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Abstract

The effect of topography on the amplification of seismic forces has been considered in regulations, and they have deemed the use 

of the seismic force amplification coefficient in the design of adjacent earth-retaining structures necessary. However, the impact of 

settlement-reducing or anti-sliding piles under the building foundation on the applied acceleration to the foundation is generally not 

addressed in regulations, and it is necessary to carefully examine this issue for the optimal design. This study sought to empirically 

assess the impact of using piles as Combined Piled Raft Foundation (CPRF) positioned on the top of slopes, with different slope angles, 

on the seismic behavior of slopes, scaled at 1/25th, through shaking table experiments. Six sinusoidal waves were created as input 

motions to simulate a range of earthquake scenarios, applied to the models to collect data for analyzing the seismic response of the 

system. No.161 Firouzkooh sand was utilized as the soil in this investigation. The amplification factor (AF) of various locations was 

used to examine the seismic response of the system. The findings underscore the importance of the amplification factor as a critical 

parameter in evaluating the seismic response of foundations situated on slope crests. Additionally, Implementing CPRF and longer 

piles had a mitigating effect on accelerations at most points and improved the seismic response of the slopes, reducing amplification 

factor and led to less damages. Furthermore, the slope angle was shown to significantly influence the seismic response, with steeper 

angles generally resulting in higher amplifications at the slope crest. 
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1 Introduction
Currently, urban development has led to the expansion of 
construction into suburban areas. In some regions, con-
struction sites are located on irregular terrain, influenc-
ing the seismic response of the ground significantly as 
observed in earthquake data [1–4]. Particularly, structures 
situated on hillslopes and ridges have been shown to sus-
tain more damage compared to those built on flat ground 
areas [5–7]. An essential parameter to analyze the seismic 
response of systems is the amplification factor (AF), which 
indicates the ratio of Peak Ground Acceleration (PGA) 
at a specific point to the input motion from the source of 
excitation. The phenomenon of topographic amplification 
of earthquake ground motion has been extensively doc-
umented in scientific literature [3, 8, 9]. The interaction 
of soil properties, structural dynamics, and site topog-
raphy can lead to intense ground motion and damage in 
certain locations [10]. Experimental studies on shaking 

tables have demonstrated that slope elevation and stratigra-
phy significantly influence the seismic response of slopes, 
with failure predominantly occurring near the surface of 
the slope [9–14]. Additionally, it has been noted that at a 
distance of 2–3 times the slope height (H) from the crest, 
the acceleration is amplified due to topographic irregular-
ities. Furthermore, structures near the slope crest experi-
ence the greatest impact of seismic response due to topo-
graphic conditions [8]. Limited research has investigated 
the effect of slope angle on the seismic response of slopes, 
with fewer studies focusing on reinforced slopes. Findings 
indicate that an increase in slope angle leads to heightened 
acceleration near the slope crest [15–17]. Moreover, Zhang 
et al. [18] highlighted the significant role of slope geometry 
in seismic wave propagation on the surface. Qi et al. [13] 
conducted a study using numerical 3D models of slopes 
subjected to multidirectional seismic loads, evaluating the 
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impact of variables such as soil type, slope height, angle, 
and peak acceleration on the amplification factor of ground 
motions. Results showed the influence of topographic 
amplification relative to the dynamic properties of systems, 
with an increase in slope height or angle not necessarily 
correlating with a proportional increase in amplification.

Moreover, the maximum topographic amplification 
factor predominantly occurs near the slope crest within 
a distance from the slope crest to the height of the slope 
(x/H = 1.5). Many factors are intensifying seismic ground 
motions near the slopes, some of which can be categorized 
as follows: topography, stratigraphy, soil inhomogeneity, 
and nonlinear behavior of materials [19]. Previous stud-
ies imply that the reflection of the waves colliding with 
the slope is the main factor in creating the amplification 
of motions adjacent to slope topography [18]. Also, based 
on Fig. 1 waves generated within the slope due to seismic 
motions include input vertical SV waves, waves reflected 
from the slope surface and soil layers, Rayleigh waves, 
and P waves. According to the reported studies and field 
measurements, the amplification value was in the range 
of 2–5 times [20, 21], and some other studies, more than 

10 times the free field [22, 23]. However, in most numer-
ical analyses, the amplification factor near the slope crest 
was in the range of 1–3 [8, 13, 14, 18, 24, 25]. 

Also, different building codes consider the effect of 
increased shear force imposed on structures located on 
slopes or in close proximity to them through the topo-
graphic amplification factor (ST). For example, this fac-
tor is according to "Iranian Code of Practice for Seismic 
Resistance Design of Buildings" (Standard No. 2800) [26] 
as shown in Table 1.

