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1. Introduction

Abstract. Liquefaction-induced lateral spreading caused severe damages to pile founda-
tions during past earthquakes. Micropiles can be used as a mitigation strategy against
lateral spreading effects on pile foundations. However, the available knowledge about
the possible efficiency of this strategy is quite limited. In this regard, the present study
aims to evaluate the effectiveness of a vertical micropile system as a lateral spreading
countermeasure using large-scale 1 g shake table tests on 3 x 3 pile groups. The results
showed that the micropile system was not able to effectively reduce the bending moments
in piles; however, it considerably reduced the lateral soil pressures exerted on the upslope
piles of the group by the upper non-liquefiable layer. The employed micropiles restricted
the lateral displacement of the upper non-liquefiable layer and, partially, that of the
liquefiable layer, especially at upper depths. Several solutions were offered to enhance
their performance including increasing the number of micropiles with a tighter pattern and
using stiffer micropiles or fixing them in the underlying non-liquefiable layer.

(© 2022 Sharif University of Technology. All rights reserved.

spreading. For instance, several destructive cases were
caused by the following earthquakes: the 1964 Niigata,

The ground instability associated with liquefaction is
a major threat to pile-supported structures. Many of
these structures were severely damaged by this type
of ground instability during past earthquakes. These
reported damages were more extensive in areas with
mildly-sloped grounds or waterfront areas with lateral
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Japan; the 1989 Loma Prieta, USA; the 1995 Kobe,
Japan; the 2010 Haiti; and the 2011 Tohoku earth-
quakes [1-7]. Liquefaction-induced lateral spreading
usually occurs in mildly-sloped grounds or areas ending
in a free face as a result of liquefaction in saturated
loose granular soils. The excess pore water pres-
sures developed during earthquakes can significantly
decrease the shear strength of such soils, hence their
lateral movement towards downslope or free face due to
the static shear stresses [8]. Horizontal displacements
caused by lateral spreading can be as long as several
meters, thus exerting extra lateral pressure on the
pile foundations subjected to it. The response of
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pile foundations in laterally spreading ground has
been extensively investigated by numerous researchers
through 1 g shake table tests [9-16], Ng centrifuge
tests [17-22], or field experiments [23]. In addition,
different experimental studies have been conducted on
retrofit strategies for prevention or mitigation of lateral
spreading damages to the existing pile foundations. In
general, a wide variety of potential mitigation measures
can be adopted to overcome the lateral spreading
effects. These mitigation measures including soil stabi-
lization or densification are employed to completely or
partially prevent liquefaction and consequently lateral
spreading [24-33], restriction of ground displacement
using appropriate underground barriers [34-36], dif-
ferent ground improvement procedures including jet
grouting, deep soil mixing using stone columns [37-
41], or insertion of micropiles. Among all these
mitigation methods, use of micropiles is a practical
option for rehabilitation of the existing pile foundations
in liquefiable soils particularly in sites characterized by
some construction constraints such as low head-room,
restricted access, and noise and vibration restrictions.
A micropile is a small-diameter, drilled, and grouted
non-displacement pile which is reinforced by a steel bar
[42].

Numerous studies have been conducted on the
behavior of micropiles under static loading. In re-
cent years, a number of studies have also evaluated
the performance of micropiles under seismic loading
through physical modeling [43-45] or field tests [46—49];
however, the performance of micropiles in liquefiable
grounds has not been adequately investigated yet [50—
54]. This limited body of research is briefly reviewed
herein. McManus et al. [50] conducted shake table
experiments on loose sand to study the effectiveness
of the inclined micropiles in preventing liquefaction
on level grounds. Given that the sand tested in
these experiments was dry, they used the amplitude
of cyclic shear strain in the dry soil as an index
of liquefaction potential. They also argued that if
the sand particles were small enough, liquefaction
would not happen in saturated conditions. Although
their model used dry sand, they concluded that the
adopted reinforcement system could probably prevent
liquefaction in saturated sand, as well. Shahrour
and Juran [51] conducted centrifuge experiments to
examine the effectiveness of vertical and inclined mi-
cropiles as the stiffening elements in restraining soil
movement. They found that liquefaction was prevented
in the area treated by micropiles since these micropiles
decreased the generation of excess pore water pressures
by restraining the ground movements. Mitrani and
Madabhushi [52] performed a number of centrifuge
experiments to explore the effectiveness of inclined
micropiles inserted outside the footprint of an existing
building as a liquefaction remediation method. They

reported a reduction in building settlements when
applying a relatively small intensity shaking and argued
that the depth of liquefaction occurrence was above
the bottom of the uppermost micropile. Further, they
implied that direct insertion of micropiles under the
structure and through the whole depth of liquefiable
layer could improve their effectiveness. GuhaRay
et al. [53] evaluated the performance of micropiles
around a structure through small-scale shake table
tests. They tested a different spacing-to-diameter
ratio of micropiles and applied shaking with different
amplitudes on each model until the model was fully
liquefied. They found that using micropiles with an
appropriate spacing-to-diameter ratio could increase
soil resistance as well as the number of loading cycles
required for liquefaction initiation. Farhangi et al. [54]
examined the effectiveness of micropiles in reducing the
liquefaction risk using in-situ tests. The simplified lig-
uefaction analyses based on the results from SPT and
CPT tests indicated that micropiles could effectively
reduce the liquefaction risk. The micropiles used in this
case study were installed based on the post-grouting
technique [42], which caused penetration of grout into
the nearby soil, hence improvement of soil properties.

