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Abstract
Cimandiri Fault in West Java is one of the active faults in West Java, Indonesia. The activ-
ity of the fault could potentially result in damage to the surrounding areas. This paper 
presents a study of ground response analysis and the potential seismic damage to struc-
tures in sites surrounding the Cimandiri Fault. The site investigation data are collected. 
Furthermore, ground motion prediction is conducted. To estimate the potential damage, 
the potential seismic damage is performed. The spectral matching method determines arti-
ficial ground motion represented by the investigated sites. The seismic ground response 
analysis is conducted to observe ground motion parameters and soil response. The results 
show that the prediction of damage intensity level in the study area is about Scale VIII at 
maximum. The site amplification during seismic response is observed to vary from 1.4 
to 2.7. The results also show that spectral acceleration design is still reliable in covering 
the effect of spectral acceleration amplification. However, the results also indicate that the 
trend of spectral acceleration shows that the amplification generally occurs at a medium-
long period. It implies that the resonance effect may occur in medium-high-rise buildings.
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1  Introduction

Indonesia is one of the countries in Southeast Asia that has frequently experienced many 
earthquakes (Paris et  al. 2014). Within the last two decades, a sequence of earthquakes 
occurred in Indonesia. Several earthquakes, including the Aceh Earthquake in 2004, the 
Yogyakarta Earthquake in 2006, the Bengkulu-Mentawai Earthquake in 2007, the Padang 
Earthquake in 2009, and the Palu Earthquake in 2018 were known as devastating earth-
quakes that occurred in Indonesia. Hutchings and Mooney (2021) mentioned that Indone-
sian seismicity provides essential insights into the tectonics and hazards characterised by a 
remarkable diversity in faulting, including subduction, extension, thrusting, and strike-slip 
faulting. Those earthquakes were pieces of proof that the seismic intensity in Indonesia is 
extremely high.

West Java Province of Indonesia is one of the advanced provinces in Indonesia 
(Somantri et al. 2023). Several earthquakes occurred in this province, such as the Mw 7.7 
Java Earthquake in 2006 and the Mw 6.8 Tasikmalaya Earthquake in 2009 (Mori et  al. 
2007; Bisri 2013). Those earthquakes are reported to result in significant damage in West 
Java Province. Muzli et  al. (2021) suggested that those mentioned earthquakes occurred 
due to the activity of the Java Subduction Zone in the southern part of the province or Java 
Island (Fig. 1). Several researchers, such as Meilano et al. (2012); Supendi et al. (2018); 
Nugraha et al. (2019), mentioned that many active faults are located in West Java Province. 

Fig. 1   Seismotectonic settings of West Java Province (modified from Somantri et al. 2023)
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Lembang, Cimandiri, Baribis, Garsela, Cipamingkis and Citari Faults, are found in the 
West Java Province (Fig.  1). Somantri et  al. (2023) predicted that Lembang Fault could 
result in significant seismic damage in Bandung Area, the capital city of West Java Prov-
ince. In November 2022, an earthquake called the Mw 5.6 Cianjur Earthquake occurred in 
West Java Province and resulted in massive damage in the Cianjur Regency (Fig. 1). The 
earthquake is presumed to occur due to the activity of the Cimandiri Fault. This earthquake 
yielded about 600 death victims (National Agency for Disaster Countermeasures 2022). 
The earthquake is categorised as a slip-strike earthquake with a focal depth of about 11 km 
and a dip of 82.2°. The damage intensity level resulting from the earthquake is generally 
about Scale VII on Modified Mercalli Intensity (MMI) scale (Meteorological, Climatologi-
cal, and Geophysical Agency 2022).

Cimandiri fault is one of West Java Province’s active faults. This fault exists across 
many regencies and cities in West Java. According to Supendi et al. (2018), the slip rate of 
the Cimandiri fault is about 4 mm/year. Widiyantoro et al. (2022) mentioned that Cimandiri 
Fault could produce earthquakes with low to medium magnitude earthquakes. Marliyani 
et al. (2016) also suggested that Cimandiri Fault consisted of 6 segments: Loji, Cidadap, 
Nyalindung, Cibeber, Saguling and Padalarang. Gunawan and Widiyantoro (2019) also 
mentioned that the existence of the Cimandiri Fault in the south to the middle part of West 
Java could trigger a severe seismic hazard. Therefore, there is a need to study the possible 
impact in surrounding areas that could be affected by the fault. It is shown by how the shal-
low depth earthquake with a medium magnitude of Mw 5.6 could result in massive damage 
in the downtown area of Cianjur on November 21, 2022.

This paper presents the ground response analysis and the potential seismic damage to 
structures in sites surrounding the Cimandiri Fault, West Java, Indonesia. This study con-
siders the recent earthquake event in this region, i.e. Indonesia’s Mw 5.6 Cianjur Earth-
quake. Several sites investigation in Cimandiri Fault’s surrounding areas were conducted. 
The prediction of ground motion is conducted. A spectral matching method to predict 
ground motion for the sites is conducted. Seismic ground response analysis is performed 
to observe ground response during the predicted earthquake. This paper discusses several 
fundamental findings, such as the prediction of damage intensity level, peak ground accel-
eration, and site amplification factor. This study also elaborates on the performance of the 
seismic design code against the seismic response. In general, this study could provide a 
better understanding of the possible impact of earthquakes resulting from the activity of 
the Cimandiri Fault.