Using piles has been one of the common ways to 
enhance the dynamic performance of a foundation built 
in slopping areas [27]. In some cases, piles are used in the 
slope body as anti-slide piles and sometimes connected to 
foundations on the slope crest as piled foundations. Many 
researchers have evaluated the effect of the anti-slide pile 
on amplification and seismic response experimentally 
and numerically. Studies on anti-slide piles resulted in 
the reduction of amplification and slope body deforma-
tion [28–34]. Besides, there have been a rare number of 
studies to investigate the effect of the soil-structure inter-
action (SSI) concerning slope topography. Some studies 

Fig. 1 Schematic illustration of incoming and induced waves in the soil medium due to the presence of CPRF on the slope crest
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were carried out using single and group piles in slope 
employing numerical and experimental methods [35, 36]. 
However, on the slope crest, the amplification led to stron-
ger motions and it is important to consider the topogra-
phy-soil-structure interaction (TSSI) in the analyses of the 
seismic response of foundations constructed in the topo-
graphic areas. In this regard, some studies have been con-
ducted based on piled foundations. A type of foundation 
is known as the Combined Piled Raft Foundation (CPRF). 

When piles are used, amplification factor may decrease 
for the following reasons:

• Reduced Stiffness: Piles designed for controlled slid-
ing have lower stiffness compared to rigidly embed-
ded piles. This reduced stiffness allows them to 
deform more easily during ground shaking, absorb-
ing energy in the process.

• Frictional and passive Resistance: The sliding inter-
face between the pile and the surrounding soil gener-
ates frictional and passive resistance as the structure 
moves. This frictional force helps dissipate seismic 
energy by converting it into heat.

• Soil Plasticity: The soil itself can exhibit plastic 
behavior during seismic shaking, leading to energy 
dissipation at the pile-soil interface. Plastic deforma-
tion in the soil absorbs energy and reduces the seis-
mic forces transmitted to the pile.

• Dynamic Soil-Structure Interaction (SSI): The inter-
action between the pile and the surrounding soil 
during seismic events can lead to energy dissipation. 
Dynamic SSI effects can influence the distribution of 
seismic forces and contribute to energy dissipation 
through soil-pile interaction.

Considering the points mentioned, it is appropriate to 
conduct a separate investigation to examine the precise 
effect of piles on reducing the amplification factor on foun-
dations based on sloping ground, and as far as we know, 
such research has not been conducted before. To fill the pre-
vious studies' gap, this experimental study, using a series 
of shaking table tests, was programmed and performed to 
better understand the seismic response of the slope with a 
CPRF and compare the different characteristics between 
a flat and sloping grounds with various angles (constant 
height). The effects of acceleration and frequency of input 
motions, slope angle and pile length on the dynamic 
response of the system were considered in the tests.

To achieve this goal, models were initially constructed 
without piles, and then, after adding piles to the model, the 
effect of using piles in reducing the amplification effects 
of acceleration and seismic forces was investigated under 
various dynamic excitations. Subsequently, by construct-
ing physical models with different slope angles, the ampli-
fication factor of acceleration in different topographies was 
examined and compared. In the conclusion section, amplifi-
cation factors corresponding to each slope were considered.

2 Testing apparatus and procedure
2.1 Shaking table apparatus
A uniaxial shaking table located in the geotechnical labo-
ratory of the University of Tabriz was used in this study (as 
shown in Fig. 2). The dimension of the shaking table deck 
is 200 cm × 300 cm (width × length). Input motions could 
be applied as time history and sinusoidal excitations up to 
6 tons of the maximum payload mass with a wide range of 
frequencies between 0.1 and 50 Hz, available to apply at 
the base of the deck by hydraulic servo actuator. A rigid 
rectangular box with dimensions of 200 × 100 × 100 cm 
(length × width × height) made of thick Plexiglas sheets 
was employed. To simulate a free-field condition and 
decrease the wave's reflection effect, on both sides of the 

Table 1 Topographic amplification factor – "Iranian Code of Practice 
for Seismic Resistance Design of Buildings" (Standard No. 2800) [26]

Slope β (deg.) ST

 

>15 ≥1.2

 

15 to 30 ≥1.2

>30 ≥1.4

Fig. 2 Shaking table apparatus of the University of Tabriz
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soil container box and perpendicular to the shaking direc-
tion, relatively compressible foam expanded polystyrene 
sheets with a thickness of 5 cm were used. 

2.2 Scaling factor
In the experimental modeling, the first step is to determine 
the specification of the scaling laws. The scaling ratio plays 
a key role in having a reliable model and test results. Thus, 
the correct scaling law between the physical modeling and 
the prototype must be considered for scaling up the exper-
imental results to prototypes. To insure the dependency 
of soil behavior on the stress level and the compatibility 
of ground motion properties with real earthquakes, scal-
ing law should be satisfied in modeling. In this study, for 
the 1 g shaking table tests, the scaling factors were deter-
mined based on the similitude law suggested by Wood and 
Crewe [37]. The scaled parameters applied to the models 
are summarized in Table 2. There are some limitations in 
prototype modeling by 1 g shaking table tests. The shear 
strength and stiffness of soil depend on the effective stress. 
The stress levels in a small-scale model under earth's grav-
ity (1 g model) were much lower than those in a real struc-
ture. Despite these limitations and based on previous stud-
ies, for discovering trends of soil-pile-foundation systems' 
seismic behavior, shaking table tests are very useful, giv-
ing fundamental information on the performance of the 
model [27]. Finally, according to the shaking table prop-
erties and model characteristics and other limitations, the 
geometric scale factor ratio was selected as 25.

