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Most studies on the seismic behavior of group piles have focused on the pile’s
behavior under a single earthquake. However, low to moderate seismicity zones
often experience multiple successive shocks. In this study, the seismic behavior of
pile groups supporting a 10-story building was investigated through a series of
experiments under the influence of the Kobe earthquake for three consecutive
times with a time interval of 15 min. The tests conducted first involved designing
and constructing a 1:20 scale model of a 10-story steel building supported by a 3x3
aluminum pile group foundation with L/D of 16. The tests were conducted on
dense dry sand with 70% relative density. The results include the performance of
piles and structures in terms of vertical and lateral displacements. The findings
indicated that the tilting angle of the pile cap diminished gradually with the
application of each subsequent earthquake, decreasing by a factor of three
following the second earthquake (0.15°) and by a factor of 4.7 after the third shock

(0.08°), in comparison to the initial angle (0.46°). Additionally, the residual lateral
displacements observed in the 10-story building during successive earthquakes
reflected a continuous decline, with the rates of reduction during the second and
third earthquakes being 2.5 and 9.4 times, respectively, in relation to the first
earthquake. Conversely, the residual lateral displacement measured at the pile cap
exhibited a steady increase over the course of the seismic events, recording
increases of 10.5 and 20 times during the second and third earthquakes,
respectively, with comparison to the first earthquake.

© 2025 MIM Research Group. All rights reserved.

1. Introduction

Earthquakes consider once of the utmost devastating natural adversities, posing a serious threat to
life and property. Despite the efforts made in designing earthquake-resistant structures, it is still
challenging to cope with the uncertainties regarding the quality of design against seismic loading.
Concerns start to rise about the performance of multi-story and high-rise structures, mainly caused
by the increase of post-constructed changes and unwanted stresses on structural bases and
foundations. Group piles, widely used in multi-story constructions to reduce settlement and
increase capacity, are of utmost importance.

In past few years, much investigate has studied the seismic behavior of piles in the case of
earthquakes. These studies have served to raise the level of understanding of seismic piles in many
aspects. However, so far, little research has been carried out to study the effects caused by multiple
or successive earthquakes; this is because the information on the real actions in the structures
affected by these conditions is very limited. Previous research such as that performed by [1]
examines the impact of earthquake sequences on the seismic behavior of structures, taking into
account soil-foundation-structure interaction (SFSI), by shake table experiments. The findings
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indicate that the mainshock resulted in more significant soil settlement and elevated acceleration
relative to the aftershocks, attributable to the densification of the sand following the initial seismic
event. Study conducted by [2] using shaking table tests, the soil and foundation interaction
significantly affected shaping structural responses under repeating seismic events. The laboratory
model reflected soil conditions in shaking table simulations using real ground motion records from
the Wenchuan earthquake, capturing site effects like seismic wave amplification. Results showed
that as structural damage accumulated, the model's dynamic properties became increasingly
sensitive to soil-foundation interaction, revealing a natural frequency reduction of up to 52%
across main vibration modes. This indicated degradation of the RC frame's internal stiffness and
increased soil flexibility impact. At high seismic intensities, the foundation-soil system failed to
restrain large displacements, leading to inter-story drifts as high as 1/43 and posing near-collapse
risks. Consequently, the study underscores that the soil-foundation-structure system's flexibility
must be factored into seismic performance evaluations, as soil effects amplify vulnerabilities during
the successive event