The interaction among the micropiles, liquefied
ground, and existing piles has not been investigated
in previous studies, and most of these studies have
been conducted in level ground. In this respect, the
present study aims to evaluate the performance of
vertical micropiles in remediation of the destructive
impacts of liquefaction-induced lateral spreading on the
existing pile groups based on large-scale 1 g shake table
tests. The interactions among micropiles, liquefied
ground, and pile group can be studied better using
large-scale physical models, which have rarely been
used in previous studies. In this research, two densely
instrumented large-scale physical models were built
and tested using a 1 g shaking table. The first model
(thereafter termed as Model A) was established with
no mitigation measure while the second one (thereafter
termed as Model B) included vertical micropiles. The
most important findings of the conducted experiments
are discussed in the following parts.

2. Physical models

This study was conducted at the Earthquake Engineer-
ing Research Center (EERC) at Sharif University of
Technology (SUT). This research center maintains the
SUT shake table that consists of a4 m x 4 m deck with
three degrees of freedom capable of carrying payloads
up to 300 kN. This 1 g shake table is powered by a
longitudinal actuator with a capacity of 500 kN and
two transversal actuators with a capacity of 2 x 200 kN.
The maximum strokes of actuators are £125 and +200
mm in the longitudinal and transversal directions,



1040 A. Kavand et al./Scientia Iranica, Transactions A: Civil Engineering 29 (2022) 1038-1058

respectively. The actuators can provide a maximum
horizontal acceleration of 20 m/s* with a broad range
of frequencies from 0.01 Hz to 50 Hz in both directions.

The model container used in this study is 3.5 m
long, 1.0 m wide, and 1.5 m high. This box is long
enough to facilitate the free movement of the soil
downslope during lateral spreading. Two watertight
windows covered with Plexiglas were built on one side
of the box to monitor the lateral movement of model
ground during the tests.

2.1. Scale stmilitude law

Selection of the appropriate scaling law is an indis-
pensable part of physical modeling. In this regard,
the present study employed the scale similitude rela-
tionships proposed by Iai [55] and Iai et al. [56]. The
scaling factors of the key model parameters are outlined
in Table 1. As observed, a geometrical scaling factor
of A = 8.0 was selected, considering the dimensions
of the shaking table deck and the model container.
More details about the application of scaling factors

to different physical model elements are given in the
following sections.

2.2. Ground layers

The ground considered on the prototype scale resem-
bles the typical conditions of the liquefied sites during
past earthquakes. The prototype ground is composed
of three layers including an upper non-liquefiable layer,
a middle sandy liquefiable layer with a relative density
of about 40%, and a non-liquefiable dense base layer.
The properties of each layer are listed in Figure 1.
According to this figure, the slope of all ground layers
was 7% in the longitudinal direction, indicating the
mildly-sloped grounds prone to lateral spreading.

The soil used for model ground construction is
standard Firoozkuh silica sand (No. 161) which is
crushed sand with angular particles in golden yellow.
Due to its uniform gradation curve, Firoozkuh sand
is commonly used as a standard sand in the study of
liquefaction in Iran. Table 2 summarizes the index
geotechnical properties of Firoozkuh sand.

Table 1. Scaling factors for 1 g shaking table tests.

Scaling factors

Scaling factors in this

Parameter
(prototype/model) study (prototype/model)
Length (1) A 8.0
Density (p) Ap 1.0
Strain () Ae 1.0
Time (t) (M) 2.828
Frequency (f) (AXe)705 0.353
Acceleration (i) 1.0 1.0
Displacement (u) Ae 8.0
Stress (o) A\, 8.0
EI of pile OWIR 32768
Bending moment AN, 4096
Pile group
T —— 1

Hi=2.0m

Non-liquefiable layer

(dense sand)

Lateral spreading direction

Liquefiable layer

(loose sand) a

Non-liquefiable layer
(dense sand)

L1 L _\

Figure 1. Schematic view of the ground layers and pile groups on the prototype scale along with the lateral earth
pressures exerted on the piles based on Japan Road Association (JRA) code [58].
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Table 2. Index properties of Firoozkuh silica sand (No. 161).
. Maximum Minimum Coefficient of Mean grain Friction .
Specific . . . . . . Do Dgo N Cohesion
. void ratio void ratio uniformity size (D50) angle
gravity (mm) (mm) (kPa)
(emax) (€min) (Cw) (mm) (deg)
2.698 0.87 0.608 1.49 0.24 0.18 0.39 32 0

* for D, = 15%

—mm Displacement transducer
8 Accelerometer
o Pore water pressure transducer
1 Strain gauge

Outside diameter of piles (D) = 0.05 m

Center to center spacing of piles = 0.15 m
Outside diameter of micropiles = 0.02 m

Center to center spacing of micro piles = 0.075 m

Note: All units are in meter
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Figure 2. Plan view and cross-section of the physical models along with the instrumentation layout.

Considerable attention has been drawn to repro-
ducing the contractive behavior of loose sand during
liquefaction. To this end, the sandy liquefiable layer
of the physical model was constructed looser than the
prototype to compensate for the effects of the reduced
overburden pressure in the scaled model, which caused
dilative behavior and even prevented liquefaction. To
this end, the concept of brittleness index proposed
by Vargas-Monge [57] was employed. The brittleness
index obtained by the peak and residual strength of
the soil should have the same value, both in the model
and prototype. In this respect, the relative density of
the liquefiable layer should be reduced from 40% on
the prototype scale to about 15% on the model scale
to keep the brittleness index constant. The relative
densities of the upper and lower non-liquefiable layers
on the model scale were also assumed to be about 60%
and 80%, respectively. Since the liquefiable layer of the
models was looser than that of the prototype, type III
of the scaling factors proposed by Iai et al. [56] was
implemented here.