2.3 Soil and CPRF properties
The soil under investigation in this research is No. 161 
Firouzkooh sand, sourced from Firouzkooh county, Iran. 
Several previous studies have delved into both the static 
and dynamic properties of No. 161 Firouzkooh sand [38–
40], with its utilization observed in various physical mod-
els as well [41, 42]. The particle size distribution and per-
tinent properties of the sand are depicted in Fig. 3 and 
detailed in Table 3. The effective stress friction angle of 
the soil corresponding to the targeted relative density was 
determined through direct shear tests. According to the 
Unified Soil Classification System (USCS), this sand falls 
into the category of poorly graded sand (SP). Although the 
usage of well-graded sand is customary in field applica-
tions, the uniformity of laboratory compaction is better 
attained with poorly graded sand.

Besides, as listed in Table 4, the concrete raft foun-
dation was scaled to model as a rectangular box 
25 cm × 25 cm × 4 cm (length × width × height), made of 
concrete connected to four vertical piles with a total length 
of 72 cm, where upper 2 cm was embedded in the concrete 
foundation to make sure a fixed connection. Piles were 
made of hollow bars of aluminum alloy of elastic modu-
lus, E, equal to 70 GPa and density, ρ, equal to 27 kN/m3 
with outer 10 mm and inner 8.4 mm diameter installed in 
125 mm center to center spacing founded on the top of a 
50 cm height slope.

Table 2 Scaling factor for 1 g shaking table tests

Wood and Crewe [37] This study

Item Notation Prototype/model Prototype/model

Length L N 25

Density ρ 1 1

Shear 
modulus G N0.5 5

Acceleration a 1 1

Stress σ N 25

strain ε N0.5 5

Displacement d N1.5 125

Dynamic 
times t N0.75 11.180

Frequency f N−0.75 0.089

Shear wave 
velocity Vs N0.25 2.236

Pile flexural 
rigidity EI N4.5 1953125

Fig. 3 Grain size distribution graph of No. 161 dry Firouzkooh sand

Table 3 Material properties of the No. 161 Firoozkuh sand

Item Value

Density (kg/m3) of 60% Dr 1550

Gs 2.658

D50 (mm) 0.23

Cu 1.32

Cc 0.92

emax 0.886

emin 0.637

Shear wave velocity (m/s) 160
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2.4 Model preparation and instrumentation
To model the soil medium, the soil mass was compacted to 
reach 60% of the maximum relative dry density (Dr). In this 
way, the weight of compacted soil of each layer was calcu-
lated based on specific density that was presented in Table 3 
and volume of each layer. Finally, 215 kg of dry No. 161 
Firouzkooh sand for each step of filling the soil layer in a 
solid box were used. Then, in every step, the soil mass was 
compacted to reach finally 10 cm predicted constant height 
layer. The Soil box was filled by compacted 8 layers from 
bottom to top of the soil. The final soil model was 80 cm in 
height, 80 cm in width, and 173 cm in length. The soil used 
in these tests had an average moisture content of about 5%. 
The properties of the sand used in the experiments are sum-
marized in Table 3. During model preparation, in every step, 
instruments including 5 accelerometers, 4 piles were placed 
in their predicted positions, simultaneously in the course 
of soil compaction progress. At the end, a raft foundation 
built of concrete with 4 predicted holes to fix piles heads 
in their cap, was placed on piles top. Finally, the models' 
length became 173 cm, with 81.5 cm for the slope top area 
and 91.5 cm for the slope body area. Also, the models' total 
height was 80 cm, 50 cm of which was allocated for the 
slope body and 30 cm for the slope bed. The models' slope 
angle was changed on every model to 0°, 30°, 45°, 60°, and 
90°. To better describe, Fig. 4 depicted a schematic view of 
the model geometry and instruments. As mentioned above, 
five accelerometers (briefly A) with a precision of 0.01 g 
were placed in their positions to measure acceleration in var-
ious elevations of the model to calculate the amplification 
phenomenon (Fig. 4). To avoid container boundary effects, 
accelerometers used in soil mass were embedded sufficiently 
far from the container boundaries (Fig. 4 (a)). All of these 
instruments are connected to a device of dynamic signal 

acquisition system utilized to collect data in 32 channels 
simultaneously. In this regard, Fig. 5 demonstrate prepared 
models of shaking table test before start of motion.

2.5 Input motions and loading characteristics
In seismic experimental studies, for better observation 
of the amplified response of the model, it is important 
to obtain the predominant frequency of the model due 
to vibration. In the present study, the procedure recom-
mended by Gohl [43] was used to determine the predomi-
nant frequency. In this regard, white noise excitation with 
a frequency range of 0.1–50 Hz was applied to the model, 
and soil response as Fourier spectra at the base of the model 
and soil surface were computed from the recorded accel-
erations. Based on the results, for the flat ground model 
condition, the maximum Furrier amplitude occurred at a 
frequency of 6.86 Hz, while for the slopes with the angles 
of 30, 45, 60, and 90 degrees, it was about 6.12, 5.78, 5.32 
and 5.17 Hz, respectively. For better investigation of the 
seismic response of the slope, it is imperative to select 
appropriate ground motion. In addition, the changes in 
normalized frequency H/λ defined as slope height H and 
wavelength λ, had a great effect on the seismic response of 
soil slope, as proven by previous studies [16].

