain shear modulus. More impor-
tantly, soil dilatancy is specified using contraction and dilation constants (¢, d;, and d5),
which also control the pore-pressure buildup rate of soils in the liquefaction process. In
general, the loose sand appears to be more contractive than the dense sand. Therefore,
they are more prone to liquefaction. Note that the model parameters in Table 1 represent
typical loose, medium, and dense sands, which have also been extensively calibrated using
monotonic and cyclic laboratory tests [Lu et al., 2011a].

Figure 3 shows an example of the finite element modeling of the unit cell with a pile
embedded in two-layer soil strata. As shown in Fig. 3a, the top layer is 10 m underlain by a 6 m
bottom layer. The reinforcement piles are embedded into the bottom soil by a specified
embedment length. The soil domain is discretized using eight-node brick elements with u-p
formulation [cf. Zienkiewicz et al., 1990; Xie and Wang, 2014] such that water pressure and
soil deformation can be solved simultaneously. Beam elements are used to model the pile in
order to accurately capture its bending behaviors. Since the beam element has no radial
dimension, the actual diameter of the pile is modeled using rigid links placed normal to the
pile axis, as shown in Fig. 3b. Furthermore, the rigid links form node-to-node contact with the
surrounding soil elements, so contact and spacing between the pile and soils can be

Table 1. Model parameters of loose, medium and dense sands used in this study.

Parameter Loose sand Medium sand Dense sand
Mass density (p) 1700 kg/m?* 1900 kg/m? 2100 kg/m?
Reference low-strain shear modulus (G,) 55 MPa 75 MPa 130 MPa
Friction angle (¢) 29° 33° 40°

PT angle (¢p7) 29° 27° 27°
Contraction parameter (c;) 0.21 0.07 0.03
Dilation parameters (d; and d,) 0.0 and 0.0 0.4 and 2.0 0.8 and 5.0

P
- >
T 2 Soil
i element
10m 1 —— ah
Top layer i g1 \\'é
1T link
il - H Beam element
L [
} Embedment
depth
6m
Bottom layer
[N
(a) (b)

Figure 3. (a) Finite element modeling layout of the unit cell; and (b) details of pile-soil interaction
model and mesh configuration.
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realistically simulated. The water table is assumed to be at the ground level; therefore, the soil
profile is fully saturated. The ground is assumed to be mildly sloping with an inclination angle
of 4°.

Given that pile damage is not within the scope of the present study, the concrete pile is
assumed to be linearly elastic with a typical mass density of 2.4 x 10* kg/m’ and Young’s
modulus E of 20 GPa. The pile head is free as no pile cap or deck is included in this case.
In addition, as the pile is used for ground improvement, it does not take axial load.

2.2. Input Ground Motions

In this study, two acceleration time histories are used as input motions for the numerical
analyses. The two motions are recorded during the 1940 Imperial Valley earthquake at the
El Centro station (termed as “El Centro motion” throughout this study) and the 1989
Loma Prieta earthquake at the Treasure Island station (termed as “Loma Prieta motion”),
respectively. Figure 4 compares the acceleration time histories, Arias intensity buildup and
Fourier spectra of the two input motions, which were linearly scaled to peak ground
acceleration of 0.35 g. As shown in Table 2, durations of two input motions differ
significantly. The number of significant excitation cycles is 14.5 for the El Centro motion,
as is compared with 5.8 cycles for the Loma Prieta motion. In addition, the energy flux for
scaled Loma Prieta motion is 5784 ] m 2 s~ which is about twice as much as that of the
scaled El Centro motion (2469 ] m ™2 s™%).

s 0.4 El Centro motion 5 04 Loma Prieta motion
s 0.2 s 02
g o piilfwns E o
[ (0]
o -02 © -0.2
&; 04 Lle—PGA=035g § 04 <+«—PGA=035¢g
0 10 20 30 0 10 20 30
Time (sec) Time (sec)
z 2 z 2
.a '5 —~
c 5 =9
2§ 1 £
n £ n =
8= El Centro motion 2 Loma Prieta motion
< 0 < 0
0 10 20 30 0 10 20 30
Time (sec) Time (sec)
§ 30 § 30
E5 £ 5
g*g 20 El Centro motion g*g 20 Loma Prieta motion
5 2 10 5 210
=} =3
o 0 (s} 0 < .
v 0 5 10 15 * 0 5 10 15
Frequency (hz) Frequency (hz)
(a) (b)

