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1. Introduction

Recent earthquakes, such as the Osaka–Kobe earthquake (1995) and the Wenchuan
earthquake (2008), have challenged earthquake engineering and its application. This Special
Issue focuses on current developments in earthquake engineering, including ground motion
characteristics, soil and foundation dynamics, wave propagation, behavior of structures,
and methods for earthquake resilience and the retrofit of structures that are germane to
practicing engineers. In this Special Issue, we have 19 works that improve the understanding
of earthquake engineering from theory to application. This combination of both modeling
and validation will strengthen our understanding of the impact that earthquakes have on
foundations and structures and will help to improve the safety of inhabitants.

2. Seismogeology and Seismic Activity

Detailed geological and geomorphological evidence has suggested that the Yilan-
Yitong fault (YYF), one of the key branches of the Tancheng-Lujiang fault zone in northeast-
ern China, has been an active fault since the Holocene that has extended from Liaoning
Province to far-eastern Asia. However, there are no clear fault traces or late Quaternary
active features northeast of Tangyuan County. They carried out shallow seismic reflection
exploration, field geological investigation, and trench excavation across the YYF north
of Tangyuan. The results revealed that the YYF is composed of two main branches: the
west YYF branch is a late Pleistocene active fault, and the east one is a middle-to-early
Pleistocene fault.

The rapid assessment of post-earthquake building damage for rescue and reconstruc-
tion is a crucial strategy to reduce the enormous number of human casualties and economic
losses caused by earthquakes. Conventional machine learning (ML) approaches for this
problem usually employ one-hot encoding to cope with categorical features, and their
overall procedure is neither sufficient nor comprehensive. They proposed a three-stage ap-
proach, which can directly handle categorical features and enhance the entire methodology
of ML applications.

A comprehensive earthquake hazard database is crucial for comprehending the char-
acteristics of earthquake-related losses and establishing accurate loss prediction models.
Tongyan Zheng compiled the earthquake events that have caused losses since 1949, and es-
tablished and shared a database of earthquake hazard information for the Chinese mainland
from 1949 to 2021. On this basis, they preliminarily analyzed the spatiotemporal distribution
characteristics of 608 earthquake events and the associated losses. Southwest China is in the
Circum-Pacific seismic zone where earthquake hazards are highly frequent. The results can
provide fundamental data for developing earthquake-related loss prediction models.

Cunpeng Du analyzed the effects of the 2011 Mw 9.0 Tohoku-Oki Earthquake on the
locking characteristics and seismic risk of the Yishu fault zone in China. Combined with
the b value and strain field characteristics, the properties of deformation of the Yishu fault
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zone before and after the earthquake are comprehensively analyzed. The results show
that before the 2011 Tohoku-Oki Mw 9.0 earthquake, the locking degree and depth of
the northern segment of the Yishu fault zone were higher, while the locking depth of the
southern segment of the fault was shallower. The 2011 Tohoku-Oki earthquake produced
different coseismic effects on the southern and northern sections of the Yishu fault zone.
The extension on the southern section and compression on the northern section caused
the strain release in the southern sections of the Yishu fault zone following the earthquake.
After it, the regional locking degree of the southern section of the Yishu fault zone was
relieved. However, the locking degree of the northern segment of the fault zone was still
high and the depth was deep, at about 26 km.

3. Experimental Investigation of the Seismic Response of Infrastructures

The shaking table tests of a Seismic–Soil–Pile–Superstructure Interaction (SSPSI) in
medium-soft and hard base soil were carried out. Silted clay with a unit weight of 1.70 g/cm3

and a shear wave velocity of 175 m/s was adopted to simulate the medium-soft soil, while
the composite soil obtained by adding 20% quicklime to silted clay with a unit weight of
1.75 g/cm3 and a shear wave velocity of 300 m/s was adopted to simulate the hard soil in
the tests. By inputting the artificial seismic motion time history with different amplitudes
synthesized by the RG1.60 response spectrum commonly used in nuclear power engineering
to the models, the dynamic interaction characteristics and seismic response laws of the
soil–pile–nuclear island structure in the medium-soft and hard base soil were compared,
the internal force and deformation distribution characteristics of the pile foundation under
different ground conditions were analyzed, and the site conditions and mechanisms of
seismic failure of the pile group foundation were described. The research results can provide
a reference for site selection and seismic design of a nuclear power plant.

In order to compare and analyze the seismic response characteristics of a safety-related
nuclear structure on a non-rock site in the condition of raft and pile group foundations
under unidirectional and multidirectional seismic motion input, a large-scale shaking table
test of the soil–nuclear structure system was carried out in this paper. In the test, the
soil was uniform silted clay, and the shear wave velocity was 213 m/s. The results of the
test show that the acceleration response of the safety-related nuclear plant is affected by
the directions of the input seismic motion and the forms of the foundation. When the
seismic motion is input simultaneously in three directions, the acceleration responses of the
horizontal motion and vertical rocking of the safety-related plant are larger than those of
the single-direction input. The acceleration response of the horizontal motion and vertical
rocking of the safety-related structure with the pile group foundation is smaller than that
with the raft foundation. The values of most frequency bands in the horizontal acceleration
Fourier amplitude spectrum at the top of the pile–foundation structure are smaller than
those at the top of the raft–foundation structure, while the displacement is basically the
same as those of the raft–foundation structure.

In the catastrophe insurance industry, it is impractical for a catastrophe model to
simulate millions of sites’ environments in a short time. Hence, the attenuation relation is
often adopted to simulate the ground motion on account of calculation speed, and both
ground motion expectations and uncertainties must be calculated. Due to the vulnerability
curves of our model being based on simulations with a large number of deterministic
ground motions, it is necessary but not efficient for loss assessment to analyze all possible
ground motion amplitudes and their corresponding loss rates. They developed a simplified
method to rapidly simulate loss expectations and uncertainties. In this research, Chinese
masonry buildings are the focus. The result shows that the modified method gives accurate
loss results quickly.

4. Engineering Site and Geological Hazard

Vs30 (the equivalent shear-wave velocity of soil layers within a depth of 30 m under-
ground) is widely used in the field of seismic engineering; however, due to the limitation of
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funds, time, measuring devices, and other factors, the depth for testing shear-wave velocity
in an engineering site rarely reaches 30 m underground. Therefore, it is necessary to predict
Vs30 effectively. They analyzed the existing models using 343 boreholes with depths greater
than 30 m in Tangshan, China. This analysis shows that the topographic slope method
is not suitable for predicting Vs30 in Tangshan. The Boore (2011) model overestimates,
while Boore (2004) underestimates Vs30 in Tangshan, while Junju Xie’s (2016) model has
ideal prediction results. We propose three new models in this paper, including the bottom
constant velocity (BCV) model, linear model, and conditional independent model. We find
that the BCV model has limited prediction ability, and the linear model is more suitable
when z ≤ 18 m, while the conditional independent model shows good performance under
conditions where z > 18 m. We propose that the model can be accurately and effectively
applied in Tangshan and other regions with low shear-wave velocity.

At 17:00 (UTC+8) on 1 June 2022, an Ms 6.1 reverse earthquake struck Lushan County,
Ya’an City, Sichuan Province. This earthquake event had a focal depth of 10 km and the
epicenter was located at 30.37◦ N and 102.94◦ E. Shao X documented a comprehensive
coseismic landslide inventory for this event and analyzed the distribution pattern and
factors controlling the landslides. The landslide area density (LAD) increased with an
increase in the above factors and is explained by an exponential relationship, indicating that
the occurrence of coseismic landslides in this area was more easily affected by topographic
factors than seismic factors. Most small-scale landslides were clustered in the ridge area,
which shows the seismic amplification effects of mountain slopes. Due to the impact of
the direction of seismic wave propagation, hillslopes facing northeast-east (NE-E) were
more prone to collapse than southwest-facing ones. Based on the distribution pattern of
the landslides, we suggest that the seismogenic fault of this event was NW dipping. These
findings indicate that it is effective to identify the dipping of seismogenic faults using the
spatial distribution pattern of coseismic landslides.

Velocity changes (dv/v) during and after earthquakes are important indicators for un-
derstanding the earthquake-induced mechanical damage evolution of rock slopes. However,
studying slope responses associated with various seismic loading still remains challeng-
ing due to limited in situ observations. Huang H. conduct a 20 min temporal resolution
monitoring of dv/v at the frequency band between 2 and 20 Hz by applying ambient noise in-
terferometry on the Pubugou rock slope in Southwest China. They observe an instantaneous
~0.41% dv/v drop in the slope caused by the 2021 M 7.4 Maduo earthquake at a distance
of 780 kM, following a characterized logarithmic recovery process of ~31.39 h towards its
pre-earthquake state. Moreover, the dv/v in five narrow frequency bands show a similar
drop and subsequently increased recovery times associated with the deceased frequencies
due to the long-distance earthquake shaking. We discuss two possible mechanisms related
to the heterogeneous rock slope excited by the long-distance earthquake at a low frequency.
This study motivates the damage assessment of the rock slope using in situ dv/v and furthers
the understanding of subsurface geological risks under diverse seismic loadings.

Post-earthquake road traversability is a critical factor that affects traffic conditions.
Therefore, a post-earthquake traffic simulation method considering road traversability
was proposed. First, the impact ranges of the earthquake-induced building collapse and
the post-earthquake fire spread of buildings were analyzed, and road traversability was
determined accordingly. Subsequently, the post-earthquake traffic flow was predicted based
on building characteristics, and micro-level vehicle behaviors were simulated considering
post-earthquake road traversability to determine the traffic conditions. In addition, the
simulation model was validated using actual data. Finally, a segment of the Tongzhou
road network in Beijing was selected as a case study to analyze post-earthquake road
traversability and simulate traffic conditions on critical road sections. The proposed method
can provide post-earthquake traffic conditions, which benefits decision-making during
post-earthquake evacuation and rescue.

3
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5. Dynamic Constitutive Behavior of Materials (Soil, Concrete, etc.)

In the seismic response analysis of liquefiable sites, it is challenging to simulate
saturated sand’s post-liquefaction deformation with the existing soil dynamic constitutive
model, and the current pore-water pressure buildup model cannot reflect the decrease in the
actual pore-water pressure under unloading stress. They aim at these problems to propose
a feasible and straightforward time-domain post-liquefaction deformation constitutive
model through experimental analysis and theoretical research, consisting of reversible
pore-water pressure. According to the dynamic triaxial test data, the regularities of large
deformation stress and strain behavior of the saturated sand after liquefaction are obtained,
and the corresponding loading and unloading criteria are summarized. Combined with the
effective stress constitutive model proposed by the author, a soil dynamic constitutive that
can describe saturated sand’s post-liquefaction deformation path is obtained. According to
the test results, the model can simulate the deformation of saturated sand during the whole
liquefaction process. The self-developed program Soilresp1D realized the dynamic response
analysis of the liquefiable site, and the results were compared with the experimental results.
It shows that the model based on the effective stress-modified logarithmic dynamic skeleton
and post-liquefaction deformation constitutive can be directly applied to the dynamic
response analysis of the liquefiable site.

Twelve site models were established based on the analysis of the influence of site
conditions on earthquake damage and the influence of the soft soil layer on-site seismic
response. The equivalent linearization site seismic response analysis is carried out at
different input ground motion levels to discuss the influence of soft soil layer thickness
and buried depth. The results show that the characteristic period of the response spectrum
exhibits a gradual increase as the buried depth or thickness of the soft soil layer increases.
Furthermore, the characteristic period of the response spectrum also increases with the
rise in the input ground motion peak. Moreover, according to the influence that the
characteristics of soft soil thickness, buried depth, and input ground motion intensity
have on the characteristic period of the site acceleration response spectrum, a method for
adjusting the characteristic period of the site acceleration response spectrum with a soft
soil layer is put forward.

As an indispensable part of the lifeline for the offshore gas and oil industry, sub-
marine pipelines under long-term marine environmental loadings have historically been
susceptible to earthquakes. This study investigates the impact of trench backfilling on
the residual liquefaction around a pipeline and the induced uplift of a pipeline under the
combined action of an earthquake, ocean wave, and current loading. A fully coupled
nonlinear effective stress analysis method, which can consider the nonlinear hysteresis
and the large deformation after liquefaction of the seabed soil, is adopted to describe the
interaction between the seabed soil and the submarine pipeline. Taking a typical borehole
in the Bohai strait as the site condition, the nonlinear seismic response analysis of the
submarine pipeline under the combined action of seismic loading and ocean wave and
current is carried out. The numerical results show that trench backfilling has a significant
impact on the seismic response of the pipeline. The existence of trench backfilling reduces
the accumulation of the residual excess pore water pressure, so that the seabed liquefaction
around the pipeline is mitigated and the uplift of the pipeline is also decreased.

Overloaded trucks and earthquakes have become two main factors responsible for
bridge damage; consequently, the combination of heavy trucks and seismic loads as a
typical occurrence of extreme events is likely to lead to bridge collapse or destructive
damage, in which the crucial issues of coupling load model, dynamic equations, and
bridge responses have not been adequately addressed. A simplified vehicle–bridge model
consisting of many containers is established to simulate vehicle passage, and the dynamic
equations are derived for a 5-axle truck on a simply supported beam as an illustration. Then,
five ground motions selected from PEER with appropriate peak ground accelerations and
durations and the three truck models specified in American Association of State Highway
and Transportation Officials, Caltrans and Chinese codes are applied to the finite element

4
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model of a typical reinforced concrete continuous girder bridge, in which the vehicle speed,
number of trucks, ground motion and vehicle type are assumed to be random variables
and their influences on dynamic responses of the bridge are analyzed. The results show
that the seismic load is the governing factor in dynamic responses, but truck load may
change displacement shapes.

6. Performance-Based Seismic Design of Structures and Earthquake-Resilient Cities

Globally, tanks play a major part in the provision of access to clean drinking water to
the human population. Beyond aiding in the supply of fresh water, tanks are also essential
for ensuring good sanitary conditions for people and for livestock. Many countries have
realized that a robust water supply and a robust sanitation infrastructure are necessary
for sustainable growth. Therefore, there is large demand for the construction of storage
tanks. Furthermore, liquid storage tanks are crucial structures which must continue to
be operational even after a catastrophic natural event, such as an earthquake, to support
rehabilitation efforts. From an engineering point of view, the various forces acting on
the tanks and the behavior of the tanks under various loads are important issues which
need to be addressed for a safe design. Analyses of these tanks are challenging due to the
interaction between the fluid and tank wall. Thus, researchers have conducted several
investigations to understand the performance of storage tanks subjected to earthquakes by
considering this interaction. They discuss the historical development of various modeling
techniques of storage tanks. The interaction with the soil also influences the behavior of the
tanks, and hence, in this paper, various modeling approaches for soil structure interaction
are also reviewed. Further, a brief history of various systems of base isolation and modeling
approaches of base-isolated structures are also discussed.

Incremental dynamic analysis (IDA) is applied to calculate the exceeding probability
of rail displacement under different earthquake excitations. A finite element model (FEM)
of a high-speed railway track-bridge system is established, which consists of a CRTS II
ballastless track of finite length laid on a five-span simply supported girder bridge. Records
from five stations in the PEER NGA–West2 strong ground motion dataset are selected as
seismic excitation. Based on the simulation, the characteristics of the vertical displacement
of the rail under different seismic excitations are investigated, and the probability of the
vertical displacement of the rail exceeding the allowable standard is calculated using IDA.
The exceeding probability of the rail above the mid-span is larger than that above other
parts of the bridge. Within the mid-span, the exceeding probability of the rail is the largest
above the center of the bridge.

Borehole shrinkage and collapse are likely to occur when downhole testing is con-
ducted in soft or loose sandy soils, resulting in testing interruption. To prevent this situation
from occurring, installing casing in the borehole is a common approach. However, in actual
testing, the quality of the signal obtained from measuring points within the depth of the
casing is often not ideal, and there is still no clear and unified justification for the causes
of interference generated by the casing. Therefore, the team attempts to investigate and
elucidate the impact of casing through on-site experiments and numerical simulations. By
numerically simulating different casing materials, the contact state between the casing and
the hole wall, and the presence of low wave velocity filling soil around the casing, the
variation patterns of the affected measurement point signals in the time and frequency
domains are investigated. Furthermore, combined with the measured data, the impact
characteristics of the casing on the results of the wave velocity testing using the down-
hole method are systematically explored. This research can provide some insights for the
application and data interpretation of signals in the downhole methods of cased wells.

7. Conclusions and Prospects

We are delighted to see that the articles featured in this Special Issue have contributed
new knowledge to the field of earthquake engineering technology and its application,
provided innovative ideas for future development, and opened new opportunities for
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Abstract: Detailed geological and geomorphological evidence has suggested that the Yilan-Yitong
fault (YYF), one of the key branches of the Tancheng-Lujiang fault zone in northeastern China, has
been an active fault since the Holocene that has extended from Liaoning Province to far-eastern Asia.
However, there are no clear fault traces or late Quaternary active features northeast of Tangyuan
County. In this study, we carried out shallow seismic reflection exploration, field geological investi-
gation, and trench excavation across the YYF north of Tangyuan. The results revealed that the YYF
is composed of two main branches: the west YYF branch is a late Pleistocene active fault, and the
east one is a middle-to-early Pleistocene fault. In Heli Town, the west branch of YYF presents fault
scarps with heights of ~0.6 m. Across the scarps, we excavated a trench, and we propose that the YYF
displaced the late Pleistocene to Holocene deposits, as this was indicated by the geochronological
data. The seismic reflection data and sedimentary sequence revealed that the YYF north of Tangyuan
is composed of three tectonic belts: the western depression, the central bulge, and the eastern depres-
sion. Each tectonic belt is composed of several small folds formed from the end of the Paleogene to
the beginning of the Neogene. After the Neogene, different subsidence and uplift events occurred in
various parts of the YYF, and after the early Pleistocene, the fault showed a consistent subsidence.

Keywords: Yilan-Yitong fault; geometry and kinematics; seismic reflection profiles; late Quaternary
active characteristics

1. Introduction

The giant Tancheng-Lujiang fault zone (TLFZ), striking northeast, is located in the
eastern margin of the Asian continent, which extends from southern China through the
eastern part of the North China craton into the far east of Russia [1–5]. Due to its key
location in a transition zone with a N–S compression tectonic regime between the Indian and
Eurasian plates to the southwest and a nearly E–W extensional regime between the Pacific
and Eurasian plates to the east, numerous geological, geophysical, and geochemical studies
have been carried out focusing on the beginning, development, dynamic mechanism,
metallogenic deposits, and earthquake disasters of this fault [6–18].

In northeast China, the Yilan-Yitong fault (YYF) and the Dunhua-Mishan fault (DMF)
are considered to be the main branches of the TLFZ (Figure 1). More than 10 strong his-
torical earthquakes have occurred along the TLFZ south of the Bohai Bay, whereas no
M ≥ 6 earthquakes have been recorded along the YYF or DMF. Moreover, the YYF was
considered to be inactive since the late Quaternary due to the geographical conditions
and artificial reconstruction until two paleoearthquake events were reported along the
Fangzheng and Shulan segments of the YYF [10]. Then, research concerning the segmenta-
tion, paleoearthquakes, and late Quaternary slip rates of the YYF arose, which suggested
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that the YYF was an active dextral Holocene fault and could generate strong earthquakes
(M ≥ 7) [14]. South of Tangyuan County in Heilongjiang Province, the YYF is characterized
by an assemblage of landforms including linear scarps and troughs, offset or deflected
streams, small horsts and grabens, and especially linear sag ponds [14]. North of the
Tangyuan, however, the Luobei segment of the YYF has a large, unclear surface compared
with the segment south of Tangyuan, which makes it difficult to define the location and
late Quaternary active features of the Luobei segment.
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In this study, we conducted shallow seismic exploration and trench excavation across
the YYF north of Tangyuan to map the geometry and kinematics of the fault.
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2. Geological Background

As the largest fault in eastern China, the TLFZ controls the development and evolution
of the crust and faults within the region, as well as the seismic activity [18,19]. According
to the structures and active seismic features, the TLFZ can be divided into three segments:
northern, central, and southern [19]. North of the Bohai Bay, the northern segment of TLFZ
splits into the Yilan-Yitong fault to the north-northeast (NNE) and into the Dunhua-Mishan
fault to the east-northeast (ENE). The southern-to-central TLFZ originated and experienced
sinistral slip movement during the Triassic due to the collision between the North China
craton and the South China block. Then, the TLFZ developed into NE China, forming the
YYF in the early Cretaceous [19,20].

The NE-trending YYF runs from Shenyang, Changchun, and Harbin to far-eastern
Asia and Russia. It is composed of two parallel branches with spacing of 10–30 km, re-
sulting in a series of narrow grabens and uplifts (Figure 1) [20–22]. Four main grabens
constitute the YYF; these are the Tangyuan, Fangzheng, Shulan, and Yilan grabens, bound
by Songhuajiang, Shangzhi, and Yilan uplift from north to south, respectively [22]. The
grabens are filled up with Paleogene to Neogene sandstone and mudstone overlaying
lower-Cretaceous volcanics with angular unconformity [23–25]. During the Cenozoic, the
YYF experienced a four-stage evolution progress: Paleogene rifting, compression-induced
inversion at the end of the Paleogene, Neogene subsidence, and Quaternary compression.
This was revealed by structural data and oil exploration results [22]. Although the proposed
principal direction of compressive stress is still the subject of debate, the YYF was an oblique
extensional graben in the Quaternary [7,22,26].

Geological and geomorphological evidence has revealed that the YYF has been active
since the late Quaternary, presenting as a reverse and dextral strike–slip fault [9,14,15].
Trench excavation and geochronology identified that the latest paleoearthquake could have
occurred in about AD 1810, with a magnitude of Ms 6.8–7.5 and seismic recurrence behavior,
followed by a quasi-periodic pattern with a very long interval of 10–20 ka [14]. Geological
and geomorphologic studies have suggested that the dextral slip rate of the YYF would
have been ~0.2–0.3 mm/y, which is consistent with present geodetic observations [11].

At the northmost point, the YYF develops within the Tangyuan fault depression (TFD),
which is a small petroleum basin west of the Sangjiang basin and northeast of China
(Figure 2). The Cenozoic strata of TFD are occupied by Paleocene to Pliocene mudstone
and sandstone and Quaternary sand and gravel [27]. A deep seismic reflection profile at
the southern TFD demonstrated that the YYF was a lithospheric scale fault, with the Moho
offset by the fault at a depth of 23–39 km [14]. Around TFD, the northern YYF is composed
of two branches: the western YYF and eastern YYF, which separate the Zhangguangcai
range massif to the northwest from the Jiamusi massif to the southeast (Figure 2).
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3. Methods and Data
3.1. Seismic Reflection Data

To locate the northern YYF, we carried out 3 seismic reflection profile explorations
across the fault zone using the longitudinal wave reflection method (Figure 2). The seismic
reflection data were collected by a G3i digital seismometer made in Canada and two parallel
60 Hz longitudinal wave detector strings. The seismic source utilized a KZ-28 vibrator
vehicle. The seismic dataset was acquired using a KZ-28 vibroseis vibrator at the center
of each receiving station, with bilateral asymmetric reception. A vibrator spacing of 10 m
and move-up distance of 2 m were utilized. The sweep frequency was 10–112 Hz, with a
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length of 15 s. The record length was 1500 ms, with a 0.5 ms sample rate, and the receiving
channels were 240.

The seismic reflection lines were conventionally processed by utilizing spectrum anal-
ysis, frequency filtering, speed sweep, and NMO correction (normal move-out) stacking
to obtain a preliminary reflection seismic time image for quality monitoring during the
collection of field data. Then, the seismic data were processed using predictive decon-
volution, multiple velocity analysis, refractive static correction, residual static correction,
migration, and noise suppression to highlight effective waves and suppress interference
waves, thereafter forming the final reflection seismology time profile.

3.2. Trench Excavation

Aerial photos taken by a DJI Phantom 4 quadcopter were used to map lineaments that
would potentially reveal the locations of active fault traces. We conducted unmanned aerial
vehicle (UAV) surveys at a typical flying altitude of 100 m in Heli Town, a possible site of
the YYF identified by seismic reflection data (Figure 2). We constructed dense point clouds,
orthophotos, and high-resolution digital elevation models (DEM) from the photographs
using the structure-from-motion method with Agisoft software (version 1.4.5). Based on
our interpretation of the aerial photos and DEM, the YYF presented as a linear fault scarp
across which we excavated a trench to reveal the fault traces of YYF. The depth of the trench
was limited to 1.5 m. The walls of the trench were cleaned, photographed, and logged, and
samples for radiocarbon and OSL dating were also collected from the trench to constrain
the ages of faulted and unfaulted trench layers.

4. Results
4.1. Seismic Interpretation
4.1.1. Seismic Velocity Model

As a potential petroliferous basin, much of the seismic data were collected in the
Sanjiang Basin [8,25–28], and we referred to these data to estimate the seismic velocity of
different sedimentary sequences in this study (Table 1).

Table 1. Seismic velocity of different units in Tangyuan depression.

Strata Lithology P-Wave Velocity (m/s)

Covering
layers

Quaternary

Sub-clay 1400

Silty fine sand 1550

Gravel 1800

Neogene Clay, mudstone, glutenite 1850

Bedrock
Paleogene Mudstone, sandstone 2200

Cretaceous Andesite, rhyolite, tuff >3000

To obtain the seismic velocity parameter used for the time depth conversion, the
following methods were adopted: (1) A velocity spectrum was picked up every 50 CDP
while analyzing the reflection data. (2) According to the strength distribution of the energy
groups, the best superposition speed curve was selected, and then the superposition speed
was calculated and converted to the average speed. (3) The time depth summary table of
the whole area was obtained by comprehensively averaging the average velocities obtained
from the shallow seismic data of each survey line (Table 2).
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Table 2. The time depth summary table of this study.

Time (ms) Depth (m) Time (ms) Depth (m) Time (ms) Depth (m) Time (ms) Depth (m)

10 7 270 249 530 558 790 930

30 23 290 271 550 584 810 962

50 38 310 293 570 611 830 994

70 54 330 316 590 638 850 1026

90 70 350 339 610 665 870 1058

110 87 370 362 630 693 890 1090

130 105 390 385 650 721 910 1122

150 124 410 409 670 750 930 1153

170 144 430 433 690 779 950 1183

190 164 450 457 710 809 970 1210

210 185 470 482 730 839 990 1238

230 206 490 507 750

250 227 510 532 770

4.1.2. Seismic Stratigraphy

The number of effective reflection wave groups that could be identified in the P-wave
reflection profiles was different for each profile due to the influence of the geological
structure and thickness of the overburden layers.

The regional geological map shows that the strata exposed in the study area were
mainly composed of Neogene and Quaternary, of which the Quaternary were widely
distributed and constituted the main covering layers in the area (Figure 2). Drilling revealed
that the Quaternary strata consisted of Upper, Middle, and Lower Pleistocene, as well as
Holocene strata. The thickness and composition of each stratum were relatively stable, and
the interface was clear (Figure 3). Together with our seismic reflection data, we suggest
1–4 groups of effective reflection waves (T1, T2, T3, and Tg, Figure 4) for the seismic
time profiles.

T1 developed between 50 and 70 ms, showing flattening in the whole area with
relatively slight unevenness in some parts, and the reflection events could be traced contin-
uously. T2 developed between 160 and 200 ms, which was relatively gentle across the whole
area with slight fluctuations in some parts. The energy of T2 was strong, with obvious dual
phases, and the reflection events had good continuity that could be tracked continuously.
T3 developed between 260 and 300 ms, had strong energy and was biphasic locally. The
reflection event had good continuity and could be tracked continuously. Tg developed
between 410–450 ms and gradually deepened from the south to the north in the whole area,
with strong amplitude. The event was biphasic and could be tracked continuously.

The collected borehole ZK1 was located 270 m south end of the profile L1, and the
ZK2 was 100 m away from the southwest side of 1820CDP of L2-3 (Figure 2). The borehole
data are displayed in Figure 3, in which the strata and geological attributes between
each reflection group are given. According to the above seismic stratigraphic sequence
calibration, we determined the corresponding relationship between the seismic sequence
(T1, T2, T3, and Tg) and stratigraphic structure in the area, as shown in Table 3.
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Table 3. The corresponding relationship between seismic sequences and stratigraphic structures.

Strata Seismic
Reflection Groups Lithology

Covering
layers

Late Pleistocene to
Holocene (Qp3-Qh)

Middle-to-fine sand,
middle-to-coarse sand, coarse sand

with gravels, sub-clay
T1

Early-to-middle
Pleistocene (Qp1-2)

Middle-to-coarse sand, coarse sand
with gravels, sand–gravel

T2

Pliocene (N2) Clay, silt

T3

Miocene (N1) Sandstone, mudstone, conglomerate

Tg

Bedrock
Paleogene (E) Sandstone, mudstone

Cretaceous (K) Andesite, tuff, rhyolite
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4.1.3. Faults Revealed by Seismic Data

Four seismic profiles were created across the TFD (L1–L4, Figure 2), among which
10 fault planes were observed on L1, L2-2, L2-3, and L2-4, while no distinct abnormal
reflection wave groups were observed on L2-1 or L3 (Section 4.2 and Figure 6).

(1) Faults on the L1

Three faulting points were observed on the L1: F1-1, F1-2, and F1-3. The F1-1 was
located near 2960CDP of L1, where the seismic time profile showed that the reflection wave
groups of bedrock were offset (Figure ??). At F1-1, the fault dipped in the NW direction,
with a gentle angle of the Paleogene sandstone and an offset of about 10 ms (~9 m). The F1-1
was covered by early-to-middle Pleistocene (Qp1-2) sediments at the top, with a buried
depth of about 125 ms (~110 m), which suggests that the F1-1 has not been active since the
early-to-middle Pleistocene.

The F1-2 was located near 4120CDP of L1, causing intense deformation. It was offset
at the top of Paleogene and early-to-middle Pleistocene reflectors, as well as at the bottom
of the late Pleistocene to Holocene reflectors (Figure ??). Similarly to the adjacent F1-1, the
F1-2 dipped in the NW direction, with a displacement of about 4 ms (~3 m) of the late
Pleistocene sediments.

The F1-3 was located near 6310CDP of L1, resulting in the displacement of reflections
in the Paleogene sediments (Figure ??). In contrast to the F1-1 and F1-2, the F1-3 presented
as a normal fault with a steep angle dipping in the NW direction, which displaced the
top of the Paleogene reflectors and those on the interior of the bedrock with offsets of
6 ms (~5 m) and 54 ms (~47 m), respectively. The top of F1-3, however, terminated in the
early-to-middle Pleistocene, indicating that it is an inactive fault.

(2) Fault on L2-2

The F2-2 was located near 2420CDP of L2-2, as indicated by the break of reflections
in the bedrock (Figure 8). The fault finished in the early-to-middle Pleistocene sediment,
with a depth of ~120 ms (~104 m) into the ground, appearing as a steep and north-west-
dipping normal fault with an offset of about 5 ms (~3 m) of bedrock (Figure 8). Different
reflectors developed around 1500CDP south of the F2-2, the north of which is character-
ized by clear reflections, while to the south, no distinct reflections developed. Surface
exposures suggest an angular, unconformable contact between the Paleogene to Neogene
strata and Cretaceous volcanic rocks, and this bedrock, without obvious reflection wave
groups, may be these volcanic rocks. We inferred that the different reflectors around the
1500CDP could be the unconformity between the Paleogene sandstones and mudstones
and the Cretaceous volcanic sedimentary rocks which separated the Jiamusi Uplift from
the Yilan-Yitong graben.

(3) Fault on L2B

The F2B was located near 1360CDP of L2B, reflected by the offset of Tg that may have
been caused by the fault. Within L2B, the F2B appeared to be a normal fault, dipping NW
with an offset of approximately 4 ms (3 m), as indicated by the height difference in the
bedrock’s surface (Figure 9). The top of F2B was covered by Quaternary deposits with
a depth of about 120 ms (105 m), which suggests that the F2B has been inactive since
the Quaternary.

At CDP900, south of the F2B, a group of gently dipping reflectors divided the Paleo-
gene mudstone and sandstone from the Cretaceous volcanics, which was inferred to be the
unconformity (Figure 9). North of the unconformity, the reflectors were well developed in
the Paleogene, while no distinct reflectors were developed south of the unconformity in
the Cretaceous.