2 � Geological condition and seismic hazard risk

This study focused on West Java Province, especially on areas surrounding Cimandiri 
Fault. Figure 2 presents a geological map and layout of the site investigation conducted in 
this study. In Fig. 2, it can be observed that the study area has various and complex geolog-
ical conditions. In addition, several faults are also captured in the study area. Several faults, 
such as Citarik Fault, Cipamingkis Fault, Cimandiri Fault, and Lembang Fault, surround 
the study area. The complex geological condition and various distributions of fault indicate 
that the area is categorised as an active tectonic setting region. Also, seven sites are investi-
gated in this study. Detailed information related to the coordinates of each site is presented 
in Table 1. Cimandiri Fault is categorised as a slip-strike fault with a length of 100 km 
and is covered by recent volcanic products (Febriani 2016). The investigated sites include 
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seven cities surrounding the Cimandiri Fault. They are noted as CMF-1 to CMF-7. CMF-1 
is in Parahyangan, CMF-2 is in Cimahi, CMF-3 is in Ciletuh, CMF-4 is in Sukabumi, and 
CMF-5 is in Cianjur, CMF-6 is located in Purwakarta, and CMF-7 is located in Cibinong. 
All cities are located in West Java Province and are categorised as important areas to sup-
port West Java Province’s social and economic development. Figure 2 shows the position 
of the earthquake’s epicentre. All cities are also within a 70 km radius of the earthquake 
epicentre. The earthquake is categorised as a shallow crustal earthquake.

In line with Fig.  2, active tectonic settings in the study area are certainly putting the 
study area very vulnerable to undergoing earthquake damage. Figure 3 presents the seismic 
hazard map in the study area with a return period of 2500 years and a 2% probability of 
exceedance within 50 years. In Fig. 3, it can be observed that there are five zones of peak 
ground acceleration or PGA in the study area. PGA, with the range of 0.5–0.6 g, is the 
first dominant PGA in the study area. CMF-7, CMF-5, CMF-1, and CMF-2 fall into this 
zone. CMF-6 in the northern part of the study area tends to have PGA ranging from 0.4 to 

Fig. 2   The geological map and the layout of the site investigation (modified from the Geological Research 
and Development Centre 2023)

Table 1   The coordinates and locations of the site investigations in the study area

Sites City Latitude (°) Longitude (°) Vs30 (m/s) Focal 
depth 
(km)

CMF-1 Parahyangan 6° 52′ 04.12″ S 107° 27′ 16.45″ E 221.52 –
CMF-2 Cimahi 6° 54′ 12.74″ S 107° 32′ 04.95″ E 252.51 –
CMF-3 Ciletuh 7° 10′ 50.09″ S 106° 27′ 56.22″ E 310.97 –
CMF-4 Sukabumi 6° 36′ 43.85″ S 106° 37′ 18.57″ E 190.64 –
CMF-5 Cianjur 6° 43′ 00.38″ S 107° 00′ 40.05″ E 244.29 –
CMF-6 Purwakarta 6° 32′ 55.64″ S 107° 26′ 45.98″ E 238.44 –
CMF-7 Cibinong 6° 30′ 08.56″ S 106° 49′ 38.87″ E 256.13 –
Epicentre Cianjur 6°  51′ 10.80″ S 107° 05′ 42.00″ E – 11
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0.5 g. CMF-5 falls into the PGA zone ranging from 0.6 to 0.7 g, whereas CMF-3 falls into 
the PGA zone ranging from 0.7 to 0.8 g. According to SNI 1726:2019 (2019), PGA rang-
ing from 0.17 to 0.57 g and PGA more than 0.57 g are categorised as moderate to strong 
motion. In general, the level of seismic hazard is categorised as high, in which the study 
area could undergo moderate to strong motion effects.

At those locations (CMF-1 to CMF-7), site investigations are conducted. Site inves-
tigations are boring log-standard penetration tests (SPT) and shear wave velocity meas-
urements. The results of the site investigation are presented in Fig. 4. In Fig. 4, it can be 
observed that clayey soils and sandy soils are dominant in the study area. Several types 
of clayey soils, such as organic clay (OL), high-plasticity clay (CH), and low-plasticity 
clay (CL). These soil types tend to have a thickness variation of about 1–10 m. Silty soils, 
such as low-plasticity silt (ML) and high-plasticity silt (MH), are also found in the inves-
tigated areas. The thickness of silty soils in the investigated sites is observed to vary from 
2 to 10 m. For granular soils, sands classified as clayey sand (SC), silty sand (SM), poorly 
graded sand (SP), and well-graded sand (SW) are found. These sand layers tend to have 
thickness observed to vary from 1 to 10 m. In addition, well-graded gravel (GW) is also 
found, with a thickness of about 10 m.