Table 4 Physical properties of structural elements

Structural element Property Model

Pile Material Aluminum

Out diameter 10 mm

Inner diameter 8.4 mm

Thickness 0.8 mm

Length 70 cm

number 4

Raft foundation

Material Concrete

Width 25 cm

Length 25 cm

Thickness 4 cm

(a)

(b)

Fig. 4 Schematic shaking table model with instruments location: 
(a) plan view, (b) elevation view



432|Panahpour et al.
Period. Polytech. Civ. Eng., 69(2), pp. 427–446, 2025

Since the acceleration magnitude play a key role in 
the evaluation of seismic response [7], the frequencies 
of input motions were selected as 3, 5 and 8 Hz, almost 
close to the predominant frequency range, and the acceler-
ation of input excitations was selected as 0.35 g and 0.5 g. 
Considering the difficulties of analyzing the fundamen-
tal patterns of seismic behavior of physical models using 
complex input motions from real earthquake events, sine 
harmonic waves would be a good choice and were consid-
ered as the base excitation for these experiments. To sim-
plify effective parameters in input motions, harmonic 
sinusoidal waves were proposed for this type of experi-
ment. Finally, designed input motions were applied to the 
base of the shaking table model with 6-sec duration as 
6 types of harmonic sinusoidal waves with a magnitude of 
the peak ground accelerations (PGA) of 0.35 g for moder-
ate earthquakes, and 0.5 g for strong earthquakes consist-
ing of constant frequency of 3, 5 and 8 Hz. Thus, a wide 
range of seismic motions as 3 Hz - 0.35 g, 5 Hz - 0.35 g, 
8 Hz - 0.35 g, 3 Hz - 0.5 g, 5 Hz - 0.5 g, 8 Hz - 0.5 g, as 
input1 to input6, respectively, was applied to the model to 
achieve more useful outputs. In this regard, Fig. 6 shows 
the acceleration time histories and Fourier spectra of the 
harmonic input motions recorded by A4, the accelerome-
ter placed at the base of the shaking table deck. As men-
tioned in Table 5, in this research, 59 shaking table tests 
were programmed to investigate the seismic response of 
CPRF located near a slope.

3 Tests program
3.1 Tests description
To investigate the seismic response of the slopes under dif-
ferent conditions, 59 types of tests, according to Table 5, 
were programmed and conducted. As mentioned in the 
previous section, white noise excitation tests including 
Nos. 1 to 5 were carried out to obtain the predominant 
frequency, before the performance of the first test of each 
slope angle. Then, for every model with a certain slope 
angle, 6 types of sinusoidal harmonic waves as input exci-
tations were applied to the model. Tests No. 6 to No. 11 
tests were performed on the flat ground model and the data 
were gathered by instruments installed, which in the sig-
nals recorded a negligible deformation was seen on the 
soil surface. Then, No. 12 to No. 17 tests were done on the 
slope with a 30° angle and little deformation on soil crest 
was seen with some small cracks on the surface without 
any serious failure on the slope body. Next, tests No. 18 
to No. 23 were carried out on the 45° slope model and 

(a)

(b)

(c)

(d)

(e)

Fig. 5 Prepared models based on shaking table with various slope 
angles before test: (a) flat ground, (b) slope of 30°, (c) slope of 45°, 

(d) slope of 60°, (e) slope of 90°
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after the application of 5 types of motions; slope failed at 
0.5 g - 5 Hz excitation motion, causing serious damage. 
After that, tests No. 24 to No. 29 were performed on the 
60° slope model and the slope failed on 0.5 g - 3 Hz motion, 
after which other motions were not applied after failure. 
Finally, the selected motions were applied to a 90° slope 
as tests No. 30 to No. 35, among which only 0.35 g - 3 Hz 
and 0.35 g - 5 Hz tests were done, and 0.35 g - 8 Hz tests 
motions were applied after failure. In addition, to evalu-
ate the effect of the non-use of piles on system seismic 
response, a series of tests were performed on flat ground 
and 45° slope, as tests No. 36 to No. 47. Also, to investi-
gate the pile length effect, tests No. 48 to No. 59 were con-
ducted on the model of slope 45°.

3.2 Consideration of acceleration records on the model
Fig. 7 shows the input excitations from the shaking table 
apparatus applied to the bottom of the table deck and 
acceleration received at the A4 accelerometer located on 
the table deck (elev. 0.00). As shown in Fig. 7, a negligible 
difference was encountered in both acceleration and fre-
quency characteristics, demonstrating a good agreement 
between input and received data. To consider the effect of 
wave propagation on its characteristics in the soil mass, 
3 other accelerometers, A1, A2, and A3 at elevations +20, 
+50, and +80 cm, respectively, were used. Besides, to 
investigate the raft foundation response due to the seismic 
excitations, another accelerometer was utilized as A5 on 
the top of the concrete foundation (elev. +84 cm) having 
a 17 cm horizontal distance from the slope crest. One of 
the suitable parameters, as a recognized index, which is 
widely used to describe seismic response is the amplifi-
cation factor (AF), defined by the ratio of received motion 
PGA (Peak Ground Acceleration) at a special point to the 
input motion excited from the source point. In this regards, 
it is important to consider PGA in different situations. 
In this study, it was calculated from the ratio of selected 
accelerometers PGA to input motion (A4) PGA, the com-
prehensive results of which will be discussed in the sub-
sequent sections. For precise analyses and comparison of 
received motions at each accelerometer, acceleration-time 
history records in this paper were selected from 2 to 3 sec-
onds were selected in this study (Fig. 8).

