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Abstract

Ensuring the danger level for sustainable development requires a proper ground response analysis with reliable geological properties
of deep sediment deposits up to bedrock. The seismic assessment procedure commonly dealth with the upper 30 meters of soil,
overlooking the influence of deeper sediment layers. This study performs the seismic response of an entire soil column extending
to bedrock, accounting for the soil frictional angle variability. A one-dimensional nonlinear ground response analysis was conducted
using 28 earthquake records, with soil friction angles ranging from 10 to 60 degrees. The results highlight the nonlinear behavior
of soils, particularly the modification of shear modulus and damping ratio with depth, influenced by changes in frictional angle and
effective vertical stress. It indicates that the 10° frictional angles produce a minimum spectral acceleration demand, primarily due to
the high energy dissipation in the over-softened upper layer, hence, reduction in peak ground acceleration (PGA). While a 30° friction
angle produces high spectral acceleration at short period in shallow depth. The seismic response resulted in a 0.54 times decrease

in peak acceleration in the ground relative to bedrock, highlighting the significance of deep soil investigation. This study shows that

different friction angles present a greater understanding of seismic site response, leading to better hazard assessment insights.
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1 Introduction

Investigating site response analysis in deep sediment
deposits is essential to comprehending the substantial
impacts on the seismic behavior of residential buildings
and the long-term viability of growing infrastructure.
Urban cities like Mexico City (Mexico) and Kathmandu
Valley (Nepal), located in deep basins, have experienced
numerous significant earthquakes, illustrating the need for
accurate prediction of seismic hazards [1]. Seismic assess-
ment in such cities can be better understood by consider-
ing overall soil depth, which accounts for the variability
in lacustrine deposits across time. The seismic response
prediction for general structures, except for complex sub-
surface geology, very much suitable considering only the
shear wave velocity of the first 30 m of depth (Vs30). Vs30
is a widely used parameter for classifying site conditions
and seismic assessment presented in building codes, such
as Eurocode 8 [2]. However, it fails to account for seis-
mic prediction of deep soil layers beyond 30 m with differ-
ent impedance ratio [3, 4]. It is likely to predict unreliable