(4) Fault on L2-3

The F2-3 was indicated by a break and drop of reflectors within the bedrock at around
4680CDP on the L2-3 profile, appearing as a steep, SE-dipping normal fault (Figure 10). Up
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to the ground’s surface, the F2-3 could be traced down to a depth of about 120 ms (103 m).
Above the bedrock’s surface (Tg), the reflections were continuous, which suggests that
the F2-3 have been inactive since the Quaternary. North of the F2-3, the reflectors were
in disarray and discontinuous; these could be the Cretaceous volcanic sedimentary rocks
comprising the central uplift of the YYG. Those south of these were continuously well
developed, and may be the Paleogene sandstone and mudstone constituting the eastern
depression of the YYG.

(5) Faults on L2-4

Four faults were revealed by line L2-4 (F2-4-1, F2-4-2, F2-4-3, F2-4-4; Figure ??). The
F2-4-1 was characterized by the displacement of reflectors in the bedrock at a depth of
about 260 ms (245 m), presenting as a steep, NW-dipping normal fault (Figure ??). Upward,
the reflections were continuous, without displacement in the Neogene or Quaternary, and
the bedrock surface (Tg) was slightly twisted, suggesting that the F2-4-1 was active before
the Neogene. North of the F2-4-1, the reflectors were well developed and clear; these could
be Paleogene sandstone and mudstone as part of the western depression of the YYG. On
the other hand, the reflectors were chaotic and unclear on the southern side and could be
Cretaceous volcanic sediment belonging to the central uplift of the YYG.

The F2-4-2 was interpreted at around 6520CDP of L2-4, and was reflected by the
discontinuity and offset of the reflectors in the bedrock (Figure ??). The fault dipped
southeast with a gentle angle, presenting as a thrust fault. The top of F2-4-2 was limited in
the bedrock, with a depth of about 170 m (200 ms), suggesting that this fault branch has
been inactive since the Quaternary.

At around 10750CDP of L2-4, the underlying bedrock reflectors were deformed and
displaced, showing a NW-dipping thrust of F2-4-3 with an offset of 6 ms (5 m) of the bedrock
surface (Figure ??). The upper termination point of F2-4-3 was buried by the continuous
reflections of T1 down to a depth of 140 ms (116 m), indicating that the fault was mainly
active before the early-to-middle Quaternary. Similarly to the F2-4-3, the F2-4-4 was also
characterized by the deformation and breakage of reflectors at 11250CDP of L2-4 (Figure ??).
Contrastingly, the upper faulted point of F2-4-4 extended into the late Pleistocene sediments,
demonstrating that the fault has been active since the late Pleistocene.

4.2. Paleoseismic Evidence

The YYF at Heli Town was visible in the late Quaternary sediment, as evidenced
by fault scarps (Figure 12a). The vertical displacement of the geomorphic surface was
determined by extracting elevation profiles perpendicular to the strike of the fault scarps
from high-resolution DEM generated by UAV. The topographic profile showed that the
fault scarp of the late Quaternary sediments was about 0.6 m in height. (Figure 12b,c).
Trench excavation was conducted across the fault scarp in this study, which revealed seven
distinct sedimentary units (Units 1–7) based on their composition, sedimentary facies,
and structure (Figure 13). Unit 1 was composed of grayish-black sand and soil, and it
constitutes the main plowlands in the northeastern China. Yellow earth and coarse sand
with some gravel constituted unit 2. Samples from unit 2 showed ages of 5650 ± 30 y B.P. to
11.77 ± 0.51 ka (samples JMS-1 to JMS-3, as listed in Tables 4 and 5). Unit 3 was composed
of blackish-gray soils that presented as lens-shaped, undulating layers. Small, light-gray
gravels and sandy gravels made up Unit 4. Unit 5 was composed of cross-bedding alluvial
gravels. Grayish-yellow, coarse gravels made up unit 6, which was interbedded with 10 cm
of light-gray clay at the top between units 5 and 6. Unit 7 was composed of grayish-yellow
alluvial gravels.
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Figure 12. Site of the trench. (a) Fault scarps of the WYYF at Heli Town presented on the DEM 
derived from a UAV. (b) Topographic profile across the scarp with a height of about 0.6 m. (c) Photo 
of the fault scarp taken from a UAV. 

 
Figure 13. Trench photos and interpretation with the location of samples. The a and b show the 
detailed the fault features in Figure 14. 
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Figure 14. (a) Photograph of fault F1 revealed by the trench; (b) structure features of F2 indicated by
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Table 4. OSL dating results of samples from the trench.

Sample Depth (m) U (µg/g) Th (µg/g) K(%) Water (%) D (Gy/ka) De (Gy) Age (ka)

JMS-1 0.5 3.08 ± 0.1 13.8 ± 0.28 2.69 ± 0.02 15.12 3.92 ± 0.15 46.16 ± 1.04 11.77 ± 0.51

JMS-2 2 1.18 ± 0.01 5.37 ± 0.24 4.16 ± 0.03 5.00 4.85 ± 0.22 119.57 ± 7.12 24.64 ± 1.85

Table 5. Radiocarbon results of the sample from the trench.

Sample Beta ID * Conventional Age †
(yr B.P.)

Calibrated Age ‡
(Cal B.P.)

Calibrated Calendar
Age (B.C.) Description

JMS-3 613471 5650 ± 30 6495-6390 4546-4441 Organic soil

* Samples were analyzed at Beta Analytic Inc., Miami, FL, USA. † Radiocarbon ages were measured using
accelerator mass spectrometry (AMS) and are referenced to the year A.D. 1950. The analytical uncertainties are
reported at 2σ. ‡ Dendrochronologically calibrated calendar age by OxCal 4.3 [29,30].

The trench wall also revealed the presence of two fault branches (F1–F2) (Figure 13).
Fault F1 was characterized by the deformation of U3 and U4 (Figure 14). Fault F2 presented
distinct fissures and bending gravels within U5, U6, and U7, causing the displacement of
the gray clay interbedded in U6 (Figure 14).

5. Discussion
5.1. Geometry and Kinematics of the Northmost Yilan-Yitong Fault

Based on the shallow seismic profiles, four fault branches (F1-1, F9, F1-3 and F1-2,
Figure 2) were identified at the northmost point of the YYF, described as follows:

The F1-2 and F2-4-4 are both northwest-dipping reverse faults with similar strikes
in their spatial distributions, which could be connected to F1 fault, as is consistent with
the western branch of the YYF. The NE-trending reverse F1 fault was steep at the top and
gentle at the bottom, as shown by the shallow seismic reflection data. According to the
seismic sequence, the F1 fault has been active since the late Pleistocene.

The northwest-dipping reverse faults F1-1 and F2-4-3 could be linked to fault F9, with
a burial depth of about 110-116 m, which suggests that the F9 has been inactive since the
early Pleistocene. Based on the geometry revealed by the seismic data, we inferred that the
F1 and F9 would be the two main branches of the WYYF, and that they would connect into
one fault at a certain depth.

The northwest-dipping normal fault F1-3 faulted in the early-to-middle Pleistocene
strata, which indicates that F1-3 has been inactive since the early-to-middle Pleistocene.
Fault F1-2, the eastern branch of YYF, comprised the steep, northwest-dipping normal fault
F2-2-1 as well as F2B-1, with a burial depth of about 105 m. This suggests that the F1-2 has
been an inactive fault since the early Pleistocene.

We identified two fault branches (F1 and F2) on the trench wall based on the dis-
placement of sedimentary units and structural deformation. The F1 cut unit 3, but did not
displace the bottom of unit 2, while the F2 was covered by unit 4, which suggests that F1
occurred after F2. We estimated that the most recent paleoearthquake event occurred before
the deposition of unit 2 and after that of unit 3. We obtained two possible ages for unit 2
by OSL and 14C dating, with ages of about 11 ka and 4.5 ka, respectively (Tables 4 and 5).
Based on the regional Quaternary strata distribution, we suggest that the 4.5 ka estimate
may be close to the real age of unit 2. The depth of samples JMS-01 and JMS-03 was about
0.5 m, corresponding to the Holocene. The dating results suggest that the most recent
paleoearthquake occurred before 4.5 ka, which is different from other segments of YYF [11].
Previous studies have suggested that the earthquake recurrence interval could be several
to tens of thousands of years [15]. Compared with the earthquake recurrence interval, the
Tangyuan segment of YYF faces a relatively low seismic risk. However, the seismic hazard
assessment requires more evidence, and more research is needed in the future.
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5.2. Cenozoic Evolution of Yilan-Yitong Graben

The seismic time section revealed significantly different reflect signals within the
bedrock at around 1500CDP of L2-2 and 900CDP of L2B, south of which no obvious
reflectors developed, while dense reflectors developed to the north within the bedrock. The
different reflectors were bounded by a nonconforming surface, which appears as a group
of gently dipping reflections in the seismic time section. The unconformity strikes NEE and
divides the Jiamusi uplift from the Yilan-Yitong graben, the west of which is dominated by
Paleogene sandstone and mudstone in the Yilan-Yitong graben, and the east of which is
occupied by the Cretaceous volcanic sedimentary rocks of the Jiamusi uplift.

Three NE-trending structures exist from the northwest to southeast in the Yilan-Yitong
graben: the western depression, central rise, and eastern depression (Figure 15). Based
on the seismic profiles, the eastern depression is 6.3 km wide, the central rise is 6.7 km
wide, and the width of the western depression exceeds 8.3 km. The western and eastern
depressions are composed of Paleogene strata, and the central rise is dominated by the
Cretaceous. Additionally, the sand and mudstone sequence in the eastern and western
depressions appeared as gentle folds, as revealed by the reflectors in the bedrock. The
western depression is composed of two anticlines and two synclines distributed alternately
on the seismic data (Figure 15), while the eastern depression is composed of two anticlines
sandwiched by a syncline (Figure 15). Only the southern-most anticline shows a local bend
located at the 350CDP of L2-3 and the 2650CDP of L2-2, which represents the overlapping
parts of the two survey lines, that is, they are conformal bends on the same anticline. The
deformed Paleogene and overlying Neogene strata suggest that the folds in the Yilan-Yitong
graben were formed after the end of the Paleogene.

Sustainability 2024, 16, x FOR PEER REVIEW 19 of 21 
 

anticlines sandwiched by a syncline (Figure 15). Only the southern-most anticline shows 
a local bend located at the 350CDP of L2-3 and the 2650CDP of L2-2, which represents the 
overlapping parts of the two survey lines, that is, they are conformal bends on the same 
anticline. The deformed Paleogene and overlying Neogene strata suggest that the folds in 
the Yilan-Yitong graben were formed after the end of the Paleogene. 

 
Figure 15. Tectonic framework across the TFD revealed by the seismic reflection data. 

The seismic time sections suggest that the Neogene strata were distributed locally, 
thinly in the west and thickly in the east, which is consistent with the drilling data. How-
ever, the spatial distribution difference in the thickness of the Neogene strata indicate that 
the Yilan-Yitong graben formed huge thick deposits in the Paleogene, and then the Neo-
gene appeared to have different spatial subsidence and rise characteristics. To the west, 
the graben, i.e., the rising section, resulted in sporadic deposition of Neogene strata, while 
the Neogene deposits were widespread, and the thickness increased significantly to the 
east. Only in the early Pleistocene did the whole graben and its surrounding area have a 
large range of subsidence. 

6. Conclusions 
(1) North of Tangyuan County, the YYF is composed of two main branches, of which 

the western YYF branch is a late-Pleistocene active fault and the eastern one is a middle-
to-early-Pleistocene fault. 

(2) Field investigation and trench excavation suggested that the most recent paleo-
earthquake may have occurred before about 4.5 ka along the Tangyuan segment of the 
YYF. Compared with the seismic recurrence interval, the risk of a large earthquake in 
Tangyuan is relatively low, but this requires more evidence in order to be verified. 

(3) The seismic reflection data and sedimentary sequence reveal that the YYF north 
of Tangyuan is composed of three tectonic belts: a western depression, a central bulge, and 
an eastern depression. Each tectonic belt is composed of several small folds formed from 
the end of Paleogene to the beginning of Neogene. After the Neogene, differing subsid-
ence and uplift arose in various parts of the YYF, and after the early Pleistocene, it showed 
consistent subsidence. 

In this paper, we provided the shallow geometry of the Tangyuan segment of the YYF 
and preliminarily estimated the times of paleoearthquake occurrence. In the future, we 
suggest that focus be placed on deep structural and detailed paleoearthquake sequences 
to discuss tectonic origins and seismic hazard risks. 

Figure 15. Tectonic framework across the TFD revealed by the seismic reflection data.

The seismic time sections suggest that the Neogene strata were distributed locally,
thinly in the west and thickly in the east, which is consistent with the drilling data. However,
the spatial distribution difference in the thickness of the Neogene strata indicate that the
Yilan-Yitong graben formed huge thick deposits in the Paleogene, and then the Neogene
appeared to have different spatial subsidence and rise characteristics. To the west, the
graben, i.e., the rising section, resulted in sporadic deposition of Neogene strata, while the
Neogene deposits were widespread, and the thickness increased significantly to the east.
Only in the early Pleistocene did the whole graben and its surrounding area have a large
range of subsidence.
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6. Conclusions

(1) North of Tangyuan County, the YYF is composed of two main branches, of which
the western YYF branch is a late-Pleistocene active fault and the eastern one is a middle-to-
early-Pleistocene fault.

(2) Field investigation and trench excavation suggested that the most recent paleo-
earthquake may have occurred before about 4.5 ka along the Tangyuan segment of the YYF.
Compared with the seismic recurrence interval, the risk of a large earthquake in Tangyuan
is relatively low, but this requires more evidence in order to be verified.

(3) The seismic reflection data and sedimentary sequence reveal that the YYF north of
Tangyuan is composed of three tectonic belts: a western depression, a central bulge, and an
eastern depression. Each tectonic belt is composed of several small folds formed from the
end of Paleogene to the beginning of Neogene. After the Neogene, differing subsidence
and uplift arose in various parts of the YYF, and after the early Pleistocene, it showed
consistent subsidence.

In this paper, we provided the shallow geometry of the Tangyuan segment of the YYF
and preliminarily estimated the times of paleoearthquake occurrence. In the future, we
suggest that focus be placed on deep structural and detailed paleoearthquake sequences to
discuss tectonic origins and seismic hazard risks.
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Abstract: The rapid assessment of post-earthquake building damage for rescue and reconstruction is
a crucial strategy to reduce the enormous number of human casualties and economic losses caused
by earthquakes. Conventional machine learning (ML) approaches for this problem usually employ
one-hot encoding to cope with categorical features, and their overall procedure is neither sufficient
nor comprehensive. Therefore, this study proposed a three-stage approach, which can directly handle
categorical features and enhance the entire methodology of ML applications. In stage I, an integrated
data preprocessing framework involving subjective–objective feature selection was proposed and
performed on a dataset of buildings after the 2015 Gorkha earthquake. In stage II, four machine
learning models, KNN, XGBoost, CatBoost, and LightGBM, were trained and tested on the dataset.
The best model was judged by comprehensive metrics, including the proposed risk coefficient. In
stage III, the feature importance, the relationships between the features and the model’s output,
and the feature interaction effects were investigated by Shapley additive explanations. The results
indicate that the LightGBM model has the best overall performance with the highest accuracy of
0.897, the lowest risk coefficient of 0.042, and the shortest training time of 12.68 s due to its relevant
algorithms for directly tackling categorical features. As for its interpretability, the most important
features are determined, and information on these features’ impacts and interactions is obtained to
improve the reliability of and promote practical engineering applications for the ML models. The
proposed three-stage approach can provide a reference for the overall ML implementation process on
raw datasets for similar problems.

Keywords: building damage assessment; earthquake disaster; categorical feature; machine learning;
LightGBM; interpretability method; Shapley additive explanation

1. Introduction

In recent years, earthquake disasters have resulted in an enormous number of casu-
alties and economic losses [1–3]. In 2010, Haiti was severely impacted by an earthquake
with a moment magnitude (Mw) of 7 which left 316,000 people dead or missing, millions of
people homeless, and more than half of the buildings around the epicenter damaged [4]. In
2015, an earthquake with an Mw of 7.8 struck Gorkha, Nepal, resulting in over 30,000 people
dead or injured, eight million people displaced, 500,000 houses destroyed, and another
250,000 houses damaged [5]. In 2023, a 7.8 Mw earthquake happened in Turkey and Syria,
where there were around 55,000 fatalities, 130,000 injuries, and 50,000 destroyed or badly
damaged structures as a result of the tragedy, which affected approximately 18 million
people [6,7]. Given the above shocking and alarming facts, it would be useful to be able to
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rapidly identify buildings with severe and light damage after an earthquake to implement
proper rescue and reconstruction, facilitating the sustainable development of cities.

Some conventional assessment techniques have been developed based on empirical
principles. Ningthoujam and Nanda proposed a robust and straightforward approach to
evaluating the safety of concrete buildings against earthquakes in India, considering fea-
tures such as whether the buildings are soft story, their age, whether they have substantial
overhang, and so on [8]. Khan et al. employed a rapid visual screening approach of FEMA
P-154 to assess the seismic vulnerability of existing buildings in Malakand, a region with an
elevated risk [9]. Diana et al. predicted displacement demand and building damage grades
(DGs) more accurately by typological capacity curves and the modified N2 method for
Nordic countries [10]. Ozer et al. developed a comprehensive framework to assess seismic
damage efficiently and accurately in multi-story buildings. This framework operates in
near real time and encompasses three distinct levels of analysis: an empirical formulation,
the effective stiffness concept, and the finite element model [11]. Martínez-Cuevas et al.
performed statistical modeling and found discrimination metrics based on various national
criteria and a ranking of features to assess the habitability of houses after earthquakes [12].

Machine learning (ML) is another favorable approach to address the subjectivity
underlying empirical formulas and consider the potential impact of a broader range of
features. Chaurasia et al. performed predictions using a neural network and the random
forest model, and the best-performing model’s F1 score was 0.743. [13]. Chen and Zhang
used a cloud model and Bayesian networks to predict the DG in three levels with an ac-
curacy of 0.888 based on a dataset of 9920 buildings [14]. A year later, they performed
a three-grade damage prediction by ensemble learning with an accuracy of 0.783 based
on a dataset of 12,045 buildings [15]. K.C. et al. trained and tested four ML models to
predict building damage in five grades for 549,251 buildings and found that XGBoost had
the highest accuracy of 0.577 [16].

It is acknowledged that ML can achieve high-accuracy damage grade assessments;
however, it is typically realized by complex models, many of which are black boxes that
are challenging even for experts to interpret [17]. Moreover, erroneous decisions that arise
from the models may have severe repercussions, necessitating interpretability methods
to guarantee the reliability of the decisions. Feature importance offers a simplified and
global interpretation by ranking the importance of the features [18]. Partial dependence
plots and accumulated local effects plots can present the average impact of features on
predictions, and the latter has a broader range of applications as it is free from the limitation
of the feature independence assumption [19,20]. Shapely additive explanations stem from
game theory and elucidate the importance of features by comparing the mean change in
model output through the presence or absence of features after constructing combinations
of different features [21,22].

In the above studies, conventional empirical assessment techniques incorporate empir-
ical formulations that are constrained by the researchers’ experience and that have limited
regional applicability. In addition, the limited considered features make it challenging to
capture the potential feature influence and gain deeper insight into the mechanism in com-
plex scenarios. Consequently, ML assessment approaches are preferred. However, when the
ML models were implemented in the above studies, there was inadequate attention given
to data preprocessing, affecting the accuracy and efficiency of the ML models. Additionally,
none of them directly dealt with categorical features but employed one-hot encoding,
increasing the feature dimensions and computational cost. Moreover, there was not enough
consideration of the reliability the models when applied to practical engineering projects.

To bridge this gap, this paper proposed a three-stage approach, which can directly
handle categorical features and achieve high-accuracy damage grade assessments of post-
earthquake buildings. Meanwhile, the proposed approach enhanced the entire problem-
solving methodology, i.e., before, during, and after the implementation of the ML models,
to improve the models’ accuracy and reliability. The remaining sections of the paper are
organized as follows. In Section 2, the fundamental concepts and principles underlying
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the utilized ML models, evaluation metrics, and interpretability method are reviewed. In
Section 3, the implementation of the three-stage approach is described in detail, including
data preprocessing, the development of the ML models, and the development of the
interpretability method for the best-performing model. In Section 4, the primary findings
and limitations of the study are provided, and potential avenues for further research
are presented.

2. Overview of Machine Learning and Interpretability Methods
2.1. Machine Learning Methods
2.1.1. K-Nearest Neighbors (KNNs)

The KNN algorithm is a non-parametric and supervised model, classifying samples
relying on their closest neighbor’s majority vote [23]. KNNs are influenced by the pre-
dominant number of samples among the closest K points, which, in turn, determines the
quantity of neighbors K in the final result [24,25]. The distance metrics can be determined
by various functions, among which the Heterogeneous Euclidean-Overlap Metric (HEOM)
is suggested, as presented in Equation (1) [26]:

d(X, Y) =

√
m

∑
n=1

dn(xn − yn) (1)

where dn(xn − yn) denotes the distance between two observed samples in the nth feature.
A KNN is easy to implement and adapts easily, but it does not scale well and is prone

to overfitting. The KNN algorithm works on the following principles [27]:

(1) Determine the distance between each training and test set of data;
(2) Sort by the increasing distance;
(3) Choose the K points with the shortest distance;
(4) Determine the frequency of occurrence of the category in which the first K points belong;
(5) Provide the data class that appears the most frequently in the first K points as the

classification result of the test data.

2.1.2. Extreme Gradient Boosting (XGBoost)

In ML techniques, extreme gradient boosting is an algorithm for ensemble learning,
commonly called XGBoost [28]. It integrates statistical boosting approaches and contains
classification and regression trees (CARTs) that are pretty straightforward. Boosting is a
technique that improves a model’s accuracy by building several trees rather than a single
tree and then combining those trees into a single prediction framework. This helps refine
the estimation precision by increasing the model’s accuracy [29]. XGBoost constructs the
tree by iteratively utilizing the residuals from the previous trees as contributions to the
resulting tree. Consequently, the resulting tree evolves by capturing the accumulated errors
of the previous trees, ultimately refining the overall prediction. The growth of the new
tree ceases either upon reaching the predetermined maximum limit of trees or when the
training error fails to improve over a specified quantity of successive trees. Including
random sampling in gradient boosting significantly improves the accuracy of estimations
and the speed of execution. This integrated technique, probabilistic boosting, enhances the
algorithm’s overall performance [30]. The objective function of XGBoost consists of a loss
function and a penalty term, as presented in Equation (2) [31,32]:

Obj(t) = ∑
i

l
(

yi, ŷ(t)i

)
+ ∑

k
Ω( fk) (2)

where t represents the tth iteration of training; l quantifies the difference between the actual
value and the predicted value; and Ω( fk) = γT + 1

2 λ‖ω‖2 is the penalty term governing the
complexity of the kth tree [33]. In the penalty term, γ and λ represent the complexity of the
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leaves and the penalty parameter. T and ‖ω‖2 denote the leaf count and the output of each
leaf node [34]. Further details of the XGBoost model can be found in the studies [35–37].

2.1.3. Categorical Boosting (CatBoost)

CatBoost, an unbiased gradient boosting algorithm, handles categorical features di-
rectly [38]. Its notable characteristics include the capability to deal with categorical features
and the novel order-boosting method without predicting shifts. It offers distinct solutions
for various categorical features. CatBoost optimizes its tree splitting process instead of pre-
processing. The features contain a limited number of classes, so the classifier incorporates
one-hot encoding to transform the categorical features into numeric representations based
on their frequency. As for combined features, the classes are substituted with the mean
target value. This feature transformation will signify the loss of information regarding the
interplay between categorical features. Therefore, CatBoost considers the prior amalgama-
tion of the characteristics of the present state alongside the remaining categorical features.
CatBoost can decrease model overfitting using the feature conversion value, as presented
in Equation (3) [39,40]:

x̂k
i =

n
∑

j=1
ϕ
(

xk
j = xk

i

)
Yj + αp

n
∑

j=1
ϕ
(

xk
j = xk

i

)
+ α

(3)

where xk
i and xk

j are the kth feature vectors in the ith and jth sample groups, respectively,
and i and j fall within the range of 1 to n (the number of the sample groups); ϕ, Yj, α, and p
are the indicator function, ith target value, prior weight, and prior value, respectively.

The Minimal Variance Sampling (MVS) training mechanism is also a highlight of
CatBoost. MVS is a weighted sampling variant of the regularization sampling technology.
CatBoost incorporates all the settings needed to build separate decision trees and set
up the random forest. The literature [41–43] can be referenced for further information
about CatBoost.

2.1.4. Light Gradient Boosting Machine (LightGBM)

LightGBM is an exceptionally efficient implementation of the gradient boosting deci-
sion tree (GBDT) algorithm [44]. Unlike the traditional approach of level-wise tree growth,
LightGBM adopts a leaf-wise growth approach for its decision trees, which are displayed
in Figure 1a,b, respectively. The level-wise growth approach splits leaves on the identi-
cal layer simultaneously, assisting in model complexity controlling and multi-threading
optimization. It processes all leaves in the same layer without distinction, increasing super-
fluous calculations and inefficiency. The leaf-wise growth approach, however, only selects
and splits the leaf with the highest information gain each time. The information gain is
calculated as follows [45,46]:

IG(A, W) = En(A)− ∑
w∈Values(W)

|Aw|
A

En(Aw) (4)

En(A) =
D

∑
d=1
−pd log2 pd (5)

where En (A) and En (Aw) are the information entropy of the collection A and its subset Aw
whose feature value is w, respectively; w, D, and pd are the value of feature W, the number
of categories, and the ratio of A to category d, respectively. Though the leaf-wise approach
can assist in reducing errors and achieving greater accuracy, it may lead to overfitting due
to the growth of a pretty deep decision tree, necessitating a maximum depth constraint.
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Figure 1. Schematic diagrams of some approaches related to LightGBM: (a) Conventional level-
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Figure 1. Schematic diagrams of some approaches related to LightGBM: (a) Conventional level-wise
tree growth; (b) LightGBM leaf-wise tree growth 2; and (c) Histogram algorithm.

Figure 1c displays how the characteristics are binned, and the histogram approach
is employed. Additionally, Gradient-based One-Side Sampling (GOSS) reduces training
samples, while Exclusive Feature Bundling (EFB) merges features. The GOSS method
assumes that samples with greater gradients affect information gain more than those with
lower gradients. GOSS first sorts samples by their gradient absolute value in decreasing
order. Next, a part of the top samples is chosen. GOSS also picks a fraction of the remaining
data for sampling. EFB views characteristics as vertices and clashes as weighted edges,
grouping them as graph colors. GOSS and EFB reduce computational complexity without
affecting accuracy. LightGBM has a high accuracy, fast training speed, efficient handling
of big data, and GPU-accelerated learning. Details of the LightGBM are provided in the
literature [47–49].

2.2. Machine Learning Evaluation Metrics

Accuracy, precision, and recall are three common fundamental metrics. These metrics
are formally defined by true positive (TP), false negative (FN), false positive (FP), and true
negative (TN), as illustrated in Figure 2.
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Accuracy, an overall metric that evaluates the performance of all categories, is defined
by the proportion of correctly predicted samples, i.e., TP and TN, to the total number,
as presented in Equation (6). The classification performance of a specific category can
be evaluated by precision and recall. Precision is the truly predicted proportion of the
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predicted positive, and recall is the proportion that is successfully predicted as positive in
the actual positive, which are defined in Equations (7) and (8).

Accuracy =
TP + TN

TP + TN + FP + FN
(6)

Precicsion =
TP

TP + FP
(7)

Recall =
TP

TP + FN
(8)

The confusion matrix is a visualized approach to assessing the performance of ML
classification models. The classification of the three DGs in this study is represented by a
confusion matrix consisting of three rows and three columns, as demonstrated in Figure 3.
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Figure 3. Confusion matrix for the classification of the three DGs.

From Figure 3, the element on the pth row and qth column is Np, q, representing the
number of samples that are predicted as the pth category and actually belong to the qth
category. The elements on the main diagonal are true positives, and the depth of blue
indicates their sizes. Other elements are misclassified samples, including true negatives,
false positives, and false negatives, and the depth of orange indicates their sizes. The
confusion matrix provides a clear view of how the categories are predicted and confused in
the classification. Meanwhile, it can also be used to calculate accuracy, precision, and recall.

Reliability is essential for models that may be applied to practical engineering projects.
In this problem, misclassifying a high DG as a low DG leads to considerable risk. To quan-
titatively assess this risk, it is supposed that damage resulting from the misclassification of
DG as 3 to 2 and 2 to 1 is set to 1, and the damage caused by the misclassification of DG as
3 to 1 is set to 2. Then, a novel metric risk coefficient is proposed, which can be defined
as follows:

Risk coefficient =
N3,2 + N2,1 + 2N3,1

3
∑

p=1

3
∑

q=1
Np,q

(9)

The smaller the risk coefficient, the less potential damage the model may cause due to
misclassification.

Moreover, the training time should also be taken into consideration. In practical
applications, the number of samples involved in training can be numerous, while the time
available for training is limited since the relevant people need to race against time to save
victims and reinforce buildings after an earthquake. At this time, the shorter the training
time, the better the model is. It can be implemented with the time library, which is a Python
native library and does not require an additional download.
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2.3. Interpretability Method: Shapely Additive Explanations

The Shapely Additive Explanations (SHAP) framework was introduced by Lundberg
and Lee, drawing inspiration from game theory and local explanations. This methodology
offers a promising approach to interpreting ML models [21,22]. As defined by SHAP,
the explanation for a model with m input features is represented by a linear function g
consisting of m binary features as follows:

g(z) = ϕ0 +
m

∑
i=1

ϕizi
′ (10)

where zi
′ is 1 when a feature is observed; otherwise, it is 0. ϕ0 represents the base value of

the prediction, and ϕi denotes the contribution of the ith feature.
The calculation of the contribution of the ith feature, referred to as the SHAP value, is

performed using the conditional output of subsets derived from game theory:

ϕi = ∑
S∈M{i}

|S|!(M− S− 1)!
M!

[ fx(S ∪ {i})− fx(S)] (11)

where M is the set of m features; S denotes all feature subsets that exclude the ith feature;
the output of a tree when considering a specific feature subset S is fx(S) = [E( f (x)|xs )];
and fx(S ∪ {i}) and fx(i) are the expected output of models that include and exclude the
ith feature, respectively. A comprehensive explanation of SHAP can be referred to in the
literature [50].

3. Modeling of Damage Grade Assessment for Buildings

On 25 April 2015 at 11:56 AM NPT (UTC+5:45), an earthquake occurred in Gorkha,
Nepal, as presented in Figure 4 [51]. The magnitude was 7.8. The location of the epicenter
was 28.15◦ N and 84.71◦ E, and the depth was 15.0 km. Furthermore, there were three
significant aftershocks with magnitudes of about 7. The first two occurred on the 25th and
26th of April, while the other happened on the 12th of May. More than 600,000 structures
in Kathmandu and its surrounding areas experienced varying degrees of damage or de-
struction. Additionally, a considerable loss of human life occurred, with a reported death
toll of approximately 9000 individuals. This seismic event was experienced throughout
Nepal’s central and eastern regions, a significant portion of the Ganges River valley in
India’s northern part, the northwestern area of Bangladesh, the southern plateau of Tibet,
and the western region of Bhutan [51].