A numerical analysis to explore the nonlinear interactions between soil, piles, and structures for
pile foundations subjected to multiple seismic load scenarios in both soil types liquefiable and non-
liquefiable [3]. The investigation examined various parameters, including the responses of piles to
different seismic intensities and soil conditions. Findings indicated that the performance of piles is
notably affected by soil liquefaction, resulting in heightened lateral displacements and bending
moments. Sahare et al. [4] examined how sloping ground conditions and following seismic
occurrences affect the kinematic behavior of pile groups in soils prone to liquefaction. The research
attentive on several parameters such as the spacing between piles, ground slope angles, and the
influences of liquefaction during successive shaking events. The results indicated that further
seismic activities additional intensify the resulting damage. The study steered by [5] intended to
assess the behavior of hybrid foundations in assuaging the effects of liquefaction under strong
sequential earthquakes consuming both numerical and experimental modeling methods. The
results showed that hybrid foundations pointedly diminished lateral displacement and settlement
caused by consecutive seismic action. [6] studied soil-pile-structure interaction (SPSI) and its
impact on seismic vulnerability of pile-supported buildings during exposed to successive
earthquakes through created nonlinear numerical models. The findings indicated that the sequence
earthquakes further elevated the likelihood of structural damage compared to single mainshocks,
with results showing significant shifts in fragility curves. The research conducted by [7] examines
the processes of liquefaction and re-liquefaction in sand, as well as the response of pile groups to
repeated shaking. The study employs centrifuge modeling to analyze factors such as excess pore
pressure, soil settlement, lateral displacements, and bending moments in pile group foundations
during successive seismic events. The results indicate that each instance of shaking diminishes the
potential for re-liquefaction by enhancing soil density and stiffness, which in turn reduces excess
pore pressures. Nonetheless, the existence of pile groups has the potential to modify this behavior
by augmenting bending moments and lateral displacements as a result of the interactions occurring
between the soil and the structures. [8] investigate the response of vertical pile foundations when
subjected to a series of seismic activities, including the primary shock and subsequent aftershocks,
by simulating the kinematic interaction, which refers to the relative movement between the soil
and the pile during repeated seismic inputs. The findings reveal that relative displacements
between the soil and foundation, bending moments in the piles, and inertial effects manifest
variably across successive seismic events.

Therefore, this research seeks to examine the effect of three consecutive earthquakes on the
seismic behavior of group pile foundations embedded in sandy soil. The unique aspect of this
investigate is presenting the results of a practical study included test system consist of group piles
foundation embedded in sandy soil and supporting 10-story building, while most previous
researches approach solely one aspect (foundation or structure).
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2. Experimental Setup and Testing
2.1 Ten-Story Building

To carry out the present investigation, it is necessary to first design and build a small-scale multi-
story structure. A model consisting of 10 stories was developed based on the design proposed by
[9]. Each story was structured as a single bay frame with an orientation in both directions,
facilitating an accurate depiction of slender structures. The prototype's original span width and
story height were established at 4 meters and 3 meters, respectively. As a result, the dimensions of
the laboratory model building (length, width, and height) were proportionately reduced using a
1:20 scale factor. The beams and columns were crafted from square steel hollow sections
measuring (19.05x200x19.05) mm and (19.05x19.05x150) mm, with a thickness of 1.5 mm. Steel
plates, each with a 6mm thickness and dimensions of (200x200) mm, were utilized as panels for
the building model. The structure was designed to maintain uniform mass across its stories. (Fig.
1), depicts the 10-story building employed in this investigation.
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Fig. 1. Ten-story steel structure details (a- front view b- 3d view)
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2.2 Pile Group Description

In the current study, the piles utilized are fabricated from aluminum pipe tubes, a material widely
recognized for its suitability in experimental assessments in similar investigations, as referenced
by [10,11]. These piles comprised of closed-end aluminum tubes with circular cross sections,
featuring an external diameter (D) of 16mm and a wall thickness of 1.5 mm. The embedding length
to the diameter ratio is specified as L/D = 16. The configuration of the pile group is arranged in a
3x3 formation, with a spacing of 7D between individual piles, that conforms to the standards
established by [12]. A high-strength steel plate is employed as the piles cap in this investigation, as
illustrated in (Fig. 2).
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Fig. 2. Pile cap details: a-top view and b- front view
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2.3 Laminar Soil Container

(Fig. 3) illustrates the aluminum laminar soil container, which possesses a cross-sectional
dimension of (800 x 800) mm and a height of (850) mm. [13] suggested that to reduce wall side
friction, the container's height-to-diameter ratio should be one or lower. As a result, the container
height-to-width ratio is considered appropriate. The container is filled with sandy soil of 70%
Relative Density (Dr) to depth of 750 mm, divided into five layers, each with a height of 150 mm.
The properties of the soil utilized in this research are outlined in Table 1.