response spectra for the sedimentary basin by emphasiz-
ing the Vs30, which does not account for the whole fre-
quency range. Eurocode 8 suggested performing deep soil
analysis where long-period seismic waves are dominant,
especially in sedimentary basins or complex subsurface
structures. The significance of considering deep sedi-
ments when analyzing the nonlinear ground response of
soils is highlighted by thorough literature studies, like the
one provided by Zahoor et al. [4]. In addition, soil's inher-
ent properties significantly affect the prediction of nonlin-
ear seismic ground responses, including soil stress, damp-
ing frictional angle, and dynamic soil characteristics.
Moreover, soil discreteness plays a crucial in shaping
its nonlinear dynamic behavior. The degree of discrete-
ness directly impacts nonlinearity, which influences strain
amplitude during seismic events. Also, the shear modu-
lus tends to drop with increasing discreteness while the
damping ratio increases, augmenting the soil's nonlinear
responses [5]. Notably, the shear modulus reduction is less
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pronounced at a high effective stress [6]. The resistance
of each soil layer is primarily influenced by the effec-
tive stress and the interaction between soil grains, which
can be represented by friction angle. However, determin-
ing the precise frictional angle of soil at a different depth
presents significant challenges. Consequently, employing
a range of frictional angles in ground response analysis is
essential for obtaining more accurate and feasible results.
Unlike many other factors that influence the soil's dynamic
properties, soil frictional angle is a notable trait that alters
the soil's stress-strain hardening during seismic activity.
Generally, one-dimensional (1D) ground response anal-
ysis predicts the seismic behavior of the ground by mod-
eling vertically propagating shear wave velocity from the
underlying bedrock [7]. Depending on the complexity of
the site, site response analysis is conducted using linear,
equivalent linear (EL), and nonlinear (NL) approaches.
The linear approach assumes constant dynamic proper-
ties across soil layers, neglecting changes in soil behavior
under seismic loading. In contrast, the EL technique pro-
vides better accuracy than the linear model under mod-
erate seismic responses by approximating nonlinear soil
behavior, combining linear soil parameters with adjust-
ments for nonlinear seismic response [8]. However, the
NL approach provides a more robust solution by account-
ing for the full nonlinear response of soil through incre-
mental analysis [9]. Linear approximations fail to accu-
rately capture ground motions when shear strains are
large, particularly in soft or loose soils, demanding a com-
pletely nonlinear site response analysis to estimate surface
motion accurately. Generally, the EL approach provides
reliable results in shallow soil, excluding very soft soils,
for peak ground acceleration (PGA) in the range of 0.1 to
0.2 g [10]. Meanwhile, the nonlinear approach predicts
a better response when the strain value exceeds 0.05% [9].
Further, the soil's shear strain index significantly influ-
ences EL and NL ground response analysis approaches [11].
Likewise, inaccurate prediction of soil shear strength leads
to erroneous interpretation of surface responses [12].
Furthermore, nonlinear ground response analysis is essen-
tial for accurately capturing the soil's nonlinear behavior
as seismic waves propagate from bedrock to the surface,
as Hashash et al. [13] highlighted in the computer-based
program DEEPSOIL. This approach accounts for strain-
dependent changes in soil stiffness, providing a more pre-
cise assessment of ground motion during seismic events.
Numerous researchers adopted DEEPSOIL [13] to sim-
ulate the soil deposit under seismic excitation for perform-
ing a 1D nonlinear site response analysis [11, 14—16]. This
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computer program incorporates the theoretical frame-
work and computational procedure for simulating 1D lin-
ear, equivalent linear, and nonlinear site response analysis.
While two-dimensional and three-dimensional analyses
account for comprehensive nonlinear site response anal-
ysis, their response's effectiveness depends on the appro-
priate use of complex boundary conditions and Rayleigh
damping [17]. Bard and Gariel [18] presented a strong
agreement between the one and two-dimension amplifica-
tion at the center and edges of the deep valley. Similarly,
the reliability of 1D nonlinear site response analysis per-
formed in DEEPSOIL was validated with established sites
of Kiban-Kyoshin (KiK-net) vertical array station in Japan
by researchers [9, 16]. Bolisetti et al. [14] studied the seis-
mic analysis of nuclear structures from different approaches
using various available programs, including DEEPSOIL,
and found that the associated acceleration response is unaf-
fected despite the notable differences in the peak strain
across consecutive layers. Nguyen et al. [19] performed
a 1D site response analysis to evaluate the applicability of
the Vietnamese earthquake resistance design code.

This study predicts the ground response of 28 earth-
quakes by performing 1D site response at the deep soil
deposits by altering the wide range of frictional angles.
The analysis in the nonlinear program DEEPSOIL evalu-
ates the ground responses at different depths while account-
ing for variations in soil's dynamic properties and effective
vertical stress. This study highlights the spectral acceler-
ation response generated at different depths by employ-
ing a range of frictional angles from 10 to 60 degrees.
Furthermore, it establishes a correlation between the PGA
and frictional angle, generating a best-fitting curve based
on the input ground motions.

2 Input data

According to the ASCE/SEI 41-06 [20] and NIST [1] guide-
lines, at least three time histories should be employed
while performing nonlinear dynamic analysis of the struc-
tures. For critical or significant structures, the number of
time histories is increased to enhance the reliability of the
analysis. It is recommended that an average response of at
least seven times the historical response should be used to
accurately assess existing structures. In this study, a total
of 28 ground motions (GMs) were selected from the PEER
Ground Motion Database [21] to satisfy these requirements
and ensure a comprehensive analysis of the existing signif-
icant structures. All the ground motions were best fitted
to the implied parameters and the target response spec-
trum employed on the web-based system. The uniform
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Hazard Spectrum prepared by [22], with a return period
of 475 years and a PGA of 0.424 g, is used as the tar-
get spectrum in the study. A suite of horizontal ground
motion components spectrum is constructed by taking
a square root of the sum of the squares of the five percent-
age damped response spectra. The time histories and tar-
get spectrum are matched with the quantitative measures
using mean square error. In this study, ground motion with
shear velocity (Vs30) greater than 700 m/s was considered
bedrock conditions. Similarly, other selection parameters
include earthquake events with a magnitude greater than
5 Mw, rupture distance (Rrup), the time interval at which
5% and 95% of Arias intensity (D5-95) and Joyner-Boore
distance (Rjb) less than 100 Km. The selected ground
motions for the study are listed in Table 1.