As mentioned in Section 1, two physical models
were established and tested in this research: one with

no mitigation measure (Model A) and the other with
vertical micropiles as a remediation strategy (Model
B). Figure 2 shows the details of these models. The
ground in both models is composed of three soil layers,
as noted earlier. Thickness of each layer was calculated
based on the geometric scaling factor. To achieve the
relative density of 15%, the 1.0 m thick liquefiable
layer was created through controlled deposition of sand
in water from nearly zero height with a calibrated
pluviator, as shown in Figure 3(b). The pluviator
had a large bucket attached to three successive sieves
and a perforated plate at the base [14]. The bottom
and upper non-liquefiable layers were created using
wet tamping technique and air pluviation method,
respectively.

Of note, prior to construction of soil layers, the
model piles were installed in the model box. All
model piles were fixed at the bottom of the box in
translational and rotational directions, and they were
tightly inserted into the holes of a cap at the top.
Before constructing the upper non-liquefiable layer, the
micropiles in Model B were inserted in the liquefiable
and bottom non-liquefiable layers.
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Table 3. Design parameters of a 3 x 3 pile group on the prototype scale.

Parameter Value
Thickness of the non-liquefiable layer (H1) 2 m
Thickness of the liquefiable layer (H>) 8 m
Unit weight of the non-liquefiable layer (1) 18 kN/m*
Unit weight of the liquefiable layer (v2) 20 kN/m?
Internal friction angle of the non-liquefiable layer (¢) 30°
coefficient of passive lateral earth pressure (/K}) 3.0
Diameter of the prototype piles (D) 40 cm
Muax = [3KpnHY x (B2 + Ha) + 0.3 (ynHiHz x 22 + 0.5 H3 x 22)] x 7D/9  558.0 kN.m
Vimax = [3 Kpy1 HY + 0.3 (v H1Hz + 0.572H3)] x 7D /9 120.2 kN
28-day compressive strength of concrete (f.) 24 MPa
Elastic modulus of concrete (E.) 23025 MPa

Figure 3. Side views of the physical models on the SUT
shake table: (a) Model A and (b) Model B during

construction of liquefiable layer.

2.3. Piles

The piles on the prototype scale were assumed to
be Reinforced Concrete (RC) piles designed based
on the regulations of Japan Road Association (JRA)
code [58] to resist the lateral pressures resulting from

lateral spreading. The lateral pressures applied to the
pile group during lateral spreading (Figure 1) can be
calculated as follows:

ant = Cru Kpynih, (1)

@ =03 [V Hpy 4+ v (h+ Hy)l. (2)

In Eq. (1), gn is the lateral pressure exerted on the
non-liquefiable layer, C',; a constant factor in the range
of 0 — 1, Kp the coefficient of the passive lateral earth
pressure of the non-liquefiable layer, -y,,; the unit weight
of the non-liquefiable overlying layer and h the depth
from the free ground surface. In Eq. (2), ¢ is the
lateral pressure exerted by the liquefiable layer, H,;
the thickness of the upper non-liquefiable layer, and -,
the unit weight of the liquefiable layer. The center-to-
center spacing between the piles was three times the
pile diameter. Table 3 summarizes the details of the
design parameters of the 3 x 3 pile group.

The mechanical and geometrical characteristics
of the piles on the model scale were subsequently
calculated using the governing scale similitude relation-
ships. More details of the geometrical and mechanical
properties of the model piles are summarized in Table 4.
The current study puts greater focus on the kinematic
interaction between the piles and liquefied soil during
lateral spreading rather than their dynamic interac-
tion, mainly because the liquefaction-induced lateral
spreading is somewhat a post-earthquake phenomenon
in reality. In such a kinematic interaction, proper
scaling of flexural stiffness of piles (EI) is of high
significance. The model piles were made of High
Density Polyethylene (HDPE) pipes. HDPE is the
only available material in the market that can provide
the required modulus of elasticity on the model scale
according to EI scale factor in Table 1 while keeping
the geometrical scaling factor satisfied. This study
also focused on the kinematic forces caused by lateral
spreading, and the inertial forces caused by the super-
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Table 4. Geometrical and mechanical characteristics of the prototype and model piles.

Parameters according to the similitude law

Parameter Scaling factor Prototype Model
ET (kN.m?) A\ =g% 10826 0.33
Outer diameter (cm) A=38 40 5.0
Values used for the model piles
Outer diameter (cm) 5.00
Thickness (cm) 0.23
Inner diameter (cm) 4.54
Lmodel (cm*) 9.83
Euppe (MPa) 1795
Flmoder (KN.m?) 0.18

structure were ignored. Therefore, the superstructure
was not considered in the tests.

2.4. Mzcropiles

The prototype concrete micropiles were 15 cm in
diameter, each of which was reinforced by the steel
rebar number 28. The specifications of micropiles
on the model scale were obtained based on the scale
similitude relationships, as summarized in Table 5.
Polypropylene pipes were used as the model micropiles
that were inserted into the liquefiable as well as the
bottom non-liquefiable layers followed by constructing
the physical model with a spacing of 7.5 cm (center to
center), as given in Figure 2.