Table 1. Physical and mechanical properties of soil used

Soil Property Value Standard of Test
Relative Density, Dr % 70 -
Max. Unit Weight, ymax [KN/m3] 18.47 ASTM D 4253 (2000)
Min. Unit Weight, mint [KN/m3] 15.96 ASTM D 4254 (2000)
Dry Unit Weight, ya [kN/m3] 17.63 -
Water Content, Wc % 19 ASTM D2216 (2010)
Specific Gravity, Gs 2.64 ASTM D854 (2014)
Sand, % 98.4 -
Fine content % 1.6 -
Effective Size, D10 [mm] 0.16
Mean Size, D3o [mm] 0.26
Mean Size, Dso [mm] 0.42
Coefficient of Uniformity, Cu 2.63 ASTM D422 (2007)
Coefficient of Curvature, Cc 1.01
Soil Classification (USCS)? (SP), Poorly-graded sand ASTM D2487 (2010)
Particle Shape Sub-rounded to sub-angular with low i
sphericity to high sphericity
Soil Color Yellow (Pale yellow) -
Friction Angle, @ 39°
Cohesion, ¢ [kN/m?] 0 ASTM D4767 (2011)

2.4 Laminar Soil Container

The experimental study was conducted using a single-degree-of-freedom shaking table device
situated at the University of Diyala [14]. This apparatus has been engineered to simulate the
conditions of the Kobe earthquakes, and operated by a servo motor that can achieve a maximum
acceleration of 1.8 g and accommodating 10 kN payload capacity, and it can reach up to 2g when
unloaded. The device is capable of producing input wave frequencies that range from 0.1 Hz to 50
Hz. Fig. 3 shown the details of shaking table model and essential components.
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Fig. 3. Description of shaking table model [14]: a) Details of shaking table model and laminar
soil container and b) Details of digital data acquisition system
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To assess both vertical and lateral displacements at the piles cap, four Linear Variable Differential
Transformers (LVDTs) were utilized, as shown in (Fig. 4). LVDT1 (referred to as L.1) employed to
measuring the lateral displacement at the top side of the 10-strory building and WVDT2 (L2)
employed to measuring the lateral displacement at the piles cap. While LVDT3 (L3) and LVDT4 (L4)
used to measuring the vertical displacements at the piles cap side that directly subjected to seismic
load and the opposite side, respectively. A comprehensive diagram of the testing system is provided
in (Fig. 4). The peak ground acceleration and tremors duration for the Kobe earthquake model
inputted was (0.82 g) and (48 sec) respectively [15].
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Fig. 4. Test system diagram

3. Result and Discussion

In this part, the vertical and lateral displacement at the pile cap as well as the acceleration in four
different locations has been represented and analyzed. The Kobe earthquake was applied on the
test model three times in succession with a 15-minute interval between each successive earthquake
to give the soil stability after the applied earthquake and before applied the next earthquake (i.e.,
re-applying the earthquake to the test model). The principal aim of this interval was to permit the
soil fabric stabilization via rearrangement of particle and densification subsequent to the first
shock, thus ensuring a consistent and quantifiable initial condition for the ensuing event. This
approach mitigates the risk of conflating the cumulative effects of progressive fabric alterations
with the specific response to each individual shock.

3.1 Vertical Displacement

Fig. 5 demonstrated the relation between the vertical displacement and the time history at both
sides of piles cap for the 10-story building during exposing to three consecutive shocks. It can be
seen that the waveforms recorded at both sides of pile caps across the three successive shocks have
approximately the same trend and show no significant vertical displacement roughly until 7
seconds, indicating that the earthquake impact did not directly affect the piles cap during this initial
phase. This stable interval presumably signifies the period prior to the interaction of seismic waves
with the foundation piles, wherein considerable forces are exerted. After this point, a noticeable
change in vertical displacements which recorded at the pile cap sides were observed in between
second ten to second fifteen for the three consecutive shocks, that can be attributed to the
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increasing intensity of the seismic activity simulated in the laboratory environment. This period is
likely aligned with the peak shaking, which exerted maximum stress on the piles cap, resulting in
rapid variations (i.e., rotation) in vertical displacement values. This observation indicates that the
earthquake's intensity was sufficient to exceed the initial resistance of the piles group foundation.
After a duration of 20 seconds, the rates of observed vertical displacements stabilize at each shock
of the three consecutive shocks applied.
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Fig. 5. Vertical displacement of the pile cap vs. time history for the 10-story building under
three consecutive earthquakes