The selected ground motions were adjusted to make
them compatible with the target spectrum using the

spectral matching technique. The matching was performed
in SEISMOMATCH, which alters the time series data fre-
quency according to the target spectrum. This method pre-
serves the nonstationary characteristic of ground motions
even after modification of amplitude and time [23].
The maximum period for spectral matching is restricted
to 4.0 s and iteration to 30 times due to inconsistent non-
stationary characteristics when using a higher period.
The adjusted 4 s matching was performed in two steps for
the reliability of GMs and convergence criteria. In the first
step, the spectra matching up to 1.0 s were performed to
properly adjust the peak of spectral matching to ignore the
influences of long periods. After that, only those time series
motions that pass the convergent criteria were processed
to the second step, where 4 s spectral matching was done.
All the converged time series from the spectral matching
were the input for the nonlinear ground response analysis.

Table 1 Ground motion selected for the nonlinear ground response analysis

ID RSI Earthquake name Year Mw Mechanism Rjb (km) Rrup (km) Vs30 (m/s) PGA (g)
1 43 Lytle Creek 1970  5.33 Reverse Oblique 17.4 19.35 813.48 0.09
2 80 San Fernando 1971 6.61 Reverse 21.5 21.5 969.07 0.08
3 98 Hollister-03 1974 5.4 Strike-slip 9.99 10.46 1428.14 0.09
4 143 Tabas_ Iran 1978 735 Reverse 1.79 2.05 766.77 0.64
5 225 Anza Horse Canyon 1980  5.19 Strike-slip 12.24 17.26 724.89 0.04
6 454 Morgan Hill 1984  6.19 Strike-slip 14.83 14.84 729.65 0.11
7 4312 Umbria-03_ Italy 1984 5.6 Normal 14.67 15.72 922 0.03
8 3718 Whittier Narrows-02 1987 527 Reverse Oblique 25.04 28.42 1222.52 0.01
9 763 Loma Prieta 1989  6.93 Reverse Oblique 9.19 9.96 729.65 0.19
10 809 Loma Prieta 1989  6.93 Reverse Oblique 12.15 18.51 713.59 0.22
11 1649 Sierra Madre 1991 5.61 Reverse 37.63 39.81 996.43 0.03
12 879 Landers 1992 728 Strike-slip 2.19 2.19 1369 0.82
13 1011 Northridge-01 1994  6.69 Reverse 15.11 20.29 1222.52 0.10
14 1012 Northridge-01 1994  6.69 Reverse 9.87 19.07 706.22 0.18
15 1091 Northridge-01 1994  6.69 Reverse 23.1 23.64 996.43 0.09
16 1108 Kobe_ Japan 1995 6.9 Strike-slip 0.9 0.92 1043 0.45
17 1161 Kocaeli_ Turkey 1999 7.1 Strike-slip 7.57 10.92 792 0.19
18 1165 Kocaeli_ Turkey 1999 751 Strike-slip 3.62 7.21 811 0.14
19 1257 Chi-Chi_ Taiwan 1999  7.62 Reverse Oblique 52.46 56.14 1525.85 0.05
20 1485 Chi-Chi_ Taiwan 1999  7.62 Reverse Oblique 26 26 704.64 0.35
21 8165 Duzce_ Turkey 1999 714 Strike-slip 4.21 4.21 760 0.33
22 2019 Gilroy 2002 5.0 Strike-slip 2.21 8.27 729.65 0.08
23 4438 Molise-02_ Italy 2002 5.7 Strike-slip 49.6 51.32 865 0.09
24 4083 Parkfield-02_ CA 2004 6.0 Strike-slip 4.66 5.29 906.96 0.07
25 4167 Niigata_Japan 2004  6.63 Reverse 52.15 52.3 828.95 0.08
26 5618 Iwate Japan 2008 6.9 Reverse 16.26 16.27 825.83 0.20
27 4483 L'Aquila_ Italy 2009 6.3 Normal 0 5.38 717 0.37
28 1613 Duzce, Turkey 1999  7.14 Strike-slip 25.78 25.88 782 0.002




3 Evaluation of ground response analysis

Sand and gravelly sand are classified as cohesionless mate-
rials, with fine particles influencing the level of discrete-
ness within the soil matrix. In highly discrete materials
devoid of fine particles, contacts between soil layers are
established without significant frictional bonding. The dis-
creteness influences the dynamic nonlinear properties of
each soil layer, characterized by shear modulus and damp-
ing ratio. Since the expected soil parameters from the lab-
oratory or field experiments are not always achievable for
all locations, a range of dynamic properties is employed to
construct the hyperbolic model for analysis.