2.5. Input motion

The shaking was applied to the model parallel to the di-
rection of the sloping ground. It is a sinusoidal motion
with an amplitude of 0.3 g and duration of 12.0 sec
that comprises two short rising and falling ramps at
the beginning and end. The shaking resembles an
earthquake with a duration of about 34.0 sec on the
prototype scale based on the time scaling factor. The
frequency of shaking is 3.0 Hz, indicating an earthquake
record in soft soil with a predominant period of about
1.0 sec on the prototype scale. More details about
the specifications of the input motion are presented in
Table 6. Of note, the scaling factor of the acceleration
is equal to unity in 1 g model tests.

Table 5. Geometrical and mechanical characteristics of the prototype and model micropiles.

Parameters according to the similitude law

Parameter Scaling factor Prototype Model
EI (kN.m?) A5 =go 214 0.007
Outer diameter (cm) A=38 15 2.0
Values used for the model micropiles
Outer diameter (cm) 2.00
Thickness (cm) 0.42
Inner diameter (cm) 1.16
Luoder (cm®) 0.68
Epolypropylene (MPa) 1000
Elmoder (KN.m?) 0.007
Table 6. Specifications of the input motion.
Parameter Scaling factor Prototype Model
Peak ground acceleration (PGA) 1.0 0.3g 03g
Duration A5 =805 34 sec 12 sec
Frequency A708 =805 1.0 Hz 3.0 Hz
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2.6. Instrumentation

As shown in Figure 2, to monitor the behavior of
the physical models during shaking, different types
of sensors were mounted at different locations of the
models including the miniature pore pressure trans-
ducers in soil far from the piles (i.e., free field) and
adjacent to the piles, accelerometers in the free field
soil, and pile caps and displacement transducers on
the ground surface as well as the pile caps. Moreover,
according to this figure, several strain gauges were
attached to different model piles in different locations
to precisely measure their induced bending moments.
The sign convention used for interpreting the measured
parameters is shown in Figure 2. Figure 3 depicts two
photographs of the physical models on the shake table
deck (before the tests).

3. Acceleration records

A number of accelerometers were mounted on the free
field soil to record the accelerations during lateral
spreading (Figure 2). The recorded acceleration time
histories for two tested models are presented in Fig-
ures 4 and 5, where the positive amplitude corresponds
to the downslope direction. According to the general
trend of the acceleration time histories, the free field
soils in both models lost their shear strength within
the initial few cycles of shaking leading to liquefaction.
In both models, the ground surface accelerations ex-

Onset of liquefaction in free field soil

's
z;l | né k \ M“\ ACC4 (surface)
ool VYTTVRRRY AMALLAARR
0.4 :
0.4 :
o] ||
= 0.01
g 04 :
8 04 !
§ 0.2 : ACC2 (95 cm depth)
ot AN AR ARAAARAAN AN AN AR AR AR RARA
R A A A A A R
-0.2 !
0.4 '
0.4 L
ACC1 (Base)
0.2 '
0.0
-0.2 :
10 AN N Y R A L M DR DN MU St L S
0 2 4 6 8 10 12 14

Time (sec)

Figure 4. Time histories of acceleration in the free field

soil (Model A).

Onset of liquefaction in free field soil

ACC5 (surface)

= e
ool W DAL L

0.4

-0.4 ;
0.4 :
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0.2 I
I
—~ 0.07 K
X
= -0.2 I
2 I
= -0.4 :
£ 0a .
< I
]

by HRLNLAURARNIRLL
_~o 2 4 6 8 10 o M

Time (sec)

Figure 5. Time histories of acceleration in the free field

soil (Model B).

hibited some minor amplification relative to those at
deeper depths due to the presence of the upper non-
liquefiable layer. The spikes observed in the ground
surface accelerations in the negative direction resulted
from the successive return of the pile group towards
upslope during shaking. In fact, the piles struck
the upper non-liquefiable layer during each return of
the pile group to the upslope, thus leading to the
subsequent spikes in ground surface accelerations.
Time histories of the acceleration of the piles
as well as the cap in Models A and B along with
their response spectra are outlined in Figure 6. As
observed in this figure, inclusion of the micropiles in
the physical model increases the maximum pile cap
acceleration from about 0.25 g in Model A to about
0.38 g in Model B. Moreover, the pile cap motion in
Model B, produced higher spectral accelerations in low
time periods and lower spectral accelerations in higher
periods than those in Model A. Figure 6 shows the
variation in accelerations along the piles in Model B,
as designated by ACC6 and ACC7. The amplitude
of the pile acceleration is somewhat larger than that
recorded in the free field particularly at deeper depths.
In addition, the recorded accelerations adjacent to
the piles appear to contain higher frequencies than
those of the free field accelerations. This is mainly
due to the inclusion of micropiles in Model B which
alters the resonance frequency of the model ground
close to the piles and transfers the base shaking to
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Figure 6. (a) Time histories of acceleration of the pile
caps in Models A and B. (b) Response spectra of
accelerations of the pile caps in Models A and B.

the liquefiable layer and, then, up to the ground
surface. The acceleration recorded at pile cap in
both models reached its maximum value just before
liquefaction initiation; however, after the liquefaction,
the acceleration amplitude decreased since the liquefied
soil considerably lost its shear strength, hence unable
to transfer significant accelerations to the piles.