Figure 4. Acceleration time histories, Arias intensity buildup and Fourier spectra of the input motions:
(a) the EI Centro motion and (b) the Loma Prieta motion. Both records are scaled to peak ground
acceleration (PGA) = 035 g.
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Table 2. Parameters of the two ground-motion records used in this study.

Parameters El Centro motion Loma Prieta motion
Date of the event 18/05/1940 18/10/1989
Recording station El Centro Treasure Island
Moment magnitude of the event 7.1 6.9
Significant duration, Ds_gs (s) 244 44
Significant duration, Ds_y5 (S) 10.5 2.7

Energy flux for scaled records (J m™2s™") 2469 5784
Number of significant excitation cycles, N, 14.5 5.8

Notes: Ds ;5 and Ds_gs denote the time interval over which 5-75% and 5-95% of the Arias intensity is accumulated,
respectively [Du and Wang, 2017]; N, is the equivalent number of uniform cycles at 65% of the peak acceleration [Idriss
and Boulanger, 2008].

3. Reinforcement Using Fixed-End Piles
3.1. Reinforcement Effect of Fixed-End Piles

In this section, numerical simulations were performed to demonstrate the mitigation effect
of fixed-end pile groups on lateral displacement of liquefied ground. In the simulation, it is
assumed that the pile, with a diameter D = 0.6 m, is fixed at the base of the computation
domain, representing the case that the pile is firmly socked into a rigid rock. The
liquefiable soil is assumed to be 10 m in depth. First, simulations are conducted for
piles in a loose sand, with the area replacement ratio of piles A,, changing from 0% (free
field) to 20%. Figure 5 shows the lateral displacement of the surface soil (close to the pile)
under the El Centro motion. The permanent ground displacement when A,, = 0 reaches
above 1 m, providing a reference of free-field response in comparison with the pile
reinforcement cases. It is worth mentioning that the pile group with 1% A,, can be already
beneficial to reduce lateral ground deformation to 0.2 m, as can be seen in Fig. 5. As A,,
gradually increases to 5%, permanent ground displacement significantly reduces to around
0.1 m, which was found to possibly provide satisfactory mitigation effect.

Ground reinforcement with the fixed-end piles (shown in Fig. 6a) is clearly effective in
reducing the ground displacement for the reason that the soil movement is pinned by the
pile. Using pile diameter D = 0.6 m and an area replacement ratio A, = 5%, Fig. 6b shows
the maximum lateral displacement of the fixed-end pile installed in loose, medium, and
dense sands, respectively, under the El Centro motion. It is obvious that there is no pile
rotation at the fixed end. Bending moment and shear force in the pile reach the maximum
values at the fixed end, as shown in Fig. 6¢,d, while they are practically zero at the ground
surface.

Figure 7 shows excess pore water pressure time histories in the loose, medium, and
dense sand at 4.79 m depth, 0.3 m from the pile center under the El Centro motion. The
generation of excess pore pressure is closely related to the initiation of liquefaction.
Liquefaction occurs in the soil when buildup of excessive pore pressure equals to the
total mean stress. For loose, medium, and dense sands, liquefaction was initiated at
around 2 s, 5 s, and 12 s, respectively (highlighted with triangles in Fig. 7). Figure 8
further illustrates shear stress—strain curves and stress paths in loose, medium, and dense
sands. Under cyclic loading, the stress path moves to the left until it reaches “zero”
effective stress, leading a large soil deformation up to 2% in loose and medium sands.
During the post-liquefaction process, flow deformation is also accompanied by strain



JOURNAL OF EARTHQUAKE ENGINEERING . 7

12 ¢ 0% Arr (free field)
1 1% Arr
2% Arr
0,
08 | 5% Arr
——10% Arr

——20% Arr

Displacement (m)
o
(o)}

o
»~

Time (s)