Fig. 6 presents the relation between the vertical displacement of the Piles cap (peak and residual
values) with number of shocks applied. The data illustrated in this figure clearly indicates that the
peak vertical displacement values recorded at the pile cap side that directly subjecting to seismic
activity larger than that at the opposite side. In contrast, the residual values show reverse response.
This observation holds true for all values recorded during the three consecutive earthquakes that
were applied. For instance, during applied the first shock, the peak vertical displacement value
recorded at the cap side directly exposing to seismic activity equal to 20.8 decrease to 18.8 mm at
the opposite side, indicating a reduction in peak displacement between both side of about 9.5%.
Subsequently, a modest elevation in the reduction ratio of peak displacement between the both
sides of the pile cap is noted, assessed at around 15.1%, upon the application of the second shock.
This ratio experiences an additional rise to reach 27.8% with the application of the third shock.
This phenomenon can be attributed to the fact that seismic loading induces an asymmetric
interaction between the soil, piles, and building. Specifically, the leading (front) piles row
experiences greater horizontal resistance and axial compression compared to the trailing row,
particularly when seismic event integrates kinematic drag of soil with the inertial forces exerted
by the building. The effect of group pile shadowing causes the cap to rocking towards direction of
the seismic load. This results in an increased compression on the leading piles row, while the
trailing row experiences reduced compression, and occasionally, transient conditions of tension or
gapping may arise among those piles. Concurrently, the process of repeated seismic load results in
local densification of the surrounding sand (characterized by volumetric strains of ratcheting),
thereby amplifying down-drag (negative skin friction) along the greater sheared leading-pile
shafts. This combination of higher cyclic densification and greater compressive axial force, leads to
a more substantial vertical displacement. This observation is consistent with the findings of
[16,17]. With respect to the observed values of residual vertical displacement, it can be noticed that
the residual displacement increased from 12.12 mm at the direct side to 15.54 mm at the opposite
pile cap side, indicating an inflation rate of approximately 28.1% during applied the first shock
event. Moreover, a comparison of the residual vertical displacement between both sides of pile cap
during applying the second and third shocks revealed increasing rates of (6 and 3.3) % respectively.
The potential explanations for the increased residual displacement observed at the side of the pile
cap opposite to the seismic load possibly due to the cumulative finding of its distinct stress
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trajectory experienced during seismic loading. While the cap side directly subjected to seismic load
shows high vertical displacement due to several direct pulses at the earthquake's peak, the opposite
side undergoes fully-reversed, more symmetric cyclic shear. This change in shear strain, coupled
with the cap rocking that diminishes confining stress on the opposite side during forward motion,
renders the soil in that area more vulnerable to cyclic compaction across numerous cycles.
Consequently, the opposite side accrues a more substantial amount of residual displacement from
a greater number of effective stress cycles, ultimately surpassing the peak vertical displacement
experienced at the pile cap side exposed directly to the seismic shock, and this agree with [17,18].
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Fig. 6. The relation between the vertical displacements of the pile cap and the number of
earthquakes applied

Another important finding is that the effect of multiple earthquakes on the piles cap tilt. It can be
seen that the vertical displacement measured at both piles cap sides show increasing values with
each subsequent earthquake applied. That can be inferred clearly, when applied the second
earthquake, the peak vertical displacements measured on the pile cap side directly subjected to
seismic load, and the opposite side, increased by 27.4% and 19.7% respectively, relative to the
values obtained during the first shock event. After applying the third shock, the peak values
witnessed an additional increase, reaching 71.2% on the direct side and 36.7% on the opposite side
when contrasted with their original values at the first shock. Furthermore, similar behavior was
observed in case of residual vertical displacement. Following the second shock, the value of residual
vertical displacements measured on both direct and opposite cap sides exhibited increases of
50.4% and 24.5%, respectively, relative to the data acquired during the first earthquake.
Subsequently, after the third earthquake application, the residual displacements surged to even
higher levels, reaching 76% on the direct side and 42% for on the opposite side, when compared
to its values recorded during the first seismic event. It seems possible that these results of increase
in vertical displacements observed following each earthquake may be attributed to factors such as
cumulative plastic deformation. Dense sand exhibits plastic deformation when subjected to
multiple seismic loading. Although dense sand initially demonstrates a degree of resistance to
deformation owing to its stiffness, each successive earthquake induces further rearrangement of
soil particles. Consequently, this phenomenon results in a cumulative reduction in soil volume,
which in turn contributes to the observed increases in vertical displacements. and this agree with
[19, 20 and 21]. Another possible explanation for this result is that it is due to stress redistribution,
and the effects of soil-pile interaction. These mechanisms gradually diminish the soil's capacity to
withstand vertical displacement, leading to increased deformation and pile cap tilting with each
seismic occurrence and this agree with [17].