4. Excess pore water pressure records

The excess pore water pressures were monitored using
miniature pore water pressure transducers located in
the free field and near the pile group at different
depths. Time histories of the recorded excess pore

10

/0,’,03 PWP3
6

T2
1 e oo PWE 2
611 %

Excess pore pressure (kPa)
o

0 4 8 12 16 20 24 28 32 36 40 44 48
Time (sec)

(a)

10 1

1 /1103 PWP3
6 SR
5] i
-2 -
10 X Tvp2

W [PWP 2[

Excess pore pressure (kPa)

0 4 8 12 16 20 24 28 32 36 40 44 484
Time (sec)
(b)
Figure 7. Excess pore pressure time histories in the free

field soil: (a) Model A and (b) Model B.

water pressures (in the free field) are listed in Figure 7.
Due to the malfunctioning of PWP1 transducer during
the experiment, it failed to record any PWP. According
to Figure 7, the soil was liquefied after a few cycles of
shaking in both models, indicating the low density (i.e.,
D, = 15%) of the middle liquefiable layer. In addition,
liquefaction started sooner at shallower depths owing to
the lower effective stress than that at the deeper soil.
According to this figure, the dissipation of the excess
pore water pressures initiated at deeper depths after
the end of shaking. In other words, the consolidation
of soil after liquefaction began at lower depths of the
liquefiable layer.

Figure 8 presents the excess pore water pressures
recorded in soil adjacent to the piles. According to this
figure, the soil close to the upslope side of the piles
was liquefied almost simultaneously with the free field
soil while that located nearby the downslope side of
the piles was liquefied with a small delay. Of note,
such behavior was more clearly tracked during a similar
shaking table test on stiff aluminum piles representing
circular steel piles of 40 cm external diameter on the
prototype scale, which was investigated by Haeri et
al.  [59]. Accordingly, it can be argued that the
flexibility or rigidity of the piles affects the excess pore
water pressure development in the vicinity of piles. In
fact, the flexible piles of current experiments deflected
together with the surrounding soil during the early
stages of lateral spreading; therefore, the soil adjacent
to the downslope side of the piles remained in contact
with the piles, and it did not create a gap to act



1046 A. Kavand et al./Scientia Iranica, Transactions A: Civil Engineering 29 (2022) 1038-1058

’

0-1/“
10475 WWWWVW __________ ey ; A [—EwPi
6 — — PWP5
£ ™
X
o -2
5 10] T A/U://o —PWDG
@ - P ol —_pPwp7|l
L o644 -
2, 1.0
2 24
e} M
a .9
z 10 ] —PWPS
8 1 o — PWP9
% v
|6 -~~W, ¢ A
2 f
-
-2

2 6 10 14 18 22 26 30 34 38 42 46 50
Time (sec)

(2) )

o
12— Pl i
8] Ff ; ... N
—~ = ]
& 1 —PWP 4
0+ —PWP 5
=
fan¥ o , T | ——PWP 6
o -4
= 12 '
o
= 12 ol
@ 1
14 8 o
& 4] '
& 0 Sudden reduction in g:}\;g;
rat ressuT —
8< i 4 pore water pressure PWP 9
@ 12
8 7
o
i 8 o
44
0 Sudden reduction in —PWP10
] {‘, ke waler pressiite — PWP11

2 6 10 14 18 22 26 30 34 38 42 46 50
Time (sec)

(b)
Figure 8. Excess pore pressure time histories close to the

piles: (a) Model A and (b) Model B.

as a potential drainage path retarding generation of
the excess pore water pressure. Evidence for such
behavior is provided in Figure 9 where no obvious
separation between the piles and soil adjacent to the
downslope side of them is observed throughout the
lateral movement of the liquefied soil. This issue is
elaborated more in the next sections through sand boils
occurring near a pile group consisting of stiff piles.
Dilation spikes observed in Figure 8(b) in the
early stages of shaking can be attributed to the slight
densification of the loose sand on the upslope side

Direction of
lateral spreading

of pile group resulting from insertion of micropiles
that consequently caused momentary minor dilative
behavior of the soil during liquefaction. It should be
noted that maximum pile accelerations occur almost
simultaneously with the momentary suction in pore
water pressures (Figure 10).

5. Bending moment records

As mentioned earlier, a number of strain gauges were
attached to the model piles at different depths to
record the bending moments in piles during lateral
spreading. To eliminate the axial strains and maintain
the bending strains, the strain gauges were configured
in half Whetstone bridges.

The recorded bending moments in different piles
in Models A and B are plotted in Figures 11 and
12, respectively. The sign convention of the bending
moments can be followed in Figure 2. The bending mo-
ment data are presented on the model scale; however,
they can be conveniently converted to the prototype
scale using the scale similitude law, as given in Table
1. Tt should be noted that since the base shaking
is applied parallel to the ground slope, the bending
moment in piles contains a cyclic component due to the
oscillating dynamic soil pressures on the piles as well as
a monotonic component resulting from the permanent
lateral deformation of the ground (i.e., lateral spread-
ing) and its associated kinematic lateral pressures.
Since this study puts its main focus on the kinematic
soil pressures induced by lateral spreading, the bending
moment data was separated into cyclic and monotonic
components. For this purpose, monotonic components
of the bending moments were extracted by filtering out
their cyclic components using a low-pass filter.

The monotonic components of the bending mo-
ment data are shown in Figures 11 and 12 in thick
lines. Based on these figures, one can notice that in
both models, the bending moments in piles increase
to their maximum values and, then, decrease as the
liquefied soil loses its shear strength, thus allowing the
piles to rebound due to their elastic stiffness.