This study examines a 269 m depth soil column [24]
from the deep sediment site of Kathmandu Valley (Nepal),
along with its shear velocity model, as shown in Fig. 1 (a)
and (b). It focuses on the influences of soil discreteness
in 1D nonlinear analysis by altering the friction angle
from 10 to 60 degrees for deep sediment. Table 2 shows
the relationship between the frictional angle and (7, /o))

calculated from Eq. (1), where z__is the maximum shear

a:

strength and ¢/ is the effective vertical stress. Frictional
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angles below 30° are considered loose soil, while above
30° are dense soil. The friction angle beyond 60 degrees
behaves like solid or rigid bodies, which are unavailable
in nature. As the friction angle changes, the variation
in the nonlinear properties of each layer, such as shear
modulus and damping ratio, are evaluated with the shear
strain as presented in the systematic diagram in Fig. 1 (d).
The maximum shear strength of the soil model [25] was
calculated using different frictional angle in soil layers
using the Eq. (1):

K, =(1-sin(&))xOCR™®
o, =o!(1+2K,)/3 1
T = O8I (D)

K, = effective earth pressure,

@ = frictional angle of soil,

OCR = over consolidation ratio,

o, = mean effective vertical pressure,
t .= maximum shear strength.
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Fig. 1 Dynamic characteristic of the soil (a) the deep soil column showing individual layers and its basic properties, (b) shear wave velocity along

with the depth, (c) dynamic characteristic of the sand at Layer 1 and Layer 91, (d) general representation of 1D ground soil column (e) dynamic

characteristic of clay at Layer 13, and (f) dynamic characteristic of gravel at Layers 85 and 96
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Table 2 Effective stress to shear strength (7, /o)) due to change in the

frictional angle of soil and the discreteness of the soil

Frictional
angle

(t, /o) 0153 022

10 15 20 30 40 50 60

0.264 0.333 0368 0.372 0.363

Loose soil Dense soil

The dynamic response of the ground is initially influ-
enced by shear modulus and damping; however, the actual
behavior of the soil under cyclic loading is far more com-
plex than those of these two parameters. The nonlinearity
of the soil is represented by the stress-strain behavior of
the soil, which exhibits an increase in damping ratio and
a reduction of shear modulus (G = 7/y) as strain amplitude
increases. Ideally, the elastic soil's dynamic characteristic
is not affected by variation in strain amplitude.

The shear modulus is considered unity for elastic mate-
rials, while the damping ratio is null [5]. Under cyclic load-
ing, the nonlinearity of soil is influenced by the discrete-
ness and the characteristic of elastic, perfectly plastic soil
behavior. Increased soil discreteness reduces shear modu-
lus, whereas less discrete soil exhibits a higher shear mod-
ulus. Conversely, the damping ratio behaves inversely to
the shear modulus. Another critical factor that affects the
nonlinear dynamic characteristic of the soil is the effective
vertical stress in the soil, as illustrated in Fig. 1 (c), (¢), and
(). In the soil column, two layers of sand at Layer 1 and 91
show different dynamic characteristics due to variations in
effective stress. Higher effective stress increases the shear
modulus and decreases the damping ratio for all soil lay-
ers. It shows that the effectiveness of dynamic properties
diminishes under highly effective vertical stress, particu-
larly in the sand at Layers 1 and 91, as shown in Fig. 1 (c).
Similarly, the dynamic property of clay at Layer 13 is
shown in Fig. 1 (e), and Fig. 1 (f) represents the gravel at
Layers 85 and 96, illustrating the nonlinear dynamic prop-
erties under different effective stresses.