Figure 5. Ground surface lateral displacement time histories for loose sand, A,, from 0% (free field) to
20% under the El Centro motion.
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Figure 6. (a) A fixed-end pile in a 10 m deep soil in the unit cell (D = 0.6 m, A,, = 5%); (b) maximum
lateral displacement, (c) envelop of maximum bending moment, and (d) maximum shear force
distribution, for the fixed-end pile in loose, medium and dense sands under the El Centro motion.

hardening when the soil dilates and stress increases along the failure envelop. Clearly,
installing the fixed-end piles in the soil stratum cannot prevent soils from liquefaction, but
is definitely effective to reduce the ground lateral displacement.

Similar tests have been conducted for loose, medium, and dense sands reinforced by
fixed-end piles under the Loma Prieta motion (pile diameter 0.6 m and the area replace-
ment ratio 5%). Figure 9 shows the maximum lateral displacement, bending moment, and
shear force distribution along the piles, which have similar patterns but the amplitudes are
more than twice as much as the El Centro case. The difference may be attributed to the
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Figure 7. Excess pore water pressure time histories in loose, medium and dense sand at 4.79 m depth,
0.3 m from the center of the fixed-end pile (D = 0.6 m, A,, = 5%) under the El Centro motion.

energy flux of two input motions. The stress—strain curves and stress paths in soils
(Fig. 10) are also similar to the El Centro case (Fig. 8).

3.2. Influence of Pile Diameter on Ground Lateral Displacement

In this section, the effect of pile diameter D on ground lateral displacement under seismic
loading is investigated. The configuration of a single-layer soil and the fixed-end pile is
shown in Fig. 6a. By fixing the area replacement ratio A,, to 10%, the pile diameter is set as
0.2 m, 0.3 m, 0.4 m, 0.5 m, 0.6 m, 0.8 m, 1 m, 2 m, and 3 m, respectively. The horizontal
dimension of the computational domain (i.e., the pile spacing) has to be adjusted accord-
ingly in order to keep the same area replacement ratio (A4, = 10%) for cases of different
pile diameters.

Figure 11 shows the maximum pile displacement and soil displacement at ground level
for piles with different diameters under the El Centro motion. It can be observed that in
general piles with a large diameter would have smaller maximum displacement while
keeping A,, constant. When the pile diameter is 0.2 m, the maximum pile displacement is
0.19 m. The value is reduced to below 0.05 m when the pile diameter is greater than 0.6 m.
The trend can be well explained by examining the total stiffness of piles: as the flexural
rigidity of a fixed-end pile EI = EnD*/64, the number of piles in a specified area is 4 x
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Figure 8. Shear stress—strain curves and stress path for loose, medium and dense sands at 479 m in
depth, 0.3 m from the pile center under the El Centro motion.
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Figure 9. (a) A fixed-end pile in a 10 m deep soil in the unit cell (D = 0.6 m, A,, = 5%); (b) Maximum
lateral displacement, (c) envelop of maximum bending moment, and (d) maximum shear force
distribution, for the fixed-end pile in loose, medium and dense sands under the Loma Prieta motion.

Area/nD?. Therefore, the total flexural rigidity of piles per unit area (EI x N/Area) is
proportional to D? resulting in decrease in the maximum pile displacement when the pile
diameter increases, as shown in Fig. 11a.
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Figure 10. Shear stress—strain curves and stress path for loose, medium and dense sands at 4.79 m in
depth, 0.3 m from the pile center under the Loma Prieta motion.
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Figure 11. (a) Maximum pile displacement and ground displacement; and (b) maximum bending
moment and maximum tensile stress versus pile diameter.

On the other hand, the relation between maximum ground displacement and pile
diameter is also illustrated in Fig. 11a. For the cases of small-diameter piles, the piles
are closely spaced, which means that the soil is constrained and moves together with piles.
Therefore, the maximum ground soil displacement decreases first with increasing pile
diameter. Interestingly, the maximum ground displacement begins to increase when pile
diameter is larger than 1 m. This is because when pile spacing becomes large, they may not
be able to effectively constrain the movement of soils.