In terms of soil resistance, it can be observed that several sites, such as CMF-2, CMF-4, 
and CMF-6, tend to reach the stiff layers (indicated by (N-SPT of 60 blows/ft) at shallow 
depth. The depth of the stiff layer in these sites is observed to vary from 20 to 25 m. For 
CMF-5 and CMF-7, the stiff layer is found at a depth of 30 m. For CMF-1 and CMF-3, 
the depth of the stiff layer is generally found at 40 m. Therefore, based on the site inves-
tigation, it can be estimated that the depth of the stiff layer is observed to vary from 20 to 
40 m. In terms of time-averaged shear wave velocity for the first 30 m depth (Vs30), it can 
be observed that Vs30 in the investigated sites is observed to vary from 190 to 311 m/s. 
According to National Earthquake Hazard Reduction Program or NEHRP (1998), Sites 
having Vs30 within the range of 180–360 m/s are categorised as Stiff Soils Sites or Site 
Class D. Based on studies conducted by Dolce et al. (2003), Mase et al. (2021a), and Ade-
movic et al. (2022), Sites categorised as Site Class D could be vulnerable to undergo seis-
mic impact during an earthquake. Since the site investigated areas are categorised as Site 

Fig. 3   Seismic hazard map of the study area
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Fig. 4   Site investigation results in a CMF-1, b CMF-2, c CMF-3, d CMF-4, e CMF-5, f CMF-6, g CMF-7
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Class D; therefore, it is essential to observe the potential seismic damage to the structure in 
the study area.

3 � Theory and method

3.1 � Ground motion prediction, spectral matching method and artificial ground 
motion

An essential factor, i.e. ground motion, should be defined to observe ground response 
and the potential seismic damage to the structures. In practical engineering, the ground 
response effect could be used to estimate potential seismic damage, amplification and other 
potential damage, such as liquefaction and landslides. This study’s primary goal is to per-
form seismic ground response analysis, but the ground motion record in the observed sites 
has yet to be available. The Cimandiri Fault is the active tectonic region in West Java Prov-
ince. Since the earthquake mechanism under Cimandiri Fault is categorised as a shallow 

Fig. 4   (continued)
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crustal earthquake, the attenuation models used for ground motion prediction should also 
be attenuation models for shallow crustal earthquakes. In this study, ground motion predic-
tion is conducted based on attenuation models called “Next Generation Attenuation West2 

Fig. 4   (continued)
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or NGA-West2 models (Bozorgnia et  al. 2014). Since the investigated sites are within a 
radius of 200  km from the epicentre of the Mw 5.6 Cianjur Earthquake in 2022, NGA-
West2 is still applicable to implement (Tanapalungkorn et al. 2020). The models include 
Abrahamson et al. (2014), Boore et al. (2014), Campbell and Bozorgnia (2014), Chiou and 
Youngs (2014), and Idriss (2014). Those models are addressed to predict spectral and peak 
ground acceleration in the study area categorised as soil and rock sites. It should be noted 
that Idriss’ (2014) model applies to rock sites, whereas other models apply to soil sites. 
Seyhan (2014) and Gülerce et  al. (2017) suggested that the weighted average of NGA-
West2 models should be implemented to minimise the uncertainty effect that could influ-
ence the variation of ground motion.

From NGA-West2 models, spectral accelerations are generated. From the spectral 
acceleration, peak ground acceleration can be estimated as spectral acceleration at 0 s. As 
mentioned in the previous explanation, there are no ground motion records for each inves-
tigated site. Therefore, the spectral matching method from Hancock et  al. (2006) can be 
implemented to generate the input motion for the investigated sites. Mase et  al. (2022a) 
and Somantri et al. (2023) suggested that the spectral matching method could be applica-
ble considering the uncertainty of sites and ground motion. This study uses some ground 

Fig. 4   (continued)
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motion records from historical earthquakes under the exact earthquake mechanism as the 
Cianjur Earthquake in 2022. The ground motions from the Kobe Earthquake in 1995, the 
Loma Prieta Earthquake in 1989, the Friuli Earthquake in 1976, Imperial Valley Earth-
quake in 1973 and Northridge Earthquake in 1994 are used. Mase (2018) also suggested 
that the minimum five ground motions could be applicable for seismic analysis purposes. 
The process emphasises the matching of spectral acceleration between recorded ground 
motion and the prediction. The predicted spectral acceleration from NGA-West2 is assumed 
as the target spectral acceleration. The target spectral acceleration should represent several 
parameters influencing the ground motion, such as earthquake magnitude, site condition, 
distance to the rupture, and earthquake mechanism (Mase et  al. 2022a). In NGA-West2, 
those uncertainty parameters have been considered. The process is conducted iteratively 
until the matching spectral acceleration is consistent with the target spectral acceleration. 
The matched spectral acceleration is then back-analysed to the defined site-ground motion.

Fig. 4   (continued)
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3.2 � One‑dimensional seismic ground response analysis

One-dimensional seismic ground response analysis is performed to observe the ground 
response during seismic wave propagation. A nonlinear model for ground response analy-
sis is generally used because this model is relatively appropriate to model the nonlinear 
behaviour of soil during an earthquake (Adampira et  al. 2015). Misliniyati et  al. (2019) 
analysed the applicability of soil models for one-dimensional seismic ground response 
analysis. They concluded that a nonlinear model, especially pressure dependent hyperbolic 
from Hashash et al. (2020), is generally reasonable for predicting ground motion during a 
strong earthquake. Several studies conducted by Likitlersuang et  al. (2020), Qodri et  al. 
(2021), and Bessette and Yniesta (2023) confirmed that the use of a pressure-dependent 
hyperbolic model is successfully implemented to predict ground response and soil behav-
iour during an earthquake.