A one-dimensional nonlinear site response analysis is
conducted in the nonlinear program DEEPSOIL [13] to
anticipate the ground response, with scaled ground motions
applied at the bedrock and propagated through nonlinear
soil layers using the transfer function. Among the vari-
ous soil modeling techniques, the General Quadratic/
Hyperbolic Model (GQ/H) proposed by Groholski
et al. [26] was used to model the soil layers. This model
is suitable for simulating the backbone curve of soils,
demonstrating strain hardening behavior at both small and
large strains. A hyperbolic relation was generated to fit

the shear modulus reduction curves from reference stud-
ies using the curve fitting parameters [13, 26]. The max-
imum shear strength (7 ) was determined using Eq. (1)
and directly incorporated into the program to construct
the shear stress-strain curve. Additionally, a reduc-
tion factor introduced by Phillips and Hashash [27] was
implemented to modify the unloading reloading behav-
ior for the shear modulus reduction and damping curve
fitting. Furthermore, the small strain frequency indepen-
dent damping formulation was applied to eliminate the
Rayleigh damping coefficients in DEEPSOIL.

This study performs the 1D nonlinear ground
response analysis incorporating the specified soil col-
umn. Assuming the horizontal deviation of the soil layer
is parallel and infinite. Reference backbone curves for
sand and clay were adopted from Darendeli [28], while
those for granular material were based on Menq [29].
The parametric soil data, including over-consolidation
ratio (OCR), N value, and frequency (f), were set as 1, 10,
and 1, respectively [28]. The plasticity index (PI) for clay
was taken as 22% [30]. Due to the absence of experimen-
tal data, the dynamic properties of gravel were sourced
from Mengq [29], with a uniformity coefficient (Cu) of 20
and a median grain size (D50) of 8.0 mm. Using time-do-
main analysis, the soil column of depth 269 m was divided
into 119 layers, ensuring a minimum frequency of 30 Hz.
Additionally, elastic half-space properties were assumed
for bedrock, with a shear velocity of 3200 Km/s, unit den-
sity of 24 KN/m?, and damping ratio of 0.5% as rock out-
crop motion was used for 1D site response analysis [31].

4 Result and discussion

4.1 PGA and acceleration time series variation with
frictional angle

Peak ground acceleration (PGA) represents the maxi-
mum predicted ground acceleration from site response
analysis using multiple strong ground motions. It antici-
pates the structure's seismic demand to resist the seismic
energy encountered during an earthquake. In 1D ground
response analysis, a deep soil column significantly influ-
ences the PGA at the surface. Each soil layer impacts the
shear strength of the adjacent layers, which is governed
by the soil's frictional angle. The variation of PGA due to
changes in the frictional angle across soil layers in deep
soil columns, as influenced by different ground motions,
is collectively presented in a three-dimensional (3D) plot,
as shown in Fig. 2. The result indicates that the maxi-
mum PGA of 0.249 g is observed at a 50-degree frictional



60

Frictional angle ( degree)

Fig. 2 A 3D visualization of the obtained PGA from the individual
ground motion due to the influences of frictional angle during 1D site

response analysis

angle, while a minimum PGA of 0.205 g is obtained at
10 degrees. Consistent PGA patterns remain across vari-
ous ground motions, while soil frictional angles from 30 to
60 degrees are varied in site response analysis.
Meanwhile, the frictional angle below 30 degrees
shows significant fluctuation in the PGA pattern depend-
ing on the ground motions. It is attributed to the soil layers'
reduced shear strength, leading to weaker interlayer bond-
ing. As the frictional angle increases beyond 30 degree,
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the shear strength and soil binding improve, resulting
in more uniform PGA patterns across different ground
motions, as depicted in Fig. 2.