For example, Fig. 8 shows the waves picked up by accel-
erometers in the test No. 18 (slope 45°, under 0.35 g and 
3 Hz input motion). Considering Fig. 8, the PGA magni-
tude increased slightly at the location of A1 (point B), and 
more at A2 (point C). This variation was due to the wave 

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 6 Time history of input motions obtained from A4: under motion of 
(a) Input1, (b) Input2, (c) Input3, (d) Input4, (e) Input5, (f) Input6
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propagation in the soil mass and its effect on wave veloc-
ity and acceleration properties. At A3 which is located on 
the soil surface, waves were received with higher peak 
amount and therefore, more amplification was concluded 
respectively. In addition, A5 experienced more amount 
of acceleration compared to A3, probably because of its 
closer distance to the slope crest and reflected waves from 
the slope surface. It was observed that the peak points of 
the curves (PGA) were different at accelerometers since 
wave propagation in the soil mass and amplification phe-
nomena was considerable.

3.3 Distribution patterns of the PGA of the slope
According to previous studies, a parameter Hcr is employed 
as the critical height of the slope in order to distinguish 
a border for the slopes' seismic behavior. It is defined as 
a function of the geometry of the slope, soil, and input 
excitation parameters of the system. 

Qi et al. [13] concluded that the critical height of the 
slope could be expressed as approximately one-fifth of the 
wavelength of the dynamic input motion, varying in the 
range of 0.17–0.21, as shown in Eqs. (1) and (2).

Hcr � � �0 17 0 21. ~ . �  (1)

� �
V
f
s  (2)

H Hcr� dynamic response of slope takes

on high slope dynamic response

HH Hcr� dynamic response of slope takes

on low slope dynamic response

��

�
�
�

�
�
�

 (3)

According to Eq. (3), slope height (H) can be compared 
with the critical height, as H ≥ Hcr which means that the 
dynamic response of the slope takes on a high dynamic 
response and vice versa. In this study, considering the shear 
wave velocity, frequency, and slope height of about 150 m/s, 
3, 5, 8 Hz, and 50 cm, respectively, the corresponding shear 
wavelengths became about 50, 30, and 18 m, determined by 
Eq. (2). According to Eq. (1), the critical heights Hcr of the 
slope for the shaking table tests with different waves were 
about 10, 6 and 3 m, respectively, higher than the height of 
the slope. Hence, the dynamic response of the slope would 
exhibit a low slope dynamic response. Based on Fig. 9, there 
were two types of distribution patterns of the AF of the 

Table 5 Experimental program of 1 g shaking table tests on CPRF model

Test No. Wave form Slope angle 
(degree)

Frequency 
(Hz)

PGA  
(g) Pile Model description

01–05 White noise 0 to 90 0.2–50 0.05 ü Natural frequency of vibration 

06–11 sine 0 (flat) 3, 5, 8 0.35, 0.5 ü

CPRF on slope crest (slope angle, acceleration and frequency of dynamic 
excitation was various)

12–17 sine 30 3, 5, 8 0.35, 0.5 ü

18–23 sine 45 3, 5, 8 0.35, 0.5 ü

24–29 sine 60 3, 5, 8 0.35, 0.5 ü

30–35 sine 90 3, 5, 8 0.35, 0.5 ü

36–41 sine 0 (flat) 3, 5, 8 0.35, 0.5 ×
Foundation without pile on slope crest

42–47 sine 45 3, 5, 8 0.35, 0.5 ×

48–53 sine 45 3, 5, 8 0.35, 0.5 ü Piles length 60 cm

54–59 sine 45 3, 5, 8 0.35, 0.5 ü Piles length 50 cm

Fig. 7 A sample of acceleration time history of induced input motion of 
shaking table in comparison with recorded data at A4

Fig. 8 Acceleration time history of recorded data at 5 accelerometers 
that was used in No. 18 test
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slope. In the present study, considering H < Hcr, the results 
confirmed the pattern of Fig. 9 (a). Comparison of AF 
along soil depth for different seismic excitations between 
flat ground with CPRF model and foundation without pile 
model is presented in Fig. 10. As demonstrated in Fig. 11, 
the AF increased with increasing slope elevation similar to 
pattern of Fig. 9 (a).