In 2016, Kathmandu Living Labs and the Central Bureau of Statistics conducted a
comprehensive household survey utilizing mobile technology. The effects of the earthquake,
the state of households, and demographic and economic data were all covered in this
survey. The dataset utilized in this study was acquired from a comprehensive dataset and
subsequently streamlined to align with the research goals of this paper, as documented by
Driven Data [52]. The dataset consists of 214,839 rows and 39 columns. In this context, it
can be observed that each row within the given dataset corresponds to a distinct building,
while each column represents a specific feature associated with these buildings. Three
distinct grades of damage exist, namely one, two, and three, which correspond to minimal
damage, moderate damage, and near-total devastation, respectively.
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Figure 4. Location of the epicenter and major aftershocks of the 2015 Gorkha earthquake, as well as
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3.1. Stage I: Data Preprocessing

First, an integrated data preprocessing framework was proposed, including missing
value processing, outlier processing, duplicate value processing, normalization processing,
feature selection, and variable encoding [53]. The whole process is shown in Figure 5.
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3.1.1. Missing Value Processing

Missing values can occur for several reasons, such as the unsuccessful acquisition
of data, an accident while storing or transferring data, etc. First, for a building, if more
than half of its 39 features have missing values, then this row of data should be discarded
directly. If not, training after filling in the missing values may affect the model’s accuracy.
Then, owing to the categorical features in the dataset, linear interpolation and cubic spline
interpolation filling methods are not appropriate. The missing value is filled with the
nearest non-missing value in that column of data. If the two non-missing values closest
to the missing value are equal in distance to it, then one is randomly chosen to fill the
missing value.

3.1.2. Outlier Processing

Outliers can also occur in the dataset, perhaps due to the wrong information being
obtained while acquiring, storing, or transferring data. It is noted that there are three types
of data in the dataset: int, categorical, and binary, and the possible values are specified.
Thus, if a value in the column is outside the specified range, it is considered an outlier. Here,
the range is determined by the median absolute deviation algorithm [53]. Similarly, if more
than half of a building’s feature data are outliers, the building’s data should be discarded.
The replacement of outliers was performed using a method similar to the missing value
filling method, i.e., replacing an outlier with the nearest non-outlier in that column.
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3.1.3. Duplicate Value Processing

Duplicate values appearing in the variable building_id need to be handled. Because
the values of the building_id variable represent the unique identification of a building,
two buildings cannot have the same value. The building_id variable is first tabulated and
sorted in descending order. For building_id variables with occurrences greater than 1, the
row with fewer missing values and outliers is kept; otherwise, the front row is kept.

3.1.4. Normalization Processing

Since the dimensions and specific ranges of features are different, normalization is
required to speed up the training of ML models and may improve accuracy. The normal-
ization method is min–max normalization realized by the MinMaxScaler function of the
sklearn library [54]. It should be noted that only int-type variables are processed here, binary
variables are not processed, and categorical variables are processed in subsequent steps.

3.1.5. Feature Selection

There are 39 features in the dataset, which is quite a lot. Thus, the features need to be
selected to accelerate the training and prediction of the model. Before that, it is noted that the
variables associated with has_superstructure and has_secondary_use are all binary variables,
which can be turned into categorical variables to reduce the number of features and compact the
information expression. Afterwards, 19 features are able to express the information expressed
by the original 39 features. Furthermore, the building_id feature is removed because it only
serves to distinguish each building and does not substantially contribute to the judgment of DG.
Information on the remaining 18 features is shown in Table 1.

Table 1. The building features after preprocessing for ML modeling.

Feature Identifier Type Description Possible Values

geo_level_1_id Ng1

int

from broadest (level 1) to narrowest
(level 3) in terms of the building’s

geographical location

0–30
geo_level_2_id Ng2 0–1427
geo_level_3_id Ng3 0–12,567

count_floors_pre_eq Nfl
post-earthquake number of floors of

the building no exact value range

age Na
number of years the building has been

in existence no exact value range

count_families Nfa
number of family members residing in

the building 0–9

area_percentage Pa
normalized area of the

building footprint no exact value range

height_percentage Ph
normalized height of the

building footprint no exact value range

land_surface_condition Cls

categorical

the surface condition of the land for
the location of the building n, o, t.

foundation_type Tf foundation type of the building h, i, r, u, w.
roof_type Tr roof type of the building n, q, x.

ground_floor_type Tg ground floor type of the building f, m, v, x, z.

other_floor_type To

type of constructions utilized for
stories above ground level (other than

the roof)
j, q, s, x.

position Pb position of the building j, o, s, t.
plan_configuration Cp building plan configuration a, c, d, f, m, n, o, q, s, u.

has_superstructure Css the material of the superstructure am, b, cmb, cms, mmb,
mms, o, rce, rcne, sf, t

legal_ownership_status Clos
legal ownership status of the land for

the location of the building a, r, v, w.

has_secondary_use Csu

whether the building is being used
secondarily and what its specific

purpose is

a, go, h, hp, ind, ins, no,
o, r, s, up
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In Table 1, the specific meanings of the classes for Css are am (adobe/mud), b (bam-
boo), cmb (cement mortar–brick), cms (cement mortar–stone), mmb (mud mortar–brick),
mms (mud mortar–stone), o (other materials), rce (engineered reinforced concrete), rcne
(non-engineered reinforced concrete), sf (stone), and t (timber). Additionally, the specific
meanings of the classes for Csu are a (agricultural purposes), go (government office), h
(hotel), hp (health post), ind (industrial purposes), ins (institution), no (no secondary use),
o (other purposes), r (rental purposes), s (school), and up (police station). Further details
about the features and classes are provided in the literature [55].

During the feature selection, a combination of objective and subjective methods was
employed. The variance thresholding method was used for the objective feature selection
method, which is effective only for int-type features. The variance along with the min, max,
and standard deviation of the features for reference are presented in Table 2.

Table 2. The statistical description of int-type features.

Feature Ng1 Ng2 Ng3 Nfl Na Pa Ph Nfa

Min 0 0 0 1 0 1 2 0
Max 30 1427 12,567 9 995 100 32 9

Standard deviation 8.07 413.05 3661.10 0.73 75.65 4.52 1.95 0.42
Variance 65.08 170,606.27 13,403,651.08 0.54 5723.67 20.47 3.82 0.18

The bolded ones are the variance values less than 1, and the corresponding features are considered for elimination.

For categorical features, since the variance cannot be calculated, according to a similar
idea of variance thresholding, the dominant class proportion, i.e., the proportion of the
class with the largest number to the total number (214,839) in the features, was used as the
criterion. The calculation results are shown in Table 3.

Table 3. The proportion of the class with the largest number to the total number in the features.

Feature Cls Tf Tr Tg To Pb Cp Css Clos Csu

Proportion 0.83 0.83 0.69 0.80 0.63 0.77 0.96 0.72 0.96 0.89

Similarly, the values greater than 0.8 are bolded, and their corresponding features are given consideration
for elimination.

For the subjective feature selection method, manual scoring was conducted here,
primarily considering their potential contribution to the DG in terms of the physical
significance of the features. The scoring range is from 0 to 1, and the results are displayed
in Table 4.

Table 4. Manual scoring considering the contribution of features based on physical significance.

Feature Ng1 Ng2 Ng3 Nfl Na Pa Ph Nfa Cls

Score 1 1 1 0.8 0.8 0.7 0.7 0.3 0.8

Feature Tf Tr Tg To Pb Cp Css Clos Csu

Score 0.7 0.5 0.7 0.4 0.6 0.6 0.7 0.4 0.3

The bolded values are less than 0.5, and the corresponding features are deemed to be eliminated.

For a comprehensive evaluation, the information in the above three tables was con-
sidered simultaneously. The features with bolded values for their variance (or proportion)
and score, i.e., Nfa, To, Clos, and Csu, were directly eliminated. For Tf, Tg, and Cp, although
their scores are greater than 0.5, they are all less than or equal to 0.7. Furthermore, they
provide less information because their proportion is over 0.8, so they were also eliminated.
For Nfl and Cls with bolded values for their variance (or proportion), their scores are both
0.8, revealing that they are essential and should be retained.

Therefore, the retained features are Ng1, Ng2, Ng3, Nfl, Na, Pa, Ph, Cls, Tr, Pb, and Css.
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3.1.6. Categorical Variable Encoding

Among the selected models, KNN and XGBoost do not support categorical features,
while CatBoost and LightGBM do. For the data to be trained in KNN and XGBoost, one-hot
encoding is required, which can be implemented by the get_dummies function of the
pandas library [56]. The process of one-hot encoding is illustrated in Figure 6. A categorical
feature with Nc specific categories can be transformed into Nc binary variables with 0 and
1 representing whether it belongs to a category or not. For a sample, only one of these binary
variables is 1, and the rest are 0. The binary variables are guaranteed to be equidistant for
each category, unlike directly mapping specific categories to integers 0, 1, . . ., Nc−1, which
are non-equidistant. However, this method results in a rise in dimensions, which can be
particularly significant when Nc is large, thus greatly increasing the training and prediction
time of the model.
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Figure 6. The process of one-hot encoding (taking feature Tr as an example).

Similarly, apart from features in the KNN and XGBoost, the training labels also need
to be encoded, but one-hot encoding cannot be employed here. Instead, they are directly
mapped to integers from 0 to NL−1, where NL−1 is the number of categories of the label,
which is named label encoding.

3.2. Stage II: Development of the Machine Learning Models

First, the data were visualized to exhibit the distribution of DG on the relationship
plot between the features. Since there are categorical features, the pairplot function of
the seaborn library is not appropriate. Hence, the function scatterplot was utilized [57].
The plots were completed in the following order: Ng1, Ng2, Ng3, Nfl, Na, Pa, Ph, Cls, Tr,
Pb, and Css. For a certain feature, its relationships with the next-to-last features were
plotted to ensure orderliness and non-repetition. For the visualization of DG, the damage
severity increases from 1 to 3 and is represented in orange, red, and dark red with different
shapes, respectively, indicating the increasing severity. Due to the excessive amount of
data, 500 samples were randomly selected for plotting, and the relationships between the
features with DGs are displayed in Figure 7.

From Figure 7, abundant information can be obtained. For instance, from the third-to-
last subfigure in Figure 7, it is found that for (Tr, Pb), the DG tends to be one when it is (x,
o), (x, t), or (x, s). When it is (n, o), (n, s), (q, j), (q, t), or (x, j), the DG is generally two. When
it is (n, j), (n, t), or (q, s), the DG is more prone to be three. Preliminarily understanding the
influence of the relationship between the features on the DG can help establish a general
and comprehensive view of the data.

Subsequently, four ML models, KNN, XGBoost, CatBoost, and LightGBM, were se-
lected and developed. The KNN was selected because of its straightforward concept and
few hyperparameters. Then, three ensemble learning algorithms, XGBoost, CatBoost, and
LightGBM, were chosen due to their typically superior performance. These four algorithms
can be divided into two groups for a subsequent comparison and discussion: the KNN
and XGBoost cannot directly handle categorical features, whereas CatBoost and LightGBM
can. The environment is Anaconda 3 and python 3.10.4. The primarily utilized libraries
are sklearn 1.1.2, lightgbm 3.3.2, xgboost 1.6.2, catboost 1.2, shap 0.41.0, numpy 1.23.1,
and pandas 1.4.3. For splitting the dataset, seventy percent was allocated as the training
dataset, while the remaining thirty percent was designated as the test dataset. Preliminary
training was performed using the default hyperparameters of the model as a baseline,
and then hyperparameters tuning was performed using GridSearchCV, setting a five-fold
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cross-validation [54]. The model’s accuracy with the default and optimal hyperparameters
are provided in Table 5.

From Table 5, with the assistance of GridSearchCV, the optimal hyperparameters of
the model were found, and the accuracy of the training and test datasets of all the models
except the KNN was improved considerably.

After obtaining the optimal hyperparameters, the models were trained and tested,
and their performance could be intuitively grasped and analyzed through the confusion
matrices. The elements on the main diagonal or other positions are true positives or
misclassified samples, whose sizes are indicated by the depth of blue or orange, respectively.
The confusion matrices of the predicted DGs for the models of the training dataset are
displayed in Figure 8.
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Table 5. Model accuracy with default and optimal hyperparameters.

Model

Accuracy

Detailed Optimal Hyperparameters
Default

Hyperparameters
Optimal

Hyperparameters

Training Set Test Set Training Set Test Set

KNN 0.841 0.770 0.876 0.770 n_neighbors = 3

XGBoost 0.877 0.861 0.969 0.898
learning_rate = 0.1, n_estimators = 1200,

min_child_weight = 1, gamma = 0,
max_depth = 8

CatBoost 0.858 0.849 0.908 0.874 depth = 8, learning_rate = 0.15,
iterations = 1200

LightGBM 0.840 0.835 0.975 0.897
learning_rate = 0.1, n_estimators = 1200,

num_leaves = 100, max_depth = 8,
colsample_bytree = 0.8, subsample = 0.8

1 
 

 Figure 8. Confusion matrices of predicted DGs on the training dataset by different models: (a) KNN;
(b) XGBoost; (c) CatBoost; and (d) LightGBM.

Based on the findings presented in Figure 8, it can be discerned that the KNN model
exhibited the least favorable performance for the training set, whereas the LightGBM model
demonstrated the most optimal performance. The XGBoost model exhibits a marginally
inferior performance compared to the LightGBM model, yet it remains highly advantageous.
The performance of the CatBoost model is moderate, particularly when evaluating the
6384 samples with a DG of 1 as 2. This misjudgment stands out as the most significant
among the four models.

Figure 9 presents the confusion matrices depicting the predicted DGs of the models
for the test dataset.
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Figure 9. Confusion matrices of predicted DGs for the test dataset by different models: (a) KNN;
(b) XGBoost; (c) CatBoost; (d) and LightGBM.

From Figure 9, it is indicated that for the test set, the KNN model still performed the
worst, while the LightGBM and XGBoost models performed comparably, both being the
best. For the CatBoost model, the number of samples misclassifying the DG as 1 instead of
2 is roughly the same as that of the KNN model, revealing that the misclassification has
improved, though the overall performance remains moderate.

Next, the models with optimal hyperparameters were evaluated by comprehensive
metrics, including accuracy, precision, recall, the proposed risk coefficient, and the training
time, as presented in Table 6 and Figure 10.

Table 6. Performance metrics of the models with optimal hyperparameters on the test dataset (except
training time on the training dataset).

Model Accuracy
Precision Recall Risk

Coefficient
Training
Time (s)DG 1 DG 2 DG 3 DG 1 DG 2 DG 3

KNN 0.770 0.549 0.810 0.766 0.516 0.835 0.733 0.123 0.03
XGBoost 0.898 0.776 0.897 0.941 0.594 0.945 0.922 0.042 108.19
CatBoost 0.874 0.785 0.868 0.916 0.533 0.939 0.874 0.052 169.51

LightGBM 0.897 0.768 0.896 0.941 0.592 0.944 0.923 0.042 12.68

The top two values of each metric are bolded to emphasize the two best performances [58].

As displayed in Table 6, the training time of the KNN model is the shortest, only 0.03 s,
but none of its other metrics are in the top two. Thus, this model may be applied to a specific
scenario with limited training time. For the CatBoost model, the precision of DG 1 reaches a
high level. However, its general performance in other aspects makes it less appropriate for
DG assessments. The XGBoost and LightGBM models performed fairly well, with eight out
of nine metrics in the top two. To further compare the discrepancy between their parameters,
the training time of the LightGBM model is 12.68 s, which is considerably smaller than the
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108.19 s of the XGBoost model. Moreover, the precision of DG 1 of the LightGBM model is
0.768, slightly smaller than that of the XGBoost model (0.776).
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Figure 10. Performance metrics of the models with optimal hyperparameters on the test dataset
(except training time on the training dataset): (a) Accuracy; (b) Precision; (c) Recall; (d) Risk coefficient;
and (e) Training time.

Therefore, from Table 6 and Figure 10, the LightGBM model is regarded as the best-
performing model for DG assessments in this paper after a comprehensive evaluation. The
accuracy is 0.897, which is satisfactory compared to the studies of Chen and Zhang [14,15],
with reported accuracies of 0.888 and 0.783.

3.3. Stage III: Development of the Interpretability Method for the Best-Performing Model

To enhance the comprehension of the model operation mechanism and ensure the
safety of the application for practical engineering, the best-performing model, i.e., the
LightGBM model, was interpreted by its application programming interface (API), as
displayed in Figure 11.
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Figure 11. Feature importance of the LightGBM model by its API.
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From Figure 11, the five most important features are Ng3, Ng2, Pa, Na, and Ng1, indi-
cating that the DG is closely connected with the buildings’ locations, ages, and normalized
footprint areas.

Then, the model was interpreted by SHAP. A global comprehension of the feature
importance for different DGs can be implemented by visualizing the mean absolute SHAP
value of the features, which is illustrated in Figure 12.
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From Figure 12, the features Ng1, Ng2, and Ng3, which are related to the geographical
locations, are essential, occupying three of the five most essential features. Css indicates the
materials of the superstructures. The strength and stiffness of construction materials vary
greatly, resulting in different levels of resistance to earthquakes, so Css is also crucial. Na,
the age of the buildings in years, is also vital. The aging of the buildings over time leads
to a decrease in the load-bearing capacity of their components, thus increasing seismic
damage. For DG 1, the three most prominent features are Ng1, Na, and Css. For DG 2, they
are Ng1, Ng2, and Ng3. For DG 3, they are Ng1, Css, and Ng2. They are generally similar but
locally different.

Compared with Figure 11, both emphasize the importance of location and age. Sum-
marizing the perspectives of the model API and SHAP, the six most important metrics are
Ng2, Ng1, Ng3, Na, Pa, and Css. Other features also have undeniable contributions to the
model, but not as much as these previous features.

To investigate how the features impact the output of the LightGBM model, Figure 13
provides an information-dense summary. From Figure 13a, the SHAP values increase
as Na, Nfl, and Ph decrease, revealing a positive impact on DG 1 judgments. The effect
becomes compounded for Ng1, Ng2, Ng3, and Pa, and their increase may have a positive
or negative impact on DG 1’s judgments. It is comprehensible since the features Ng1, Ng2,
and Ng3, which are associated with geographic locations, are artificially defined, and their
magnitudes do not have a high physical significance. As Css, Tr, Cls, and Pb are categorical
variables, no size difference exists between specific categories. Hence, they are presented in
gray and are not discussed here.

From Figure 13b, with the increase in Pa and Nfl, the SHAP value rises, thus positively
impacting DG 2 judgments. Similarly, the effects of Ng1, Ng2, and Ng3 on DG 2 judgments
are also compounded. Interestingly, for Ph and Na, their reduction brings the SHAP value
to nearly 0, revealing slight effects. In contrast, an elevation in Ph and Na levels would lead
to an SHAP value that is either positive or negative, indicating a potentially heightened
positive or negative influence. By conducting a comparable analysis, as shown in Figure 13c,
one can also deduce the influence of the variation in features on the judgment of DG 3.
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Figure 13. Beeswarm plots of SHAP values of features for the predicted results (the LightGBM
model): (a) DG 1; (b) DG 2; and (c) DG 3.

Combining the information from the three figures yields the integrated impact of the
features on the three DG judgments. Taking Na as an example, Figure 13a,c illustrate that
as Na rises, the trends for the SHAP value are exactly the opposite. In Figure 13b, when
the values of Na are low, the SHAP values are close to 0. Furthermore, the increase in Na
gives rise to both positive and negative SHAP values. Therefore, it can be concluded that a
newly constructed building tends to be judged as DG 1. When a building is older, it may
be more likely to be judged as DG 2 or 3.

Furthermore, apart from illustrating the impact of the variation in a singular feature
on the model output in Figure 13, SHAP can also demonstrate the interaction effects of the
features, as depicted in Figure 14. Taking Figure 14a as an example, the SHAP values for
the same value of Ng1 are distinct, revealing nonlinear interaction effects between the two
features of Ng1 and Nfl. Otherwise, there will be no vertical dispersion in the figure, and
the scatter points will ideally obey the line determined by the dependence_plot function.
Figure 14c shows that the interaction effects between Na and Nfl are particularly prominent.
When the values of Na are close to 0, the scatter points are predominantly blue, suggesting
that the current values of Nfl are low, and the corresponding SHAP values are more than 0,
indicating a positive impact on the model’s output. However, most scatter points become
red as Na rises from 0 to 3. At this time, the values of Nfl are larger, and the corresponding
SHAP values are nearly less than 0, reflecting a negative impact. Figure 14i shows that
when Tr is n or x, with the increase in Nfl, the SHAP value gradually changes from negative
to 0 and then to positive, signifying that the impact on the model’s output progressively
varies from negative to positive. When Tr equals q, the values of Nfl are typically greater,
and the SHAP value may be positive or negative, implying a weak interaction.
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The results and discussion in this stage provide a more informative and compact
interpretation of the best-performing model compared to previous similar studies [15,16,59].
By directly coping with categorical features rather than employing one-hot encoding,
information fragmentation attributed to transforming a categorical feature into several
binary features is prevented. The proposed approach can comprehend the impact of
features on the model’s output and reflect the interaction effects between features involving
categorical features, thereby enhancing the model’s reliability. Simultaneously, a greater
understanding of these models can also guide data acquisition to determine the features to
be considered.

4. Conclusions

This paper employed a three-stage framework including four ML models, a series
of evaluation metrics, and an interpretability method. In stage I, data preprocessing and
feature selection were conducted on a dataset of the buildings after the 2015 Gorkha
earthquake. In stage II, four ML models were trained and tested on the selected dataset
to determine the best-performing model. In stage III, the best-performing model was
interpreted to exhibit the feature importance and the relationships between the input and
output variables. The conclusions can be summarized as follows.
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(1) An integrated data preprocessing framework combined with subjective–objective
feature selection was proposed to accelerate the model training and prediction without
losing an excessive amount of accuracy, providing a reference for similar problems.

(2) The LightGBM and CatBoost models directly handle categorical features with training
times of 12.68 s and 169.51 s, while the XGBoost model tackles features by one-hot
encoding with a training time of 108.19 s. Given the guarantee of accuracy, the
algorithms in LightGBM for handling categorical features can significantly accelerate
training, while those in CatBoost instead increase the training time for this problem.

(3) The LightGBM and XGBoost models have the highest accuracies of 0.897 and 0.898,
followed by the CatBoost model with 0.874. The KNN model may be less appropriate
for this problem, with an accuracy of only 0.770.

(4) The risk coefficient was proposed to evaluate the safety of the model classification
quantitatively, and the risk coefficients of the KNN, XGBoost, CatBoost, and LightGBM
models were 0.123, 0.042, 0.052, and 0.042. The safety of the XGBoost and LightGBM
models was the highest.

(5) Comparing the accuracy, precision, recall, risk coefficient, and training time of the
four models, the LightGBM model has the best overall performance.

(6) To visualize the mechanism of the LightGBM model by its API and SHAP, the six
most essential features are Ng2, Ng1, Ng3, Na, Pa, and Css. The impact of Ng1, Ng2, and
Ng3 variations on the model output are all compound, while that of other features is
related to the specific damage grade, presenting a monotonic or compound influence.

Nevertheless, this research is subject to some limitations. It only focused on features re-
garding buildings and their environments. Meanwhile, current interpretability approaches
are inadequate for categorical features. For instance, beeswarm plots of SHAP values of
features are incompatible with categorical features.

Therefore, future work can consider the features of seismic waves or other aspects
to improve the accuracy and expand the range of potential applications. Moreover, more
advanced interpretability techniques for categorical features should be developed and
utilized to ensure the reliability and robustness of the models for practical engineering
applications.
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Abstract: In this paper, the shaking table tests of a Seismic–Soil–Pile–Superstructure Interaction
(SSPSI) in medium-soft and hard base soil were carried out. Silted clay with a unit weight of
1.70 g/cm3 and a shear wave velocity of 175 m/s was adopted to simulate the medium-soft soil,
while the composite soil obtained by adding 20% quicklime to silted clay with a unit weight of
1.75 g/cm3 and a shear wave velocity of 300 m/s was adopted to simulate the hard soil in the tests.
By inputting the artificial seismic motion time history with different amplitudes synthesized by the
RG1.60 response spectrum commonly used in nuclear power engineering to the models, the dynamic
interaction characteristics and seismic response laws of the soil–pile–nuclear island structure in the
medium-soft and hard base soil were compared, the internal force and deformation distribution
characteristics of the pile foundation under different ground conditions were analyzed, and the
site conditions and mechanism of seismic failure of the pile group foundation were described. The
research results can provide a reference for site selection and seismic design of a nuclear power plant.

Keywords: nuclear island structure; pile foundation; shaking table test; SSPSI

1. Introduction

Nuclear energy has been recognized and widely used by all countries as a clean, eco-
nomical and efficient energy. The construction of nuclear power plants was mostly located
in coastal bedrock sites for reasons of cooling and seismic safety in the past. However,
the available coastal bedrock sites have gradually decreased with the rapid development
of nuclear power, and the construction of nuclear power plants will extend to non-rock
sites inevitably. Although there are a great deal of advantages with nuclear power genera-
tion, nuclear material is strongly radiative. It will bring a catastrophic impact on humans
and the surrounding environment once nuclear leakage occurs. Therefore, the primary
consideration for the construction of nuclear power plants is safety. The superstructure
of nuclear power engineering is designed according to the strictest standards at present,
of which safety can be ensured in the event of malicious impacts by large commercial
aircraft and strong earthquakes [1]. The bedrock site is favorable for seismic design, on
which the construction of nuclear power plants can meet the seismic safety requirements.
However, in the construction of nuclear power plants in non-rock sites, the base soil has
the characteristics of large discreteness and strong nonlinearity compared with the upper
engineering structure of the nuclear island plant, which has a significant impact on the
floor response spectrum and the inertial force of the structure. Therefore, the subsoil and
foundation are the key to the seismic design of the nuclear island on the non-rock site, and
it can be said that the seismic safety of the nuclear island plant depends on properties of
the non-rock site and the seismic design of the foundation. The foundation design of a
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nuclear island in a non-rock site needs further study due to the characteristics of nuclear
power structures and the complexity of the ground [2].

Pile foundations are generally adopted for important projects on non-rock soil, es-
pecially on soft soil, with the advantages of large bearing capacity, good stability and
small differential settlement, and is widely used in bridge structures, high-rise buildings,
port wharfs and offshore platforms. Earthquake damage investigations show that pile
foundations have good seismic performance, but there is still some earthquake damage.
The earthquake damage to a pile foundation is often concealed, and it is difficult to repair.
For this reason, many scholars have carried out experimental and theoretical studies on the
seismic performance of a pile foundation [3–5].

The theoretical research on the performance of a pile foundation was mostly focused
on the bearing capacity of single pile and pile groups in the early stage, and the experimen-
tal research was mostly carried out on static pile pressing tests in the field to determine
the bearing capacity and dynamic tests to test the integrity of the piles. With the accu-
mulation of the seismic damage phenomenon of pile foundations during earthquakes
and the development of test technology for seismic simulation, the seismic response law
and damage to pile foundations has received more and more attention by engineers and
scholars. In particular, the numerical simulation method is adopted to study the dynamic
interaction of soil–pile–superstructure interactions under a seismic load (Seismic-Soil–
pile–Superstructure-Interaction, referred to as SSPSI). However, the results of numerical
simulations need to be tested and verified since the interaction involves complex nonlinear
problems of the soil, the soil–pile contact surface, etc. The large-scale shaking table test
of earthquake simulations is the most widely used laboratory test method for the study
of soil–pile–superstructure dynamic interaction at home and abroad. The main feature
of the test is that it is carried out in the 1 g gravity field, so a high-stress field, like in a
centrifuge test, is not available. But the shaking table is capable of motion input in two
dimensions and three dimensions, and the test model is generally much larger than that in
the centrifuge test. Moreover, the shaking table test is not affected by the Coriolis effect in
the centrifuge test, so it has unique advantages. Its 1 g test environment is most suitable for
the test of cohesive soil, where the undrained stress–strain relationship and the confining
pressure are independent.

Meymand [6] designed and used a cylindrical flexible soil box to carry out a large-scale
shaking table test on a dynamic soft clay–pile–superstructure interaction. The test results
show that the horizontal dynamic stiffness of the pile head is a function of the load level,
and the results calculated according to the theory of elasticity are larger. Wei Xiao [7]
carried out a series of shaking table tests on a dynamic soil–pile–pier structure interaction
by using a rigid soil box, including a single-column pile-pier model, a single-pier pile group
model and a double-pier pile group model test. Wu Xiaoping [8] used a layered shear soil
box to carry out the shaking table test of an SSPSI for the first time in China, and the test
verified the rationality of this soil box to eliminate the ‘model box effect’. After that, many
domestic research institutions and scholars designed and manufactured this layered shear
deformation soil box and achieved many research results [9–11]. Chau K T [12] found a
possible failure form of a pile foundation via a shaking table test. This failure is caused by
the impact between the pile foundation and the soil; that is, the failure is caused by inertial
force, which may be one of the main forms of pile foundation failure in large earthquakes.
Tokimatsua [13] conducted shaking table tests to study kinematic and inertial SSPSIs and
found that if the natural period of the superstructure is greater than that of the soil, the
phase of the kinematic and inertial interaction tends to be the same, and the internal force
in the pile increases. The maximum value occurs when both the kinematic and inertial
interactions reach their peak values in the same direction. Hokmabadi et al. [14] carried out
shaking table tests with a layered shear box to investigate the effect of SSPSI on the dynamic
response of superstructures with different heights. The experimental results indicate that
the SSPSI increases the lateral displacement of the superstructure and that the higher the
superstructure, the more obvious this effect is. In order to study the influence of SSPSI on
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the dynamic characteristics of a pile foundation system in liquefiable sand ground, Huang
Zhanfang et al. [15] carried out the shaking table test of four cases: natural ground and
ground reinforced by a pile foundation with a pile spacing of 3D, 3.5D, and 4D. The test
results show that the liquefaction of base soil with reinforcement of the pile foundation
lags behind that in natural ground, and the improvement of liquefaction resistance of
reinforced foundation with pile spacing of 3D and 3.5D is more obvious. With the increase
in pile spacing, the degree of improvement will be weakened. Li Xiaojun et al. [16] took
the CAP1400 nuclear power plant structure as an example to conduct a shaking table test
on a nuclear power plant structure in a non-rock site for the analysis of the applicability
and seismic response characteristics of nuclear power plant structures under the non-rock
site condition. The results show that the seismic motion in all directions is amplified in the
model site, and the low frequency zone of the site response spectrum is greatly affected
by the superstructure. Cracks appear in the site under the action of seismic motion lower
than the reference, and the structure is separated from the soil under the action of seismic
motion, meeting the reference. Jing Liping et al. [17] studied the dynamic response of a soil–
pile foundation–nuclear island system by a shaking table test; analyzed the internal force
distribution characteristics, deformation law and failure mode of a pile group foundation
under a seismic load in a medium-soft soil site; and compared them with the numerical
simulation results.

Compared to general building structures, nuclear islands have greater mass and
stiffness. Therefore, the impact of nuclear islands on the seismic response of their pile
foundations may be different from that of general building structures. Considering the
importance of nuclear islands and the potential significant harm after damage, it is neces-
sary to conduct research on their seismic performance. At present, due to the limitation of
various factors and test conditions, there are relatively few large-scale shaking table test
studies on the SSPSIs of nuclear power plants at home and abroad. The research results are
more common in the studies of pile foundation theory and numerical simulation [18–20].
The stiffness ratio between soil and pile is a very important influence factor of the SSPSI
The shaking table test of a single soil layer simulating medium-soft soil, medium-hard soil
and hard soil is carried out so as to study the dynamic interaction law of a soil–pile–nuclear
island containment structure and the failure mechanism and mode of the pile foundation in
different subsoil layers under a horizontal seismic load. This paper presents a comparative
analysis of the test results under medium-soft and hard soil site conditions in the series of
tests, mainly analyzing the dynamic response law of the upper nuclear island structure as
well as the deformation and internal force response law of the pile foundation. In addition,
the seismic failure mechanism and mode of the pile group foundation are discussed.

2. The Facilities and Design of the Test
2.1. The Shaking Table System

The large-scale seismic simulation shaking table system (Yanjiao Park) of the Key
Laboratory of Earthquake Engineering and Engineering Vibration, Institute of Engineering
Mechanics, China Earthquake Administration has a table size of 5 m × 5 m, a bearing
capacity of 30 t, a maximum displacement of ±0.5 m, a maximum velocity of 1.5 m/s and a
maximum acceleration of 2 g.

2.2. The Layered Shear Soil Box

The soil container in the test is a self-developed three-dimensional laminated shear
model box, as shown in Figure 1. The external size of the model box is 3.7 m in length,
2.4 m in width and 1.7 m in height. The box is composed of multi-layer square steel tube
frames with equal spacing, and the spacing between the upper and lower frames is 20 mm.
The natural frequency of the shear model soil box is 7.5 Hz, and the damping ratio is 0.226.
The layered shear model box has completed many soil–structure dynamic interaction tests,
and the results show that it has a good effect for boundary simulation [10].
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Figure 1. Soil box for the test.