This study employs the pressure-dependent hyperbolic model from Hashash et al. (2020) 
to observe ground response during seismic excitation for sites surrounding the Cianjur 
Earthquake in 2022. The model was initially developed by Matasovic (1993) and extended 

Fig. 4   (continued)
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by Hashash and Park (2001). Mase et  al. (2022b) suggested that the model emphasises 
the hysteretic loop during cyclic loading. The model defines the backbone curve for the 
hysteresis loop based on the hyperbolic function, which was first developed by Dunchan 
and Chang (1970). The mass-lumped system is the analysis framework implemented in the 
model by Hashash et al. (2020). It analyses ground response by applying input motion at 
the bottom of investigated sites. This study did not perform a dynamic experiment to deter-
mine the shear modulus reduction curve (G/Gmax − γ). Therefore, to overcome this limita-
tion, shear modulus reduction curves from the study of Somantri et al. (2023) are imple-
mented in this study (Fig. 5). Since the study is close to the study area of Somantri et al. 
(2023), i.e. Bandung Region, which is also in West Java Province, the use of the curves is 
reasonable for engineering practice. Hashash et al. (2020) suggested minimising the high-
frequency effect in the analysis regarding horizontally-layered soils. The determination of 
layer thickness in the analysis should be considered. Equation 1 expresses the formulation 
to determine sub-layer thickness in the analysis as follows,

Fig. 4   (continued)
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where d is the sub-layer thickness, Vs is the shear wave velocity of the layer, and f is the 
maximum frequency. Hashash et al. (2020) recommended that layers have the same maxi-
mum frequency throughout the soil profile. A fmax should generally be at a minimum of 
30 Hz.

The input motion is applied at the bottom of each site investigation, in which the 
bottom of the soil profile is assumed as an elastic half-space, and there is no drainage 
through the bottom boundary. Mase et al. (2022c) and Somantri et al. (2023) suggested 
that engineering bedrock for elastic half-space could be assigned for the layer having Vs 
ranging from 300 to 700  m/s. During seismic wave propagation, the ground response 
results are presented, including the peak ground acceleration (PGA) profile, acceleration 
time history, spectral acceleration, and amplification. For amplification factor, it is esti-
mated by using the following equation,

(1)d =
Vs

4fmax

Fig. 5   Shear modulus reduction curve (modified from Somantri et al. 2023)
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where AF is the amplification factor, PGAmax(at the surface) is peak ground acceleration at the 
ground surface, and PGAmax(input motion) is peak ground acceleration of the input motion.

The results of seismic ground response analysis, especially PGA at the surface, could be 
used for further analysis to estimate damage intensity levels. Tjockrodimuljo (2000) men-
tioned a relationship between Modified Mercalli Intensity and the PGA. Tjockrodimuljo 
(2000) and Mase (2020) suggested that Modified Mercalli Intensity could be significant in 
describing the earthquake’s destruction. For the Modified Mercalli Intensity (MMI) level to 
predict the level of seismic damage to the structure, the following equation is implemented,

PGA is peak ground acceleration (in gal) and MMI is the damage intensity level.

3.3 � Research framework

The research framework implemented in this study is presented in Fig.  6. This work is 
started by investigating site areas surrounding the Cimandiri Fault. Several pieces of infor-
mation, such as the characteristic of the Cimandiri Fault and the earthquake history in 
West Java, are also collected. Furthermore, ground motion prediction using next-genera-
tion attenuation (NGA) models is also performed. This analysis also obtained site spectral 
acceleration considered weighted factor and uncertainty.

The spectral matching method is implemented to generate the input motion for the 
investigated sites. Five ground motions from different sources are used to reduce the uncer-
tainty effect. The spectral matching method generates the artificial ground motion based 
on the minimum misfit for the matched spectral acceleration for each site. Afterwards, the 
one-dimensional seismic ground response analysis is conducted.

In this study, a pressure-dependent hyperbolic model in the framework of the mass-
lumped system is employed to observe ground response during seismic wave propagation. 
The assumption of engineering bedrock at the bottom of the soil profile is also adopted 
based on previous studies conducted in similar areas’ characteristics. Several results, such 
as maximum acceleration profiles, the time history of acceleration, site amplification factor 
(AF), and prediction of MMI level, are also presented. Spectral acceleration comparison 
based on ground response analysis is also made to inspect the reliability of the actual seis-
mic design code in the study area. The discussion on the relationship between MMI, Vs30, 
and distance to surface projection (Rjb) is also presented in this study.

4 � Results and discussion

4.1 � Ground motion prediction and the input motion for sites

Figure 7 presents the results of the NGA model analysis for each investigated site. In Fig. 7, 
sites’ spectral accelerations include three main curves. The first is the median curve, and 
the other two are the upper and lower boundary curves. Based on the analysis, peak ground 

(2)AF =
PGAmax(at surface)

PGAmax(input motion)

(3)log(PGA) =
(

1

4
MMI

)

+
1

4
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Fig. 6   Research framework
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(c)                                                                     (d) 

(e)                                                                     (f) 
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Fig. 7   Spectral accelerations of sites based on NGA models for a CMF-1, b CMF-2, c CMF-3, d CMF-4, e 
CMF-5, f CMF-6, g CMF-7
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acceleration (PGA) in the investigated sites is observed to vary from 0.023 to 0.135 g. the 
maximum PGA value is found in CMF-5, whereas the minimum is in CMF-3. CMF-3 is 
the farthest site, and CMF-5 is the closest to the epicentre. Therefore, it seems reasonable 
why the closest site tends to have the maximum PGA value. Based on the United States 
Geological Survey or USGS, the maximum PGA during an earthquake is about 0.145 g. 
Figure 7 also presents that spectral acceleration for CMF-5 is generally higher than spec-
tral acceleration compared to other spectral acceleration in other investigated sites. This 
is because the position of CMF-5 is very close to the earthquake epicentre. Therefore, 
the spectral response could be more significant than other sites located further than the 
epicentre.