A representative ground motion of two events, RSN
1108 (Kobe earthquake) and RSN 1485 (Chi-Chi earth-
quake), including PGA, are shown in Fig. 3. It encom-
passes the surface-level acceleration resulting from vary-
ing frictional angles. The acceleration time series motions
demonstrate uniform behavior for frictional angles greater
than 30 degrees, whereas notable distortion is observed for
less than 30 degrees. In both cases, the maximum PGA was
obtained at a frictional angle of 30 degree, with values of
0.233 g and 0.218 g, and minimum PGA values, 0.162 g and
0.178 g, were observed at a frictional angle of 10 degree for
the Kobe and Chi-Chi earthquakes. This PGA and accelera-
tion time series trend indicates greater uniformity at higher
frictional angles. In contrast, deamplifiaction and a right-
ward shift in the PGA were observed from 30 to 60 degrees.
However, below 30 degrees, the acceleration time series
gradually decelerates, reaching minimum PGA at 10 degrees,
as shown in Fig. 3. At this point, the PGA shifted further to
the right and showed minimum PGA at 10 degree, deviating
from the acceleration time series behavior than higher angles.
Therefore, during one-dimensional site response analy-
sis, a 30-degree frictional angle yields maximum PGA and
higher acceleration time series than other frictional angles.
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(b)
Fig. 3 Time history obtained from the 1D site response analysis due to change in frictional angle representing the maximum and minimum PGA
(a) time history of Kobe earthquake 1995 (RSN1108) (b) time history of Chi Chi earthquake 1999 (RSN1485)
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At the top layer, the soil's dynamic behavior is governed
predominantly by the shear strength interaction with the
adjacent lower soil layer. Fig. 1 shows the shear modulus
and damping ratio of all the frictional angles in the same
plot, which crosses at a point while increasing in strain
value. It exhibits high dynamic property values at low
shear strain, particularly for a frictional angle of 60 degree.
As shear strain increases, the coincide point of the fric-
tional angles decreases, reaching a minimum at 30 degree.
Beyond 30 degrees, the coinciding point's dynamic prop-
erties rise with increased shear strain. This phenomenon
explains why the obtained PGA for the 30-degree fric-
tional angle has maximum value as the dynamic proper-
ties decrease at the critical section.

4.2 Influences of PGA due to frictional angle,
magnitude, and distance of earthquakes

Fig. 4 illustrates the influences of the soil frictional
angle on the prediction of PGA. The results demonstrate
a range of PGAs for each examined frictional angle, with
the minimum values occurring at 10 degrees and the
maximum observed at 50 degree. At a frictional angle of
10 degree, the soil exhibits low shear strength, leading to
loose energy dissipating behavior that causes over-soft-
ening, thereby reducing PGA. Conversely, high stress
is required for very dense soil to generate shear strain
between soil layers due to damping effects. The maxi-
mum PGA response is obtained for dense soil with soil's
frictional angle 30 to 50-degree.
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Further, for all examined ground motions, the maxi-
mum and minimum PGA is well fitted into the second-or-
der polynomial equation with R? values 0.97 and 087, as
presented in Egs. (2) and (3). The average PGA range, on
the other hand, is best fitted with third-degree polynomial
Eq. (4) with a R? value of 0.99, as shown in Fig. 4 (b).

3 =(0.17707+0.005) +(0.0035 +3.44573x 107 * x
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Q)

Fig. 5 (a) and (b) compare the predicted PGA with
earthquake magnitude and rupture distance, respectively.
The prediction is based on data from 28 earthquakes rang-
ing from 4.9 to 7.4 Mw and distances from 0 to 60 m.
The influence of earthquake magnitude and rupture dis-
tance on PGA prediction appears to have minimal effects,
showing a similar range of PGA values across the data-
set. However, for 6.0 Mw and 6.3 Mw magnitudes, the
predicted PGA fluctuates from maximum to minimum,
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Fig. 4 (a) Obtained PGA according to the change in frictional angle (b) Polynomial curve fit of maximum, minimum, and average PGA to anticipate

the PGA with a frictional angle of soil
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while other earthquake magnitudes show consistent PGA
ranges. For a frictional angle of 10 degrees, lower PGA
values are predicted with higher earthquake magnitude,
whereas other degrees of frictional angle have a random
prediction. Likewise, PGA predictions exhibits random
variation with both near and far epicentral distances, sim-
ilar to that of earthquake magnitude.

The nonlinear dynamic properties of soil layers play
a critical role in transmitting seismic ground motions
from bedrock to the surface. The amplification or deam-
plification of PGA is influenced by the nonlinear behav-
ior of the soil, which dissipates energy as a seismic wave
passes through it. The one-dimensional site response anal-
ysis on the deep sediment column reveals the deamplifica-
tion of PGA, as shown in Fig. 6, which compares the ratio
of PGA from surface to bedrock. The highest deamplifica-
tion occurs at 10-degree frictional angle, with an average
ratio of 0.47. Similarly, the least reduction in PGA is 0.59,

observed at 30 degrees. Overall, the average PGA reduc-
tion during site response analysis is 0.55.