4 Results
4.1 Foundations based on flat ground field
As mentioned above, the amplification factor was affected 
by the mass properties through which the wave was prop-
agated. When piles were used to enhance the seismic 
performance of foundations, they affected the amplifica-
tion ratio. To closer review, two types of flat ground sur-
face models with CPRF and foundation without pile were 
made and the tests No. 36 to No. 41 were done. As shown 
in Fig. 10, the red line represented the AF on the CPRF 
model and the black line was referred to the model without 
pile. By investigating data and graphs, in the model with 
CPRF, on points B and C, a slight decrease in amplifica-
tion factor was seen in comparison to that without the pile 
model, due to the close position of accelerometers to the 
excitation source. These results were approved by previ-
ous studies [27]. In Addition, on the soil surface (point D), 
in the model without pile, a few more AF, 3% on average, 
was calculated compared with the CPRF model. However, 
the AF increased with height in both cases, a typical ele-
vation amplification effect. In addition, considering the 
model without a pile, on top of the foundation (point E), 
the increase of AF was more distinct, where AF under 
0.35 g and 0.5 g excitation on point E was about 8% and 
30% more compared to the model with CPRF. This result 

showed that using CPRF in flat grounds decreased the 
amplification factor a little on the soil surface and much 
more on the foundation, causing a better seismic response 
in comparison with the foundations without a pile.

4.2 Influence of piles on seismic response of foundations 
placed near the slope crest
To investigate the effect of topography on the seismic 
behavior of CPRF and comparison with the foundation 
without a pile, another two models with a slope of 45° 
angle were established. In these models, foundations were 
located at the edge of the slope crest. No. 18 to 23 tests 
for the CPRF model and No. 42 to 47 for the model with 
pile-less foundation were done and data derived as graphs 
are shown in Fig. 11. These graphs show the distribution 
of horizontal acceleration amplification along the height 
of soil mass under seismic excitations including various 
accelerations and frequencies, as shown in Table 5 previ-
ously. In these graphs, the normalized elevation was calcu-
lated as h/H, where H and h refer to total height and accel-
erator location height from the deck bottom, respectively. 
The red line represented the AF on the CPRF model and 
the black line referred to the model without pile. Firstly, in 
both models, it was common in all graphs that in the higher 
soil level, more AF occurred. Besides, in the model with 
CPRF compared to that without pile, in the bottom of the 
model (point B), a slight change in AF from input motion 
amount was seen on both of them; however, while moving 
upward in soil mass (point C) to the soil surface (point D), 
some more AF change was observed. In previous studies 
conducted by Zhu et al. [44] and Qi et al. [13], an ampli-
fication along the height of slope was observed, confirm-
ing the reliability of our results obtained by the shaking 

(a) (b)

Fig. 9 Two different patterns of amplification in which particle vibration mode along the slope surface is different: (a) low slope dynamic response, 
H ≤ Hcr and (b) high slope dynamic response, H > Hcr [13]
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table tests. Therefore, using the CPRF on the slope crest 
led to about an 11% to 16% decrease in the acceleration 
amplification on the soil surface compared to the model 
without a pile. It was noteworthy that the highest effect of 
using pile was observed on foundation response (point E), 
while AF decreased about 20% to 27% on the model with 
CPRF. In addition, under stronger motions, the effect of 

using a pile on AF was considerable. Secondly, as shown 
in Fig. 12, on the foundation without a pile compared with 
the CPRF model, much more displacement and a larger 
failure surface were observed. Additionally, the presence 
of piles under the foundation built near the slope crest pre-
vented it from collapsing and it was stable despite empty-
ing the soil under the foundation. Therefore, it was evident 

Fig. 10 Comparison of AF along soil depth for different seismic excitations between flat ground with CPRF model and foundation without pile model
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that using a pile made foundation safer on the slope crest. 
Furthermore, considering the slope 45° model, the AF had 
more amounts in comparison with the flat ground model, 
owing to the topography effect on the seismic response of 
the system. This increase in AF was due to wave reflec-
tion effect near the slope crest and wave travel path from 

the source to accelerometers' locations. As a result, using 
pile caused a decrease in AF up to about 15% on the soil 
surface and about 25% on the foundation, resulting in bet-
ter seismic response and stability of the foundations near 
slope crest. In this regard, according to Fig. 12, in the slope 
of 45° without piles, the foundation collapsed and moved 

Fig. 11 Comparison of AF along soil depth for different seismic excitations between slope of 45° with CPRF model and foundation without pile model
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downward due to dynamic loads and at the same time 
the slope crest failed and experienced severe damage as 
a full landslide. On the contrary, in the model with piles, 
the foundation remained stable and piles prevented a full 
landslide. However, in this model, the slope was damaged 
with limited local destruction.

4.3 Influence of piles length
As mentioned above, the foundations built in the vicin-
ity of the slope crest were more subjected to major dis-
placement and failure under severe earthquakes, making 
it necessary to use piles to prevent their moving in those 
areas. In this section, the effect of pile length is investi-
gated. For a better conclusion, 3 types of piles with dif-
ferent lengths were used. The models were only different 
in pile length while being similar in the slope angle and 
other properties and instruments. The slopes' angle was 
45° and the pile lengths were 70, 60, and 50 cm accord-
ing to Table 5. The related tests under 6 types of input 
motions, as tests No. 48 to No. 59, were done.