As explained in the previous section, five ground motions from different sources are 
used to match spectral accelerations. Table  2 summarises the spectral matching results 
for ground motion selection. To make justification in selecting the representative ground 
motions. The average misfit from the spectral matching method is used. The red colour 
fonts in Table 2 indicate the best-matched ground motion on each site. The Kobe motion is 
reliable for scaled motions for CMF-1, CMF-2, and CMF-7. The Northridge motion shows 
the minimum misfit for matched spectral accelerations in CMF-5 and CMF-6. The Loma 
Prieta motion is applicable for CMF-4, and the Friuli motion is applicable for CMF-3.

Figure  8 presents the spectral accelerations of the minimum misfit spectral accelera-
tion from spectral matching results in Table 2. It can be observed that matching spectral 
accelerations are generally consistent with targeted spectral acceleration for sites. Spectral 
accelerations are also compared to the seismic design code for West Java Province, i.e. SNI 
1726:2019 (2019). It is observed that spectral acceleration for seismic design code is still 
higher than matched spectral acceleration. If the structural buildings in the study area are 
designed based on seismic design code, the buildings could be relatively more resistant to 
earthquake shaking.

Figure 9 presents the time history of acceleration for each investigated site. In Fig. 9, it 
can be observed that the time history of matched spectral acceleration (red line) is gener-
ally consistent with the time history of recorded ground motion (blue line). For CMF-1, 
PGA for input motion is 0.043 g, whereas the input motion for CMF-2 is about 0.033 g. For 
CMF-2, CMF-4, and CMF-5, PGA values for the input motions are 0.023 g, 0.044 g, and 
0.135 g, respectively. For CMF-6 and CMF-7, the input motions are 0.033 g and 0.042 g, 
respectively. PGA values obtained from the spectral matching method are then used as the 
input motion for one-dimensional seismic ground response analysis.

4.2 � Ground responses

4.2.1 � Acceleration profiles

The results of one-dimensional seismic ground response analysis in terms of accelera-
tion profiles are presented in this study. Figure 10 presents the acceleration profiles for the 
investigated sites. It can be observed PGA values at the ground surface are observed to 
vary from 0.031 to 0.191 g. The minimum PGA at the ground surface is recorded at CMF-1 
with a value of about 0.031 g, whereas the maximum one is recorded at CMF-5 with a 
value of 0.191 g. As previously elaborated, CMF-3 is the farthest site to the earthquake 
epicentre, and CMF-5 is the closest site to the earthquake epicentre. For input motion, the 
values of PGA input vary from 0.023 to 0.135 g. Therefore, ground motion amplification 
could occur during seismic wave propagation.
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Based on one-dimensional seismic ground response analysis, there are three main 
trends of seismic wave propagation in the study area. For CMF-2 (Fig. 10b) and CMF-4 
(Fig. 10d), the seismic wave propagation tends to enlarge gradually through layers up to 
the ground surface. This may cause by the existence of low soil resistance in the soil layers. 
For CMF-1 (Fig. 10a), CMF-3 (Fig. 10c) and CMF-6 (Fig. 10f), the maximum acceleration 
of layers tends to constantly propagate through the layer at the middle depth and signifi-
cantly increase for the middle depth to the ground surface. According to Yoshida (2015) 

Table 2   Summary of misfits 
from spectral matching results

Bold value indicates the minimum average misfit

Sites Ground motions Matching condition Average misfit

CMF-1 Kobe Converged 0.032
Loma Prieta Converged 0.055
Imperial Valley Non-converged 0.083
Northridge Converged 0.053
Friuli Converged 0.071

CMF-2 Kobe Converged 0.020
Loma Prieta Non-converged 0.113
Imperial Valley Converged 0.045
Northridge Converged 0.069
Friuli Converged 0.025

CMF-3 Kobe Non-converged 0.037
Loma Prieta Non-converged 0.125
Imperial Valley Non-converged 0.037
Northridge Converged 0.031
Friuli Converged 0.024

CMF-4 Kobe Non-converged 0.072
Loma Prieta Converged 0.027
Imperial Valley Converged 0.051
Northridge Non-converged 0.155
Friuli Non-converged 0.068

CMF-5 Kobe Non-converged 0.030
Loma Prieta Non-converged 0.043
Imperial Valley Non-converged 0.038
Northridge Converged 0.021
Friuli Converged 0.036

CMF-6 Kobe Converged 0.049
Loma Prieta Converged 0.051
Imperial Valley Non-converged 0.184
Northridge Converged 0.022
Friuli Converged 0.037