2.3. Soil Model in the Test

The silted clay in a project site and the composite soil mixed with 20% quicklime
were selected as the test soil for the simulation of the medium-soft and hard soil sites,
respectively. The actual filling depth in the model box is 1.5 m. In order to ensure the
uniformity of soil density and water content, the soil was artificially compacted and evenly
sprinkled with each 0.1 m thickness soil filling, and then the density test and resonance
column test of soil samples were conducted. The average density measured in laboratory
test of the medium-soft soil is 1.70 g/cm3, while the hard soil is 1.75 g/cm3, and the shear
wave velocities of the medium-soft and hard soil are 175 m/s and 300 m/s according to the
resonance column test, respectively.

2.4. Model of the Pile Foundation and the Containment

According to the size of the model soil box in the test, the pile foundation is composed
of the lower pile group and the upper embedded pile cap, and the surface of the pile
cap is on an even height with the surface of the soil. The pile group consists of five piles
arranged in a cross shape. The pile head is chipped after the pile group has been embedded,
and then the upper pile cap is poured to simulate the pile cap connection mode of the
actual site. The layout of the pile group is shown in Figure 2. The unit of the numbers in
Figure 2 is millimeters, and 1©– 5© are serial number of piles. The length of the pile is 1.35 m,
the diameter of the pile is 0.1 m, and there are four HRB335 longitudinal reinforcements
with a diameter of 8 mm. The circular stirrups are arranged in a 100 mm interval with a
diameter of about 4 mm. The pile spacing is 600 mm (six times the pile diameter), and
the 20 mm thick steel plate set at the bottom of the pile is welded with the bottom of
the model box to simulate the actual socketed pile stress. The plane size of the pile cap
model is 1.9 m × 1.9 m, and the thickness is 0.15 m. The spacing of the internal HRB335
reinforcing bars with a diameter of 8 mm is 150 mm, which is configured as a double-layer
and two-way steel mesh. The vertical reinforcing bars with hooks are arranged between the
upper and lower layers of the steel mesh to enhance the integrity of the pile cap steel mesh.
The C30 fine aggregate concrete was adopted to form the piles and the pile cap. The actual
measured axial compressive strength of the concrete is 35.6 MPa, and the elastic modulus
is 2.2567 × 104 MPa.
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Figure 2. Schematic diagram of pile group layout.

The superstructure is composed of a nuclear island containment and a concrete base-
plate, as shown in Figure 3. The unit of the numbers in Figure 3 is millimeters. The model
is designed according to a 1/20 geometric scale and is made of steel concrete. The total
height of the model is 1.769 m, and the height of the baseplate is 0.15 m. There is a barrier
at every 0.4 m in the vertical direction of the model. The external diameter of the model is
1.5 m, while the internal diameter is 1.368 m. The inner and outer steel plates are pulled by
bolts with a diameter of 4 mm and a spacing of 200 mm × 200 mm. For the convenience of
subsequent analysis, the position of the upper surface on the pile cap in Figure 3 is defined
as the first layer, and the positions of the three barriers from bottom to top are defined as the
second, third, and fourth layer. The size and material of the model baseplate are consistent
with those of the pile cap, and four high-strength bolts are used in the four corners of the
baseplate to connect with the pile cap, as shown in Figure 4. The containment model is
equipped with the clump weight to make its total mass reach about 104 kg.
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2.5. The Sensors Layout and the Data Acquisition System

The main purpose of the sensor arrangement scheme is monitoring the dynamic
response of piles under horizontal load input so as to study the seismic dynamic response
and failure mechanism of the pile foundation. As shown in Figure 5, the sensors arranged
on the piles are draw-wire displacement sensors and strain gauges. There are two kinds
of strain gauges in the test: resistance strain gauges and fiber Bragg grating strain gauges.
The draw-wire displacement sensors are arranged on piles 1# and 2#, the resistance strain
gauges are arranged on piles 2# and 5#, and the fiber Bragg grating strain gauges are
arranged on pile 3#. Moreover, accelerometers are arranged at the bottom of the nuclear
island containment and on the internal partition plates so as to study the influence of the
dynamic interaction of the soil–pile–superstructure system on the dynamic response of
the superstructure.
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2.6. The Seismic Motion Input

The seismic simulation shaking table test for the soil–structure dynamic interaction
under the condition of constant gravitational acceleration can only give qualitative dynamic
response characteristics and laws because it cannot strictly meet the similarity relation.
Since the main attention should be paid to the influence of far-field large earthquakes in the
process of nuclear power plant site selection, a seismic motion time history manually fitted
according to the US RG1.60 design response spectrum and two natural seismic records are
selected for the test. The amplitude of the seismic motions input was adjusted, while the
duration was not adjusted.

Due to the limitation of the length of this paper, only the test results of RG1.60 artificial
seismic motion input are discussed here. The time history and spectrum characteris-
tics of the seismic motion are shown in Figure 6. The RG1.60 seismic motion has more
high-frequency components (10–20 Hz) compared to general natural seismic motions.
Amplitudes of the seismic motion are 0.1 g, 0.2 g and 0.4 g in the test.
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3. Macroscopic Phenomenon of Pile Foundation in the Test

The shaking table test of the soil–structure dynamic interaction system is different
from that of the structural model because the structure is buried in the soil. During the
test, the macroscopic test phenomenon of the pile foundation in soil cannot be observed
intuitively. Although it can be determined indirectly whether the pile body is damaged
by measurement results of the strain gauges arranged on the pile body during the test,
the detailed and intuitive damage of the pile body can only be observed after all the test
conditions and the excavation.

It can be found that the strain gauges on piles were unable to transfer data back when
the input peak acceleration was 0.4 g in the test of the model with medium-soft soil. Based
on this, it is determined that the pile body has been damaged, so the test is ceased. Then,
the soil was excavated, and the macroscopic damage of piles was shown in Figure 7.

It can be seen from Figure 7 that damage occurs at the head of foundation piles, with
failure modes of annular fracture, vertical and oblique cracks. Among them, the failure
phenomenon at the head of piles 3# and 4# is obvious, part of concrete at the head of pile 2#
has fallen off, and the vertical and oblique cracks appear at the heads of pile 1# and 5#, with
obvious crack development trends. In addition, annular cracks appear at every 100 mm
vertical interval of each pile body, and the position of the cracks is approximately in the
middle of two stirrups. From the perspective of pile failure phenomenon, the damage
degree from high to low is pile 3#, 4#, 2#, 5# and 1#. It is speculated that the damage of the
pile foundation in the dynamic interaction of the system first occurs on the side stake on
one side along the direction of motion, then passes to the side stakes in both sides normal
to the direction of motion and the center stake, and finally passes the side stake in the other
side along the direction of motion.
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The strain gauges on piles can still work normally after seismic input with an ampli-
tude of 0.4 g in the test of the model with hard soil, so the amplitude of the input motion
was increased to 0.8 g gradually. Although the test results of the strain gauges on piles
showed that the deformation of piles was still small, a vibration phenomenon with a large
amplitude of the upper containment model was observed. The test was ceased for safety
reasons. The macroscopic phenomenon of the piles after excavation is shown in Figure 8.
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Figure 8. Status of piles in hard soil site after the test.
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During the process of excavation, it was found that the base soil is hard and dense,
and there is almost no separation between the base soil and the pile foundation. This is
because the hard soil ground is a mixture composed of silted clay and quicklime, and the
maintenance time from model forming to test conducting further increases the stiffness
of the composite soil. There is no damage at the connection between the piles and the
cap. After excavation, it is found that the pile body is basically intact, with small annular
concrete cracks in the surface of the pile body.

From the macroscopic phenomenon of the pile foundation in the test, it can be seen
that the stiffness of the base soil has a great influence on the damage degree of the pile
foundation under the seismic load, and the damage of the pile foundation in the medium-
soft soil site is serious.

4. Analysis of Test Results

Although the maximum acceleration amplitude in the hard subsoil test reached 0.8 g,
only the law of system response in the artificial RG1.60 seismic motion input condition with
amplitudes of 0.1 g, 0.2 g and 0.4 g was analyzed for comparison with the medium-soft
subsoil test.

4.1. Acceleration Response of Nuclear Island Containment

Figure 9 shows the typical acceleration response time histories of the nuclear island
model collected in the test. It can be seen intuitively from the diagram that high fre-
quency components in the acceleration time history response of the superstructure are
more abundant in the hard soil site than in the medium-soft soil site.
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Figure 9. Typical acceleration time history collected in the test.

Figure 10 shows the amplification factor of the peak acceleration response at each
layer in the nuclear island containment model relative to the input acceleration peak
of the shaking table in conditions of two subsoils. It can be seen from the figure that
the peak acceleration amplification factor of the nuclear island model on the medium-
soft soil site is greater than that on the hard soil site when the amplitude of the seismic
motion input is less than 0.2 g, indicating that the base soil is approximately in the elastic
state when the amplitude of the input seismic motions is small and the response of the
nuclear island structure on the site with smaller soil stiffness is larger. When amplitude
of the seismic motion input is 0.4 g, however, the soil in medium-soft site reaches the
strong nonlinear state, which has a greater dissipative effect on the energy of the input
seismic motion, and the pile foundation is also destroyed, while the soil in the hard site
is in the quasi-elastic state, which can transfer more energy of seismic motion, so the
peak acceleration amplification factor of the nuclear island structure on the hard soil site
is larger.
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Figure 10. Comparison diagram of peak acceleration amplification factor of nuclear island model.

Figure 11 shows a comparison of the floor spectrum in the nuclear island containment
model on two different base soils. It can be seen from the figure that the predominant
period of the floor spectrum in the nuclear island structure is very close to that of the input
seismic motion in the test, which is about 0.4 s, and the structure may have a resonance
response when the input amplitude is 0.1 g and 0.2 g, while the predominant period of
the floor spectrum is about 0.6 s, indicating that the soil has been destroyed, which makes
the spectrum period of the superstructure longer when the input amplitude is 0.4 g in the
soft soil site. In the case of 0.1 g, 0.2 g and 0.4 g inputs in the hard soil site, the period of
the floor spectrum is basically about 0.1 s, far away from the predominant period of the
input seismic motion. From the floor spectrum of the nuclear island structure, it can be
found that properties of the soil around the pile foundation have a significant impact on
the response characteristics of the superstructure. In addition, it also shows that the reason
for macroscopic failure of the pile foundation in the test is mainly the small stiffness of
the medium-soft soil and the weak constraint on the pile foundation. Furthermore, the
natural period of the system is close to the predominant period of the input seismic motion,
which may produce a resonance effect and cause serious damage to the pile foundation.
Nevertheless, in the hard soil site, the stiffness of the soil is large, and the constraint effect on
the pile foundation is strong. Moreover, the natural period of the system is quite different
from the predominant period of the input seismic motion, and no resonance phenomenon
occurs in the test with the hard soil model. Therefore, the pile foundation in the hard soil
site remains intact.
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Figure 11. Comparison diagram of floor response spectrum in nuclear island model. 
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4.2. Displacement Response of Pile Foundation

Figure 12 shows the comparison of the peak displacement amplification factors along
the height of the two piles (pile 1# and pile 2#) measured by the draw-wire displacement
sensors in the cases of the two different sites. It can be seen from the figure that the peak
displacement amplification factors of the two piles in the medium-soft soil site condition
are larger than those in the hard soil site condition regardless of the input seismic motion
amplitude, the peak displacement of piles increases with the increase in the height, which
is largest in the pile head, and the deformation of the piles is also great in the medium-soft
soil site condition, while the peak displacements of piles change little with the height in the
hard soil site condition. This indicates that the soil has little constraint on the deformation
of the pile body when the site soil is soft. It is easy to show the separation phenomenon
between pile body and soil so that the displacement and deformation of the pile body are
large, and the pile foundation failure occurs.
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Figure 12. Comparison diagram of peak displacement amplification factor of piles. 

4.3. Bending Moment Response of Pile Foundation 
Figure 13 shows the comparison of the peak bending moment envelope diagram of 

three piles (pile 2#, pile 3# and pile 5#) in two site soil conditions. The bending moment of 
piles is calculated according to Formula (1) with the strain measured by the strain gauges 
on piles. Since the pile foundation has been damaged in the medium-soft soil site 
condition when the input seismic motion amplitude reaches 0.4 g, only the peak bending 
moment in conditions of 0.1 g and 0.2 g amplitude seismic motion input is compared in 
Figure 13. 𝑀 = 𝜀 − 𝜀𝐷 × 𝐸𝐼 (1)

where 𝑀 is the bending moment of the pile, 𝜀  and 𝜀  are bending strains on both sides 
of the pile body, 𝐷 is the pile diameter, and 𝐸𝐼 is the bending stiffness of the pile section. 

The following can be seen from Figure 13: (1) In the condition of the medium-soft soil 
site, the maximum peak bending moment of piles 2# and 3# appears at the pile head, while 
that of pile 5# appears at the middle of the pile when the input amplitude is 0.1 g, and the 
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4.3. Bending Moment Response of Pile Foundation

Figure 13 shows the comparison of the peak bending moment envelope diagram of
three piles (pile 2#, pile 3# and pile 5#) in two site soil conditions. The bending moment
of piles is calculated according to Formula (1) with the strain measured by the strain
gauges on piles. Since the pile foundation has been damaged in the medium-soft soil site
condition when the input seismic motion amplitude reaches 0.4 g, only the peak bending
moment in conditions of 0.1 g and 0.2 g amplitude seismic motion input is compared
in Figure 13.

M =
ε1 − ε2

D
× EI (1)

where M is the bending moment of the pile, ε1 and ε2 are bending strains on both sides of
the pile body, D is the pile diameter, and EI is the bending stiffness of the pile section.
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Figure 13. Comparison diagram of envelope curves of pile bending moment.

The following can be seen from Figure 13: (1) In the condition of the medium-soft soil
site, the maximum peak bending moment of piles 2# and 3# appears at the pile head, while
that of pile 5# appears at the middle of the pile when the input amplitude is 0.1 g, and the
maximum peak bending moment of piles 2# and 3# moves down to the upper part of the
pile with a height of about 1.05 m, while that of pile 5# still appears in the middle of the pile,
but the peak bending moment at the pile head also increases significantly when the input
amplitude is 0.2 g. (2) In the condition of the hard soil site, the maximum peak bending
moment of piles 2# and 5# appears at the lower part of the pile, with a height of 0.275 m
and 0.45 m, respectively, while that of pile 3# appears at the middle part of the pile, with a
height of 0.65 m when the input amplitude is 0.1 g, and the position of the maximum peak
bending moment occurrence remains unchanged. Furthermore, the peak bending moment
at the upper part of piles 2# and 5#, with a height of 0.85 m, increases significantly when
the input amplitude is 0.2 g. (3) In the condition of the medium-soft soil site, the order of
the peak bending moment value at the three piles’ heads is pile 3# > pile 2# > pile 5# when
the input amplitude is 0.1 g, while the order is pile 2# > pile 5# > pile 3# when the input
amplitude is 0.2 g. In the condition of the hard soil site, the peak bending moment value
of pile 3# is largest in the three piles regardless of the input magnitude. (4) With the same
input seismic motion amplitude, the peak bending moment of each pile in the medium-soft
soil site condition is greater than that in the hard soil site condition, which is consistent
with the analysis results of the pile displacement above and shows the reliability of the test
results of draw-wire displacement sensors used on piles.

From the above analysis, it can be seen that the peak bending moment of the end-
bearing pile group foundation under the action of seismic motion is affected by the hard-
ness of the site soil and the position of the pile in the pile group due to the soil–pile–
superstructure dynamic interaction. Specifically, the following can be concluded: (1) In the
medium-soft soil, the deformation of the pile body is large, so the peak bending moment
of the pile body is large, too. The maximum bending moment of the pile body generally
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appears at the pile head, which is also proved by the serious damage phenomenon at the
pile head after the test. Conversely, in the hard soil, both the deformation and the peak
bending moment of the pile body are small. The peak bending moment generally appears
in the middle or lower part of the pile body. (2) The stress of the side piles in the pile group
(such as pile 3#) is the largest. When the side piles are damaged, the stress of the middle
side pile (such as pile 2#) increases significantly. Therefore, the failure order of the piles
is judged as follows: the side pile, the middle side pile and the central pile. This order
is consistent with the analysis results of the macroscopic failure phenomenon of the pile
foundation above.

5. Numerical Simulation
5.1. The Finite Element Model

For further analysis, a finite element model of the medium-soft soil–pile group–nuclear
island system was established. The size and material of the finite element model are
consistent with those of the shaking table test model. Except that the reinforcement in the
pile foundation was built with two-node rod elements, the rest of the model was built with
eight-node solid elements, as shown in Figure 14.
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Figure 14. The finite element model.

The Mohr–Coulomb constitutive model was adopted for the soil, the plastic damage
model was adopted for the pile concrete, and the ideal elastic–plastic constitutive model
was adopted for the steel bars. Due to the high stiffness of the pile cap and nuclear island,
and because the deformation during the test was very small, both were modeled using
linear elastic constitutive models. The parameters of each material in the finite element
model are shown in Tables 1–4.

Table 1. Parameters of the soil.

Item Density
(kg/m3)

Elastic Modulus
(kPa) Poisson’s Ratio Cohesion

(kPa)
Friction Angle

(◦)
Dilation Angle

(◦)

Soil surface 1700 1 0.35 0.01 20 0.1
Soil bottom 1700 15,000 0.35 25 20 0.1

When the parameter values in the surface and the bottom of soil are different, it indicates that the parameter
values vary linearly in the vertical direction in the soil.
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Table 2. Parameters of the concrete.

Item Density
(kg/m3)

Elastic Modulus
(Gpa) Poisson’s Ratio Cohesion (◦) Eccentricity fb0/fc0 Kc

Value 2400 22 0.2 35 0.1 1.16 0.6667

Table 3. Parameters of the reinforcement inside the pile.

Item Density
(kg/m3)

Elastic Modulus
(Gpa) Poisson’s Ratio Yield Stress (Mpa)

Longitudinal reinforcement 7800 200 0.2 335
stirrup 7800 200 0.2 235

Table 4. Parameters of the pile cap and the nuclear island.

Item Density
(kg/m3)

Elastic Modulus
(Gpa) Poisson’s Ratio

Pile cap 2500 100 0.2
Baseplate of nuclear island 2500 100 0.2
Nuclear island containment 17,900 200 0.2

In the finite element model, the pile foundation reinforcement was placed inside the
pile with embedded constraints. Binding contact was adopted between the pile and the
pile cap. Normal hard contact and tangential penalty contact were adopted between the
soil and the pile foundation. The friction coefficient was set to 0.577. Binding contact was
set between the nuclear island containment and the baseplate and between the baseplate
and the pile cap. The side boundary of the model adopted the degree of freedom binding
boundary, and the bottom boundary adopted the acceleration input boundary. Then, the
RG1.60 seismic motion with an amplitude of 0.4 g was input into the model.

5.2. Development Process of the Plastic Damage

Figure 15 shows the development of the nephogram of the tensile damage area on the
pile under the RG seismic motion with an amplitude of 0.4 g. From Figure 15, it can be seen
that the sequence of the tensile damage positions is as follows: the top of pile 3#; the top
of piles 2#, 4# and 5# and the bottom of pile 3#; the top and bottom of pile 1#; the top and
bottom of piles 2#, 4#, 5#; damage distributed at a certain distance along pile 1#; damage
distributed at a certain distance along pile 3#; the middle area of piles 2#, 4# and 5#; the
remaining areas of piles 1# and 3#.

Figure 16 shows the development of the nephogram of the pressure damage area on
the pile under the RG seismic motion with an amplitude of 0.4 g. From Figure 16, it can be
seen that the sequence of the pressure damage positions is as follows: the top of pile 3#; the
top of piles 2#, 4# and 5#; the top of pile 1#; the bottom of all piles; and the middle upper
and middle lower parts of all piles.

From Figures 15 and 16, it can be seen that the order of damage of the piles is generally
as follows: side piles located in one direction of the vibration, side piles located in the
middle position and the central pile and side piles located in the other direction of the
vibration. This is consistent with the damage phenomenon of each pile in the shaking table
test under medium-soft soil conditions. The order of damage locations on the pile in the
numerical model is pile top, pile bottom, middle of the pile body. In the shaking table test
of medium-soft soil, there was obvious damage to the top and body of the piles, but the
degree of damage in the bottom of the piles was relatively mild. It is speculated that the
addition of a 20 mm thick steel plate at the bottom of the piles in the shaking table test
reduced the stress concentration phenomenon at the bottom of the piles.
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6. Conclusions

In this paper, by comparing the shaking table test results of a soil–pile–nuclear island
structure dynamic interaction model in conditions of simulating medium-soft soil and hard
soil sites, the acceleration response law of the nuclear island model and the deformation
and internal force response law of the pile foundation are analyzed. Moreover, the seismic
failure mechanism and mode of the pile group foundation are discussed. The following
conclusions can be drawn:

(1) When the amplitude of the input seismic motion is small (less than 0.2 g in this paper),
the peak acceleration amplification factor of the nuclear island plant in the medium-
soft soil site is larger than that in the hard soil site. However, when the amplitude of the
input seismic motion is large (0.4 g in this paper), the peak acceleration amplification
factor of the upper nuclear island structure is smaller than that in the hard soil site
because the medium-soft soil has entered a strong nonlinear stage, and the pile
foundation has been damaged.
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(2) The properties of the soil around the pile foundation have a significant effect on the
response characteristics of the superstructure. The predominant period value of the
floor spectrum of the nuclear island plant in the soft soil site is greater than that in
the hard soil site. Resonance occurs when the predominant period value of the floor
spectrum is similar to that of the far-field seismic motion response spectrum, which
aggravates the vibration of the plant structure and its pile foundation, resulting in
great damage to the structural system.

(3) The properties of site soil have a great influence on the seismic damage of piles. The
deformation constraint effect of soil on piles is small under the action of the seismic
motion when the site soil is soft, and it is easy for the separation phenomenon between
piles and soil to occur, resulting in the large displacement and deformation of piles,
which may cause damage to the pile foundation.

(4) The internal force of piles is also related to the position of the pile in the pile group.
The piles at the edge along the direction of the seismic motion input of the pile group
have a large internal force and the most serious damage. Therefore, attention should
be paid to strengthening the protection of the side piles in the seismic design of the
nuclear island containment structure.

(5) The pile failure is most likely to occur at the head, which is damaged by the combined
action of bending, shear and pressure with the increase in seismic motion amplitude
when the site soil is soft, followed by the possible bending failure of the pile body.

The test results show that the hardness grade of the site soil has a great influence on
the damage to the pile foundation of a nuclear island plant under the action of seismic
motion, which should be taken into consideration during the site selection of a nuclear
island plant structure and the seismic design of the pile foundation.
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Abstract: Globally, tanks play a major part in the provision of access to clean drinking water to
the human population. Beyond aiding in the supply of fresh water, tanks are also essential for
ensuring good sanitary conditions for people and for livestock. Many countries have realized
that a robust water supply and a robust sanitation infrastructure are necessary for sustainable
growth. Therefore, there is large demand for the construction of storage tanks. Further, liquid
storage tanks are crucial structures which must continue to be operational even after a catastrophic
natural event, such as an earthquake, to support rehabilitation efforts. From an engineering point
of view, the various forces acting on the tanks and the behaviour of the tanks under various loads
are important issues which need to be addressed for a safe design. Analyses of the tanks are
challenging due to the interaction between the fluid and tank wall. Thus, researchers have conducted
several investigations to understand the performance of storage tanks subjected to earthquakes by
considering this interaction. This paper discusses the historical development of various modelling
techniques of storage tanks. The interaction with the soil also influences the behaviour of the tanks,
and hence, in this paper, various modelling approaches for soil structure interaction are also reviewed.
Further, a brief history of various systems of base isolation and modelling approaches of base-isolated
structures are also discussed in this article.

Keywords: liquid storage tank; dynamic analysis; base isolation; fluid–structure interaction; soil–
structure interaction

1. Introduction

Liquid storage tanks play a crucial role in day-to-day activities, as they are used for
storing not only essential supplies such as water and oil but also to safely store hazardous
chemicals. For the sustainable development of any country, it is necessary to provide
access to fresh water. For this, a vast network of storage tanks is essential. Additionally,
any major sanitary work involves the use of storage containers to temporarily store the
sewage water before it is sent for further treatment. Storage tanks cater to the massive water
demand from the construction industry and are thus essential for any country to build
a robust infrastructure. One of the sustainable development goals (Goal 6) as set by the
United Nations, is to provide access to drinking water, sanitization, and hygiene globally
by 2030 [1]. This target indicates that there will be a huge demand for storage tanks in the
near future. As many countries are working towards this goal, they are building massive
infrastructure which involves a vast network of tanks. Due to industrialization, massive
amounts of hazardous chemicals are stored in storage containers. Be it a water storage tank
or hazardous material storage container, any damage to these structures during a natural
hazard, such as an earthquake, can lead to disastrous consequences. Thus, it is essential
that these structures are resilient to natural disasters such as earthquakes, cyclones and
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tsunamis to ensure the sustainable growth of any country. Thus, engineers must have the
knowledge and tools to design long-lasting tanks capable of resisting natural disasters.

Further, understanding the structural behaviour of the tanks helps the designer to
achieve safety and economy in their design, which ensures sustainability in the long run. In
the event of a natural disaster, there is always a risk of damage to tanks. Any such failure of
a water tank may hamper the rehabilitation work as a continuous water supply is necessary
to manage the possible subsequent fires and also to avoid any disease outbreak post
disaster. Further, natural disasters can lead to the spillage of combustible products from
the damaged tanks and may lead to fire hazards, potentially harming the environment [2].
The tanks are prone to earthquakes mainly due to their large mass. In the event of strong
ground motions, and unlike other structures, such as buildings and bridges, tanks are
also subjected to large hydrodynamic forces, making them critical structures, vulnerable
to earthquake-induced vibrations. A lack of careful evaluation of these forces can lead
to inadequate design, resulting in failure during strong ground motion. Several storage
tanks have failed in the past due to strong earthquakes [3]. Over 30 tanks failed during
the Turkey earthquake in 1999 [4], and 167 failed during the 2011 Tohoku earthquake [5].
Depending on the overturning moment and fluid pressure variation activated through
seismic motion, the tank may undergo elastic–plastic or elastic buckling failure [6].

In structures such as buildings, interaction typically happens with the connected solid
elements, such as between frames and infills or between columns and slabs, which are
solid-to-solid interactions. However, tanks are unique in this sense; in tanks, the interaction
happens between wall structure and liquid, which is a solid and fluid interaction. This fluid–
structure interaction (FSI) is fairly complicated to model due to the interaction between
two highly incompatible materials. Before the 1960′s, and owing to the difficulty involved
with this modelling, tank walls were idealized as rigid and the effects of the interaction
between the liquid and the wall of the tank were ignored [7]. However, the failure of
such tanks during earthquakes between 1960 and 1970 showed that the storage tanks
have much complex behaviour during ground motion, and that the flexibility of the tank
cannot be ignored [2]. Thus, researchers nowadays consider the FSI effects in the modelling
for a realistic analysis of tanks. Due to the evolution of various numerical techniques
and advancements in computer technology, many researchers have been able to develop
new modelling techniques for tanks, such as boundary element methods (BEM) and finite
element methods (FEM), to investigate the response of fluid-filled storage containers
subjected to seismic excitations [8].

Usually, the foundations of tanks are idealized as rigid units in conventional analysis.
However, being made of different materials, there will be an interaction effect between
tank and supporting soil on the tank behaviour. This soil–structure interaction (SSI) has
been investigated by numerous researchers and it was found that ignoring the SSI effects
by assuming the foundation to be rigid leads to unrealistic results [9–12]. It has been found
that the soil stiffness significantly influences the behaviour of tanks subjected to ground
motion [13]. Thus, when the SSI effect is considered, the tank’s overall stiffness changes,
which considerably alters its time period. The realistic analysis of a tank therefore depends
on both FSI and SSI modelling and therefore these effects need to be considered during the
analysis to accurately represent tank behaviour.

Due to the high significance attached to the fluid tanks, many researchers have focused
on developing techniques to make the tanks earthquake resistant. Base isolation is one
such promising and widely used technique for aseismic design [14]. In a base isolation
system, a layer of relatively lesser stiffness is incorporated between the structure and the
ground. This low-stiffness layer offsets the transfer of harmful frequencies to the tanks. To
date, researchers have developed a wide variety of base isolation bearings which can be
used as a standalone devices or can be used in a hybrid configuration with other types of
earthquake resistant devices. A brief discussion on base isolation techniques is carried out
later, in Section 4. Readers can refer to a number of review articles on various base isolation
techniques and systems in [14–21].
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Several review papers on the historical development of tank modelling techniques [14,22,23]
are currently available. The scope of these papers is typically limited to either fixed-base
tanks [22] or base-isolated tanks. This means there is a lack of review articles which address
these different tank types together. Additionally, a specific and detailed discussion on the
SSI effect, which is one of the major influencing factors on tank behaviour, is absent in these
papers. Therefore, the authors of this paper felt the need to address the lack of a recent
comprehensive review paper which collectively discusses the various aspects of modelling
for both fixed and base-isolated tanks. In this regard, the developments in the various
modelling techniques of fluid tanks, including the effects of FSI and SSI, are discussed in
detail in the present paper. Further, Section 4.3 of this article is dedicated to discussions
on the modelling of base-isolated tanks. Thus, this article aims to bridge the gap between
discussions on the advancements in the area of fixed tanks and base-isolated tanks by
collectively addressing the developments in these areas. The main contribution of this
article would be to review various aspects of tank modelling, including the effects of SSI
and FSI, with an emphasis on base isolation techniques used for the seismic resistance
of tanks.

Some researchers have reported that elevated tanks are more vulnerable when com-
pared with tanks that are supported on the ground. This is mainly due to the larger
time period of the elevated tanks when compared with the ground-supported tanks. This
higher time period is attributed to the flexibility provided by the tank staging. Though
the discussions in this article are directed towards ground-rested tanks, the modelling
concepts are also applicable to elevated tanks. The main distinction between the analysis of
ground-rested and elevated tanks is the additional modelling requirements of tank staging.
Therefore, very limited discussion has been carried out regarding elevated tanks.

2. Modelling Techniques for Storage Tanks Considering FSI Effects

For studies before the 1960s, researchers generally used a simplified technique de-
veloped by Westergaard [24] for tank analysis. This technique was initially developed
to evaluate the fluid pressure on rigid dams subjected to harmonic excitation and later
adapted for tank analysis [25]. Since then, researchers have proposed various modelling
techniques exclusive to tanks and these are discussed in the subsequent sections.