Figure 11b shows that the maximum bending moment in the pile increases significantly
with increasing pile diameter, approaching to 6000 kN m for a 3-m diameter pile. The
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maximum tensile (or compressive) stress can be estimated using o, = M - r/I, and I = mr/
4, where M is the bending moment and r is the pile radius. Figure 11b shows the larger
diameter, the smaller tensile stress is induced in the pile. The stress analysis provides
useful information to determine the amount of rebar in the reinforced concrete piles.
Results from the Loma Prieta motion show a similar trend as that of the El Centro motion
case, which will not be reported here.

4, Effects of Pile-Embedment Length in Layered Soil Strata
4.1. Soil Strata and Model Setup

For most cases, the assumption of a fixed end for the pile cannot be satisfied, since deep
soil strata may underlie the liquefiable soil instead of a solid rock. In this study, numerical
models are developed with piles embedded into a denser soil stratum. The influence of
pile-embedment length on ground lateral displacement, and shear and bending moment
of piles is investigated through parametric analyses. The pile employed in the simulation is
circular with a fixed diameter of 0.6 m, and the area replacement ratio A,, is assumed to be
5%. The horizontal dimension of the unit cell is 2.38 m. Mesh in the vertical direction is
uniformly divided as 1 m in size, so the numerical simulation can effectively capture the
wave frequency greater than 10 Hz.

Figure 12 shows configuration of the two-layer soil strata and piles embedded into a
denser stratum with embedment length varied from 0 m, 1 m, 2 m, 3 m, 4 m, and 5 m.
The upper layer is either loose or medium sand of 10 m in depth. The lower 6 m layer can
be liquefiable or non-liquefiable but has a higher density than the upper layer. The
properties of the sands adopted in this analysis are shown in Table 1. Three simulation
cases are summarized in Table 3, which are termed as Cases LM, LD, and MD, respec-
tively. Note that “L”, “M”, and “D” stand for “loose”, “medium”, and “dense” sands. The
first letter denotes the upper layer and the second letter is for the lower layer.

Upper
layer
(10 m)

Fixed
end

Lower
layer
(6 m)

Ground motion input

Figure 12. Soil strata, fixed-end pile and floating piles embedded into a denser stratum with varied
embedment length.
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Table 3. Three types of soil profiles used in this study.

Simulation Cases Upper Soil Layer Lower Soil Layer
Case LM Loose sand Medium sand
Case LD Loose sand Dense sand
Case MD Medium sand Dense sand

4.2. Development of Excess Pore Water Pressure and Stress—Strain in Soils

4.2.1. Response under the El Centro Motion

Excess pore water pressure is a key indicator for the development of soil liquefaction.
Figure 13 illustrates the excess pore-pressure generation along the soil depth for the LD
case under the El Centro motion. Two cases are compared: the first is a free-field
condition without pile installation, and the second case is for piles embedded 3 m into
the underlying dense sand. The initial effective vertical stress line o/, = y'h is also plotted
for reference, where y' is the submerged unit weight of the loose sand and h is the soil
depth. For both cases, the development of excessive pore pressure is similar in the upper
10 m of loose sand layer. Within 3 s, the excess pore water pressure approaches the initial
effective stress line, indicating complete liquefaction of the upper layer. Again, the results
demonstrated installation of piles would not significantly influence development of excess
pore water pressure; thus, the initiation of liquefaction in the loose sand. As will be further
discussed, liquefaction triggering occurs at a strain level less than 1%, while shaking-
induced strains in the soil well exceed this level even if piles are installed.