3.2 Lateral Displacement

The results of lateral displacements measured at the piles cap and at the top side of 10 story
building under the three successive earthquakes are shown in Fig. 7. It can be noticed that the
resulting measurement lines for both pile cap and 10-story building show approximately the same
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trend with a difference in behavior describe the directional response of structural elements during
seismic loading as they experience oscillations due to the dynamic forces especially for the period
between 8-22 seconds which represent the peak excitation of the earthquake. After a duration of
22 seconds, the rates of observed lateral displacements stabilize at each earthquake of the three
consecutive earthquakes applied.
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Fig. 7. The relation between lateral displacement vs time history forthe-10 story building under
three consecutive earthquakes

Fig. 8 presents the relation between the lateral displacement (peak and residual values) measured
at the top side of 10-story building, as well as the pile cap by (L1 and L2) respectively, during
applied of the three successive earthquakes. As shown in Figure 8, the peak lateral displacement
for the 10-story building which recorded by (L1) increases slightly across the three earthquakes:
114 mm in the first, 117.5 mm in the second, and 120.1 mm when the earthquake is applied for
third time. That's mean that the ratio of increasing in value of peak lateral displacement for 10-
story building during the second and third earthquakes greater than that recorded at the first
earthquake by 3.1% and 5.4% respectively. This trend suggests an accumulation effect, likely due
to minor degradation or residual displacement in the building after each seismic event. As for the
peak lateral displacement for piles cap measured by (L2), its increases progressively: 15.6 mm at
the first earthquake, 18.5 mm at the second earthquake, and 21.7 mm at the third earthquake. This
designate that the increasing ratio in peak lateral displacement value for piles cap throughout the
second and third earthquake events larger than that noted at the first shock by (18.61 and 39.14)
% respectively. The observed upward trend designates in the peak values of lateral displacement
that the pile-soil system is undergoing a gradual increase in response, with improvement in energy
dissipation over time producing lower values of residual lateral displacements recorded at the end
of each shock.

Moreover, these findings show that the 10-story building displays higher peak lateral
displacements when compared to those measured at the piles cap. This performance can be
attributed to several factors, including dynamic amplification effects, geometric influences and
energy transmission. The building height amplifies the seismic forces that it encounters, producing
greater lateral displacements occurring at the higher stories of building. Conversely, the piles cap
undergoes a relative decrease in lateral displacement, which can be attributed to mechanism of
energy dissipation occurring during interactions between soil and piles, in addition the effects of
damping by the adjacent soil. The diminished lateral displacements at the piles cap designate its
closeness to the source of seismic event in addition to the soil capacity to energy dissipate.
Alternatively, the 10-story building shows larger lateral displacements, associated with the
increase in the arm of moment and reduced lateral stiffness in the building higher storis and this
accord with [22-24]. Moreover, the increase in peak lateral displacements during multiple
earthquake events can be explained by a combination of factors, such as residual deformations in
the interaction between the soil and pile, nonlinear behavior of the soil, and dynamic amplification
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effects within the structure. These factors lead to a reduction in stiffness of pile foundations and an
escalation of seismic forces at the upper stories of building, which in turn results in increased
lateral displacements. This observation aligns with the conclusions drawn [25,26].
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Fig. 8. The relation between the lateral displacements and the number of earthquakes applied