Figure 9. Photos of the soil adjacent to the piles in Model A: (a) Downslope side of the pile group and (b) upslope side of

the pile group.
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Figure 11. Time histories of the bending moments at different
monotonic components of bending moments).

Variations of the monotonic component of the
recorded bending moments with depth for different
piles in both Models A and B are presented in Fig-
ures 13 and 14, respectively. The variations indicate
that while the bending moments at shallower depths

depths of piles in Model A (thick smooth lines show the

are negative, those at deeper depths are positive.
While comparing the bending moment profiles in piles
located at the same locations in Models A and B, no
significant difference was observed, indicating that the
adopted micropile system was not that much effective
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Figure 12. Time histories of the bending moments at different
monotonic components of bending moments).

in reducing the induced bending moments in piles. The
residual bending moments observed in Model A after
the peak point (i.e., at ¢ = 8.0 sec and ¢ = 12.0 sec)
resulted from the effects of micropiles near the upslope
side of the pile group, which prevented complete return
of the pile group towards the upslope.

6. Relative displacements of the soil and the
pile caps

Time histories of the lateral displacement of ground
surface in free field areas of Models A and B are
shown in Figure 15. As observed, the soil in both
models started to move downslope upon liquefaction

0 11 12 13 14

depths of piles in Model B (thick smooth lines show the

initiation. The maximum value of the ground surface
displacements is about 10 cm in both physical models.

During the experiments, a series of successive
photographs were taken from the side of the physical
models during shaking. The profiles of the lateral
displacements of soil were then obtained by analyzing
these images and tracking the lateral displacement
of the columns of colored sand created behind the
transparent Plexiglas windows on the side of the model
container (Figure 3). These displacement profiles
are depicted in Figure 16. The maximum lateral
displacements of the ground, observed at the middle
depths of the liquefied layer, are about 14 cm and 15 cm
for Models A and B, respectively. Moreover, the lateral
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Figure 15. Time history of the lateral displacement of
ground surface in the free field area: (a) Model A and (b)
Model B.

displacements within the middle depths of the liquefied
layer are rather uniform while they are reduced near
the boundaries of the upper and lower non-liquefiable
layers. A comparison between the results in Figure 16
shows that the value of soil displacement at the upper
depths of Model B is generally lower than that in Model
A. This is the reason why the employed micropiles
restricted the lateral movement of the upper non-
liquefiable layer and, to some extent, that of the
upper depths of the liquefiable layer. However, at
deeper depths of the liquefiable layer, the micropiles
did not restrict the lateral movement of the liquefied
soil. This behavior appears to be a typical behavior
of piles under lateral loading known as wedge-type
failure versus flow-type failure. In the upper non-
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Figure 17. Photo of the upslope side of the micropiles in
Model B.

liquefiable layer, the lateral resistance mechanism is
three-dimensional, producing a wedge-shaped passive
failure mechanism. With depth, as the liquefiable soil
loses most of its shear strength, the failure mechanisms
resolve into the flow-type failure mechanism, which is
indicative of a two-dimensional phenomenon. As a
result, one possible solution to enhance the efficiency of
the micropile system in mitigating the effect of lateral
spreading is to include more micropiles with smaller
center-to-center spacing or insert additional rows of
micropiles to restrict the lateral flow of liquefiable
soil more effectively. Other mitigation enhancements
are out of the scope of this study, hence neglected.
Figure 17 indicates the slight heave on the ground
surface on the upslope side of the micropiles that refers
to the evidence for the relative resistance of micropiles
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Figure 16. Profiles of the lateral displacement of soil at representative snapshots during shaking for (a) Model A and (b)

Model B.



A. Kavand et al./Scientia Iranica, Transactions A: Civil Engineering 29 (2022) 1038-1058

Beginning of

shaking ‘/Onset of liquefaction in free field soil

=
o

(o]

[\

/

2 4 6 8
Time (sec)

Displacement (cm)

'
()

10 12 14
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Model A.

against the downslope movement of the upper non-
liquefiable layer.

Figure 18 displays the time history of the pile cap
displacement in Model A. According to this figure, the
pile cap started moving downslope along with the soil
until reaching the maximum amount of displacement
(about 10.4 cm). Then, at the peak displacement
point, elastic forces of the piles overcame the shear
strength of the liquefied soil. As a result, the pile cap
started returning to its initial position while the soil
was still moving downslope in the free field (comparing
Figures 18 and 15(a). Since displacement transducer
in Model B malfunctioned, no useful data was recorded
for that Model in this respect. However, photographs
taken from the top of Model B were analyzed to
measure the maximum displacement of the pile cap
by tracking its lateral movement. The results revealed
that the pile cap displacement in Model B was about
10 e¢m, which was about 0.4 cm smaller than the
corresponding value in Model A. This small reduction
of pile cap displacement in Model B resulted from the
restriction imposed by the micropiles on the lateral
displacement of the upper non-liquefiable layer and
consequently its lateral pressure on the model piles.