Figure 14 compares the stress—strain curves of soils at different depths. Small strain and
large shear resistance is mobilized in the soil (1.19 m from the pile center) before
liquefaction. After the initial liquefaction, quite large flow deformation occurs in the soil
if no pile is installed, where the strain can reach as much as 130% at the depth of 8.79 m,
as shown in Fig. 14a. In the post-liquefaction, strain hardening is also observed as the soil
dilates during flow deformation, and the soil completely loses its shear resistance upon
unloading. The phenomenon has been attributed to the development of highly anisotropic
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Figure 13. Distribution of excess pore water pressure along soil depth (1.19 m from the pile center)
under the El Centro motion for the LD case: (a) no pile installed and (b) piles installed with embedment
length of 3 m into the dense sand.
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Figure 14. Shear stress—strain curves along soil depth (1.19 m from the pile center) under the El Centro
motion for the LD case: (a) no pile installed and (b) piles installed with embedment length 3 m into the
dense sand.

microstructure in the post-liquefaction process [Wang and Wei, 2016; Wei et al., 2018].
With piles installed and embedded 3 m into the dense layer, the reinforcement piles
provide significant constraint to the post-liquefaction deformation of the soil. The max-
imum post-liquefaction strain is only around 2-3% in various depths. It should be noted
that small residual strength of around 0.5 kPa is developed in the soil when flow
deformation occurs, as shown in Fig. 14b.

Figure 15 shows the shear strain distribution along soil depth (1.19 m from the pile
center) for the LD case under the El Centro motion. For the case with no piles installed
(Fig. 15a), large shear strain mainly occurs in the loose sand. After initiation of liquefac-
tion (3 s), the shear strains begin to concentrate along the interface of the loose and the
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dense strata. The strains accumulate progressively and reach 130% till 30 s along the
sloping direction. When piles are installed but are not embedded into the dense sand
(Fig. 15b), large rotation of the pile could occur around the tip. One can further refer to
Figs. 18-19 for pile displacement profile. Accordingly, soil strain distribution in the loose
sand becomes more uniformly distributed along the depth, which is constrained by the
rotation and displacement of the pile. The maximum strain in the soil is as large as 15% as
shown in Fig. 15b. On the other hand, the maximum shear strain in the soil can be
significantly reduced if the piles are embedded into a dense stratum, because the embed-
ment constrains movement and rotation of the pile. In Fig. 15¢, the maximum shear strain
in the soil is less than 6% when the pile is embedded 3 m into the dense sand.

From the above observation, it is evident that the embedment length is a critical design
parameter for pile reinforcement. As is summarized in Fig. 15d, if the embedment length
is zero, a large lateral soil displacement at the ground level is observed (around 1 m),
showing that the mitigating effect is minimal even when piles are installed. As pile-
embedment length reaches more than 2 m, permanent ground displacement can be
effectively reduced to below 0.2 m.
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Figure 15. Distribution of shear strain along soil depth (1.19 m from the pile center) under the El
Centro motion for the LD case: (a) no piles installed, (b) piles installed with an embedment length of
0 m, () piles installed with an embedment length of 3 m into the dense sand, and (d) lateral
displacements time history in the soil at ground level for different embedment length.
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4.2.2. Response under the Loma Prieta motion

Figure 16 shows stress—strain curves along soil depth for the LD case under the Loma
Prieta motion. Similar to results of the El Centro case (Fig. 14), large flow deformation
occurs in the soil after the initial liquefaction when no pile is installed (Fig. 16a), where the
strain reaches 80% at the depth of 8.79 m, while for the case with piles installed with
embedment length of 3 m (Fig. 16b), the maximum strain is around 4%. In general, the
pattern of post-liquefaction flow deformation is comparable to the El Centro case. The
reinforcement effect of piles is demonstrated to be significant.

Figure 17 shows the shear strain distribution along soil depth under the Loma Prieta
motion. The case once again demonstrates that the embedment length is significant for the
pile mitigation effect similar to the El Centro case. If no pile is installed, the shear strain in
the soil profile accumulates increasingly to 80% at 30 s (Fig. 17a). When piles are installed
but are not embedded into the dense layer, the shear strain is developed progressively to
9%, shown in Fig. 17b. On the other hand, the maximum shear strain is around 4% when
the pile is embedded 3 m into the dense layer, shown in Fig. 17c. Note that most of shear
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Figure 16. Shear stress—strain curves along soil depth (1.19 m from the pile center) under the Loma
Prieta motion for the LD case: (a) no pile installed and (b) piles installed with embedment length 3 m
into the dense sand.
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Figure 17. Distribution of shear strain along soil depth (1.19 m from the pile center) under the Loma
Prieta motion for the LD case: (a) no piles installed, (b) piles installed with an embedment length of
0 m, () piles installed with an embedment length of 3 m into the dense sand, and (d) lateral
displacements time history in the soil at ground level for different embedment length.

strains are developed during 10-17 s of the Loma Prieta motion, which corresponds to
most of its Arias intensity accumulation (Fig. 4b).