CMF-7 Kobe Converged 2.80%
Loma Prieta Converged 3.40%
Imperial Valley Non-converged 11.10%
Northridge Non-converged 13.20%
Friuli Converged 3.30%
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Fig. 8   Spectral matching results comparison for a CMF-1, b CMF-2, c CMF-3, d CMF-4, e CMF-5, f 
CMF-6, g CMF-7
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and Mase et al. (2018), the weak layer generally controls the amplification of peak ground 
acceleration. In this case, several sand layers with relatively high-soil resistance (Vs30 
and SPT-N) in those sites are important in reducing the maximum PGA value in the mid-
dle depth. The maximum PGA values vary according to depth for CMF-5 (Fig. 10e) and 
CMF-7 (Fig. 10g). Based on the observation, there is amplification and de-amplification of 
maximum acceleration in the investigated depth. The existence of various sand layers with 
various soil resistance at the middle depth could influence the maximum acceleration of 
propagated wave.

The more considerable soil resistance, the smaller the maximum acceleration and vice 
versa. In general, near ground surface to the ground surface, the maximum PGA value 
increases. Based on site investigation, the ground motion could increase near the ground 
surface. This is because the shear strength of the weak layer dominated by clayey sand 
control the amplification (Finn et al. 1978). Therefore, the ground motion enlarges to the 

Fig. 9   Comparison of motions between the recorded ground motion and the matched input motion for a 
CMF-1, b CMF-2, c CMF-3, d CMF-4, e CMF-5, f CMF-6, g CMF-7
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Fig. 10   Profiles of acceleration from one-dimensional of seismic ground response analysis a CMF-1, b 
CMF-2, c CMF-3, d CMF-4, e CMF-5, f CMF-6, and g CMF-7
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ground surface. Based on the analysis results, a clay layer near the surface could amplify 
propagated ground motion in the study area.

4.2.2 � Time history of accelerations and spectral accelerations at the surface

Figure  11 presents the time history of accelerations and spectral accelerations at the 
ground surface. It can be observed that for CMF-1 (Fig. 11a); CMF-2 (Fig. 11b); CMF-3 
(Fig. 11c), PGA values at the ground surface are generally less than 0.05 g. The locations 
of those sites are relatively far from the epicentre, i.e. about 40–75  km. (Regnier et  al. 
2013) mentioned that to observe the significance of the amplification effect and resonance 
possibility, the spectral acceleration comparison could be performed. In terms of spectral 
acceleration comparison, it can be observed that both spectral accelerations at the ground 
surface and input motion are lower than the designed spectral acceleration. In other words, 

Fig. 10   (continued)
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it can be roughly estimated that buildings following the designed spectral acceleration in 
both plan and construction are relatively more resistant to the effect of earthquake shaking.

For CMF-4 (Fig. 11d); CMF-6 (Fig. 11f); and CMF-7 (Fig. 11g), PGA values are in the 
range of 0.05–0.01 g. Those sites are generally located within a 46–56 km radius of the 
epicentre. Generally, those sites’ PGA values at the surface are relatively more significant 

Fig. 10   (continued)
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than the input motion. It indicates that there is an amplification of PGA at those sites. 
Regarding spectral acceleration comparison, spectral accelerations for input motion and at-
the-ground response are generally lower than seismic design code. It simply explains that 
the seismic resistance design based on Indonesian Seismic Design Code (SNI 1726:2019) 
tends to provide better seismic resistance for buildings following the code during the earth-
quake in 2022.

For CMF-5 (Fig. 11e), PGA at the ground surface is about 0.191 g. CMF-5 has the larg-
est PGA at the ground surface among the investigated sites during seismic wave propaga-
tion. It is because of the site’s position, which is close to the earthquake epicentre. It is also 
observed that there is an indication of PGA amplification during the strong earthquake. 
This is because PGA at the ground surface is larger than the PGA of input motion. Fig-
ure 10e shows that the ground surface’s spectral acceleration is close to the designed spec-
tral acceleration in the short period, especially for Site Classes D and E. It can be roughly 
concluded that the seismic resistance design could be exceeded by spectral acceleration at 
the ground surface if a stronger earthquake happens. Therefore, the results of this study 

Fig. 10   (continued)
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could suggest the updated seismic design code for building construction to reduce potential 
seismic damage in the area.

4.2.3 � PGA amplification factor

Figure 12 presents each investigated site’s PGA amplification factor (AF). Figure 12 shows 
that the amplification factor of PGA during seismic wave propagation is observed to vary 
from 1.37 to 2.06. Generally, the average PGA in the study area is about 1.8. CMF-6 has 
the largest AF among all studied areas, i.e. 2.06 and CMF-3, with an AF of 1.37, has the 
smallest AF among all studied areas. Based on the site investigation data, CMF-6 has a sig-
nificant variation in soil resistance, especially from the depth of 12 to the ground surface, 
as presented in Fig. 4f.

Ezzelarab et al. (2018) suggested that geological conditions could influence the ampli-
fication factor. As elaborated by Mase et  al. (2018), the amplification of peak ground 

Fig. 10   (continued)
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acceleration at the ground surface depends on the shear strength of the weaker layer. In 
CMF-6, the weak layer is generally found in the clay layer having low SPT-N. Therefore, 
the PGA value could amplify at the ground surface during seismic wave propagation. For 
CMF-3, the lower amplification factor could be influenced by soil resistance. As presented 
in Fig. 4c, the variation of soil resistance in terms of SPT-N for CMF-3 is insignificant. 
In addition, there are sand layer deposits at shallow depths. Since these sand layers tend 
to have more soil resistance than clay layers in other sites. Therefore, the amplification of 
PGA in this site could be more significant.