7. Lateral pressure of liquefied soil

The lateral pressures of the liquefied soil exerted on

1051

the piles during lateral spreading can be obtained by
double differentiation of the recorded bending moments
in piles, as illustrated in Eq. (3):

9’ M|z, 1]
o 3)

where M|z, t] and P[z,t] are the time histories of bend-
ing moment and lateral pressure in pile, respectively,
at depth z. Given that possibility of any error in
the bending moment data would increase during the
differentiation procedure, different numerical methods
such as weighted residual or curve fitting techniques
were suggested to reduce these errors in differentiation
of bending moment data. Here, the weighted residual
method proposed by Brandenberg et al. [60] was
employed to calculate the soil pressures from the
recorded bending moments. This method functions
based on minimization of the weighted residuals similar
to that usually performed in the finite element method.
Brandenberg et al. [60] concluded that their proposed
procedure could yield more accurate results than those
using common curve fitting techniques. Further details
of this method are provided in [60].

Figures 19 and 20 show the profiles of the lateral
soil pressure exerted on different piles in Models A
and B, respectively. In order to calculate the kine-
matic pressures caused by lateral spreading, monotonic
components of the bending moments were employed.
Figures 19 and 20 list the soil pressures suggested by
JRA [58].

JRA [58] stipulates the application of 30% of the
total overburden pressure to the outmost width of pile
group as the exerted lateral pressures on piles in any
desired depth within the liquefiable layer. According to
this code, in the case of the existence of an upper non-
liquefiable layer, the associated passive lateral pressure
of this layer should also be imposed on the piles. In
addition, it is a common practice to assume that the
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Figure 19. Profiles of soil pressure exerted on the piles due to lateral spreading in Model A.
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Figure 20. Profiles of soil pressure exerted on the piles due to lateral spreading in Model B.

total lateral force applied to the pile group is equally
shared among individual piles in the group. Herein, the
lateral pressure recommended by JRA [58] is exerted
on the whole width of the pile group (i.e., 35 cm) to
calculate the total lateral force at any desired depth;
then, this lateral force is equally shared among nine
individual piles of the group. Moreover, in the case of
an upper non-liquefiable layer, a passive soil pressure
was exerted on the pile group as per JRA [58].
According to Figures 19 and 20, the exerted lat-
eral pressures in both models were considerably lower
than those suggested by JRA [58], mainly because the
piles used in this study were flexible representing RC
piles in prototype (compared to the prototype stiff steel
piles as previously tested by Haeri et al. [59]); however,
JRA [58] did not consider the flexural stiffness (EI)
of the piles in its formulations. According to Figure
20, the lateral pressure exerted on the upslope piles

(P1 and P4) caused by the upper non-liquefiable layer
in Model B is lower than that in Model A. However,
this is not the case for both middle and downslope
piles. These observations showed that the micropiles
restricted the movement of upper non-liquefiable layer;
yet, they did not effectively reduce the movement of
the liquefiable layer and associated lateral pressures on
the piles.

Time histories of the total forces exerted on the
piles can be obtained through integration of the lateral
pressures on the piles:

z=H;
FL.Li[t] = / Pl-[z,t]dz,

=0

z=H1+H>
Fy.rlt] = / P;[z,t]dz. (4)
z=H,

In Eq. (4), Fp.1,[t] and Fy.,[t] are the time histories
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Figure 21. Time histories of the monotonic component of
the exerted lateral forces on piles in Model A.

of the lateral forces exerted on pile 7 due to liquefiable
and upper non-liquefiable layers, respectively. H; is
the thickness of liquefiable layer and H, the thickness
of the upper non-liquefiable layer. The time histories
of monotonic component of the exerted lateral forces
on the piles are plotted in Figures 21 and 22. In these
figures, the lateral forces in both models increase within
the first few cycles of excitation, thus reaching the
peak value. Then, they decrease as the piles return
to their initial position. This reduction occurs faster
on the downslope pile (P3) than that on the upslope
pile (P1). In addition, in both figures, the peak value
of the exerted lateral force on the middle pile (P2) is
lower than those on the upslope and downslope piles
(P1 and P3).

Figure 23 makes a comparison between the max-
imum values of the total lateral forces on different
model piles and those separately exerted by the upper
non-liquefiable as well as the liquefiable layers. The
difference between the maximum values of the total
lateral forces on both upslope (P1) and downslope (P3)
piles in Model A is negligible; however, the maximum
lateral force on upslope pile (P1) in Model B is slightly
larger than that exerted on downslope pile (P3). This
possibly results from the slight densification of the
upslope soil adjacent to pile P1 in Model B while
inserting the micropiles.

The effectiveness of the micropiles can be assessed
by comparing the lateral forces exerted on individual
piles in Models A and B with identical locations in
the group. The comparison results revealed that the
micropiles could reduce the lateral force due to upper
non-liquefiable layer on piles of Model B. This reduc-
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Figure 22. Time histories of the monotonic component of
the exerted lateral forces on piles in Model B.

tion was more significant in the upslope pile (P1) of
the group. The lateral forces caused by the liquefiable
layer were also smaller in Model B than those in Model
A. Such a reduction was observed mainly because the
lateral forces in Model B within the lower half of the
liquefiable layer were negative (i.e., passive).