4.3, Effects of Embedment Length

Figures 18 and 19 show the maximum lateral displacement profiles of the piles for
simulation cases of the fixed end, and Cases LM, LD, MD under the Loma Prieta and
El Centro ground motions. The fixed-end pile results in a minimum lateral displacement
as the pile tip is fixed and no rotation is allowed during the seismic loading. On the other
hand, the pile with zero embedment length reaches a largest lateral displacement, as the
pile tip is subjected to movement and rotation without being embedded into a denser
layer. The simulations demonstrated that the fixed-end assumption can be unconservative
in estimating the pile-reinforcement effects, while piles with zero embedment length are
virtually not effective. In general, increasing pile-embedment length into a stiffer under-
lying layer can reduce the lateral displacement. The overall lateral pile displacement is the
highest for Case LM, followed by Case LD, and the smallest for Case MD.
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Figure 18. Maximum lateral displacement profile of the piles under the Loma Prieta motion for the
three computation cases: (a) LM, (b) LD, and (c) MD.
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Figure 19. Maximum lateral displacement profile of the piles under the El Centro motion for cases: (a)
LM, (b) LD, and (c) MD.

The effects of embedment length on the maximum lateral displacements at the ground
level are summarized in Fig. 20 and Table 4. In general, increasing the embedment length
will reduce the maximum lateral ground displacement, while the improvement will
become less significant if the embedment length is over 2 m. If the underlying layer is
dense sand (Cases LD, MD), the maximum displacement monotonically reduces and
approaches the fixed-end pile cases. For both cases, it is recommended that the piles
should be embedded at least 1 m into the dense sand.

The Case LM corresponds to the largest ground displacements because the underlying
medium sand is less competent than the dense sand. For the Case LM under the El Centro
motion, the ground displacement is greater than 1 m even if the embedment length is up
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Figure 20. Maximum lateral displacements at the ground surface versus pile-embedment length under:
(a) the Loma Prieta motion and (b) the EI Centro motion.

Table 4. Maximum ground surface lateral soil displacement for different embedment length.
Soil displacement (m)

Simulation Input Embedment length Embedment length Embedment Recommended
Case motion Om Tm length 2 m embedment length
Case LM Loma 1.23 0.66 (46%) 0.48 (61%) 2m
Prieta
El Centro 1.73 1.23 (29%) 1.12 (35%)
Case LD Loma 0.54 0.39 (28%) 0.39 (28%) 1m
Prieta
El Centro 1.02 0.39 (62%) 0.27 (74%)
Case MD Loma 0.24 0.22 (9%) 0.22 (9%) Tm
Prieta
El Centro 0.70 0.29 (59%) 0.22 (69%)

Note: Values in parentheses show percentage of reduction compared with the zero embedment case.

to 5 m. It is recommended the embedment length should be at least 2 m into the medium
sand.

Figure 21 illustrates the maximum bending moment profile in piles for the Case LD.
The maximum bending moment along the pile always occurs at the interface between the
upper and lower soil layers (10 m in depth), and increases with embedment length.
Figure 22 presents the maximum bending moment along the pile versus embedment
length. In all cases, Case LD has the highest overall maximum moment along the pile.
The bending moment calculated using fixed-end piles in medium and loose sands are also
plotted in Fig. 22, providing a reference for embedded piles. It can be observed that the
maximum moment increases as embedment length increases but will be smaller than the
fixed-end case.