2.1. Equivalent Mechanical Models

The equivalent mechanical model was initially proposed by Housner [7,26] for analysing
ground supported and elevated tanks filled with fluid. In this model, the tank walls are
idealized as rigid units. The equivalent mechanical model was derived from the models of
Biot [27] and Housner et al. [28], which were used earlier for a response spectrum analysis.
As shown in Figure 1, in this model, two masses are considered, one for the convective
mass (MC) and the other for the non-sloshing part (MR). The convective mass denotes
the sloshing part of the fluid, and the rigid mass represents the non-sloshing part. These
fluid masses MC and MR are responsible for the forces developed on the tank walls. The
expressions to calculate these masses and stiffness k for a cylindrical tank with radius R
and depth of water h are as follows:

MR = M
tanh(1.7R/h)

1.7R/h
(1)

MC = 0.6M
tanh(1.8R/h)

1.8R/h
(2)

k = 5.4
M2

C
M

gh
R2 (3)
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where M is the total fluid mass. The heights of these masses hR and hC can be obtained by
using the expressions as follows:

hR =
3
8

h

{
1 + 1.33

[
M

MC

(
R
h

)2
− 1

]}
(4)

hC = h


1− 0.185

M
MC

(
R
h

)2
− 1.12

R
h

√(
MR

3MCh

)2
− 1


 (5)

Similarly, the expressions related to rectangular tanks of width 2L are as follows:

MR = M
tanh(1.7L/h)

1.7L/h
(6)

MC = 0.83 M
tanh(1.6L/h)

1.6L/h
(7)

k = 3
M2

C
M

gh
L2 (8)

hR =
3
8

h

{
1 + 1.33

[
M

MC

(
L
h

)2
− 1

]}
(9)

hC = h


1− 1

3
M

MC

(
L
h

)2
− 1.26

L
h

√
0.28

(
ML

MCh

)2
− 1


 (10)

In addition, the author suggested that this approach is applicable to an elevated tank
as well.
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The equivalent model proposed by Housner [7,26] was widely used for some time
and even incorporated in the codes and standards of practice of some countries [29,30].
However, many storage tanks which were designed as per the codal provisions of the
1960’s failed during earthquakes. These failures indicated that the codal provisions which
were developed based on the assumption that tank walls are rigid could not realistically
represent the forces on the tanks. Thus, the researcher Veletsos [31] proposed a tank model
including the flexibility aspect of tank walls. In this study, it is only the effect of impulsive
forces that is evaluated with the assumption of single degree of freedom (SDOF) behaviour
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of a tank–fluid system. The hydrodynamic forces are calculated using the method proposed
by Chopra [32,33]. The equation of motion considered by Veletsos [31] is as follows:

(
m*

I,S + m*
I,L

) ..
w + c* .

w + k*w = −
(

m*
R,S + m*

R,L

) ..
u(t) (11)

where, m*, k* and c* represent the effective mass, stiffness and damping coefficients of the
system. The subscripts R and I represent the rigid and impulsive components, respectively,
and the subscripts S and L indicate the contribution of masses from structure and liquid,
respectively. The responses of the tank in terms of base moment and base shear are
calculated. The model developed by this approach shows a significant effect on the seismic
response of tanks compared with the seismic response of tanks modelled by assuming rigid
tank walls. However, in this study, the convective component of the response is neglected
based on the assumption that this response depends on the sloshing period, which is
much higher than the tank period. Later, Haroun and Housner [34,35] presented another
model in which the fluid mass is represented with three lumped masses. These masses
comprise three parts representing the rigid (MR), convective (MC), and impulsive (MI)
masses of the fluid. These masses are calculated from the numerical study conducted by
Haroun [2]. Figure 2 shows the mechanical model as proposed by the researchers Haroun
and Housner [34,35]. Several researchers later used this model as a reference in their studies
and validated their results through experimental investigations [36–40].
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Malhotra et al. [41] proposed another model to evaluate the tank’s response using
sloshing and impulsive masses to model the fluid mass. As shown in Figure 3, a dashpot
system is used in the model to represent the damping effects. The convective and impul-
sive natural period for a system with tank height H and radius r is calculated using the
expression as follows:

TC = CC
√

r (12)

TI = CI
H
√
ρ√

t/r×
√

E
(13)

Here, t is the tank wall thickness, ρ is the liquid mass density, and E is the modulus
of elasticity of the tank material. CI and CC are impulsive and convective coefficients
which depend on the aspect ratio of the tank. These coefficients are derived from the study
conducted by Veletsos and co-workers [42–44]. Interested readers may refer to the table
given by Malhotra et al. [41] to obtain the values of CI and CR and other parameters required
for the seismic design of storage tanks. The model has been found to be efficient, especially
for the analysis of cylindrical containers. The design procedure is also incorporated in the
European code of practice [41].
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The simplified models discussed in this section are useful in studying the global
aspects of tank response, such as base moment or base shear. However, numerical methods
are recommended to conduct a detailed analysis of tanks that include the response even
at the local level [45]. The following section is dedicated to the discussion of different
numerical methods for tank modelling and analysis.

2.2. Direct Modelling Approaches

The advancement in computer technologies has enabled researchers to develop various
numerical approaches, such as FEM and BEM, which can be used for the direct modelling
of tanks. Unlike the mechanical models, which are limited only to tanks with regular
geometries, numerical methods can also be used for tanks of arbitrary geometries [46].
The researcher Edwards [8] proposed one of the earlier numerical techniques to study
a short (aspect ratio of less than 1) cylindrical tank. For this study, Edwards [8] used a
refined shell theory to evaluate the displacements and stresses in a tank. Several researchers
used this approach later with minor modifications to study the various aspects of storage
tanks [47–49].

The FEM-based methods used to solve FSI problems are classified as added mass [24],
Lagrangian (displacement based), and Eulerian (pressure based) formulations [50]. In
the added mass technique, a part of the fluid mass is added to the structure’s wall at the
interface of the wall and fluid elements. This added mass (MA) moves along with the wall
during the seismic vibrations. The equation of motion for tanks inclusive of added mass
can be considered as follows:

M* ..
u + C

.
u + Ku = −M* ..

ug (14)

where, M* is a matrix representing the combination of tank mass (M) and added mass
(MA). K and C are the stiffness and damping matrices of the tank, respectively. Addition-
ally,

..
ug in Equation (6) represents the ground acceleration. From Equation (6), it can be

observed that part of the fluid mass is also added to the tank’s mass for the total mass
calculation. However, only the tank walls are considered when calculating the damping
matrix, ignoring the contribution of the fluid. The researchers found that this method
leads to conservative results [51]; therefore, several investigators used this approach in
their storage tank analysis [24,52–56]. Because the damping effect is ignored, this method
generally leads to higher force calculation. Though conservative, the forces calculated are
not realistic as the damping effect is a major aspect, one which significantly affects the tank
behaviour under the action of earthquakes.

In the generalized Lagrangian method used earlier for the dams, the liquid is dis-
cretized as a solid element with a negligible shear modulus [57,58]. The general form of
equation of motion applicable to this approach is as follows:

M
..
u + C

.
u + Ku + fI + f0 = 0 (15)
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where fI and f0 are the interface forces between the tank wall and fluid. This method yields
symmetric matrices, resulting in narrow bandwidth matrices during the analysis [59]. This
reduction in bandwidth is one of the major benefits this method offers, as it significantly
reduces the computational time when used in computers. Due to this benefit of reduced
computational effort, many researchers later proposed different forms of finite elements to
model a fluid suitable for the Lagrangian approach [51,60–63]. The Lagrangian formulation
since then has been used by several researchers to study storage tanks [64–66]. Though
the Lagrangian approach leads to the reduction of computational efforts, some researchers
have suggested that it leads to less accurate results [67,68].

The generalized Eulerian approach is based on the pressure formulation method [69]
in which the motion of a liquid is directed by the continuity relation and the Navier–Stokes
equation [61]. The general form of the equation of motion used for this approach, which
couples the tank–fluid system, is as follows:

[
K S
0 H

][
u
p

]
+

[
C 0
0 A

][ .
u
.
p

]
+

[
M 0
ST E

][ ..
u
..
p

]
= [f(t)] (16)

where H, A, and E are matrices for the fluid domain, u and p are displacement and fluid
pressure, respectively, f(t) is the external force on the system, and S is the interaction matrix
for a tank–fluid system, and which can be obtained based on boundary conditions between
them. Although this approach leads to an unsymmetrical matrix and subsequent increase
in computational cost [70], the method has wide application due to the lesser number of
variables when compared with the Lagrangian approach. Moreover, the method becomes
computationally efficient when the compressibility effect of fluid is neglected [61]. Hence,
several researchers favour the Eulerian approach when assessing the behaviour of storage
containers [71–73].

Another approach to evaluate storage tank behaviour is with the use of BEM [74].
Unlike FEM where the entire fluid is discretised into different finite elements, in this
approach the fluid is discretized only at the boundary using surface elements. This method
is computationally efficient as it reduces the number of elements required considerably
compared with completely FEM-based tank models. Moreover, BEM and FEM can be
used together for a tank’s analysis, here the liquid can be modelled using BEM, and the
tank walls are modelled using FEM, thus providing the benefits of both approaches. This
advantage has prompted several researchers to use this method to solve the FSI problem in
dams [75–77] and tanks [78–82]. The governing equation of motion for a coupled tank–fluid
system based on FEM–BEM is as follows:




Moo Moc 0
Mco Mcc + MA

cc MA
cf

0 MA
fc MA

ff







..
uo..
uc..
ξe



+




Koo Koc 0
Kco Kcc 0

0 0 Kff







uo
uc
ξe



 = {0} (17)

where M and K are mass and stiffness matrices respectively, u indicates the horizontal
motion, ξe indicates the sloshing vector, subscript ‘o’ indicates the degrees of freedom of
the tank which is not in contact with fluid, subscript ‘c’ indicates the degrees of freedom of
the tank which is in contact with fluid and MA denotes the added mass matrix of the fluid.

3. Modelling Approaches for Storage Tanks Considering Combined FSI and
SSI Effects

In many of the earlier studies, the tanks resting on the ground were assumed to be
supported by a rigid surface, and accordingly, the analyses were carried out by idealizing
the tank foundation as fixed [43]. However, soil conditions significantly affect the behaviour
of structures when subjected to ground vibrations, as the response of a structure varies
with the stiffness of soil. The effect of support conditions on the response of a structure
was first recognized by Martel [83], based on the observations of the failure of structures
during many earthquakes in Japan [84]. Later, many researchers would go on to conduct
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numerical and experimental investigations on the SSI effect on the behaviour of building
structures [11,85–92]. Since tanks are also supported on the ground, it is logical to assume
the presence of interaction effects between tanks and the supporting soil. Therefore, for the
analysis of tanks, both FSI and SSI effects need to be incorporated for a realistic analysis.
The research carried out by Chopra et al. [93] represents one of the early attempts to address
the combined effects of FSI and SSI on tank behaviour. These authors proposed a general
technique to study the response of gravity dams considering the interaction effect between
the water and dam wall. Further, several such investigations on gravity dams and bridges
have been conducted by investigators considering the combined effects of FSI and SSI on
dams [93–99]. Taking a cue from this research in the area of dams, Veletsos and Tang [100]
proposed a simplified FSI–SSI combined model exclusively for tanks. As shown in Figure 4,
the researchers used a two degree of freedom (2DOF) model in which the mass of the
foundation, the tank, and the portion of the non-sloshing mass are represented together
as M0′ and sloshing fluid mass as M1 for the investigation. In the model, the effect of
SSI is considered by a spring and dashpot system. The governing differential equation
considered by Veletsos and Tang [100] is as follows:

D
∂4w
∂z4 +

Eh
a2 w + ρh

∂2w
∂t2 = p(z, t) (18)

where D is the flexural rigidity of the tank wall and p(z,t) is the hydrodynamic wall pressure
which is a function of the axial component of the coordinate system (z) for the tank and
time (t), a is the tank radius, and h is the wall thickness. This model was later to be used by
many researchers in their studies [101,102].
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Although the method presented by Veletsos and Tang [100] was simple and easy to
apply, for their study they considered only harmonic loading, and the effect of random
vibration was not included. Seismic excitation belongs to the random vibration domain,
and hence the response of the tanks to these vibrations is probabilistic in nature. Hence,
Chatterjee and Basu [103] presented another method to estimate the SSI effect on the
performance of a tank by applying random vibration theory. As shown in Figure 5, the
tank and liquid are represented by the spring–mass dashpot system, and the foundation is
modelled as a spring–mass system with mi as the impulsive mass of the fluid and mf as the
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foundation mass. These masses are connected with a spring of stiffness K and a viscous
damper of coefficient C. The foundation mass is connected with a complex impedance
function Kx. The governing equation of motion for the system considered is as follows:

mi
( ..
xi(t) +

..
x(t)

)
+ mf

..
x(t) + Kx

(
x(t)− xg(t)

)
= 0 (19)

Here, double overdot represents the second derivative of displacement with respect to
time, and xg is the ground motion. From the study, the authors concluded that the effect
of SSI increases the response of tanks. Additionally, the SSI effect is found to be greater in
slender tanks compared with broad tanks.
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The researcher, Larkin [104] proposed a frequency domain approach to evaluate the
seismic performance of storage tanks supported on the soil stratum. As shown in Figure 6,
the system in the proposed model is assumed to have a single mass M with lateral stiffness
of K and damping coefficient C. This model is capable of simulating both rocking and
translational motions of the tanks subjected to ground motions. This study suggested that
the SSI effect is prominent for slender tanks resting on soft soil. It is also shown in the study
that the impulsive period of the tank increases with a decrease in soil stiffness.
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Meng et al. [105] proposed a time domain approach to investigate the seismic be-
haviour of storage containers resting on elastic soil. As shown in Figure 7, a tank–liquid
system is modelled using three masses—rigid, convective, and impulsive—to form a spring–
mass system, as proposed by Haroun and Ellaithy [37], while the soil is modelled using a
second-order lumped parameter model as proposed by Wu and Lee [106]. The governing
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equations of motion are obtained using kinetic energy T, potential energy V and the energy
absorbed by dampers δW. These parameters are calculated as follows:
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In these equations, the superscripts h and r represent the horizontal and rocking
degrees of freedom, respectively. From this study it has been observed that the SSI has a
negligible effect on the convective component of responses; however, the effect is prominent
for impulsive responses.
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Though the spring–mass model used by many investigators represents the effect of
SSI effectively, some investigators realized that the simplified model tends to generate
overly conservative results [107] and that a reasonable representation of the system can be
obtained by using FEM [92]. In this regard, several researchers used FEM in their analysis
of tanks [108–111]. Irrespective of the modelling approach used, it can be seen that the
effect of SSI is prominent for tanks resting on soft soil.

4. Base Isolation Techniques for Storage Tanks

Due to the high importance attached to storage tanks as discussed in Section 1, it is
necessary to mitigate the harmful effects of ground vibrations on tanks. Several earthquake
resistant techniques have been proposed by researchers for the building of structures such
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as bracing systems, viscous fluid dampers and base isolation bearings. Out of these systems,
base isolation systems are now widely used around the world for earthquake-resistant
buildings. Apart from buildings, base isolation systems can also be used in tanks to improve
earthquake resistant capabilities. In this section, an overview of various types of isolation
systems and modelling techniques of isolated structures is presented.

4.1. Types of Base Isolation Systems

The primary purpose of base isolators is to decrease the frequency of structures to a
value lesser than that of earthquakes, avoiding the transfer of harmful vibrations to the
structure. Base isolation bearings also provide a means to mitigate seismic energy, reducing
the force transferred to the structure. The isolation systems are broadly categorized as
elastomer-based bearings and friction bearings. The elastomer bearings are manufactured
using natural rubber as a main ingredient. Due to their elastic property, the bearings
provide the restoring mechanism by default. Friction isolators work by the principle of
sliding friction or rolling friction. In sliding isolators, the restoring capacities are provided
either by changing the sliding surface geometry or by connecting to external restoring
mechanisms. The usage of natural rubber blocks as base isolators in a school in Skopje in
1969 is regarded as one of the earlier known applications of elastomeric bearings [112]. Due
to the low vertical stiffness, these rubber blocks later bulged sideways due to lack of vertical
stiffness. This issue was later resolved by increasing the vertical stiffness through the usage
of steel plates embedded within the rubber blocks [17]. The damping capacity of elastomer
isolators can be controlled by adding some fillers, resins or oils to the natural rubber. The
hysteretic behaviour of a damper plays a significant role in seismic energy dissipation.
To enhance their energy dissipation, some researchers proposed elastomer bearings with
lead cores [113] known as lead rubber bearings (LRB). As shown in Figure 8a, the lead
core is inserted at the centre of an elastomer bearing. The behaviour of LRB is nonlinear,
accordingly the hysteresis loop is idealised as a bilinear curve as shown in Figure 8b. Due
to this arrangement, a single damper can provide vertical load carrying capacity, as well as
restoring and damping capacities, improving their value [114].
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Sliding bearings are another class of isolation systems used to dissipate energy 
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system which can be achieved by a layer of sand, Teflon bearings, or rollers between the 
foundation and superstructure [112]. Some researchers have also proposed a combination 

Figure 8. (a) Lead Rubber bearing (LRB), as adapted from [113]; (b) hysteresis loop for LRB.

Sliding bearings are another class of isolation systems used to dissipate energy through
friction. The simplest form of sliding bearing system is the pure friction (PF) system which
can be achieved by a layer of sand, Teflon bearings, or rollers between the foundation and
superstructure [112]. Some researchers have also proposed a combination of PF systems
with elastomeric bearings known as the “Electricité de France” (EDF) system [115]. Another
type of system called resilient-friction base isolator (RFBI) was presented by Mostaghel and
Khodaverdian [116] and consists of layers of sliding metal plates with a rubber core. The
sliding elements provides base isolation, and the rubber core provides restoring capabilities.
In PF isolation systems large residual displacements are typically observed; thus, some
authors have proposed elliptical rolling rods at the base to overcome this issue [117].
Similarly, to address the issue of a lack of restoring mechanism in PF systems, Zayas
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et al. [118] proposed a curved geometry known as a friction pendulum (FP) isolator. As
shown in Figure 9a, the curved geometry of the isolator helps restore the structure resting
on the bearing to its original position after ground motion. The hysteresis loop of the FP
system is shown in Figure 9b. k represents the post elastic stiffness and keff represents
the effective stiffness of the isolator. The FP system is an extensively studied system and
is commonly used, mainly due to its simplicity and the relative ease of its manufacture.
Though FP bearings are efficient in a wide range of earthquakes, they show large sliding
displacements under earthquakes with pulse-like frequencies.
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To address the drawback of FP bearings, researchers have proposed several solutions.
Pranesh and Sinha [119] presented a bearing known as a variable frequency pendulum
isolator (VFPI) that has a non-spherical (elliptical) surface. Due to the elliptical geometry,
the frequency of the isolator varies along the sliding surface, avoiding the resonance issues
which are observed in FP bearings. Another isolator system called the variable curvature
friction pendulum system (VCFPS) was presented by Tsai et al. [120], wherein the radius of
the curved surface is lengthened as the isolator displacement increases. The conical friction
pendulum isolator (CFPI) is another system that has modified an FP bearing geometry [121].
Within a certain threshold region, the bearing behaves in a similar way to that of an FP
bearing; however, beyond this threshold, the surface is flat and inclined. This isolator
has shown a low residual displacement for near-fault earthquakes compared with FP. A
further system was introduced by Krishnamoorthy [122], called a variable frequency and
variable friction pendulum isolator (VFFPI), to solve the resonance issue in FP bearings.
The shape of this isolator surface and its friction coefficients vary along a sliding surface.
Due to the varied geometry the resonance issue is avoided in VFFPI. Further, the residual
displacement of VFFPI has been found to be less than that of PF systems. Various additional
isolation bearings with multiple sliding surfaces have been introduced in recent years. A
detailed review of the advancements in isolation systems with sliding bearing can be seen
in [19].

4.2. Base Isolated Tanks

The system of base isolation is effective not only for buildings and bridges but also for
tanks. Several investigations have been conducted to assess the effectiveness of base isola-
tion systems for tanks [123–125]. Studies conducted by the researcher Malhotra [126,127]
on tanks isolated at base using elastomers show that the isolation scheme is effective when
these tanks are subjected to the vertical component of ground motion. Similar investiga-
tions conducted later also found that the elastomer isolators are effective in reducing the
seismic response of tanks [128–136]. In these investigations tanks were assumed to be full
i.e., the liquid level in the tank remains fixed. However, in reality the weight of a tank varies
due to the fluctuating liquid levels; as a result, the effectiveness of an elastomeric system
varies, adversely affecting the reliability of isolation systems. Sliding isolation bearings,
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such as FP bearings, however, do not have the pitfalls of the elastomers as these bearings
maintain a constant isolation period which is independent of a structure’s weight. Thus,
the liquid level in storage tanks does not affect the effectiveness of such bearings. In this
regard, Wang et al. [137] proposed a procedure to evaluate the behaviour of the isolated
tanks by considering FP bearings. Though the performance of FPS bearings is not affected
by the level of water in the tank, due to their fixed isolation period, they do not perform
satisfactorily under near-fault earthquakes as discussed in Section 4.1. Thus, in some
studies, tanks isolated using a variable friction pendulum system (VFPS) were considered
to investigate their performance under various near-fault ground motions [138,139]. It
was concluded that the VFPS can be used effectively to control the response of fluid-filled
containers under near-fault earthquakes. Similarly, many other researchers have considered
different types of sliding isolation systems based on the modified geometry of FP bearings
to evaluate the effect of base isolators in controlling the response of tanks subjected to
ground motions [140–147]. In all of these studies, investigators found that isolators had
been effective in regulating the storage tank responses.

Numerical methods have also been used recently to evaluate the behaviour of iso-
lated tanks [81,82]. In these studies, the fluid and isolation system effects are modelled
by coupling boundary and finite elements. Comparative studies conducted by Christo-
vasilis and Whittaker [148] and Kalantari et al. [149], between FEM models and simplified
mechanical models for isolated tanks, suggest that the simplified models could only be
used for preliminary analysis and design but that FEM modelling is a better choice for
detailed study. Krishnamoorthy [150] proposed a procedure for analysing a tank resting
on FP bearings by using FEM. As shown in Figure 10 the fluid is discretized into four
noded elements with one pressure degree of freedom, and the wall is modelled as frame
elements with two translational degrees and one rotational degree of freedom at every node.
The sliding–non sliding phases of the FP bearings are modelled with a fictitious spring
as proposed by Yang et al. [151]. It was found that the FPS was efficient in considerably
reducing the base shear and hydrodynamic pressure without greatly affecting the sloshing
displacement. Several other studies have also been conducted to study the performance of
isolated storage containers subjected to earthquakes considering various other numerical
methods, interested readers may refer to [152–157].
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Kumar and Saha [158] investigated the effect of SSI on the seismic performance of
isolated storage tanks. For this study, both ground-supported and elevated tanks are
considered. Further, the effect of SSI on the effectiveness of laminated and lead rubber
bearings is also discussed in this paper. The tank liquid is idealized as a three lumped
mass approach [37] as discussed in Section 2.1, and the soil is discretized using finite
elements. For the elevated tank, the staging is represented using a spring and dashpot
arrangement. The researchers found that considering the SSI effect reduces the response of
both ground-supported and elevated tanks fixed at the base. However, when isolated tanks
are considered, the effect of SSI depends on the earthquake characteristics, the geometry of
tank and soil flexibility.

Although the response of the tank reduces when it is isolated using elastomers or
friction-based isolators, it was found that, when the isolation period is near to the sloshing
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period, a large sloshing of fluid is observed, leading to the failure of the tank [159]. Al-
ternative methods, such as the use of baffles [160–162], which act as dampers and reduce
the sloshing effect, have been proposed. Though flexible tank wall models are widely
used, for tanks with baffles the wall flexibility has been found to be very low. Thus, sev-
eral researchers have used rigid tank models in their study [160–162]. Some researchers
have proposed rigid tank models resting on isolators to study the seismic behaviour of
base-isolated tanks [161]. It has been found that the base isolation typically increases the
sloshing height and therefore increases the damping ratios. However, studies conducted
by Maleki and Ziyaeifar [163] have shown that the baffles were less effective in reducing
the sloshing height in tanks with a lower aspect ratio. In recent years, several hybrid
systems [159,164–167], wherein friction-based isolators or elastomers are combined with
energy dissipating devices such as viscous fluid dampers or friction dampers, have been
proposed and their effect on the reduction of sloshing has been investigated. These systems
have been found to be effective in solving the sloshing resonance problem in isolated
storage tanks. A summary of the models discussed so far is highlighted in Table 1.

4.3. Modeling Techniques of Base Isolated Structures

A discussion on various modelling techniques used for structures isolated at base is
carried out in this section. Though the modelling techniques discussed in this section are
developed for building structures, they also apply to tank structures. In one of the earliest
studies on sliding friction, Hartog [168], developed a solution to the response of a sliding
SDOF system with Coulomb damping at the interfaces between the base and structure. The
proposed model was for an undamped system represented as a spring mass system. A
similar study conducted by Hundal [169] provided a solution to an SDOF system which
consists of viscous and Coulomb damping (Figure 11).
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Figure 11. SDOF system with a spring, viscous damping and Coulomb friction [150].

A solution to the response of a 2DOF system with sliding surface was proposed by
Qamaruddin et al. [170]. As shown in Figure 12, the structure is modelled as a spring–
dashpot system with top mass (m1) and a base mass (m2). A constant friction coefficient is
assumed between the sliding surfaces throughout the motion.

Yang et al. [171] proposed a base-isolated 2DOF model similar to the model of Qa-
maruddin et al. [170]. However, here the isolation system comprises lead rubber bearings
instead of friction bearings (Figure 13).

Though several investigations have been conducted on isolated systems subjected to
harmonic excitation [172–176], and random or seismic excitation [177–181], these studies
idealize the structure as a 2DOF system. Yang et al. [151] presented a method to evaluate
the response of a multi-degree-of-freedom system (MDOF) (Figure 14). The sliding device
is idealized considering a fictitious spring which has no stiffness during the sliding stage
and a large value during the static stage.
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which assumed the stiffness during the static phase as infinity. Accordingly, these authors
replaced the fictitious spring with a rigid plastic link (Figure 15).
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5. Forces and Factors Influencing the Seismic Behaviour of Tanks

In the past, researchers have observed many types of tank failures during earthquakes;
some of the important failures that have been observed in steel tanks are “elephant foot”
failure and diamond-shaped buckling [22,158]. Elephant footing failure is a result of the
combined action of the axial force and the hoop tension reaching their critical stress values.
In “elephant footing”, walls fail by an elastoplastic buckling failure mode. In some cases,
“diamond-shaped” failures in tank walls have been observed. This failure is a result of
effects induced by the vertical acceleration of earthquakes on storage fluid. The fluid inside
the tank provides a stabilizing effect against the axial buckling of tank walls. However,
the vertical acceleration generated by an earthquake destabilizes the fluid and tank wall
equilibrium, resulting in local buckling.

The typical failures observed in reinforced concrete (RC) tanks are different from the
failure modes of steel tanks. As the walls of steel tanks are slender, they are prone to
buckling failure. However, in the case of RC tanks the walls are quite thick and hence
buckling failures are rare. The failures of RC tanks are mainly due to the bending and shear
failure of staging beams, cracking of the connections, failure of shafts, and torsion failures
of the staging system [183,184]. The toppling and sliding failures are global failures which
are common in both steel and RC tanks. The failures of tanks are dependent on various
parameters, such as the aspect ratio of tanks, types of supports, characteristics of seismic
excitation and size of tanks. To avoid failures of tanks, it is therefore essential to identify the
major factors which influence tank failures. In this regard, a brief discussion on the various
parameters influencing a tank’s behaviour is carried out in this section. The following are
the factors which influence the seismic behaviour of tanks.

5.1. Effect of Mass

The mass of the fluid has a direct effect on the dynamic behaviour of tanks. As
discussed in Section 2, the fluid in the tanks is idealized into different masses based on their
contribution to hydrodynamic pressures. Further, the mass of the fluid in the tank varies
due to the fluctuating fluid levels during its usage. The liquid in the tank may vary from
empty to full with a partially filled condition in between. This effect of fluid fluctuation
needs to be accounted for in the tank analysis for a realistic analysis. A tank’s full and empty
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conditions can be easily modelled by idealizing the tank as SDOF, however modelling tanks
for a partially full condition is quite challenging. Moreover, the partial full condition is the
most realistic case in an actual scenario. Therefore, most of the researchers use partially full
conditions in their study to account for the sloshing, convective and impulsive effects.

5.2. Effect of Base Shear

Base shear is the maximum horizontal force developed at the tank bottom during
earthquake forces. If the base shear exceeds the frictional force at the base, there can be
slippage between tanks and the foundation. The base shears should be evaluated accurately
to ensure the safe performance of buildings. Many researchers have used the base shear as a
basis for the evaluation of tank behaviour under seismic excitation; as an example, Haroun
and Abou-Izzeddine [185] studied the effect of SSI on the base shear of tanks. Engineers try
to reduce the base shear for the safe design of buildings by either using the fundamental
structural analysis principles or using some innovative techniques. Base isolation systems,
especially sliding systems, have been found to be very effective in reducing base shear.
Many countries have recognized the importance of estimating the base shear and include
simplified formulae for its calculation [186,187].

5.3. Effect of Overturning Moment

It has been found that tall tanks are much more prone to overturning than short tanks
during a seismic event [158]. It is, therefore, essential to ensure that the tanks provide
sufficient resistance to the rotation about the vertical axis. This resistance is measured in
terms of base moments. The base overturning moments are induced due to the combined
effects of sloshing, part of the liquid moving with the tank wall and fluid–wall interactions.
It has been found that the impulsive portion of the liquid contributes significantly to
the overturning moments [188]. The estimation of overturning moments is essential for
the design of the connections of the anchored tanks. Furthermore, overturning forces
lead to uplifting of the tanks, damaging the pipe connections. It has been found that the
overturning moments are influenced by SSI effects and are reduced when the effect is
considered in the analysis [158]. Liquid sloshing effects can impart significant damage to
the freeboard section of the tank wall, and also have a tendency to amplify the overturning
moment.

5.4. Effect of Stiffness

As discussed in Section 2, the tank walls had previously been assumed to be rigid
in their analysis. However, investigations have shown that it is essential to consider the
tank walls as flexible. The assumption of rigid walls in tanks led to an underestimation of
seismic forces. This assumption led to the failure of many tanks in the past. Therefore, in
all the recent studies the flexibility of the tank walls is taken into account. It has been found
that higher stiffness results in reduced roof responses. At the same time, this additional
stiffness leads to higher base shear demand.

6. Conclusions

This paper briefly discusses the historical development of various tank modelling
techniques, various factors influencing the modelling techniques, and the benefits and
limitations of different methods. Different modelling approaches of support conditions
and their effect on the responses of tanks are also discussed. Further, this paper focuses
on the brief history of different base isolation systems, modelling approaches, and their
application in storage tanks. Based on the discussions so far, the main conclusions are:

(1) Analysis of liquid storage containers differs from that of typical structures such as
buildings and bridges due to the additional interaction effects between the tank walls
and liquid. Parameters such as the properties of the liquid, the shape of the tank and
the flexibility of the tank walls, the soil properties, and the type of support condition,
determine the seismic performance of tanks.
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(2) In the past, many tanks had been analysed and designed with the assumption that their
walls were rigid. However, the failure of tanks that had been designed on the basis of
these analyses to withstand earthquakes motivated researchers to take the flexibility of
the tank wall into consideration when analysing and designing future tanks.

(3) Many researchers have proposed various simplified models of tank–fluid systems to
study the FSI effect on the performance of storage containers. However, most of these
methods are limited to circular or rectangular tanks.

(4) The development of numerical methods, such as the added mass approach and the
finite and boundary element methods, have enabled the analysis of tanks of irregular
shape without significant loss in the accuracy of results.

(5) Along with FSI, the response of tanks also depends on the flexibility of the tank
walls and on the soil. Thus, researchers have proposed several methods to model the
SSI effects to evaluate the seismic performance of storage tanks subjected to ground
motions.

(6) Though the simplified methods proposed using the mass–spring–dashpot system
effectively represent the SSI effects, they have been found to produce overly conserva-
tive results. Hence, numerical methods can be used to model the soil–tank system for
realistic responses.

(7) The base isolation technique is an innovative and practical technique to produce an
earthquake-resistant tank.

(8) Base isolation systems generally tend to reduce the base shear demand when com-
pared with the base shear response of fixed base tanks.

(9) Base isolation systems have also been found to reduce the top displacement demand
as the tank moves as a rigid unit due to the high flexibility of the isolators in the
horizontal direction.

(10) The SSI effect has a significant influence on the behaviour of base-isolated tanks.
However, depending on the characteristics of the earthquake, the SSI effect could be
either beneficial or detrimental to the tank response [158].

(11) Several studies have shown the effectiveness of elastomeric bearings for tanks with
fixed liquid storage levels. However, some studies have shown that the effectiveness
of the elastomer isolation system reduces with the fluctuation in the liquid levels
inside tanks.

(12) Some researchers have favoured FP bearings over elastomer bearings as the period of
isolation of FP bearings is independent of the structure’s weight and stiffness.

(13) The resonance problem of FPS under pulse-like vibrations led investigators to develop
alternative isolators with various geometrical surfaces, such as VFPI, VCFPS, VRFPS,
CFPI, and VFFPI, which have non-fixed isolation periods.