The total lateral forces on the pile groups can be
calculated based on Egs. (5) and (6):

3
Frow;[t] = Z Fijlt], (5)

3
Ftotal [t] = Z Frowj [t]7 (6)

where Fi;[t], Frow, [t], and Foq[t] are the time histories
of the total lateral forces on each individual pile in the
group located at the jth row, each row of the piles,
and the whole group, respectively. Of note, only three
piles in Model A were instrumented (P1, P2, and P3).
In this regard, to calculate the total force exerted on
the pile group, it was assumed that the side piles of
each row received 1.26 times the lateral forces exerted
on the middle pile of the row due to the neighboring
effect, as observed in the previous experiment on 3 x 3
pile group performed by Haeri et al. [59]. Only four



1054 A. Kavand et al./Scientia Iranica, Transactions A: Civil Engineering 29 (2022) 1038-1058

B Crust layer
O Liq. layer
0.05 4 Total

0.04 $‘

/ 0.0375
0

g
=
E
no~
£z
=
il
SR}
g - e -
5= | e =
2% o003 | .
g2 B :
SR b .
g bt o
v3 0.024 o =
=R B =
9] < bt 1
£ o001 "B} |
0.00 s &
P1
Pile
(a) Model A
0.05
g B Crust layer
g O Liqg. layer
% _ 0.04] |BE Total
£z
=
G =23
o o o
= 9 g 2
£ % 0.031 2
g ()
o
29
§ X 0.021
27
g
s
g 0.01
] —_
= 3
(=]
0.00 +—= L - T
P2 P3
Pile
(b) Model B
Figure 23. Maximum lateral forces exerted on the model
piles.
2.0+
—~ H Crust layer
E O Liq. layer
o B Total
g
25 1.5
TS
]
£3
S E 1.0]
28
2
c2
o
£ E 0.5
= E
%
g
E
0.0

Model A

JRA code

Model B
Figure 24. Maximum total lateral forces exerted on the
pile groups along with the values suggested by JRA [58]
code.

piles were instrumented (P1, P2, P3, and P4) in Model
B. However, due to the axial symmetry of this model
in plan, it is expected that the ratio of exerted force
on piles P1 to P4 be used to calculate the forces
exerted on other side piles of the pile group, which
are not already instrumented. Figure 24 compares the
maximum total lateral forces exerted on the pile group

Downslope

Observed
tension cracks

Downslope

(b)
Figure 25. Photos of the surface of Model A: (a) Before
shaking and (b) just after the end of shaking.

Sand boil

Upslope Downslope

Figure 26. Ground surface in a physical model test on a
stiff pile group only after the end of shaking [59].

in each model with the values calculated based on JRA
[58]. As observed, the values predicted by the JRA [58]
were significantly higher than those obtained in current
experiments, mainly due to the flexibility of the model
piles.

8. Further observations

During the experiments, a high-resolution camcorder
was mounted on the top of the physical models. The
movies recorded by this camcorder were extracted into
a series of sequential photographs, thus providing very
useful information on the deformations of the ground
surface and piles during lateral spreading. Figure 25
depicts two photos of the ground surface in Model A be-
fore excitation and just after the end of the excitation.
Deep tension cracks observed in the free field ground
on the upslope side were indicative of the substantial
lateral ground movement and settlement. Figure 26
depicts a photo of a physical model test performed on
a pile group configured similar to the pile group in the
current study but with stiffer aluminum piles [59]. As
observed in that test, considerable sand boil occurred in
the vicinity of the downslope side of the pile group, yet
no sand boil was detected at the same location in Figure
25, confirming that no separation occurred between the
liquefied soil and the flexible piles in Model A situated
on the downslope side of the pile group.
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Figure 27. Photos of the ground surface in Model B: (a)
Before the shaking and (b) just after the end of shaking.

Figure 27 illustrates two photographs of the plan
view of the ground surface in Model B. As observed,
the micropiles and soil adjacent to them were separated
from the rest of the ground by tension cracks. This is
possibly because of the slight densification of the soil
adjacent to the micropiles, relative to the soil in the
rest of the model that created two different zones with
different behavior.

9. Conclusions

In this study, two large-scale shake table tests on 3 x 3
flexible pile groups were performed to evaluate the
effectiveness of the vertical micropiles inserted in a
liquefiable sandy layer as a countermeasure to reduce
the lateral force resulting from lateral spreading. To
this end, a model without any mitigation strategy and
a model remediated with micropiles were tested and
compared with each other. The main findings of the
current research are highlighted in the following:

- The employed micropile system was not effective
enough to reduce the induced lateral pressures and
bending moments in the piles. On the other hand,
it could increase the accelerations transferred to
the pile cap (or the superstructure) and alter the
resonance frequency of the model ground close to
the piles;

- The employed micropiles could also decrease the soil
pressure exerted by the upper non-liquefiable layer
on the upslope piles of the group. However, they did
not effectively decrease the lateral pressures exerted
by the liquefiable layer on the piles;

- The exerted lateral pressures on the piles in both
models were considerably lower than those suggested
by Japan Road Association (JRA) [58] owing to the
flexibility of the model piles;

- Soil displacement at the upper depths of the model

remediated with micropiles is generally lower than
that in model with no mitigation measure, indicating
that the employed micropiles restricts the lateral
displacement of upper non-liquefiable layer and par-
tially that of the upper depths of the liquefiable
layer. However, this restriction remains not notice-
able at deeper depths of the liquefiable layer. Sev-
eral solutions can be considered to more effectively
restrict the movement of liquefied soil and decrease
the lateral soil pressure on piles under strong ground
motions such as using the micropiles in a tighter
pattern, adopting stiffer ones and fixing them in the
underlying non-liquefiable layer. Of note, a detailed
effectiveness of the mentioned solutions needs further
investigations in the future;

- The excitation applied to the model in this study

was equivalent to a relatively strong ground shak-
ing. As a result, more possible effectiveness of the
micropiles for lateral spreading remediation under
weaker ground motions needs to be investigated in
future studies. Numerical simulations can also be
undertaken in this respect.
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