4.3 Effects of frictional angle in strain depth

The soil deformation during an earthquake is influenced
by the amount of shear strain experienced within soil lay-
ers. The nonlinear dynamic properties of soil, comprising
the damping ratio and shear modulus, are anticipated to
alter according to the change in the soil's frictional angle.
Relative variations in shear strain with depth are gener-
ally associated with soil layer deformation during ground
motion. Fig. 7 depicts the variation of shear strain with
depth as a function of soil frictional angle, highlighting the
maximum average shear strain of the soil models occur-
ring at 11.5 m depth from the surface. During site response
analysis, two distinct peaks in the shear strain plot were
obtained at 6.5 m and 11.5 m for frictional angles 10 and
30 degree, such that the maximum average shear strain
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Fig. 6 Amplification of obtained PGA of an individual earthquake for PGA of earthquake applied to bedrock
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Fig. 7 Individual shear strain to depth due to the application of frictional angle of soil from 0 to 60 degree and its comparison

was 1.85% and 0.57% at 11.5 m, respectively. However,
frictional anlges of 15 and 20 degree exhibit single peaks
of maximum shear strain at 6.5 m, with values 1.26% and
0.91%, respectively. All other frictional angles displayed
a maximum shear strain of 0.55% at 11.5 m from the sur-
face. Beyond a depth of 16m, the shear strain shows no sig-
nificant changes while varying friction, as shown in Fig. 7.
The maximum shear strain of 1.867% was recorded for
a 10 degree friction angle, likely due to the reduced shear
resistance in lower soil friction. Likewise, the presence
of sand layers at the shallow depth contributes to higher
deformation of soil layers during ground shaking, leading
to higher shear strains near the surface.

The combination of sand layers in the upper soil and
lower effective stress at the near-surface causes consid-
erable undulations in shear strain up to a depth of 16 m.
In all cases, the soil masses experience excessive soften-
ing and damping, as the peak shear strain at shallow depth
is significantly higher than the residual shear strain with
depth. Fig. 7 (h) compares the effect of varying frictional
angles on shear strain with depth. It shows that, regard-
less of changes in frictional angle, there is no substantial
variation in shear strain at deeper depths. Table 2 demon-
strates that shear strength to effective vertical stress ratios
remain relatively stable for frictional angles greater than

30 degree, accounting for the lack of significant changes
in peak shear strain at higher angles. In contrast, a signif-
icant alternation in peak shear strain was observed below
30 degrees frictional angle, corresponding to notable
changes in the shear strength to stress relationship. As a
result, at shallow depths, loose soil with a low frictional
angle experiences significant soil deformation, resulting in
a pronounced divergence in shear stress to strain behavior.

4.4 Influences of frictional angles in response spectra

The determination of appropriate spectral acceleration
in deep sediment deposits requires analyzing soil layers
with varying frictional angles. Fig. 8 illustrates the influ-
ence of soil's frictional properties on spectral acceleration
across several soil layers of sand, clay, and gravel from
the deep deposit. In the soil column model, sand is rep-
resented by layers 1 and 91, gravel by layers 85 and 96,
and clay by layer 13. The selection of spectral acceleration
at different depths is based on significant changes in the
impedance ratio between adjacent layers, Layers 1, 13, and
85, demonstrating similar spectral acceleration trends,
regardless of frictional angle, showing short-period wave
dominance. Meanwhile, layers 91 and 96 exhibit more
variation in spectral behavior, reflecting the influence of
long-period waves. The transition between soil layers,
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Fig. 8 Spectral acceleration generated from 0 to 60 degree frictional angle of soil at different layers of soil column

from gravelly sand to clay, significantly impacts the seis-
mic response. It is mainly observed in the sand at depths
corresponding to Layers 1 and 96. However, Layer 1 is
similar to the response of the clay layer due to the compar-
atively lower impedance ratio between them. Referring to
Fig. 1, the friction angle does not drastically alter the over-
all response in different types and layers of soil, contrib-
uting to a similar seismic response. At higher stresses, the
soil behavior is nonlinear. The nonlinearity does not lead
to drastic differences in spectral response across the layer
due to the damping effects at higher strains, which tend to
moderate the response. Thus, the upper three layers pro-
duce similar spectral shapes across different layers.