(14) Analysis of isolated structures is quite challenging compared with conventional fixed
base structures due to the presence of static and sliding phases. In this regard, models
such as fictitious springs and rigid plastic links have been developed.

(15) For the analysis of isolated tanks due considerations are to be given to the combined ef-
fects of FSI and SSI. Thus, numerical methods have been found to be more appropriate
for the accurate analysis of isolated tanks.

(16) Though base isolation systems are effective in reducing the seismic demand of storage
tanks, it has been observed that the sloshing period has a tendency to match the
isolation period, leading to the sloshing resonance problem.

(17) Several alternative techniques can be used to solve the sloshing resonance issue,
such as using baffles which act as dampers or incorporating hybrid systems with a
damper–isolator combination.
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Abstract: In order to compare and analyze the seismic response characteristics of a safety-related
nuclear structure on a non-rock site in the condition of raft and pile group foundations under
unidirectional and multidirectional seismic motion input, a large-scale shaking table test of the
soil-nuclear structure system was carried out in this paper. In the test, the soil was uniform silted
clay, and the shear wave velocity was 213 m/s. Considering the similarity of the superstructure
natural frenquency, the actual nuclear power structure was simplified to a three-story frame shear
wall structure model. The annular laminated shear model box was used to take the boundary effect
of soil into consideration; the seismic motions = were input in only one horizontal direction or three
directions at the same time for the shaking table test, and the results were analyzed. The results
of the test show that the acceleration response of the safety-related nuclear plant is affected by the
directions of input seismic motion and the forms of the foundation. When the seismic motion is input
simultaneously in three directions, the acceleration responses of the horizontal motion and vertical
rocking of the safety-related plant are larger than those of the single-direction input. The acceleration
response of the horizontal motion and vertical rocking of the safety-related structure with the pile
group foundation is smaller than that with the raft foundation. The values of most frequency bands
in the horizontal acceleration Fourier amplitude spectrum at the top of the pile-foundation structure
are smaller than that at the top of the raft-foundation structure, while the displacement is basically
the same as that of the raft-foundation structure. This is related to the relation between the frequency
component of input seismic motion and the natural frequency of the structure system. Therefore, it is
more reasonable to use three-dimensional seismic input in the seismic response analysis of nuclear
power plants. The seismic performance of nuclear power plants can be enhanced by using pile
group foundations.

Keywords: three-dimensional seismic motion; raft foundation; pile group foundation; shaking table
test; safety-related nuclear structure

1. Introduction

Clean and efficient nuclear power is an important way to solve the global energy
problem. However, it is the safety performance of the plant structure that must be given
adequate consideration while vigorously developing the nuclear power industry. At
present, most of the nuclear power plants built or under construction in China are located
in coastal hard bedrock areas, according to the design specifications of nuclear power
plants. In view of the decreasing number of sites that meet the requirements of standard
design, it is inevitable to turn to inland non-rock sites when selecting bases for new nuclear
power plants in the future. Although there are many examples of non-rock nuclear power
plant construction abroad, according to statistics, 60% of nuclear power plants in France
and 50% in the United States are located in soft rock or sandy soil [1]. The construction of
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nuclear power plants in China started later, and the theory and specifications are relatively
imperfect. Compared with the structural dynamic analysis of nuclear power plants with
high-quality bedrock site conditions, the seismic response analysis of safety-related nuclear
structures on non-rock sites is more complicated and has more uncertainties. The influence
of many factors involved has not been recognized [2].

Nuclear power plant structures have the characteristics of large mass, large stiffness,
and high displacement control requirements, which are different from general civil build-
ings [3]. Currently, some scholars have completed partial research work on the seismic
response of nuclear structures on non-rock sites. Ying Jianian et al. [4] calculated the
impedance function of a pile foundation under a nuclear power plant with different meth-
ods, then suggested that the impedance of the pile foundation should be selected carefully
for specific projects and the field test results should be used to assist in the determination of
impedance for major projects; Mohamed A. Sayed et al. [5] calculated the dynamic response
of a simplified nuclear power plant model; Li Weixin and Wang Guixuan [6,7] established
a quasi-three-dimensional finite element model of the pile-soil-CPR1000 nuclear island
plant structure and compared the seismic reaction of the plant before and after using a
pile group foundation on a soil base; Luo Chuan et al. [8] compared the consequences of
nuclear structures with and without piles in horizontally layered sites under earthquakes;
Zou Degao et al. [9] analyzed the response of the three-dimensional pile foundation nuclear
island model under earthquakes beyond the design basis; Yang Jianhua et al. [10] discussed
the key influencing factors in the numerical calculation of the dynamic performance of
a nuclear plant with a pile foundation; Zhu Shengdong et al. [11] completed a nonlinear
seismic behavior analysis of the piled raft foundation AP1000 nuclear island structure;
Chen Shaolin et al. [12] proposed a partition analysis method to improve the efficiency of
time-domain soil–structure interaction analysis and applied it to seismic response analysis
of nuclear structures.

The numerical simulation method adopted in the above research can reflect the dy-
namic response characteristics of nuclear power structures to a certain extent. How-
ever, the model test method is more intuitive and real, which can provide a reference
for evaluating the reliability of various theoretical and numerical models. Jeong Gon
Ha et al. [13] compared the results of field tests and centrifuge tests (horizontal unidi-
rectional seismic input) of the seismic reaction of a nuclear power plant containment on
a soil site in Hualien and advanced that centrifuge tests can be employed to simulate
the soil–foundation–structure interaction of the actual nuclear power plant containment.
Li Xiaojun et al. [14,15] conducted a shaking table test of the soil–structure system un-
der three-dimensional seismic motion input with the research object of the CAP1400
nuclear power plant; Peng Lingyun et al. [16] tested the seismic performance of a plant
structure with rigid foundations near the bottom plate edge in the CAP1400 nuclear
power plant by shaking table test and numerical simulation; Zhang Xueming et al. [17]
verified the applicability of the method for establishing a uniform hazard spectrum in
actual nuclear power structures by a shaking table test of a nuclear power plant with
rigid foundations; Zhou Zhiguang et al. [18,19] completed the shaking table test of the
AP1000 nuclear power plant with and without isolation on rigid and soil base; Gao
Yongwu et al. [20] studied the floor response spectrum of a nuclear power plant on a soil site
under horizontal earthquakes.

This paper is a part of the project “Research on the dynamic response of nuclear island
plants on soft soil bases”, which is carried out by a nuclear power company for further
analysis of the site adaptability of the safety-related nuclear structure of the third-generation
nuclear power plant on a soil base. The shaking table test of the safety-related plant
under unidirectional horizontal and multi-directional earthquakes was completed using a
simplified model. By comparing the dynamic response of the safety-related plant under
unidirectional and multi-directional seismic motion, the influence of multi-directional
seismic motion on the horizontal seismic performance of the plant is analyzed, and by
comparing the dynamic response of the safety-related plant with pile group and raft
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foundations, the seismic response characteristics of the plant with different foundation
forms on a non-rock site are discussed. The research results in this paper can provide a
reference for the seismic design of nuclear power plants on non-rock sites.

2. Overview of the Test
2.1. Background of the Project

The study subject in this paper is a third-generation nuclear island plant, whose
layout is shown in Figure 1, including the reactor plant, fuel plant, electrical plant, safety-
related plant, etc. All the nuclear plants above share a raft foundation. This study mainly
takes safety-related plant B as the research object, which consists of walls and plates with
10 stories and 40 m in height. The base characteristics refer to the typical soil site in China,
and the pile foundation contains rock-socketed piles with a diameter of 1.5 m and a length
of 40 m.

Sustainability 2023, 15, x FOR PEER REVIEW 3 of 18 
 

foundations, the seismic response characteristics of the plant with different foundation 

forms on a non-rock site are discussed. The research results in this paper can provide a 

reference for the seismic design of nuclear power plants on non-rock sites. 

2. Overview of the Test 

2.1. Background of the Project 

The study subject in this paper is a third-generation nuclear island plant, whose lay-

out is shown in Figure 1, including the reactor plant, fuel plant, electrical plant, safety-

related plant, etc. All the nuclear plants above share a raft foundation. This study mainly 

takes safety-related plant B as the research object, which consists of walls and plates with 

10 stories and 40 m in height. The base characteristics refer to the typical soil site in China, 

and the pile foundation contains rock-socketed piles with a diameter of 1.5 m and a length 

of 40 m. 

 

Figure 1. Diagram of nuclear power plant. 

2.2. The Shaking Table 

The shaking table system used in this experiment is a 5 m × 5 m three-direction, six-

degree-of-freedom large-scale seismic simulation shaking table system of the Institute of 

Engineering Mechanics, China Earthquake Administration. The maximum acceleration 

input is 2 g, the maximum distance is 0.5 m, and the effective bearing capacity is 30 t. 

2.3. Annular Layered Shear Box 

A self-developed cylindrical laminated shear model box was adopted in the test. The 

model box is 2.5 m in height and 2.8 m in inner diameter. It is composed of several H-

shaped frames. Three-way movable support elements are set between the frames, which 

can produce relative motion and simulate the shear deformation of the soil during vibra-

tion, as shown in Figure 2. 

Figure 1. Diagram of nuclear power plant.

2.2. The Shaking Table

The shaking table system used in this experiment is a 5 m × 5 m three-direction,
six-degree-of-freedom large-scale seismic simulation shaking table system of the Institute
of Engineering Mechanics, China Earthquake Administration. The maximum acceleration
input is 2 g, the maximum distance is 0.5 m, and the effective bearing capacity is 30 t.

2.3. Annular Layered Shear Box

A self-developed cylindrical laminated shear model box was adopted in the test. The
model box is 2.5 m in height and 2.8 m in inner diameter. It is composed of several H-
shaped frames. Three-way movable support elements are set between the frames, which
can produce relative motion and simulate the shear deformation of the soil during vibration,
as shown in Figure 2.
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2.4. Design and Modeling of Superstructure

In order to reflect the dynamic characteristics of the prototype structure quantitatively
in the dynamic test, the model should meet the similarity relation. The soil–structure
interaction model of the large-scale seismic simulation shaking table test includes two
parts: the soil mass model and the scaled structure model. In principle, the scaled structure
model can approximately satisfy the experimental similarity relation by appropriately
applying artificial mass and selecting the fabrication material. However, since the soil is a
three-phase dispersion with strong nonlinearity, the shaking table test of the soil is difficult
to meet the similarity relation of physical quantities such as modulus and force at the same
time under the condition of constant Gravitational acceleration. Therefore, it is impossible
to find strict similarity relations in the large-scale shaking table test of soil structure [21].
It is feasible to take the similarity between the safety-related nuclear plant with a pile or
raft foundation and the prototype structure into reasonable consideration in the design of
the model. However, due to the difficulty in meeting the similarity relation of the soil, the
practical significance of this approach is limited. Based on this, various factors are taken
into comprehensive consideration to design the experimental model, such as the size and
upper load limit of the shaking table, the size of the soil container, and the relation between
the natural frequencies of the safety-related nuclear plant model and the prototype (the
ratio of the two is preliminarily determined to be 4:1), and the final determination is that
the length of the structure model is 1.6 m, the width is 1.1 m, and the total height is 1.85 m.
It is designed as a three-layer building; the height of the first layer is 0.65 m, and both the
second and third layers are 0.60 m. The model is made of microconcrete. The concrete
strength grades of the model structure and the floor are C30 and C40, respectively. The
thickness of the walls and floors is 40 mm and 30 mm, respectively. The reinforcement is
made of two-direction double-row galvanized iron wire mesh with a diameter of 2 mm
and a grid spacing of 10 mm.

In order to facilitate the connection between the superstructure and the pile cap, two
test models were designed in total for the shaking table test of the raft and pile group
foundation. The baseplate thickness of the superstructure with the raft foundation model
is 300 mm, which is also used as the raft foundation. The baseplate thickness of the
superstructure with the pile group foundation model is 150 mm, which is connected with
the pile cap (with a thickness of 150 mm) by high-strength screws. The length and width
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of the superstructure baseplates in both test models are 2.0 m and 1.5 m, respectively, and
the only difference is the thickness of the baseplates. The natural frequencies of the safety-
related plant B and two experimental models are shown in Table 1. The ratios of natural
frequencies between the models and the prototype in the X and Y directions are close to 4:1,
which meets the design requirements. A model of the nuclear power safety-related plant
with a raft foundation is shown in Figure 2.

Table 1. The natural frequencies of structural models and the prototype.

The Prototype The Structural Model
with Raft Foundation

The Structural Model with
Pile Group Foundation

In X direction 5.20 20.20 20.67
In Y direction 3.91 16.55 17.75

2.5. Model of Soil Mass

According to the difference in shear wave velocity, the base soil is classified in the
Code for Seismic Design of Buildings (GB50011-2010) [22]. The shear wave velocity ranges
of soft soil, medium soft soil, medium hard soil, and hard soil are less than 150 m/s,
150 m/s~250 m/s, 250 m/s~500 m/s, and greater than 500 m/s, respectively. In addition,
the Code for Seismic Design of Nuclear Power Plants (GB50267-2019) [23] holds that soil
mass with a shear wave velocity of less than 300 m/s can be regarded as a relatively
weak base. Therefore, the classification limit for medium hard soil and hard soil bases of
nuclear structures can be changed from 500 m/s to 300 m/s. Considering that the pile
in the shaking table test model is made of fine aggregate concrete, the measured elastic
modulus is about 22 GPa, while the elastic modulus of ordinary C30 concrete is about
30 GPa, and the ratio of the two is about 0.7, it can be calculated that the ratio of shear
wave velocity is about 0.8 when the density and Poisson ratio are close. As a result, in
the shaking table test of this paper, the shear wave velocity range of the aforementioned
different types of soil needs to be reduced by 0.8 times to obtain the shear wave velocity
range for the classification of nuclear structure subsoil that can match the pile group
foundation in the model. The shear wave velocity ranges of soft soil, medium soft soil,
medium-hard soil, and hard soil base after reduction are less than 120 m/s, 120~200 m/s,
200~240 m/s, and greater than 240 m/s, respectively.

The ordinary silted clay and medium-fine sand were mixed according to a mass ratio
of 2:1 and then formed in the soil container when preparing the soil mass model in this
experiment. The filling height was 2.3 m, and manual compaction was performed after
each 100 mm filling to ensure the uniformity of the soil. The average density of the soil
measured by the cutting ring method is 1.80 g/cm3, and the shear wave velocity of the soil
measured by the resonance column test method is 213 m/s. It can be judged that this is
a medium-hard soil base according to the shear wave velocity range of different types of
subsoil discussed above.

2.6. Model of Pile Group Foundation

The 3 × 3 arrangement of 9 foundation piles is adopted, and the net distance of
foundation piles in the east–west and north–south directions is 0.6 m and 0.4 m, respectively.
The foundation pile is a circular pile with a diameter of 100 mm and a length of 2 m, of
which size and reinforcement are shown in Figure 3a,b, and the bottom steel plate is welded
with the bottom of the soil container to simulate the rock-socketed end bearing pile, as
shown in Figure 3c. The pile head and cap are poured integrally. The diagram of the
pile group arrangement is shown in Figure 3d, where the circles with numbers represent
the piles.
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2.7. Instrumentation

Since it is the dynamic response of the upper safety-related plant structure in different
seismic motion input directions and different foundation conditions that is compared in
this paper, only the monitoring sites of three-direction acceleration sensors and draw-wire
displacement sensors arranged in each layer of the superstructure are explained. The
layout of the sensors is shown in Figure 4, where the red circle and the white rectangle
represent the acceleration and displacement monitoring sites, respectively. Acceleration
sensors are arranged at the center of the upper surface of the floor in each layer of the
structure, and the bottom-up numbers are A0~A2. For the analysis of the plant structure’s
rocking motion, acceleration sensors are arranged at the midpoints of the eastern, western,
southern, and northern edges of the structure, numbered A3-EM, A3-WM, A3-SM, and
A3-NM, respectively. Monitoring sites of draw-wire displacement sensors are arranged at
the midpoint of the western and northern edges of the top of each layer in the structure,
and the bottom-up numbers are DW1~DW3 (western side) and DN1~DN3 (northern side).
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2.8. Scheme of Dynamic Load Input

In the shaking table test, artificial acceleration time histories and actual strong earth-
quake records are generally selected as input motions for the test model. So, the artificially
synthesized seismic motion according to the RG1.60 response spectrum commonly used in
the United States nuclear power design (hereinafter referred to as RG1.60 seismic motion)
and the two natural seismic motions, Landers and Chichi, are applied in the test. The
normalized acceleration time history and Fourier amplitude spectrum of input seismic
motions are shown in Figure 5.

After amplitude modulation of the selected seismic motions to 0.05 g, 0.10 g, and
0.20 g, they are input into the test model along only one direction (X) and three directions
at the same time (X, Y, and Z, see Figure 2). When the motions were input in three
directions simultaneously, the amplitude ratio of acceleration in the X, Y, and Z directions
is 1:0.85:0.65 [22]. The graded loading increases with the amplitude mentioned above in
the test. In addition, to get the natural vibration characteristics of the model at different
stages of the test, white noise is input before and after all levels of loading.
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Figure 5. Acceleration time history and Fourier amplitude spectrum of input seismic motion. (a) 
Time history of RG1.60. (b) Fourier spectrum of RG1.60. (c) Time history of Landers. (d) Fourier 
spectrum of Landers. (e) Time history of Chichi. (f) Fourier spectrum of Chichi. 
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1:0.85:0.65 [22]. The graded loading increases with the amplitude mentioned above in the 
test. In addition, to get the natural vibration characteristics of the model at different stages 
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Figure 5. Acceleration time history and Fourier amplitude spectrum of input seismic motion. (a) Time
history of RG1.60. (b) Fourier spectrum of RG1.60. (c) Time history of Landers. (d) Fourier spectrum
of Landers. (e) Time history of Chichi. (f) Fourier spectrum of Chichi.

3. Analysis of Test Results
3.1. Experimental Phenomena and Structural System’s Natural Frequency

In the process of most seismic input, the vibration amplitude of the two foundation-
structure integral model systems is generally small, the soil container has no obvious
relative deformation, and the structural baseplate has good contact with the surrounding
soil layer. Only when the amplitude of input is 0.20 g is the structural baseplate separated
from the surrounding soil, and cracks appear on the surface of the soil (Figure 6). Except
for the obvious vertical rocking motion of the superstructure when the RG1.60 seismic
motion is input into the raft foundation model with an amplitude of 0.20 g, the motion of
the superstructure in other test cases can be regarded as approximate translation. It can
be preliminarily judged that the two test models are intact and were not damaged during
the test. The white noise method is used to analyze the frequency of the whole model. The
results are shown in Table 2. It can be seen that the natural frequency of the models does not
change before and after the test, which is consistent with the experimental phenomenon.
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Table 2. Results of frequency using white noise method (Hz).

Conditions Pile Group Foundation Model Raft Foundation Model

Before the test 16.10 14.14
After the test 16.14 13.92

3.2. Test Results Comparison of Seismic Motion Unidirectional and Three Directional Input

For the analysis of the energy transfer law in the process of seismic wave propagation,
the Arias seismic motion intensity index Ia [24] is introduced, and its expression is

Ia =
π

2g

∫ Td

0
a(t)2dt (1)

where a(t) is the acceleration time history of the monitoring sites, whose unit is m/s2, Td
is the duration of the seismic motion, and g is the gravity acceleration (m/s2). The Arias
intensity amplification factor is defined as the ratio of Arias intensity in the roof of each
layer to the baseplate of the superstructure. Under the action of a unidirectional earthquake,
the amplification factor is obtained from the unidirectional acceleration response of each
monitoring site. Under the action of a multi-directional earthquake, the horizontal total
acceleration response of each monitoring site is obtained along the synthetic direction of
horizontal earthquake input (the angle with the X axis is 40◦), and the amplification factor
is acquired.

The Arias intensity amplification factor curve of the nuclear power plant on the pile
group foundation is shown in Figure 7. It can be seen from Figure 7: (1) The Arias intensity
of each floor increases with height under unidirectional or multi-directional earthquakes.
(2) The amplification factor of each floor decreases with the increase in the input seismic
motion amplitude, but the change is small. This is because the safety-related structure
is not significantly damaged and is in the nonlinear elastic stage; (3) When the same
seismic motion input is unidirectional and three-directional, the amplification factor of
each layer of the structure in the unidirectional input case is slightly greater than that in the
three-directional input case. The amplification factors at the top of RG1.60 seismic motion
along one-way and three-way input are 2.42~3.07 and 2.22~2.85, respectively, of Landers
seismic motion are 1.82~1.85 and 1.67~1.76, and of Chichi seismic motion are 1.79~1.93 and
1.65~1.86; (4) The amplification factor of the safety-related plant structure in the case of
RG1.60 input is greater than that in the case of Landers and Chichi input. From Figure 5,
it can be seen that this is because the main frequency components of Landers and Chichi
are below 10 Hz, while RG1.60 still has more components from 10~20 Hz, which is located
near the natural frequency of the test models and has a more obvious amplification effect.

The values of Arias intensity at the top of the safety-related structure under uni-
directional and multi-directional earthquakes are compared in Table 3. Although the
amplification factor of the safety-related structure under multi-directional seismic motion
input is smaller than that under unidirectional input, the values of Arias intensity at each
layer of the safety-related plant in multi-directional input cases are basically larger than
those in horizontal unidirectional input cases. In the condition of three-way input, the
Arias intensity values at the top of the superstructure are 0.98–1.58 times those of the same
seismic input in a single direction.

Table 3. Arias intensity values at the top of structure model with pile group foundation (m/s).

Type of Seismic Motion Unidirectional Input Multi-Directional Input
0.05 g 0.10 g 0.20 g 0.05 g 0.10 g 0.20 g

RG1.60 1.172 4.005 12.139 1.546 5.493 13.666
Landers 0.317 1.402 7.472 0.499 2.084 11.342
Chichi 1.345 4.351 19.160 1.316 6.262 23.674
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Figure 7. Arias intensity amplification factor curve of structure model with pile group foundation. 

(a) RG1.60 unidirectional input. (b) RG1.60 multi-directional input. (c) Landers unidirectional input. 

(d) Landers multi-directional input. (e) Chichi unidirectional input. (f) Chichi multi-directional in-
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Figure 7. Arias intensity amplification factor curve of structure model with pile group foundation.
(a) RG1.60 unidirectional input. (b) RG1.60 multi-directional input. (c) Landers unidirectional input.
(d) Landers multi-directional input. (e) Chichi unidirectional input. (f) Chichi multi-directional input.

Figure 8 shows the floor spectra of the safety-related plant structure with a pile group
foundation under a 0.05 g amplitude input case. In cases of unidirectional input, the floor
spectra are generated by the one-way acceleration response of each monitoring site. In
cases of multi-directional input, the floor spectra are generated by the horizontal total
acceleration response along the synthetic direction of horizontal earthquake input (the
angle with the X axis is 40◦) of each monitoring site. It can be seen from Figure 8 that (1) in
the case of any seismic motion input, the shape of the floor spectrum of each floor of the
structure is basically the same; only the amplitude is different, increasing with the height;
and (2) while the same seismic motion is input along a single direction or a multi-direction,
the shape of the floor spectra of the safety-related plant is relatively consistent, and the
peak period is generally unchanged.
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Figure 8. Floor spectra of structure model with pile group foundation. (a) RG1.60 unidirectional 

input. (b) RG1.60 multi-directional input. (c) Landers unidirectional input. (d) Landers multi-direc-

tional input. (e) Chichi unidirectional input. (f) Chichi multi-directional input. 

Figure 9 shows the variation of the Arias intensity values of the rocking motion at the 

top of the safety-related plant with the input seismic motion amplitude. The solution of 

the intensity values is as follows: in the condition that the seismic motion is input in the X 

direction, subtract the average values of the records in the Z direction (as shown in Figure 

Figure 8. Floor spectra of structure model with pile group foundation. (a) RG1.60 unidirectional input.
(b) RG1.60 multi-directional input. (c) Landers unidirectional input. (d) Landers multi-directional
input. (e) Chichi unidirectional input. (f) Chichi multi-directional input.

Figure 9 shows the variation of the Arias intensity values of the rocking motion at the
top of the safety-related plant with the input seismic motion amplitude. The solution of
the intensity values is as follows: in the condition that the seismic motion is input in the X
direction, subtract the average values of the records in the Z direction (as shown in Figure 2)
of A4-EM and A4-WM—acceleration sensors on the eastern and western sides at the top
of the structure—from the two records separately to obtain two new time histories and
calculate the Arias intensity values of the new time histories. Then, the average value of
Arias intensity values obtained from new time histories is acquired to represent the intensity
of rocking motion. The calculation method for the seismic motion three-direction input
condition is similar, except that the average value recorded by four sensors at the top is
subtracted. The intensity values in the east–west and north–south directions are calculated
separately using the above method and then summed up for the total intensity value.
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Figure 9. Arias intensity values of rocking motion at the top of superstructure with pile group foundation.

It can be drawn from Figure 9 that when the selected three seismic motions are input
into the test model with different amplitudes, the rocking motion at the top of the plant
model, when the seismic motion is input from three directions, is more violent than that
when the seismic motion is input from the X direction, and the Arias intensity value is about
1.14~1.62 times that when the seismic motion is input from the X direction. According to
Table 2, the Arias intensity value of the rocking motion of the pile-foundation structure
model accounts for about 1.3% to 4.0% of the horizontal motion at the same position. In
addition, though the duration of the RG1.60 seismic motion is the shortest of the three
input motions, the Arias intensity value of the rocking motion at the top of the structure is
the largest, which indicates that the safety-related plant is more sensitive to high-frequency
seismic motion input.

Figure 10 is used to illustrate the displacement calculation basis of the three-way input
condition of seismic motion in this experiment. When the test model generates displacement
along the direction of the actual movement in Figure 10, the actual displacement 1© at
the monitoring site of the draw-wire displacement sensor is larger than the measured
displacement 2© in this direction. However, since the actual displacement 3© in the other
horizontal direction is much smaller than the length of the wire of the displacement sensor,
it can be approximately considered that the angle between the wire before and after the
motion is very small, and the actual variation of the wire length (obtained by the initial
length of the wire minus 2©) is basically the same as the variation of the same seismic
motion input along the single direction (obtained by the initial length of the wire minus
1©). It can be found that 1© is basically the same as 2©, and the measured 2© can be used to

replace the real 1© in the experiment. Because, in fact, 1© is greater than 2©, this practice
will lead to a smaller measured value of structural displacement in the three-dimensional
seismic motion input condition. Figure 11 shows the displacement amplitude at different
heights of the nuclear power plant when the amplitude of input seismic motion is 0.05 g.
Due to the large stiffness of the plant model, the displacement amplitude at different
heights in the same test condition is generally the same; the interlayer displacement of the
structure is small and can be approximately regarded as a translation of a rigid body. When
the seismic motion is input from three directions, the horizontal displacement amplitude
is about 1.07~1.19 times that of X unidirectional input. As a result of the fact that the
displacement measured in the three-way input condition is less than the true value, the
difference between the actual displacement value of the three-dimensional input and the
one-dimensional input condition is greater.
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3.3. Comparison of Structures with Different Foundations Test Results

Figures 12 and 13 are the comparison results of the Arias intensity values at each height
and the Fourier amplitude spectrum at the top of the nuclear safety-related plant with
different foundation forms under 0.05 g amplitude seismic motion input. The maximum
Arias intensity appears at the top of the structure model, regardless of the foundation forms.
When the pile group foundation is applied, the Arias intensity values at each height of
the structure model are smaller than those for raft foundation conditions. While RG1.60,
Landers, and Chichi seismic motion input, the Arias intensity values at the top of the struc-
ture on pile group foundation are reduced by 41%, 32%, and 48%, respectively, compared
with the structure on raft foundation. The shapes of the acceleration Fourier spectra at
the top of the plant structure with different foundation forms are similar. However, the
amplitude of Fourier spectra at the top of the plant on the raft foundation is larger than
that of the plant on the pile group foundation in most frequency bands. This is because
the natural frequencies of both the two model systems of plants with different foundation
forms are high, and components of the input seismic motions are mainly in the relatively
low-frequency zone. The natural frequency of the model system in the case of a pile group
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foundation is higher than that in the case of a raft foundation. So the difference between
most frequency components in the input seismic motions and the natural frequency of the
test model is greater in the pile foundation case than in the raft foundation case, and the
amplification effect is weakened.
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Figure 12. Comparison of Arias intensity values of superstructure with different foundation forms. 

(a) RG1.60 input. (b) Landers input. (c) Chichi input. 
Figure 12. Comparison of Arias intensity values of superstructure with different foundation forms.
(a) RG1.60 input. (b) Landers input. (c) Chichi input.

Figure 14 shows the comparison results of Arias intensity values of rocking motion
at the top of the plant with raft and pile group foundations. The rocking motion of the
raft-foundation structure caused by the three seismic motions selected in the test is greater
than that of the pile-foundation structure, which indicates that the pile group foundation
is beneficial to reduce the vertical rocking motion of the nuclear safety-related plant. The
rocking motion of the plant caused by RG1.60 seismic motion is the most intense.
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Figure 13. Comparison of spectrum of superstructure with different foundation forms. (a) RG1.60 

input. (b) Landers input. (c) Chichi input. 
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Figure 13. Comparison of spectrum of superstructure with different foundation forms. (a) RG1.60
input. (b) Landers input. (c) Chichi input.
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Due to the large stiffness of the nuclear power plant model, the displacement at each
height is basically the same, and only the displacement amplitude at the top of the plant
with raft and pile group foundation is given, as shown in Figure 15. It can be seen from
Figure 15 that the displacement of the nuclear structure model with two foundation forms
is generally the same. This is because the components of displacement response are mainly
in the low-frequency zone, which differs significantly from the high natural frequencies of
nuclear power structure systems.
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4. Conclusions

In this paper, based on the shaking table test of a subsoil-safety-related nuclear struc-
ture system on a non-rock site, the acceleration and displacement responses of a safety-
related nuclear structure with a pile group and raft foundation under horizontal unidi-
rectional and multi-directional seismic motion input are compared. The following three
conclusions can be drawn:

(1) The Arias intensity amplification factor at different heights of the safety-related plant
is related to the frequency components of seismic motion input, which is larger
under RG1.60 seismic motion input than that of the other two natural seismic motion
input cases. That is because RG1.60 seismic motion has more components near the
natural frequency of the soil–structure system model. In addition, the high-frequency
components of the RG1.60 seismic motion cause a more severe vertical rocking motion
of the nuclear power plant than the other two natural seismic motions.

(2) When the seismic motion is input in three directions simultaneously, the Arias inten-
sity value, displacement, and degree of vertical rocking motion of the safety-related
plant are largerthan in unidirectional input cases. The shape of the floor spectrum is
basically the same as that of the unidirectional input, and the peak period changes little.

(3) The Arias intensity value and rocking motion amplitude of the pile group-foundation
safety-related plant are less than those of the raft-foundation safety-related plant. In
most frequency bands, the value of the Fourier amplitude spectrum at the top of the
raft-foundation structure is greater than that of the pile group-foundation structure.
The reason for this is that the frequency of the input seismic motion is lower than
the natural frequency of the test model system, and the natural frequency of the
pile-foundation model system is higher than that of the raft-foundation model system,
so the amplification effect is weakened. The displacement of the safety-related plant
on different foundation forms is basically the same because the frequency of the input
displacement is low and far away from the natural frequency of the model systems.