Joseph et  al. (2021) explained that ground motion could influence the amplification 
factor besides geological conditions and site characteristics. In this study, minor PGA 
input (less than 0.1 g) means a larger amplification factor, as shown in CMF-1 to CMF-4 
and CMF-7. For CMF-5, the input motion is about 0.1 g, and the amplification factor is 
recorded as 1.42. Qodri et  al. (2021) also mentioned that soil response for minor input 
motion during seismic wave propagation is still linear, so the amplification factor is rela-
tively larger. Since the soil response is still linear for a small PGA input, the damping effect 
is not significantly increasing; therefore, the amplification factor of PGA could be larger 

Fig. 10   (continued)



1299Natural Hazards (2023) 119:1273–1313	

1 3

(Roten et al. 2009). Based on the analysis results, it can be concluded that the amplification 
factor in the investigated sites could be influenced by the input motion’s PGA and geologi-
cal characteristics.

Several studies of seismic ground response analysis in two or three-dimensional sug-
gested that the topography effect could play an essential role in determining seismic ampli-
fication. Stone et al. (2022) suggested that average ground motions in simulations with and 
without topography are similar. However, shaking amplification is common at topographic 
highs, which is also previously suggested by Massa et  al. (2014). A case by Dunham 
et al. (2022) mentioned that the largest landslides that occurred during the 2015 Gorkha 
Earthquake, generated were due to the highest topographic amplification, highest eleva-
tions, and steepest slopes converged. It may indicate that soil response during earthquakes 
could be high in topography areas. Therefore, the influence of topographic amplification 
should be considered in determining ground motion prediction. Unlike amplification due 
to soil conditions in ground motion prediction formulas, topographic effects are generally 
less considered. This may be because there are some significant practical difficulties in 

Fig. 10   (continued)
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Fig. 11   Time-history of accelera-
tions and spectral accelerations 
based on one-dimensional seis-
mic ground response analysis for 
a CMF-1, b CMF-2, c CMF-3, d 
CMF-4, e CMF-5, f CMF-6, and 
g CMF-7
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Fig. 11   (continued)
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Fig. 11   (continued)
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Fig. 11   (continued)

Fig. 12   PGA amplification factor for the investigated sites
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introducing them into ground motion prediction, including inherent difficulties in reliably 
determining the level of topographic amplification, the lack of an exhaustive classification 
of topographic irregularities, the lack of recorded data and the definition of effective pre-
dictors (Barani et al. 2014). Since this study area is generally surrounded by hills, slopes, 
and valleys that can influence the seismic ground response, the effect of topography on 
seismic amplification during the Cianjur Earthquake under two or three-dimensional seis-
mic ground response analysis will be discussed in further study.

4.3 � Potential seismic damage to structures

PGA values could also be used to predict the seismic damage level during an earthquake. 
Figure  13 presents the prediction of damage intensity level in the study area. Linkimer 
(2008) states that a larger PGA means a more significant damage intensity level. In Fig. 13, 
it can be observed that the MMI level that could occur in the study area during the earth-
quake is observed to vary from Scale VI (Strong) to Scale VIII (Severe). According to 
Elnashai and Di Sarno (2015) and Tjockrodimuljo (2000), Scale VI reveals “Felt by all, 
and many are frightened. Some heavy furniture is moved; a few instances of fallen plaster 
occur. Damage is slight.”. Scale VII reveals, “Damage is negligible in buildings of good 
design and construction, but slight to moderate in well-built ordinary structures; damage 
is considerable in poorly built or badly designed structures; some chimneys are broken. 
Noticed by motorists”. Scale VIII reveals “Damage slight in specially designed structures; 
considerable damage in ordinary substantial buildings with partial collapse. Damage is 
great in poorly built structures, the fall of chimneys, factory stacks, columns, monuments, 

Fig. 13   Modified Mercalli Intensity for the investigated sites
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and walls. Heavy furniture overturned. Sand and mud are ejected in small amounts. 
Changes in well water occur. Motorists are disturbed”.

The Cianjur Earthquake’s impact and characteristics are also compared to several earth-
quakes in West Java, especially on land, as presented in Table 3. In Table 3, several his-
torical earthquakes with moderate magnitude that occurred in West Java are compiled. 
Earthquakes called the Ciamis-Kuningan Earthquake that occurred in 2001 could result in 
a damage intensity level (MMI) of about III-VI, with Ciamis and Kuningan as two regions 
that underwent significant impact. The Sukabumi Earthquake in 2020, just two years before 
The Cianjur Earthquake occurred, is also reported as the most devastating earthquake after 
the Ciamis-Kuningan Earthquake in 2001. The earthquake-triggered damage intensity lev-
els varied from III to VI. Another recent earthquake called The Garut Earthquake which 
was triggered by the activity of intraslab (Indo-Australia plate), has also resulted in low 
significant damage, i.e. about II to IV on the MMI scale. Among those historical and recent 
earthquakes, the Cianjur Earthquake recorded the highest damage intensity, consistent with 
the prediction explained in the previous paragraph.