The data obtained from accelerometers and their related 
AF is summarized in Fig. 13, for various input motions. 
Based on the results in Fig. 13, for point B, the increase 
in input acceleration and pile length did not have a con-
siderable effect on AF. Next, the results showed that the 
decrease of pile length, limited to slope height, did not 
have a great effect on changes of the AF at points C and 
D considering certain slope angles. But in point E, it was 
observed that the increase in pile length led to a decrease 
in AF. Under stronger motions, AF growth due to using 
short piles was clear and in the model with pile 50 cm, 
the increase was more noticeable. Finally, it could be con-
cluded that the pile length had a great effect on CPRF seis-
mic response and a little effect on the acceleration of the 
soil mass and the soil surface on the slope. 

4.4 Slope angle effect on seismic response of slope-
CPRF system
In this section, the effect of slope angle was investigated. 
For a better conclusion, 5 types of topography-changed 
models were used. The models were only different in the 
slope angle and similar in other properties and instru-
ments. The slopes' angles were 0 (as flat ground), 30°, 45°, 
60° and 90°, and according to Table 5, the related tests 
under 6 types of input motions, as tests No. 6 to No. 35, 
were done. The data derived from the accelerometers and 
their related AF is summarized in Fig. 14 (points B to E) 
graphs, for various input motions, respectively.

Fig. 12 Comparison of deformation of soil mass after failure of 
45° slope, (a) side view and (b) top view of model of without pile 

foundation, (c) side view and (d) top view of CPRF model

(a)

(b)

(c)

(d)
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It is noteworthy that, in the input motion with 0.5 g 
acceleration compared with 0.35 g, less number of tests 
could be performed because of slope failure occurring in 
previous tests. Based on the results in Fig. 14 for point B 
(bottom of soil mass), an increase in input acceleration and 
soil slope angle resulted in a slight increase in AF. Next, 
considering the seismic response of the soil in point C in 

constant frequency and a certain slope angle, an increase 
in the input acceleration led to more growth in AF, while 
in flat ground, 30° and 45° slope models, this increase was 
less noticeable. Besides, the increment rate was greater in 
60° and 90° slopes. In addition, the soil on point D experi-
enced much more AF than other previous points.

Fig. 13 Comparison of amplification factor along soil depth of slope of 45° model for different pile length and for various seismic excitations
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Fig. 14 Effect of slope angle on the amplification factor at different points of slope for various seismic excitations: (a) Input1, (b) Input2, (c) Input3, 
(d) Input4, (e) Input5, (f) Input6

(a) (b)

(c) (d)

(e) (f)



Panahpour et al.
Period. Polytech. Civ. Eng., 69(2), pp. 427–446, 2025|441

In point D, the growth of AF due to the increase in slope 
angle was evident. Under the excitation of 0.35 g, for the flat 
ground model, AF was about 1.34 to 1.51, for the 30° slope, 
it was from 1.36 to 1.55 for the slope 45°, it was from 1.42 
to 1.76 and for the slopes 60° and 90°, it ranged between 
1.44 to 1.89 and 1.65 to 1.95, respectively. The AF had more 
amounts when the model was subjected to 0.5 g motion and 
the maximum value of AF reached 1.64 for the flat ground, 
1.69 for the 30° slope and 1.91 and 2.35 for the slopes 45° 
and 60°, respectively. This range of AF for various slope 
angles proved the prominent effect of slope angle on the 
acceleration amplification on the soil surface of the slope 
crest. At all slope angles, the amount of AF in point E was 
more than that in point D i.e. while the amount of AF for 
motion 0.35 g in point D was from 1.33 to 1.95, for point E, 
it was between 1.56 and 2.5, probably because of two main 
reasons: Firstly, the interaction between soil topogra-
phy-structure and secondly more distance of point D from 
the crest of the slope in comparison with point E. Above 
all, on point E, the most AF occurred. The AF measured 
on the foundation located on the flat ground was from 1.54 
to 1.61 under 0.35 g excitation and 1.62 to 1.79 under 0.5 g 
motions; while in the slopes, it varied from 1.56 for 30° 
slope to 3.07 for 60° slope, showing a great increase because 
of topographic irregularities. Furthermore, the percentage 
of growth of AF on point E for the motion 0.5 g compared 
to 0.35 g motion, for the flat ground was about 10%, for 
the 30° slope about 35%, and for the slope with 45° angle 
about 50%, while in the only test of 60° slope under 0.5 g 
motion, about 85% increase was seen. This increase con-
firmed the considerable effect of the slope angle on the AF 
of superstructures near the crest i.e. AF was more effective 
in stronger motions. Additionally, the frequency increase 
in points D and E had a greater effect on AF compared 
with points B and C, and it was noteworthy that the effect 
of the frequency increase was more remarkable on 60° and 
90° slopes, discussed in the next paragraph. As a result, 
in stronger earthquakes, constructions on a steep slope 
crest experience more amplified motions and this must be 
noticed in their designing criteria. Finally, it could be sum-
marized that in steeper slopes and under stronger motions, 
amplification was more substantial and should be seriously 
considered. Table 6 presents all of the accelerations have 
read by accelerometers on all tests.