Based on the above conclusions, it is recommended to use three-dimensional seismic
motion input in the seismic response analysis of nuclear power plants on non-rock sites
to make the results less underestimated and more reasonable. In addition, the seismic
performance of a nuclear power plant on a non-rock site can be enhanced by setting pile
group foundations.
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Abstract: Borehole shrinkage and collapse are likely to occur when downhole testing is conducted in
soft or loose sandy soils, resulting in testing interruption. To prevent this situation from occurring,
installing casing in the borehole is a common approach. However, in actual testing, the quality of the
signal obtained from measuring points within the depth of the casing is often not ideal, and there is
still no clear and unified justification for the causes of interference generated by the casing. Therefore,
the team attempt to investigate and elucidate the impact of casing through on-site experiments and
numerical simulations. Firstly, on-site tests on the impact of different materials of casing on the
wave velocity test utilizing the downhole method are conducted, the waveform characteristics of the
measurement points inside the PVC casing and steel casing boreholes are analyzed, and the usability
of the test results are evaluated. Next, the contact state between shallow soil and casing is changed,
and its impact on the waveform characteristics of signal at different depth measurement points is
analyzed. Then, the ABAQUS finite element software is utilized to establish a three-dimensional
finite element model for wave velocity testing using the casing method, and the dynamic response
of the measuring points on the casing wall inside the hole under surface excitation is solved. By
numerically simulating different casing materials, the contact state between the casing and the hole
wall, and the presence of low wave velocity filling soil around the casing, the variation patterns of the
affected measurement point signals in the time and frequency domains are investigated. Furthermore,
combined with the measured data, the impact characteristics of the casing on the results of the wave
velocity testing using the downhole method are systematically explored. This research can provide
some insights for the application and data interpretation of signals in the downhole methods of
cased wells.

Keywords: downhole method; numerical simulation; casing effect; shear wave velocity; travel time;
in-situ experiment

1. Introduction

The in-situ shear wave velocity profile of the site is a crucial geotechnical parameter for
engineering sites [1–5], and the downhole method of shear wave testing is one of the most
commonly used in-situ wave velocity testing methods for obtaining shear wave velocity
under small strain on the site, which has advantages such as low cost, simple principle, and
convenient operation [6–9]. At present, research on the downhole method testing mainly
focuses on travel time calculation [10–12] and propagation distance calculation [13], mostly
neglecting the analysis of the reliability of obtaining signals.

Many factors can affect the quality of signal acquisition in on-site testing. Cur-
rently, there is a consensus that the influencing factors include the contact state between
the sleeper and the surface, the distance between the sleeper and the borehole, and
etc. [14–16]. However, there is relatively little research on the impact of casing on the
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acquisition of signals through the downhole method of wave velocity testing. When con-
ducting downhole testing on weak sites or sites with loose sandy soil layers, it is easy to
experience borehole shrinkage and collapse, which can engender testing interruption. To
prevent this situation, lowering the casing during drilling is a typical practice. However, in
actual testing, the quality of the signal acquired from the measuring points within the depth
of the casing is often not ideal. Larkin and Taylor [17] compared the signals collected by
drilling holes before and after casing placement under forward and reverse percussion and
found that the phase of the signals gained by shallow and mid layer measurement points
after casing placement was significantly disturbed. The interference components were
defined as the torsional and bending waves generated by percussion propagating along
the casing, which attenuated rapidly with depth. Crice [18] compared the signals obtained
from drilling with casing in the presence and absence of well fluid at measurement points
and found that the waveform of the signals obtained in the wet hole state was substantially
disturbed. Crice believed that the interference component was a pressure pulse formed by
the coupling of soil, casing, and liquid, which had the characteristics of fast wave velocity
and slow attenuation along depth. Therefore, in deeper measurement points, it could be
mistakenly identified as shear waves and cause interference. In fact, there is still no clear
and unified justification for the reason of interference caused by the casing. Moreover, due
to the expansion of the hole during the drilling process, the loose sand layer in the hole
falling off, and the bridge plug phenomenon during the soil subsidence process, the contact
state between the casing and the hole wall soil is complex, which can easily produce a cavity
situation and impact the acquisition of signals. The analysis of the contact state between the
casing and the hole wall on the testing site is time-consuming and labor-intensive; therefore,
it is generally believed that the signal obtained in the depth of the casing in the downhole
method of wave velocity testing is not reliable, and the test signal of the measurement point
in the depth of the casing is discarded to avoid the error generated by the casing. However,
with the extensive construction of infrastructure in China’s delta plain areas and cross river
and sea engineering projects, there are more and more opportunities for encountering soft
soil sites in in-situ wave velocity testing. Improving drilling stability through casing has
become a norm, and the casing is also getting deeper. Many technical personnel in on-site
wave velocity testing choose to abandon testing the wave velocity at shallow positions
with casing. However, estimating the corresponding soil layer wave velocity referring to
the wave velocity data of the nearby boreholes will result in more errors. It is meaningful
to clarify the impact caused by the casing during the drilling method testing and find ways
to eliminate the impact.

This study mainly focused on the influence of casing on the wave velocity testing
signal in the downhole method. Field experiments on the influence of different materials of
casing on the wave velocity test of downhole method were first conducted, and the signal
wave characteristics and the usability of test results in the borehole of PVC casing and that
of steel casing were analyzed. Then, the contact state between shallow soil and casing
was altered to analyze its effect on the signal waveform characteristics of measurement
points at different depths. In geotechnical engineering, there is a lot of available software,
such as FLAC, UDEC or ABAQUS. Considering that our research group has purchased the
genuine ABAQUS software, then in this study, the geotechnical simulation software is used
to analyze the displacement contour of the roadway excavation [19]; the ABAQUS finite
element software was harnessed to establish a three-dimensional finite element model
for wave velocity testing with the casing downhole method and simulate the dynamic
response of the measurement points on the casing wall in the hole under surface excitation.
Through numerically simulating different casing materials, casing and borehole wall contact
state, casing surrounded by a low-velocity soil layer, and other working conditions, the
affected measurement point signal changes in the time domain and frequency domain were
analyzed, and combined with the measured data, the characteristics of the influence of
casing on the downhole method wave velocity test were systematically explored.
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2. Field Experiment Preparation and Experimental Model
2.1. Experimental Site and Test Apparatus

The experimental site was located on the North Campus of the College of Disaster
Prevention and Technology in Sanhe City, situated in the pre-Yanshan plain area, mainly
alluvial from the Chaobai River and the Ji Canal. The main body of the site is fluvial
deposits with sound stratigraphic conditions. A sketch of the stratigraphic section is shown
in Figure 1a [20]. Two boreholes with 117 mm diameter and about 10 m apart were arranged
in the site for placing the casing of different materials. The casing length of the PVC cased
borehole exceeded 30 m, and that of the steel cased borehole exceeded 24 m. The acquisition
system selected for the wave velocity test field experiment of the downhole method with
cased borehole was the SE2404PLUS series integrated engineering detector (see Figure 1b)
produced by Beijing Jopeng Group, equipped with a single three-component airbag probe
(see Figure 1c). The power system excited shear energy by manually striking the ground
sleeper horizontally (see Figure 1d,e). To increase the coupling between the sleepers and the
ground, the ground surface was scraped and iron blocks were placed on top of the sleepers.
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method equipment.

2.2. Experimental Models and Test Method
2.2.1. Experimental Models of Casing Borehole with Different Materials

In the field experiment, PVC casing and steel casing were installed in two boreholes to
develop two experimental models of casing, and the casing was in close contact with the
hole wall at this time. In order to strengthen the connection between the casing and the
borehole wall, the diameter of the borehole should be slightly smaller than that of the casing
during the excavation process. After the casing was established, sand was poured into the
void between the surface casing and the hole wall. A three-component probe was placed in
the borehole with casing and the signal of each measurement point was recorded by pulling
the probe from the bottom up. The distance between the vertical center of the percussive
sleeper and the center of the casing hole was 2 m. The test depths of the two casing holes
with casing were 4 m to 22 m, and the spacing between the measuring points was 2 m.
In an effort to enhance the reliability of signal acquisition, the same measuring point was
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struck several times and the signal observed. The sampling interval was 0.05 ms, and no
filtering was set for the acquisition process.

2.2.2. Experimental Models with Different Contact States

By excavating the soil around the casing and injecting fluid around the casing in
the two cased boreholes in Section 2.2.1, two other experimental models were developed,
and combined with the experimental model in Section 2.2.1, three experimental models
have been constructed: “contact” model, “free casing” model, and “casing immersed in
fluid” model (abbreviated as “fluid immersion” model). For the sake of experimental
observation and practical operation, the excavation depth around the casing was 2.2 m,
which means that only the first 2.2 m of the casing was falling off from the hole wall in the
free casing model. The same is true for the fluid immersion model. Figure 2a–d presents
the free casing model and fluid immersion model for PVC cased borehole and steel cased
borehole, respectively. Considering the depth of the location where the casing contact state
in the borehole changed, 4.0 m was established as the test depth. The distance between
measurement points was shortened to 0.5 m. The distance of the percussion sleeper from
the borehole remained unchanged, and striking was performed at the same measurement
point several times with the signal recorded. 0.05 ms was positioned as the sampling
interval, with no filtering set during the acquisition process.
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3. Numerical Simulation of Wave Velocity Test with Casing Downhole Method

The ABAQUS finite element analysis platform was leveraged to establish a
three-dimensional analysis model to simulate and calculate the characteristics of the influ-
ence of the cased borehole on the signal obtained through the downhole method wave ve-
locity test. As detailed in Figure 3, the size of the soil in the model was 20 m × 20 m × 30 m,
the diameter of the borehole was 0.1 m, and the borehole ran through the whole soil model.
The depth of the casing in the borehole from the surface to the bottom of the casing was
measured at 20 m. The X–Y plane was shown as the horizontal plane of the actual test,
and the center of the borehole was the center of the X–Y plane, which was set as the origin
(marked by “O” with co-ordinates (0, 0, 0)); thus, the co-ordinates of the observation point
on the casing in the X–Y plane should be (−0.05, 0, 0). In the model, the Z-axis was upward,
and the negative Z-axis was the direction of depth increase. ABAQUS infinite element
transmission boundaries [21,22] were used around the model and on the bottom surface to
mitigate the interference of reflected waves from the model boundaries to the near-field
region. The material properties of the infinite element unit were linear elastomer, and the
rest of the material parameters was consistent with those of the connected soil unit. An
approximate impulse force along the Y-axis was applied to the surface of the model to
simulate the excitation source of the sleeper strike in the actual test, and the point of the
load action was 2.0 m (marked by “S” with co-ordinates (−2.05, 0, 0)). The observation
points on the surface of the casing and the surface of the soil borehole wall in contact with
the casing were set along the negative direction of the Z-axis, and the observation points
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were located in the X–Y plane; hence, the horizontal Y direction of the observation points
was parallel to the direction of the load action.
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Figure 3. (a) Schematic diagram of 3D finite element analysis model, (b) approximate impulse
concentrated force to simulate surface strike in downhole test.

According to Campanella and Stewart [6], and Ishihara [23], the strain level of the soil
in the wave velocity test of the downhole method is in a small range; therefore, the soil was
considered as a homogeneous, isotropic linear elastic half-space medium in the simulation
of this paper. To minimize the influence of other factors, the soil as well as the casing was
set as a single material. Different casing materials were simulated by varying the dielectric
shear wave (S-wave) velocity and density of the casing, and by varying the unit contact
between the casing and the soil, the contact state in practice was simulated. Given that
the soil was in the small strain range under the pulse load, a sound contact state between
the casing and the borehole wall was simulated by a common nodal contact between the
casing and the soil unit, and a nodal no-contact state was simulated by the casing.

Figure 4 provides a schematic diagram of the different material casing models and
the different contact models involved in the simulation. Figure 4a is used to examine the
effects of different casing materials on the acquired signals, and to simulate the velocity
responses of the measurement points for three conditions: no casing, PVC casing, and steel
casing, respectively. Figure 4b,c simulates the effect of free casing between the casing and
the borehole wall. In the model of Figure 4b, the free casing occurs in the first 10 m, and
the casing is still in contact with the soil at the common node in the last 10 m. Indicated
in the model of Figure 4c, the free casing is set in the depth range of 10–15 m, and the
casing is still in contact with the soil at the common node in the remaining depth range.
Figure 4d presents the new model added to the numerical simulation, in which a soil layer
with low dielectric wave velocity is added between the casing and the original soil body to
surround the casing. The thickness of the low velocity surround layer is 0.15 m, to simulate
the solid medium filling between the casing and the borehole wall, and the three discrete
units are in common node contact with each other. The model parameters of the model
in Figure 4 are shown in Table 1. Three-dimensional eight-node hexahedral solid units
are used to discretize the soil body, and the casing is discretized as a shell unit because
its thickness is much smaller than its length, and the degree of freedom in the rotation
direction is constrained in the modeling process. The size of soil and casing units and the
time step of numerical calculation are set according to the stability criterion of numerical
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integration of time domain dynamic display [24], and both the size of the solid unit for
discretizing soil and that of the shell unit for discretizing casing are not larger than 0.1 m.
The size of unit for discretizing the soil’s low velocity layer is not larger than 0.02 m. The
soil and casing around 1/4 of the borehole in the X–Y plane is divided into five units. The
time step of all models is 1 × 10−6 s.
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Figure 4. Schematic diagram of 4 touching condition model of cased borehole (a) cased borehole with
different casing material, (b) free casing at the first 10 m depth, (c) free casing at 15–20 m depth, and
(d) cased borehole surrounded by a soft soil layer with low shear wave velocity.

Table 1. Material parameters of models.

Model Simulation
Conditions

Soil Casing

Contact
Mode

Shear
Wave

Velocity
m/s

Poisson’s
Ratio

Density
kg/m3

Shear
Wave

Velocity
m/s

Poisson’s
Ratio

Density
kg/m3

Model 1

Condition 1:
free casing 200 0.4 1700 - - - -

Condition 2:
PVC casing 200 0.4 1700 1000 0.3 1400 common node

Condition 3:
steel casing 200 0.4 1700 3000 0.3 7300 common node

Model 2
Free casing in

the depth
range of 10 m

200 0.4 1700 3000 0.3 7300

first 10 m:
common node

post 10 m:
free contact

Model 3

Free casing in
the depth
range of
10–15 m

200 0.4 1700 3000 0.3 7300

0–10 m:
common node
10–15 m: free

contact
15–20 m:

common node

Model 4

Surrounded
by a soil layer

with low
dielectric

wave velocity

200/
60

0.4/
0.25

1700/
1400 3000 0.3 7300

Both contact
surfaces are in

common
node mode

4. Results and Discussion
4.1. Effect of Cased Material

Figure 5 displays the horizontal signals and the corresponding spectra acquired in
the field experiment for PVC cased borehole and steel cased borehole within 22 m test
depth each. In order to lessen the interference of noise, the signals of multiple strikes were
recorded and then normalized and superimposed. Except for the signals from the 14 m and
16 m test points, clear peaks were observed at all depths of the PVC cased borehole, and
more vibration cycles were noticed at the shallow test points than at the deeper test points

120



Sustainability 2023, 15, 9805

(e.g., 18–22 m test points) as shown in Figure 5a. Through the Fourier variation of the
signal obtained from the PVC cased borehole, the signal band was acquired, which ranged
from 25 Hz to 100 Hz, similar to the shear band range recorded by other researchers in the
downhole method [10,14], and did not change much with the depth of the measurement
point. Notwithstanding, it can be seen that the main frequencies of the signals at 4 m, 10 m,
and 12 m were higher than those at other depths. These depths were located in the sand
layer, and it is assumed that the soil medium characteristics had a greater influence on
the signal wave traces and spectral characteristics. The signals observed from the steel
cased boreholes were of better quality than those from the PVC cased boreholes, and the
signals from the 14 m and 16 m measurement points did not show signal delay, as indicated
in Figure 5. Nevertheless, the signal from the shallow measurement points of the steel
cased borehole also witnessed more cycles in the wave traces than the signal from the deep
measurement points (e.g., 18–24 m measurement points). Shown in Figure 5d, the band
range of the steel cased borehole signals was also within the range of 25–100 Hz, close to the
band range of the signals obtained from the PVC cased borehole. However, the frequency
band of the deeper measurement points obtained from the steel cased borehole was less
attenuated around 75 Hz than that from the PVC cased borehole.
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Figure 5. (a,b) Signal traces of horizontal direction of receivers and its corresponding FFT spectra
at all testing depths in downhole test with PVC tube, (c,d) signal traces of horizontal direction of
receivers and its corresponding FFT spectra at all testing depths in downhole test with steel tube.

Selecting and calculating the time difference of wave peaks between signals recorded
at different depths is a regular approach to calculate shear wave brigades, also known as the
peak-to-peak method [6,13]. Then, the shear wave travel distance was calculated based on
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the ray path, i.e., the shear wave velocity propagated in a given soil layer could be acquired
based on the mathematical relationship between “distance–time–velocity” [6,13,25,26].
Figure 6 exhibits a comparison of the peak times of the signal wave traces recorded in the
cased borehole tests of two materials and the shear wave velocities calculated from the
signals of the adjacent measurement points. It can be found in Figure 6 that the signal peaks
of the two types of cased boreholes were close to each other between 4 m and 12 m. Due
to abnormal signal delay at 14 m and 16 m, the signal peaks of the PVC cased boreholes
were larger than those of the steel cased boreholes from 14 m onwards. Since the vicinity
of 14 m was exactly the partition interface of the site soil layer, and the nature of layer 4
and layer 5 soil was fine sand and powder sand, which could be easily disturbed, thereby
leading to the collapse of the hole wall, it is presumed that the delay of PVC casing drilling
signal was affected by the bad contact between casing and hole wall. When the depth of the
measurement point continued to increase to enter the clay layer, the contact degree between
PVC casing and hole wall increased at this time, and the signal gradually returned to
normal. For a steel cased borehole with a casing medium wave velocity of up to 2000 m/s,
the shear wave velocity was calculated from the recorded signal in the test depth of 4–22 m
between 200 m/s and 300 m/s. Similar shear wave velocities were also observed in the
PVC cased holes between 6 and 10 m. Due to abnormal signals obtained at 14 m and 16 m,
a significant deviation was detected in the shear wave velocity calculated from the other
tests of the PVC cased borehole.
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Figure 6. (a) Comparison of peak time of signals in horizontal direction received in PVC and steel
casing downhole test, (b) comparison of shear wave velocity calculated through selected peak time
based on peak-to-peak method.

As indicated in Figures 5 and 6, the recorded signals from the borehole with casing
failed to identify the obvious wave components generated by the casing (possibly due to
the small interference components generated by the casing), and the shear wave velocity
calculated from the signals was not significantly increased by the casing, whether the
shear wave velocity was 700 m/s for the PVC casing or 2500 m/s for the steel casing [7].
Therefore, it is assumed that the borehole with casing can record valuable signals normally,
and the quality of the recorded signals in the borehole with casing is more likely to be
deteriorated by the unsatisfactory contact between the casing and the borehole wall.

Figure 7 displays the numerical simulation results of the horizontal directional com-
ponent response. It can be noted that, in the simulation, when the casing and soil are in
common contact to simulate the close contact between the casing and the hole wall in the
actual test, the amplitude and peak of the velocity response wave traces recorded at the
same depth observation point without casing and that with two different media wave
velocities are very close. Nonetheless, with the increase in the shear wave velocity of casing
media, the amplitude of the response wave traces decreases and the position of the wave
peak moves forward continuously. Through comparing the velocity response wave traces
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of the observation points at three depth positions, it is found that the amplitude of the
response wave traces decreases with the increase in depth and the peak time decreases
accordingly when the measurement points are located within the depth range of casing.
The peak time difference between adjacent observation points was calculated based on
the peak-to-peak method. Figure 7b demonstrates the effects of different casing materials
on the calculated shear wave velocity in the numerical simulation. Based on the shear
wave velocity test results of the free casing model, it can be observed that the relative
error of shear wave velocity calculated by the model with a casing medium wave velocity
of 1000 m/s is very small, basically less than 1%. For the casing medium wave velocity
model with 3000 m/s, the calculation of shear wave velocity is not affected by the decrease
in corresponding wave amplitude and the premise of wave peak time. For example, the
relative error of 13–19 m depth is less than 1%. However, it should be noted that the relative
error of shear wave velocity calculated by the casing medium wave velocity 3000 m/s
model starts at 9 m depth and gradually increases with depth, and this feature still demands
further investigation, but the final relative error is only 5%. It can be seen that the relative
error of shear wave velocity for both casing models increases significantly near the depth of
the bottom of the casing, even up to 13.3% (the model with casing medium wave velocity
of 3000 m/s). This suggests that although the casing is in good contact with the soil, the
difference in the response wave traces of the observation points between the transition zone
of the casing and the soil in the borehole can still generate a major error in the calculated
shear wave velocity, especially when the signals of the adjacent observation points are used
for calculation.
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Figure 7. Results of numerical simulation of different casing materials models, (a) signal traces
of horizontal Y-direction component of velocity response at the depth of 5 m, (b) signal traces of
horizontal Y-direction component of velocity response at the depth of 15 m, (c) signal traces of
horizontal Y-direction component of velocity response at the depth of 25 m, and (d) relative error
of S-wave velocity between cased borehole model and non-cased borehole model with shear wave
velocity calculation based on the adjacent signals of velocity response using peak-to-peak method.
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Based on the numerical simulation results, it can be concluded that the presence of
casing does cause errors in the calculated S-wave velocity, and the larger the shear wave
velocity of the casing medium, the more significant the errors. However, the actual effect of
the presence of the casing on the calculated shear wave velocity is very small, and the only
thing that requires attention is the casing transition region. This further reflects that in the
state of close contact between the casing and borehole wall, the presence of the casing, and
the difference in casing material have little effect on the signal obtained in the borehole, and
that the high-quality signal can still be recorded for the calculation of reliable shear wave
velocity at this time. In contrast, the variation in the contact state seems to have a more
pronounced effect on the recorded signals. For this reason, field experiments are conducted
for three contact states and numerical simulations of the downhole method wave velocity
tests performed for two of these contact states for better comparative studies.

4.2. Effect of Contact State between Casing and Hole Wall

As shown in Figure 2, a free casing model was formed after the soil around the casing
was excavated and a “fluid immersion” model after filling the void with fluid. Due to
the limitation of manual excavation, only a 2.2 m deep casing could be formed; therefore,
the spacing of measurement points was changed to 0.5 m to record enough measurement
signals for comparative analysis. Figure 8 presents the signals and spectral information of
the 1.5 m measurement points recorded under the three models. By observing Figure 8a, it
can be found that the measuring point could still record signals after PVC free casing. The
signal arrival time was then delayed compared with the casing contact model, and the signal
waveform attenuation slowed down, and there were still obvious up and down vibration
wave traces after 50 ms. The frequency band of the signal recorded at the measurement
point under the free casing model became significantly narrower, and the main frequency
was above 100 Hz, significantly larger. As demonstrated in Figure 8c,d, the wave traces
and spectral change characteristics appearing after free casing were especially obvious
when the casing material was steel. The test was conducted again after a fluid injection
in the void. At this time, the number of cycles of the signal wave traces was similar to
that of the contact model, and the peak position of the signal wave traces is different from
the delayed position of the casing after dehollowing, but close to the peak position of the
contact model again, or even slightly ahead of the contact model. Observing the frequency
spectrum of the signal recorded in the water injection model in Figure 8b,d, it was found
that the frequency band range increased compared with that in the free casing model and
was again close to that in the contact model, especially when the casing material was PVC.
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The results in Figure 8 suggest that when the lower part of the casing was still in
favorable contact with the hole wall, even if the casing was dehollowed, the signal could
still be recorded at the dehollowing location. Based on the signal delay, it can be inferred
that the signal propagated upward along the casing through the dehollowing position and
then was detected by the measuring point in the dehollowing position. When the casing
was surrounded by water, the measured points in the casing could record signals similar to
those when the casing was in good contact with the hole wall. This means that in addition
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to filling the gap between the casing and the hole wall with sand, pebbles, concrete, and
solid objects, the gap filled with liquid could also solve the problem of unfavorable contact
between the casing and the hole wall. The liquid could not transmit the shear wave, but
since the cased borehole was located in three-dimensional space, shear waves generated
by horizontal percussion traveled in a spherical shape, thereby causing the vibration of
soil particles. Therefore, more energy was transferred around the casing as shear waves
around the liquid and was transferred to the casing in the form of a compression wave,
which is then captured by the geophone. Considering that the compressional wave velocity
is larger than the shear wave, the signal recorded at the measurement point is advanced,
which also explains the advancement of the signal wave crest of the water injection model
in Figure 8a,c.

Figure 9 demonstrates the signal and spectrum information of all the measurement
points within the test depth of the three contact state models of the PVC cased borehole and
the steel cased borehole. It can be seen that in Figure 9a,c, the signal wave traces recorded in
the dehollowing area (1.0–2.0 m) and the un-dehollowing area (2.5–4.0 m) differed greatly
in the dehollowing model with the excavation surface (2.2 m) as the boundary. Especially
when the steel casing was dehollowed, the signal was attenuated very slowly. At the same
time, the signal arrival of the measurement point in the dehollowing area was delayed with
the increasing shallow depth of the measurement point, shown in Figure 10. This indicates
that the wave recorded at the measuring point in the casing dehollowing area propagated
along the casing from bottom to top. The recorded signal frequency bands of the measuring
points in the casing dehollowing area were narrowed, but still in the range of the soil
shear wave (clearly observed in Figure 9c). This means that the signal propagation through
the casing to the measurement point still retained the component of the excitation signal
propagating through the soil, presumed to be amplified by the influence of the casing when
it propagates in the casing, and therefore could be seen in the steel casing, made of more
rigid material. Hence, it can be seen that the signal wave traces recorded in the steel casing
with greater stiffness had a more obvious feature of increased circulation and a narrower
signal band. The shape and spectral characteristics of the recorded signal wave traces in
the fluid immersion model were very close to those of the casing contact model. As can be
seen from Figure 10, the shear wave velocity between the measurement points calculated
using the peak-to-peak method and the linear path of the adjacent measurement points was
still different between the contact model and the fluid immersion model, but the relative
error of the calculated shear waveform velocity was still within the acceptable range for
engineering testing.

Numerical simulation was adopted to make up for the shortcoming of the shallow
depth of manual excavation dehollowing in the field test by increasing the depth of the free
casing to the first 10 m, and it was also leveraged to calculate the dehollowing condition
in the middle region of the casing only, which could be difficult to realize in the field.
The modeling process is shown in Section 3. The material parameters of the model were
the same as those of the model with good casing contact (Model 1, working condition 3).
The numerical results are displayed in Figure 11. For the first 10 m of the casing after
dehollowing, the velocity response of the observation point in the dehollowing area showed
the characteristics of delayed wave arrival time and increased wave cycle, and the signal
arrival time shows an increase with the shallow depth of the observation point, while
the spectrum changed from a wide band before dehollowing to two narrower spectral
peaks. These changes were similar to the change pattern of the field test results (free casing
model). When the dehollowing position occurs in the middle section of the casing, it can be
observed from Figure 11c,d that the wave traces of the observation point response arrived
earlier than when the casing was in good contact, and the wave peak position was delayed
with the increase in the observation point depth, indicating that the wave propagation in
the dehollowing area became top-down and propagated at a faster speed than the wave
speed of the soil shear wave. The main frequency after the narrowing was larger than that
in the first 10 m of the free casing model.
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Figure 12 indicates the numerical simulation results of the signals obtained from
the measurement points inside the casing after the casing is filled with soft soils with
low dielectric wave velocity. Under the modeling conditions of Model 1 and working
condition 3, a layer of soil layer with medium shear wave velocity of 60 m/s was added
around the casing. The specific modeling parameters are shown in Table 1. As reflected
in Figure 12, the newly added medium wave velocity layer caused a decrease in the
amplitude and a slight delay in the peak time of the horizontal Y-direction component of
the velocity response at the observation point, but the overall wave traces were close to
those without the low velocity layer. The results are revealed in Figure 12d, which shows
that the calculated shear velocities were similar to those without the low velocity layer at
most depths, except for the top and bottom of the casing (19–20 m interval), where the shear
velocities were inaccurate compared to those in the good contact model. It can be noted
that when the casing was surrounded by a low-velocity soil layer, the signals obtained from
the observation points in the borehole were basically the same as those when the casing
was surrounded by a preset soil body. However, due to the presence of the low-velocity soil
layer, the top of the casing was influenced by the near-field effect, and the error caused by
the contact medium conversion of the probe at the bottom of the casing was also magnified.
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5. Conclusions

In the current research, the wave traces characteristics and spectral characteristics of
the signals obtained from the measurement points under different casing materials were
compared with the results of 3D finite element numerical simulations of wave velocity
tests under the downhole method with casing. For the change of contact form between
the borehole and the casing, the influence of the presence of casing dehollowing and the
liquid filling in the casing dehollowing area on the signal of the measurement points in
the casing was also studied by field experiments and numerical simulations. The main
research conclusions are as follows.

(1) Under the condition of desirable contact between the casing and the borehole wall,
both PVC cased borehole and steel cased borehole can receive good quality signals in
the casing. There are no casing-induced components in the signal wave traces of the
measurement point. Both the signal wave traces of different casing materials and the
frequency band characteristics are similar. However, due to the existence of the casing,
the soil layer prone to collapse and the boundary between soil layers will more easily
contribute to the abnormal signal recorded by the measurement points in the casing.

(2) On account of characteristics such as the change in arrival time, the slowdown in
wave attenuation, and the narrowing of the main frequency, significant errors in the
calculation of shear wave speed will arise. It should be noted that when the dehollow-
ing occurs in a certain area of the casing it will be more complex to identify based on
the signals recorded at the dehollowing area, and the shear wave speed calculation
error is relatively significant at this time. While dehollowing, the greater the stiffness
of the casing material, the greater the impact on the signal of the measurement point.

(3) Fluid injection between the casing and the hole wall can eliminate to a greater extent
the error caused by the free casing, but at this time the measurement point signal still
contains interference components generated by the casing. However, the calculated
shear wave velocity error is within the acceptable range of engineering.

(4) Compared with the presence of casing, the contact state between the casing and the
hole wall in the wave velocity test with the casing downhole method has a greater
impact on the signal of the measurement point. With a view to acquire better signal of
measuring points and eliminate the error of calculating wave velocity, it is an effective
approach to, after drilling holes, fill the space between the hole wall and the casing
with materials, such as grout and pebble sand.

(5) Two improvements can be made for the further study. One is to apply artificially built
site models to accurately control the depth and characteristics of different layers of
soil, and better comprehend the impact produced by soil layer differences. The other
is to establish a more refined numerical simulation model to simulate the effects of
unsaturated soil and the presence of groundwater, as a means to better simulate the
actual situations.
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Abstract: Twelve site models were established based on the analysis of the influence of site conditions
on earthquake damage and the influence of the soft soil layer on-site seismic response. The equivalent
linearization site seismic response analysis is carried out at different input ground motion levels
to discuss the influence of soft soil layer thickness and buried depth. The results show that the
characteristic period of the response spectrum exhibits a gradual increase as the buried depth or
thickness of the soft soil layer increases. Furthermore, the characteristic period of the response
spectrum also increases with the rise in the input ground motion peak. Moreover, according to
the influence characteristics of soft soil thickness, buried depth, and input ground motion intensity
on the characteristic period of the site acceleration response spectrum, a method for adjusting the
characteristic period of the site acceleration response spectrum with a soft soil layer is put forward.

Keywords: site conditions; ground motion; characteristic period; equivalent linearization; earth-
quake damage

1. Introduction

Site conditions play a decisive role in the influence of ground motion [1,2]. In engineer-
ing seismic design, the engineering design and construction solutions that are compatible
with the characteristics of the site conditions can effectively reduce the damage to the
engineering structure from seismic effects, extend its safe service life, and contribute to the
sustainability of the engineering structure. Site conditions are mainly considered in the
following aspects: engineering geological conditions and hydrogeological conditions near
the surface [3,4], local topographic effects [5,6], and fault site effects [7,8]. The engineer-
ing geological conditions near the surface can be investigated from three angles, such as
geotechnical type, overburden thickness, and soil structure [9]. Generally speaking, the
ground motion on the bedrock site is smaller, followed by the hard soil site, and the soft soil
site is the largest under the same ground motion. Meanwhile, the existing analysis shows
that the soil structure also has a significant influence on ground motion [10,11]. Specifically,
it has been observed that as the burial depth of the hard interlayer increases, both the
peak acceleration and the response spectrum of the ground surface increase. Moreover, as
the thickness of the hard interlayer increases, the peak acceleration of the ground surface
first decreases gradually, then increases gradually, while the response spectrum value
increases [12–15]. On the other hand, increasing the burial depth or thickness of the soft
interlayer leads to a decrease in both the peak acceleration and the peak of the response
spectrum [16,17].