Generally, the distance between the epicentre to the investigated site could influence 
PGA (Fig. 14). As presented in Fig. 14, a further distance means a minor MMI level. In 
line with this, it can be roughly estimated that sites located within a radius of 40–60 km 
from the epicentre could undergo an MMI scale up to VII, whereas sites located within 
15–40 km from the epicentre could undergo an MMI scale up to VIII. A site within a more 
than 60 km radius could undergo an MMI scale up to VI.

Figure  15 presents the correlation between MMI level and Vs30 for each investigated 
site. In Fig. 15, it can be generally observed that the smaller Vs30 means the larger MMI 
scale. According to Mase et al. (2021b), Vs30 could be important in determining seismic 
vulnerability. Areas having lower Vs30 could undergo more significant damage than areas 
with higher Vs30. Vs30, the parameter representing the site effect, is also used for ground 
motion prediction (Liu et al. 2013). Several studies conducted by Ornthammarath (2013), 

Fig. 14   Correlation between MMI and Rjb
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Mase (2019), and Mase et al. (2020) had confirmed that the role of Vs30 is important in 
determining the PGA. Therefore, Vs30 could also influence the damage intensity level in 
the study area. For structural design in the study area, the site-specific analysis considering 
the detailed analysis of geotechnical and geophysical aspects should be carefully conducted 
before construction.

4.4 � Prediction and field evidence

The results also show that CMF-3 could undergo damage with the intensity level of Scale 
VI. For CMF-1, CMF-2, CMF-4, CMF-6, and CMF-8, the damage intensity level is Scale 
VII. CMF-5 could undergo damage intensity of Scale VIII. In terms of spectral accelera-
tion presented in Fig. 11, all spectral accelerations based on seismic ground response anal-
ysis are generally lower than the seismic design code. Based on a reconnaissance report 
from Burton et al. (2022), the damage during the Cianjur Earthquake was massive, espe-
cially in areas within 30 km from the epicentre. Scale VIII of MMI suggested that the dam-
age is categorised as slight for the designed structures. The damage to the structure is very 
massive as shown in Fig. 16. In Fig. 16a, it can be observed that two neighbouring struc-
tures are in the same area. Structure A, constructed following the seismic resistance stand-
ard with a balk and column, experienced relatively minimal damage compared to Structure 
B without columns and balks. In Fig. 16b, the lightweight structure tends to have minor 
damage compared to the heavy-weight structure. Both structures are located in the same 
area. A simple structure with a symmetric form is more relatively resistant than a complex 
structure with additional mass as building accessories (Chopra et al. 1972; Michiels and 
Adriaenssems 2017).

Based on the analysis and field evidence, it can be concluded that many buildings in the 
study area, especially those within a 30 km radius of the epicentre, might not implement 

Fig. 15   Correlation between MMI and Vs30



1308	 Natural Hazards (2023) 119:1273–1313

1 3

and follow the seismic design code. Implementing these codes has always been challenging 
due to economic, regional, and other factors. Specifically, large structures in rural areas, 
especially for residential housing, were constructed without consideration of the build-
ing codes and are often non-engineered, resulting in severe damage to buildings when an 

Fig. 16   Damage due to the Cianjur Earthquake in November 2022 (Project Hope 2022): a comparison of 
damage for structures with and without balk and column, b significant damage difference between light 
structure and heavy structure
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earthquake occurs Burton et al. (2022). Overall, the results of this study suggest that the 
local government enforce the implementation of a seismic design code to minimise the 
potential seismic damage in the study area.

5 � Concluding remarks

This paper analyses ground response and the potential seismic damage to structures in Sites 
Surrounding Cimandiri Fault, West Java, Indonesia, during the recent earthquake event, 
i.e. the Mw 5.6 Cianjur Earthquake in 2022. Site investigation and one-dimensional seis-
mic ground response analysis are conducted. The prediction of ground motion and damage 
intensity level is performed. Several concluding remarks can be drawn:

1.	 The investigated sites surrounding the Cimandiri Fault are generally dominated by clay 
and sand layers. The significant difference in soil resistance could also influence the 
amplification of PGA. A clay layer with low soil resistance at shallow depths could 
amplify PGA at the ground surface.

2.	 The distance could strongly influence the damage intensity level in the study area to the 
earthquake source and the site condition.

3.	 Generally, the spectral acceleration from the seismic design code could provide a more 
resistant design for structural buildings in the study area. Therefore, the seismic design 
code should be implemented to minimise significant damage during a strong earthquake 
in the study area

4.	 The damage intensity level shows that the effect of an earthquake could be significant for 
buildings that do not implement the seismic design code. Implementing seismic resist-
ance design could be challenging because of several aspects, such as social-economic 
factors. Therefore, this study would suggest that local government consider the building 
permit before construction. In addition, seismic design code should be implemented for 
areas with high-seismic vulnerability.

5.	 Topography features can influence the ground response, especially amplification. Hills, 
slopes, and valleys surround the study area, and these topography conditions can influ-
ence the amplification. More data, including 2D and 3D geological modelling, should be 
collected to support an advanced study in observing the topographical effect on ground 
response. The detail will be presented in further study.
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