4.5 Seismic response of slope-CPRF system
To better understand the excitation motion effect on the 
seismic response of slopes, Fig. 15 was investigated. Fig. 15 
plots the AF along the height of the model for different 

seismic excitations in different slope angles (A1 to A3 and 
A5 in Fig. 4 (b)). The graphs showed an additive trend for 
AF along the model height and especially this trend was 
remarkable on top of the CPRF. Besides, considering each 
slope's angle, the more frequency caused more AF.

Additionally, this increment was observed when the 
model experienced more input PGA. So, the stronger exci-
tation led to more AF in all slope angles. For precise investi-
gation, the soil surface and top of the CPRF were discussed. 
The range of AF was different in the slope angles. On the 
flat ground model under medium motions (0.35 g), a sud-
den increase was observed on the soil surface point between 
input 1 and input 2 motions. This jump was seen on input 2 
for the slopes of 30° and 45° and input 3 for the slope of 60°, 
respectively. As mentioned before, because of failure, strong 
motions were not applied to steep models of 60° and 90°, 
therefore, this sudden jump on AF could not be considered 
properly. One of the reasons for this sudden increase was the 
predominant frequency of each model and a similar period 
of model and motion could cause this type of jump on AF. 

4.6 Influence of normalized frequency on seismic 
response of model
As reported in previous papers, the normalized frequency 
(H/λ) was used to evaluate the effect of frequency of motion 
on the seismic response of slope [16]. In this way, to reach 

Table 6 Summary of PGA of selected points in various slope angles

Slope Point Input1 Input2 Input3 Input4 Input5 Input6

0 B 0.360 0.360 0.367 0.520 0.521 0.53

0 C 0.406 0.455 0.497 0.672 0.741 0.781

0 D 0.469 0.518 0.528 0.691 0.795 0.82

0 E 0.551 0.539 0.563 0.567 0.584 0.626

30 B 0.361 0.364 0.367 0.530 0.532 0.54

30 C 0.409 0.430 0.479 0.701 0.753 0.834

30 D 0.476 0.528 0.542 0.695 0.805 0.845

30 E 0.546 0.605 0.658 1.061 1.130 1.175

45 B 0.364 0.364 0.364 0.53 0.54 0

45 C 0.430 0.465 0.493 0.74 0.795 0

45 D 0.497 0.584 0.616 0.905 0.955 0

45 E 0.556 0.647 0.773 1.19 1.220 0

60 B 0.364 0.365 0.371 0.54 0 0

60 C 0.427 0.514 0.532 0.864 0 0

60 D 0.504 0.619 0.661 1.177 0 0

60 E 0.581 0.819 0.868 1.535 0 0

90 B 0.367 0.367 0.371 0 0 0

90 C 0.437 0.518 0.525 0 0 0

90 D 0.577 0.654 0.682 0 0 0

90 E 0.623 0.841 0.875 0 0 0
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these parameters, H as slope height and λ as the wave-
length for three types of waves were calculated and H/λ 
as 0.01, 0.016, to 0.026 was used in this study. However, 
based on Qi et al. [13], the AF at the crest of the slope 

increased with increasing the normalized frequency (H/λ) 
when H/λ was less than 0.17–0.20.

In addition, when H/λ was greater than about 0.17–0.20, 
the AF would decrease and de-amplification at the crest 

Fig. 15 Comparison of AF along height of model for different seismic excitations in different slope angles: (a) flat ground, (b) slope of 30°, (c) slope of 
45°, (d) slope of 60°, (e) slope of 90°

(a) (b)

(c) (d)

(e)
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occurred especially when H/λ was over 0.4. In this order, 
because of the limited height of the shaking table model 
and failure occurring on most of the slopes under intense 
motions, a wide range of excitations was not possible to 
apply, the limitation forcing the model to behave as low 
slope dynamic response. In summary, in this study, an 
increase in AF was expected. Fig. 16 demonstrates the AF 
versus H/λ under various slope angles for a constant slope 
height H. In general, depending on the slope angle and the 
frequency of the input motion wave and its intensity, dif-
ferent slope responses could be expected. In the acceler-
ation of 0.35 g, the increase in the rate of the AF in the 
first changes of the input motion, and an increase in the 
frequency from 3 Hz to 5 Hz at the angles of 60° and 90° 

was more compared to other angles; with an increase in 
the frequency from 5 Hz to 8 Hz, the increasing rate of AF 
decreases. Also, the AF increase in 8 Hz input motion was 
greater than that in 3 Hz and 5 Hz. Therefore, it could be 
concluded the horizontal acceleration amplification factor 
under the motions with more frequency was more remark-
able. For precise investigation, point D as the soil surface 
and point E on top of the foundation were considered. AF 
at point D increased a lot with the increase in the H/λ at 
the beginning, subsequently growing gradually to reach 
its largest value. This phenomenon was roughly the same 
for point E; the larger AF at the slope crest occurred with 
the larger slope angle. These results were confirmed by 
previous studies [8, 13].

Fig. 16 Comparison of AF distribution versus normalized frequency (H/λ) for different slope angles in points D and E for 6 types of motion: (a) soil surface 
under moderate motion, (b) top of foundation under moderate motion, (c) soil surface under strong motion, (d) top of foundation under strong motion

(a) (b)

(c) (d)
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