Another observation is that the residual lateral displacement of the 10-story structure during
consecutive earthquake events showed a progressive decline, reducing from -10.43 mm in the first
earthquake event to -4.21 mm in the second, and further to -1.11 mm in the third event (the
negative values indicate that the structure is inclining in the direction of the earthquake). This trend
reveals that the reduction rate in the residual lateral displacement of the 10-story structure, during
the second and third earthquake events were (147.62 and 845.54) % respectively, compared to the
first earthquake event. This behavior suggests that the building exhibits improved stabilization
over time, as indicated by the decrease in residual displacements as the system adapts to the effects
of successive seismic loading. Conversely, the value of residual lateral displacement noted at the
pile cap, demonstrated a progressive increase during applying the earthquake events, 0.41 mm
through the first seismic event, reach to 4.19 mm through the second seismic event and 7.99 mm
through the third seismic event.

This behavior indicates that the rise in the residual lateral displacement observed at the pile cap
through the second and third earthquakes was 10.5 and 20 times greater, respectively, than that
recorded during the first earthquake. A potential reason for this phenomenon may be attributed to
the nonlinear characteristics, which significantly influences the seismic response of the pile group
foundations. As seismic events continue, the soil-pile interaction can result in greater lateral
displacements, attributed to a reduction in group pile stiffness due to soil-pile interaction.
Furthermore, the cyclic loading from successive seismic events may enhance the cumulative
impacts on the response of pile's group, resulting in increased residual lateral displacements at the
piles cap as time progresses. The overall behavior of the building is primarily determined by
dynamic and geometric factors. Such behavior is consistent with well-recognized theories of soil-
structure interaction and the principles underlying seismic dynamics and this agree with [27,28].
Another interesting result is that the measurements of residual lateral displacement noted at the
piles cap increased during the three consecutive earthquakes, while decreasing at the 10-story
structure. This performance is linked to the cumulative effects of energy dissipation and residual
deformation taking place within the soil. As each earthquake occurs, the sand around the piles can
undergo densification or minor plastic deformation, leading to a decrease in stiffness and allowing
for increased lateral displacement at the piles cap. Moreover, the piles cap experiences greater
displacements as a result of the lateral forces impacting it, in conjunction with the restricted lateral
displacement of the adjacent soil, which contributes to an increase in the residual lateral
displacement at the cap. In case of 10-story building, the inertia of the building aids in dissipating
seismic forces, thereby leading to diminished displacements observed at the top side of building.
These findings this consistent with [29, 30].
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4. Conclusions

This research intended to investigating the impact of applying multiple earthquakes on the seismic
performance of the pile group supporting 10-Story building in terms of vertical and horizontal
displacement. The following conclusions are drawn from the above analyses:

e Multiple sequential earthquakes notably increases both the peak and residual vertical
displacements on piles cap supported multi-story structure. The repeated occurrence of
seismic events leads to a deterioration of the soil's stiffness, resulting in progressive vertical
displacements, especially on the piles cap side directly exposure to seismic waves.

e The tilting angle observed in the pile cap demonstrated a gradual decrease with each
consecutive shock experienced, measuring 0.46° immediately following the first ground
motion event, 0.15° after the occurrence of the second motion, and finally reaching 0.1° after
the third shock event. This notable decline in the tilt observed after the first earthquake
strongly indicates a a redistribution of forces or soil densification. Such changes in tilt can
provide crucial insights into the dynamic responses of pile group- structure systems to
repeated seismic activity.

e Comparing the pile cap tilting angles against the serviceability limit of Bjerrum (1/150) for
angular distortion, the results indicated that the tilting angle during the first shock (0.46°)
unacceptable and exceeds the allowable limit, suggesting that the pile group-structure
system may experience serviceability issues. In contrast, the tilting angle measured during
the second and third shocks within the acceptable limit, this can be attributed to the fact that
the first shock produce larger uneven settlement with compare to the subsequent shocks.

e The values of residual lateral displacements observed for the 10-story building model during
successive seismic events exhibited a progressive reduction, the rate of decrease during
applying the second and third shocks were about 2.5 and 9.4 times respectively, in
comparison to the value measured at the first shock event. In contrast, the residual lateral
displacement values recorded at the pile cap, exhibited a gradual increase throughout the
seismic events, recording (10.5 and 20) times during the application of the second and third
shocks, respectively, with compare to the value noted during applying the first shock.
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