Figure 23 presents the maximum shear force along the pile versus embedment length. It
can be observed that Case LD has the highest overall maximum shear force along the pile
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Figure 21. Maximum bending moment profile in piles for Case LD under: (a) the Loma Prieta motion
and (b) the EI Centro motion.
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Figure 22. Maximum bending moment along pile versus pile-embedment length under: (a) the Loma
Prieta motion and (b) the El Centro motion.

for both earthquakes. The maximum shear force first increases and reaches a maximum
value at 1 m embedment and then decreases to progressively as the embedment length
further increase. Also, Loma Prieta motion creates higher shear force than the El Centro
motion, this is true for all cases investigated.
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Figure 23. Maximum shear force along pile versus pile-embedment length under: (a) the Loma Prieta
motion and (b) the El Centro motion.

5. Discussions and Conclusions

In this study, nonlinear dynamic interaction of piles and liquefiable ground is investigated
using the open-source computational platform OpenseesPL. The dynamic behavior of the
liquefiable soils is modeled by an extensively validated soil constitutive model based on the
multi-surface-plasticity theory for frictional sandy soils. Efforts have been made to explore
the effectiveness of the pile reinforcement to reduce lateral displacement in liquefied soils.
In this investigation, parametric study was conducted by varying the area replacement
ratio and pile-embedment length. Specifically, two-layer soil profiles were designed in
numerical simulations (Case LM, Case LD, and Case MD).

The numerical simulations provide detailed analyses of progressive development of
excess pore water pressure, stress, and strain in the soil-pile system. In general, installa-
tion of reinforcement piles does not prevent soils from liquefaction due to the fact that
liquefaction initiation occurs at a relatively small strain level. However, pile installation
can potentially reduce large flow deformation in the liquefied ground.

It has been found that embedding piles into a denser soil medium is important to
ensure the effectiveness of mitigating lateral displacement in liquefied ground using
reinforcement piles. The embedment length is an important consideration when there is
no rigid rock founded to support the pile base. Assuming a fixed-end pile condition would
result in the estimated ground displacement to be the smallest (unconservative), but the
internal load in the pile to be largest (overly conservative), when compared with other
embedment conditions. On the other hand, if the pile is not embedded into a denser layer,
a large lateral displacement similar to the free field case would be observed, showing that
pile installation has virtually no mitigating effect.

It should be noted that the total reduction of ground lateral displacement through
increasing embedment length is limited by a critical value due to the nature of underlying
soils, that is, further increase in embedment length may not result in effective reduction of
displacement after a critical embedment length is reached. Specifically, if the underlying
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soil is a dense sand (i.e., computational Cases LD, MD), an embedment length of at least
1 m is recommended. If the underlying soil is a medium sand (i.e., computational Case
LM), larger embedment length (greater than 2 m) is required since the medium soil layer
provides less competent support to the piles, and the soil layer may also be liquefied. For
the case LM, the maximum lateral displacement can be large even with reinforcement piles
installed (e.g., reaching 1 m under the El Centro motion), showing that the mitigation
effect is limited in this condition, and the lateral displacement cannot be reduced to a
satisfactory level by solely increasing the embedment length if the underlying soil is not
strong enough. In such cases, it is highly recommended to assess the lateral displacement
and internal stress/moment in piles using advanced computational tools, such as the
OpenseesPL adopted throughout the study.

In terms of internal forces, case LD has the highest internal shear and bending
moment along the pile. This is due to a larger difference in density between the upper
and lower layer of soils. Furthermore, it has been founded that the Loma Prieta motion,
which has less number of significant cycles but higher energy flux, creates higher
internal forces to all computational cases. It is also worth mentioning that the Loma
Prieta motion has a higher maximum loading on the pile than the El Centro motion,
indicating that ground-motion characteristics is definitely influential to the effectiveness
of ground improvement.

Note that numerical studies in this paper may have many limitations pertinent to
modeling of post-liquefaction soil behavior. Recent centrifuge tests reported that the post-
liquefaction flow can be in the order of meter even though the site was mitigated using
fixed-end piles [Takahashi ef al., 2016]. More case histories and experimental studies are
greatly needed to validate the numerical simulations and provide more insights into this
topic.
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