In short-period dominant response spectra, the max-
imum response across all layers is observed for a fric-
tional angle 10 degree, while the minimum is 60 degrees.
At long-period dominant spectra, the maximum spec-
tral acceleration is generated when the frictional angle is
30 degree. It shows that shear modulus reduction becomes
insignificant, particularly in sand layers 91 and gravel lay-
ers 85 and 96, due to a substantial increase in effective
stress. Lower effective vertical stress produces a higher
spectral response of around 0.2 seconds, whereas higher
stress yields a greater response of around 1.05 seconds.
The varying responses in the sand and gravel layers are
influenced by the effective stress acting on each layer.

The spectral response curve displays a broad peak from
0.22 seconds to 1.05 seconds, with all layers exhibiting
higher spectral acceleration up to 1.05 seconds. Following
this, the curve sharply declines at 1.75 seconds, with
a gradual decrease observed afterward. At longer period
the differences in spectral acceleration between all layers
become less pronounced for all frictional angles. In the
upper layers, a notable spectral acceleration spike occurs
around 0.2 seconds for the top three layers. Interestingly,
in the deeper layers, spectral acceleration increases at lon-
ger period, forming a concave downward curve, while in
the short period range, the spike diminishes with rising
effective stress. This pattern suggests that effective stress
influences the peak spectral acceleration, causing it to
decrease at short period and increase at longer period.

4.5 Seismic response in various depths due to frictional

angle

The response of deep sediment layers in the 1D site anal-
ysis to varying frictional angles, ranging from 10 to
60 degree, is depicted in Fig. 9. The analysis reveals that
the top three layers experience peak spectral acceleration
over short period, while the bottom two layers show peak
response during long period across all frictional angle.
The higher spectral response for the 10 degree frictional
angle at short period is attributed to the low shear strength
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Fig. 9 Spectral acceleration plots at a different layer of deep soil colum from 0 to 60 degree frictional angle of soil

and low effective stress at the uppermost layer. Due to the
changes in effective stress that affect the nonlinear prop-
erties of the soil, as outlined in Section 4.4, the sand and
gravel layers exhibit different responses at various strata.
A higher frictional angle leads to higher spectral responses
in the lower layers at longer periods, whereas a lower fric-
tional angle results in elevated spectral responses in the
upper layers during shorter periods, as shown in Fig. 9.

In general, frictional angle and effective stress contribute
to an increase in shear strength. As shown in Table 2, the
ratio of shear strength to vertical effective stress differs for
each frictional angle. This ratio increases as the frictional
angle rises, with the lowest ratio observed at 10 degree and
the highest at 50 degree. Notably, the maximum ratio is
observed at 50 degrees, attributed to the rapid increase in

shear strength surpassing the rise in effective stress. These
frictional characteristics are key factors in predicting the
maximum peak ground acceleration during seismic motion
and the behavior of the acceleration time series.

5 Conclusions

The nonlinear seismic response of deep sediment soil
to seismic events is examined using a one-dimensional
DEEPSOIL, with avail-
able soil data. The study explored a range of soil friction

ground response software,

angles from 10 to 60 degrees, to account for variations in
the soil's dynamic properties. The transfer function uses
around 28 bed outcrop ground motions to transmit hori-
zontal motions to each soil layer. An examination of deep
sediment columns with multiple soil layers was conducted



at different depths where the impedance ratio fluctuated.
It was noted that when the effective vertical stress increases
with depth, a notable change is observed in the dynamic
properties of the soil. This study computed how the vari-
ations in soil friction angle affected the site PGA, strain
amplitude, and spectra response. The results provide
insights into the impact of different frictional angles on the
nonlinear seismic behavior of deep sedimentary deposits
and their implications for site-specific hazard assessments:

1. Variation in the soil frictional angle influences the
soil's discreteness, revealing a high PGA value at
30 degrees and a low PGA at 10 degrees. The result
demonstrates dense soil with frictional angles
between 30 and 50 degrees has a higher PGA than
very loose soil.

2. The PGA amplification from bedrock to surface
ranges from 0.47 to 0.59, and the average PGA
reduction across all friction angles is 0.55. The aver-
age PGA with respect to the friction angle plot is best
fitted for the third-degree polynomial relation, with
the R? value of 0.99. Similarly, the maximum and
minimum PGA from the varying frictional angle fit
a second-degree polynomial curve, with R? values
0.97 and 0.87, respectively.

3. The nonlinear 1D site response analysis shows
that a change in the soil's frictional angle from
30 to 60 degrees generates no significant strain,
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