In recent years, people have paid attention to the influence of soft soil on the site’s
seismic response, and some scholars have carried out in-depth analyses from different
perspectives. Xu et al. [18] conducted a study on the seismic damage mechanism of soft
soil sites in Fuzhou. The findings indicated that soft soil increases the site excellence
period to some extent, and the excellence period is closely related to the stiffness of the
foundation soil. Yao et al. [19] suggested that the existence of a local soft interlayer can

Sustainability 2023, 15, 8837. https://doi.org/10.3390/su15118837 https://www.mdpi.com/journal/sustainability131



Sustainability 2023, 15, 8837

significantly amplify or attenuate ground motion, which might affect the lagged spatial
consistency between spatially varying ground motions. Cao [20] analyzed the effect of
the burial depth of the soft interlayer on the ground motion. The results revealed that
the amplification and predominant frequency of the site decreased with the deepening
of the soft interlayer location. In a study conducted by Wang et al. [21], the influence
of the buried depth of a soft interlayer on ground motion parameters was investigated
through site seismic response analysis using the equivalent linear method. The findings
revealed that as the burial depth of the soft interlayer increased from shallow to deep,
the peak acceleration, peak velocity, and peak response spectrum exhibited a decreasing
trend. Additionally, the period corresponding to the maximum value of the characteristic
period and response spectrum showed an increasing trend with an increase in the burial
depth of the soft interlayer. Tian [22] proposed that under the same Class III site conditions,
the presence of soft soil layers makes the ground motion parameter values vary greatly
compared to those obtained for sites without soft soil layers. Furthermore, the different
locations of the soft soil layers in the soil structure lead to large differences in the ground
motion parameter values. Yan et al. [23] focus on the influence of soft interlayer and slope
effects on the dynamic response of slope sites through acceleration amplification effects and
seismic wave fluctuation mechanisms. They combine the traditional Fourier spectrum and
Hilbert marginal spectrum methods to demonstrate the spectral variation characteristics of
sites from the frequency domain perspective. Li and Xia et al. [24] calculated three profiles
with thicknesses of 3 m, 5 m, and 9 m to analyze the effects of burial depth and thickness of
soft soil interlayer on surface ground motion parameters under the condition of constant
burial depth. Wang et al. [25] conducted research using an ideal site as the base model
and varied the position of the soft soil layer to establish corresponding calculation models.
Through soil response analysis, they investigated the effects of the soft interlayer at different
locations on parameters such as peak surface acceleration, amplification coefficient, and
equivalent shear wave velocity at the site. The study concluded that the influence of the
soft interlayer on the site’s peak acceleration exhibits an initial amplification followed
by a reduction. Additionally, the propagation capacity of the four site types exhibits a
certain range, and the equivalent shear wave velocity does not accurately reflect the soil
layer structure.

In summary, the soft soil layer has a significant effect on the site’s seismic response,
especially in the form of a significant increase in the characteristic period. Additionally,
compared with the Code [26], the characteristic period of the acceleration response spec-
trum of a site with a soft soil layer after the regulation is much larger than the value
specified in the Code. The method of determining the characteristic period is the key
technology in earthquake engineering, and there is little research on the adjustment method
of the characteristic period of the site response spectrum. Although a few scholars have
conducted relevant research [27–29], the currently available adjustment methods are not
intended for sites with soft interlayers. Therefore, a new characteristic period calibration
method applicable to soft soil sites has yet to be proposed (i.e., a new seismic engineering
technology). In light of these findings, the present study aims to develop soft site models
incorporating silt layers, building upon previous research. The influence of the soft soil
layer on the seismic response of the site will be analyzed, and a method for adjusting the
characteristic period of the response spectrum will be proposed. This research endeavor
intends to provide a theoretical foundation for determining the characteristic period of the
seismic response spectrum for sites with soft soil layers.

2. Ground Motion Input

The input ground motion for the seismic response analysis of a soft site with a silt
layer is obtained by artificial synthesis [30–32]. The synthesized ground motions consist of
peak accelerations of 50 gal, 100 gal, and 200 gal (1 gal = 1 cm/s2), time intervals of 0.02 s,
and discrete points of 2048. The acceleration time range is reduced by half in magnitude
as the input ground motions are calculated for the one-dimensional soil seismic response
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analytical model. The input ground motion acceleration time range and acceleration
response spectrum are drawn in Figure 1, and the characteristic periods of the response
spectrum are 0.30 s, 0.35 s, and 0.40 s, respectively.
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Figure 1. Input ground motion: (a) acceleration time range (PGA = 25 gal); (b) acceleration re-
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3. Site Seismic Response Analysis
3.1. Site Seismic Response Calculation Model and Determination of Dynamic Parameters

For analyzing the seismic response of the site with a soft soil layer, six analytical
models are established, each representing a different burial depth of a single layer of silt.
Additionally, six analytical models are created, representing different burial depths of
two layers of silt. These models are developed based on the survey data and the specific
engineering seismic conditions of the site. The objective is to analyze the influence of
the characteristics of the thickness and burial depth of the soft soil layer on the site’s
seismic response.

To analyze the ground motion response of soil layers at the site, it is desirable to have
detailed information about the soil profile, including the layered thickness and properties
of each soil layer. Additionally, the mechanical properties of the soil also play a crucial
role in analyzing the ground motion response. These properties include the shear wave
velocity, density, and dynamic nonlinear characteristic parameter values of the soil. Based
on the actual field investigation and experimental data and considering different silt layer
thicknesses and burial depths, six analytical models with one layer and two layers of silt,
each with different burial depths, have been established [33–35]. The profile and mechanical
parameters of model 1 are summarized in Table 1. Models 2 to 6 are obtained on the basis
of model 1 by varying the number of silty clay layers overlying the silt layer and gradually
moving the silty clay from under the silt layer of model 1 to above the silty layer. For
instance, model 2 consists of one layer of silty clay with soil class number 3. Model 3
includes two layers of silty clay with class numbers 3 and 4. Model 4 is composed of three
layers of silty clay with class numbers 3, 4, and 5. Model 5 is constructed with four layers
of silty clay with class numbers 3, 4, 5, and 6. Model 6 comprises five layers of silty clay
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with class numbers 3, 4, 5, 6, and 7. The profile and mechanical properties of model 7 are
summarized in Table 2. Models 8 to 12 are also obtained by changing the number of layers
of overlying silty clay based on model 7. This means that model 8 is overlaid with one layer
of silty clay, classified as 3. Model 9 is overlaid with two layers of silty clay, classified as 3
and 4. Model 10 is overlaid with three layers of silty clay, classified as 3, 4, and 5. Model
11 is overlaid with four layers of silty clay, classified as 3, 4, 5, and 6. Lastly, model 12 is
overlaid with five layers of silty clay, classified as 3, 4, 5, 6, and 7.

Table 1. Analysis model 1.

No. Rock-Soil Soil Class Depth at the Bottom of
Layer (m)

Layer Thickness
(m)

Shear Wave
Velocity (m/s)

Density
(t/m3)

1 Silt 1 5.0 5.0 112 1.58
2 silty clay 3 9.5 4.5 160 1.86
3 silty clay 4 13.0 3.5 165 1.87
4 silty clay 5 17.0 4.0 199 1.88
5 silty clay 6 21.0 4.0 212 1.96
6 silty clay 7 24.0 3.0 242 1.98
7 rounded gravel 8 27.0 3.0 258 2.20

8 fully weathered
andesite 8 30.0 3.0 393 2.25

9 bedrock of model 9 516 2.65

Table 2. Analysis model 7.

No. Rock-Soil Soil Class Depth at the Bottom of
Layer (m)

Layer Thickness
(m)

Shear Wave
Velocity (m/s)

Density
(t/m3)

1 Silt 1 5.0 5.0 112 1.58
2 Silt 2 10.0 5.0 112 1.66
3 silty clay 3 14.5 4.5 160 1.86
4 silty clay 4 18.0 3.5 165 1.87
5 silty clay 5 22.0 4.0 199 1.88
6 silty clay 6 26.0 4.0 212 1.96
7 silty clay 7 29.0 3.0 242 1.98
8 rounded gravel 8 32.0 3.0 258 2.20

9 fully weathered
andesite 8 35.0 3.0 393 2.25

10 bedrock of model 9 516 2.65

Table 3. Nonlinear parameters of dynamic shear of various soils at different shear strain levels.

Soil Class Soil Layer
Modulus Ratio Shear Strain (10−4)

Damping Ratio 0.05 0.1 0.5 1 5 10 50 100

1 silt
G/Gmax 0.9902 0.98086 0.9105 0.8358 0.5045 0.3374 0.0923 0.0483

ζ 0.0173 0.0244 0.0525 0.0711 0.1236 0.1429 0.1672 0.1712

2 silt
G/Gmax 0.9913 0.9827 0.9189 0.8500 0.5313 0.3617 0.1018 0.0536

ζ 0.0088 0.0135 0.0356 0.0525 0.1073 0.1303 0.1615 0.1669

3 silty clay G/Gmax 0.9918 0.9838 0.9241 0.8588 0.5489 0.3783 0.1085 0.0573
ζ 0.0138 0.0199 0.0459 0.0641 0.1201 0.1428 0.1735 0.1788

4 silty clay G/Gmax 0.9925 0.9851 0.9296 0.8684 0.5689 0.3975 0.1166 0.0619
ζ 0.0123 0.0176 0.0402 0.0561 0.1053 0.1258 0.1542 0.1592

5 silty clay G/Gmax 0.9939 0.9878 0.9419 0.8903 0.6187 0.4479 0.1396 0.0750
ζ 0.0157 0.0218 0.0461 0.0626 0.1136 0.1356 0.1677 0.1736

6 silty clay G/Gmax 0.9943 0.9887 0.9460 0.8975 0.6365 0.4668 0.1490 0.0805
ζ 0.0181 0.0249 0.0512 0.0688 0.1234 0.1473 0.1827 0.1894

7 silty clay G/Gmax 0.9950 0.9901 0.9524 0.9092 0.6669 0.5003 0.1668 0.0910
ζ 0.0106 0.0152 0.0342 0.0478 0.0936 0.1154 0.1504 0.157

8
Rounded gravel

and pebbles
G/Gmax 0.990 0.970 0.900 0.850 0.700 0.550 0.320 0.200

ζ 0.004 0.006 0.019 0.030 0.075 0.090 0.110 0.120

9 bedrock
G/Gmax 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

ζ 0.004 0.008 0.01 0.015 0.021 0.030 0.036 0.046

The dynamic nonlinear parameters and density values of each soil layer in different
calculation site models are derived from the experimental results of the seismic safety
evaluation project at the actual engineering site. The dynamic nonlinear parameters and
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density values of each soil layer are listed in Table 3, and the density values are listed in
Tables 1 and 2.

3.2. Analysis of Calculation Results

When the equivalent linearization method [36,37] is adopted for the site seismic
response calculation of each analytical model, the input ground motion acceleration time
histories corresponding to three peak acceleration levels (25 gal, 50 gal, and 100 gal) are
taken as the computational base incident ground motion of the one-dimensional soil
response analysis model. The ground motion acceleration time histories and response
spectrum values of the surface horizontal seismic response are obtained through the
computational analysis of the horizontal seismic response of each analytical model.

The peak acceleration of surface horizontal seismic response under different ground
motions for each analytical model is shown in Table 4, from which the dynamic ampli-
fication coefficients of surface horizontal seismic response for each analytical model are
obtained and presented in Table 5.

Table 4. The peak acceleration of each analytical model.

Input Peak Acceleration/gal Input Peak Acceleration/gal

Surface Peak Acceleration/gal 25 50 100 Surface Peak Acceleration/gal 25 50 100

Analytical Model Analytical Model

1 53.1 97.1 193.2 7 48.9 96 174.2
2 43.8 86.5 152.3 8 38.7 62.6 110.1
3 41.2 72.4 118.7 9 33.7 55.2 102.8
4 38.7 58.2 109.9 10 31.1 53.9 83.9
5 36.4 52.6 100.6 11 30.4 48.2 69.4
6 30.6 45 87.4 12 29.6 46.4 64.6

Table 5. Dynamic amplification coefficient of the surface seismic response of each analytical model.

Input Peak Acceleration/gal Input Peak Acceleration/gal

Dynamic Amplification Coefficient 25 50 100 Dynamic Amplification Coefficient 25 50 100

Analytical Model Analytical Model

1 2.124 1.942 1.932 7 1.956 1.92 1.742
2 1.752 1.73 1.523 8 1.548 1.252 1.101
3 1.648 1.448 1.187 9 1.348 1.104 1.028

4 1.548 1.164 1.099 10 1.244 1.078 0.839
5 1.456 1.052 1.006 11 1.216 0.964 0.694
6 1.224 0.900 0.874 12 1.184 0.928 0.646

From Table 4, it can be seen that under the same input peak acceleration level, the
thicker the soft soil layer, the smaller the surface peak acceleration; the deeper the soft soil
layer is buried, the smaller the surface peak acceleration.

As can be seen from Table 5, at the same input peak acceleration level, the thicker the
soft soil layer, the smaller the dynamic amplification coefficient of surface peak acceleration;
the deeper the soft soil layer is buried, the smaller the dynamic amplification coefficient
of surface peak acceleration; and the attenuation of the dynamic amplification coefficient
is slower as the burial depth increases. Under the same thickness and burial depth of
the soft soil layer, with the increase in input peak acceleration, the dynamic amplification
coefficient of surface peak acceleration gradually decreases, which indicates that the site
soil has significant nonlinearity.

The variation of peak ground acceleration with different burial depths of the soft soil
layer is given according to Table 4, as depicted in Figure 2. Likewise, the variation of the
peak ground acceleration dynamic amplification coefficient with different burial depths of
the soft soil layer is given according to Table 5, illustrated in Figure 3.
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Figure 3. Variation characteristics of peak acceleration dynamic amplification coefficient with different
buried depths of soft soil layer (solid lines for models with one silt layer, dashed lines for models
with two silt layers).

From Figure 2, it can be seen that for a given input ground motion level, the peak
ground acceleration decreases as the burial depth of the soft soil layer increases. The
attenuation of the peak ground acceleration is more pronounced near the surface, and
it becomes slower as the burial depth increases. Moreover, for different input ground
motion levels, higher input peak accelerations result in faster attenuation of the peak
ground acceleration. Similarly, the thickness of the soft soil layer also affects peak ground
acceleration. A thicker layer of soft soil results in a smaller peak ground acceleration.
The attenuation of the peak ground acceleration is faster near the shallow surface in
thicker soil layers. This difference becomes more obvious as the input ground motion peak
acceleration increases.

As seen in Figure 3, under the same input ground motion, the dynamic amplification
coefficient of the peak surface acceleration is smaller when the burial depth of the soft
soil layer increases. The attenuation of the dynamic amplification coefficient is faster near
the surface and slower as the burial depth increases. Furthermore, for different input
ground motion levels, the dynamic amplification coefficient attenuates faster as the input
peak acceleration increases. Meanwhile, the thickness of different soft soil layers affects
the peak surface acceleration. A thicker layer leads to a smaller dynamic amplification
coefficient and faster attenuation near the shallow surface. The difference in the dynamic
amplification coefficient becomes more obvious with an increase in the input ground
motion peak acceleration.

The site-related response spectra for the damping ratio of 5% are also obtained in the
seismic response analysis of each model, as shown in Figures 4 and 5.
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Figure 4. Site-related acceleration response spectra of each analysis model with a layer of silt at 
different input ground motions: (a) Input ground motion peak acceleration of 25 gal; (b) input 
ground motion peak acceleration of 50 gal; (c) input ground motion peak acceleration of 100 gal. 

0.1 1
1

10

100

 (a)

 model 7
 model 8
 model 9
 model 10
 model 11
 model 12A

cc
el

er
at

io
n 

re
sp

on
se

 sp
ec

tru
m

 (g
al

)

Period (s)  
0.1 1

10

100

 (b)

 model 7
 model 8
 model 9
 model 10
 model 11
 model 12A

cc
el

er
at

io
n 

re
sp

on
se

 sp
ec

tru
m

 (g
al

)

Period (s)  
0.1 1

10

100

 (c)

 model 7
 model 8
 model 9
 model 10
 model 11
 model 12A

cc
el

er
at

io
n 

re
sp

on
se

 sp
ec

tru
m

 (g
al

)
Period (s)  

Figure 5. Site-related acceleration response spectra of each analysis model with two layers of silt at 
different input ground motions: (a) Input ground motion peak acceleration of 25 gal; (b) input 
ground motion peak acceleration of 50 gal; (c) input ground motion peak acceleration of 100 gal. 
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Figure 4. Site-related acceleration response spectra of each analysis model with a layer of silt at
different input ground motions: (a) Input ground motion peak acceleration of 25 gal; (b) input ground
motion peak acceleration of 50 gal; (c) input ground motion peak acceleration of 100 gal.
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Figure 5. Site-related acceleration response spectra of each analysis model with two layers of silt
at different input ground motions: (a) Input ground motion peak acceleration of 25 gal; (b) input
ground motion peak acceleration of 50 gal; (c) input ground motion peak acceleration of 100 gal.

Figure 4 illustrates that in the model with one silt layer, at the same input ground
motion peak acceleration level, the overall trend within the fluctuation band of the site-
related response spectrum is that the acceleration response spectrum value decreases as
the burial depth of the soft soil layer increases. Additionally, the initial frequency of the
response spectrum attenuation section decreases, and the dominant frequency band of the
response spectrum becomes wider. The variation trend of the response spectrum for each
model is generally consistent at different input peak acceleration levels, while the greater
the input peak acceleration, the larger the response spectrum value. The response spectra
of models are close to each other for the periodic acceleration spectrum above 1 s. This
suggests that the burial depth of the soft soil layer has less influence on the long-period
ground motion.

Figure 5 demonstrates that in the model with two silt layers, at the same input ground
motion peak acceleration level, the overall performance within the fluctuation band of the
site-related response spectrum is that the acceleration response spectrum value decreases
as the burial depth of the soft soil layer increases. Additionally, the initial frequency of the
attenuation section decreases, and the dominant frequency band of the response spectrum
becomes wider. The trend of variation in the response spectrum for each model remains
generally consistent at different input peak acceleration levels. However, it is observed that
as the input peak acceleration increases, the response spectrum values also increase. The
response spectra of models are close to each other for the periodic acceleration spectrum
above 1s, which indicates that the burial depth of the soft soil layer has less influence on
the long-period ground motion.

Based on the free surface horizontal acceleration response spectrum of the engineering
site, the site-related normalized response spectrum with a damping ratio of 5% is calculated
and displayed in Figures 6 and 7.
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different input ground motions: (a) Input ground motion peak acceleration of 25 gal; (b) input 
ground motion peak acceleration of 50 gal; (c) input ground motion peak acceleration of 100 gal. 
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As can be seen from Figure 6, for the calculation model containing one silt layer, the
normalized spectrum of site correlation varies with the burial depth of the soft layer at the
same input ground motion level. Within the normalized spectrum fluctuation band, the
general performance is that the normalized spectrum value is lower the deeper the burial
depth of the soft soil layer. Additionally, the initial frequency of the attenuation section of
the normalized spectrum decreases, and the dominant band of the normalized spectrum
becomes wider. The variation trend of the normalized spectrum for each model remains
approximately the same under different input ground motion levels. However, it is noted
that as the input peak acceleration increases, the normalized spectrum tends to decrease. In
the normalized spectrum of 0.1 s and below, the results of the models are close to each other,
indicating that the burial depth of the soft soil layer has less influence on the normalized
spectrum of a short period. Meanwhile, in the period above 0.1 s, the burial depth of the
soft soil layer has more influence on the normalized spectrum. The general performance is
that the deeper the burial depth of the soft soil layer, the larger the normalized spectrum
value and the difference between them becomes more noticeable.

It can also be seen from Figure 7 that for the calculation model containing two silt
layers, the normalized spectrum of site correlation varies with the burial depth of the soft
layer under the same input ground motion level. In the normalized spectrum fluctuation
band, the general performance is that the normalized spectrum value decreases with
increasing the burial depth of the soft soil layer. Additionally, the initial frequency of the
attenuation section of the normalized spectrum decreases, and the dominant band of the
normalized spectrum becomes wider as the burial depth of the soft soil layer increases.
The variation trend of the normalized spectrum of the models remains generally consistent
under different input ground motion levels. However, it is observed that the normalized
spectrum tends to decrease as the input peak acceleration increases. In the normalized
spectrum within the range of 0.1 s and below, the results of models show a similar trend,
indicating that the burial depth of the soft soil layer has less influence on the normalized
spectrum over a short period. However, in the period above 0.1 s, the burial depth of the
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soft soil layer has more influence on the normalized spectrum. The overall performance is
that the deeper the burial depth of the soft soil layer, the larger the normalized spectrum
value and the difference between the models becomes more pronounced.

4. A Method for Adjusting the Characteristic Period of Response Spectrum

According to the site category determination method [38] of the Code [26] in China,
the site categories of each analytical model can be obtained, as summarized in Table 6.

Table 6. Site categories of analytical models.

Analytical
Model

Overburden
Thickness (m)

Equivalent
Shear Wave

Velocity (m/s)
Site Category Analytical

Model
Overburden

Thickness (m)

Equivalent
Shear Wave

Velocity (m/s)
Site Category

1 30 156.0 II 7 35 134.5 III
2 30 156.0 II 8 35 134.5 III
3 30 156.0 II 9 35 134.5 III
4 30 156.0 II 10 35 142.0 III
5 30 161.3 II 11 35 161.3 II
6 30 182.4 II 12 35 182.4 II

From Table 6, it can be seen that the analyzed model site categories in this paper are
II and III. Combined with Table 5.1.4-2 of the Code [26], the characteristic period of the
site is 0.45 s (corresponding to Class II sites) or 0.65 s (corresponding to Class III sites) if
considered following the third design seismic grouping.

The regularized response spectrum of the sites [39] is obtained following the format
of the regularized response spectrum specified in the Code [26], which is presented in
Figures 8–13. Additionally, the characteristic period of the response spectrum of each model
is given in Table 7.
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Figure 11. Site acceleration response spectrum of each analysis model containing two layers of silt 
under input ground motion with a peak acceleration of 25 gal: (a–f) corresponding models 7 to 12. 
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Figure 10. Site acceleration response spectrum of each analysis model with a layer of silt under input
ground motion with a peak acceleration of 100 gal: (a–f) corresponding models 1 to 6.
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Figure 11. Site acceleration response spectrum of each analysis model containing two layers of silt 
under input ground motion with a peak acceleration of 25 gal: (a–f) corresponding models 7 to 12. 
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Figure 11. Site acceleration response spectrum of each analysis model containing two layers of silt
under input ground motion with a peak acceleration of 25 gal: (a–f) corresponding models 7 to 12.
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Figure 10. Site acceleration response spectrum of each analysis model with a layer of silt under input 
ground motion with a peak acceleration of 100 gal: (a–f) corresponding models 1 to 6. 

0.1 1
1

10

100

 model 7
 regularizedA

cc
el

er
at

io
n 

re
sp

on
se

 sp
ec

tru
m

 (g
al

)

Period (s)

(a)

 
0.1 1

1

10

100

 model 8
 regularized

A
cc

el
er

at
io

n 
re

sp
on

se
 sp

ec
tru

m
 (g

al
)

Period (s)

(b)

 
0.1 1

1

10

100

 model 9
 regularizedA

cc
el

er
at

io
n 

re
sp

on
se

 sp
ec

tru
m

 (g
al

)

Period (s)

(c)

 

0.1 1
1

10

100

 model 10
 regularized

A
cc

el
er

at
io

n 
re

sp
on

se
 sp

ec
tru

m
 (g

al
)

Period (s)

(d)

 
0.1 1

1

10

100

 model 11
 regularized

A
cc

el
er

at
io

n 
re

sp
on

se
 sp

ec
tru

m
 (g

al
)

Period (s)

(e)

 
0.1 1

1

10

100

 model 12
 regularized

A
cc

el
er

at
io

n 
re

sp
on

se
 sp

ec
tru

m
 (g

al
)

Period (s)

(f)

 

Figure 11. Site acceleration response spectrum of each analysis model containing two layers of silt 
under input ground motion with a peak acceleration of 25 gal: (a–f) corresponding models 7 to 12. 
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Figure 13. Site acceleration response spectrum of each analysis model containing two layers of silt 
under input ground motion with a peak acceleration of 100 gal: (a–f) corresponding models 7 to 12. 

Table 7. The characteristic periodicity of the regularized site response spectrum of each analytical 
model. 

Input Peak Acceleration/gal    Input Peak Acceleration/gal    
Characteristic Period/s 25 50 100 Characteristic Period/s 25 50 100 

Analytical Model    Analytical Model    
1 0.5 0.55 0.6 7 0.7 0.75 0.95 
2 0.6 0.65 0.8 8 0.9 0.95 1.2 
3 0.7 0.75 0.85 9 1 1.05 1.35 
4 0.75 0.8 1.05 10 1.1 1.2 1.45 
5 0.8 0.9 1.1 11 1.15 1.3 1.5 
6 0.85 0.95 1.2 12 1.25 1.35 1.65 

From Figures 8–13 and Table 7, it can be seen that at the same input peak acceleration 
level, there is a trend where the response spectrum characteristic period increases with 
the thicker soft soil layer thickness. Additionally, the characteristic period of the response 
spectrum also increases with the deeper burial of the soft soil layer. Moreover, it can be 
observed that as the burial depth increases, the rate of increase in the response spectrum 
characteristic period gradually decreases, while the rate of increase near the shallow sur-

Figure 12. Site acceleration response spectrum of each analysis model containing two layers of silt
under input ground motion with a peak acceleration of 50 gal: (a–f) corresponding models 7 to 12.
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Figure 13. Site acceleration response spectrum of each analysis model containing two layers of silt 
under input ground motion with a peak acceleration of 100 gal: (a–f) corresponding models 7 to 12. 
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spectrum also increases with the deeper burial of the soft soil layer. Moreover, it can be 
observed that as the burial depth increases, the rate of increase in the response spectrum 
characteristic period gradually decreases, while the rate of increase near the shallow sur-

Figure 13. Site acceleration response spectrum of each analysis model containing two layers of silt
under input ground motion with a peak acceleration of 100 gal: (a–f) corresponding models 7 to 12.

Table 7. The characteristic periodicity of the regularized site response spectrum of each
analytical model.

Input Peak Acceleration/gal Input Peak Acceleration/gal

Characteristic Period/s 25 50 100 Characteristic Period/s 25 50 100

Analytical Model Analytical Model

1 0.5 0.55 0.6 7 0.7 0.75 0.95
2 0.6 0.65 0.8 8 0.9 0.95 1.2
3 0.7 0.75 0.85 9 1 1.05 1.35
4 0.75 0.8 1.05 10 1.1 1.2 1.45
5 0.8 0.9 1.1 11 1.15 1.3 1.5
6 0.85 0.95 1.2 12 1.25 1.35 1.65

From Figures 8–13 and Table 7, it can be seen that at the same input peak acceleration
level, there is a trend where the response spectrum characteristic period increases with
the thicker soft soil layer thickness. Additionally, the characteristic period of the response
spectrum also increases with the deeper burial of the soft soil layer. Moreover, it can be
observed that as the burial depth increases, the rate of increase in the response spectrum
characteristic period gradually decreases, while the rate of increase near the shallow surface
is faster. Additionally, the response spectrum characteristic period gradually increases with
the increase in input peak acceleration while keeping the soft soil thickness and burial
depth constant.

In order to further analyze the impact of different input peak acceleration levels on the
seismic response of the site with a soft soil layer, additional seismic responses are calculated
using input peak accelerations of 50 gal, 100 gal, 150 gal, 200 gal, and 300 gal. These
calculations are performed by modulating the ground motion time history of 25 gal using
amplitude modulation. The results of the one-dimensional site seismic response analysis
of models 1 to 6 are presented in Figures 14–19, which show the site-related acceleration
response spectra. On this basis, the calculated site-related acceleration response spectrum
is regularized according to the aforementioned method, leading to the regularized response
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spectrum and related parameters. The regularized spectrum can be found in Figures 14–19.
Additionally, the characteristic period of the regularized spectrum is summarized in Table 8.
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Figure 14. Site-related acceleration response spectrum of model 1 under different input levels: (a) 
Input ground motion peak acceleration of 50 gal; (b) input ground motion peak acceleration of 100 
gal; (c) input ground motion peak acceleration of 150 gal; (d) input ground motion peak acceleration 
of 200 gal; (e) input ground motion peak acceleration of 300 gal. 
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Figure 14. Site-related acceleration response spectrum of model 1 under different input levels:
(a) Input ground motion peak acceleration of 50 gal; (b) input ground motion peak acceleration
of 100 gal; (c) input ground motion peak acceleration of 150 gal; (d) input ground motion peak
acceleration of 200 gal; (e) input ground motion peak acceleration of 300 gal.
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Figure 14. Site-related acceleration response spectrum of model 1 under different input levels: (a) 
Input ground motion peak acceleration of 50 gal; (b) input ground motion peak acceleration of 100 
gal; (c) input ground motion peak acceleration of 150 gal; (d) input ground motion peak acceleration 
of 200 gal; (e) input ground motion peak acceleration of 300 gal. 
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Figure 16. Site-related acceleration response spectrum of model 3 under different input levels: (a) 
Input ground motion peak acceleration of 50 gal; (b) input ground motion peak acceleration of 100 
gal; (c) input ground motion peak acceleration of 150 gal; (d) input ground motion peak acceleration 
of 200 gal; (e) input ground motion peak acceleration of 300 gal. 
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Figure 15. Site-related acceleration response spectrum of model 2 under different input levels:
(a) Input ground motion peak acceleration of 50 gal; (b) input ground motion peak acceleration
of 100 gal; (c) input ground motion peak acceleration of 150 gal; (d) input ground motion peak
acceleration of 200 gal; (e) input ground motion peak acceleration of 300 gal.
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Figure 16. Site-related acceleration response spectrum of model 3 under different input levels: (a) 
Input ground motion peak acceleration of 50 gal; (b) input ground motion peak acceleration of 100 
gal; (c) input ground motion peak acceleration of 150 gal; (d) input ground motion peak acceleration 
of 200 gal; (e) input ground motion peak acceleration of 300 gal. 
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Figure 16. Site-related acceleration response spectrum of model 3 under different input levels:
(a) Input ground motion peak acceleration of 50 gal; (b) input ground motion peak acceleration
of 100 gal; (c) input ground motion peak acceleration of 150 gal; (d) input ground motion peak
acceleration of 200 gal; (e) input ground motion peak acceleration of 300 gal.
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Figure 16. Site-related acceleration response spectrum of model 3 under different input levels: (a) 
Input ground motion peak acceleration of 50 gal; (b) input ground motion peak acceleration of 100 
gal; (c) input ground motion peak acceleration of 150 gal; (d) input ground motion peak acceleration 
of 200 gal; (e) input ground motion peak acceleration of 300 gal. 
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Figure 17. Site-related acceleration response spectrum of model 4 under different input levels:
(a) Input ground motion peak acceleration of 50 gal; (b) input ground motion peak acceleration
of 100 gal; (c) input ground motion peak acceleration of 150 gal; (d) input ground motion peak
acceleration of 200 gal; (e) input ground motion peak acceleration of 300 gal.
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Figure 18. Site-related acceleration response spectrum of model 5 under different input levels: (a) 
Input ground motion peak acceleration of 50 gal; (b) input ground motion peak acceleration of 100 
gal; (c) input ground motion peak acceleration of 150 gal; (d) input ground motion peak acceleration 
of 200 gal; (e) input ground motion peak acceleration of 300 gal. 
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Figure 19. Site-related acceleration response spectrum of model 6 under different input levels: (a) 
Input ground motion peak acceleration of 50 gal; (b) input ground motion peak acceleration of 100 
gal; (c) input ground motion peak acceleration of 150 gal; (d) input ground motion peak acceleration 
of 200 gal; (e) input ground motion peak acceleration of 300 gal. 
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(a) Input ground motion peak acceleration of 50 gal; (b) input ground motion peak acceleration
of 100 gal; (c) input ground motion peak acceleration of 150 gal; (d) input ground motion peak
acceleration of 200 gal; (e) input ground motion peak acceleration of 300 gal.
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Figure 18. Site-related acceleration response spectrum of model 5 under different input levels: (a) 
Input ground motion peak acceleration of 50 gal; (b) input ground motion peak acceleration of 100 
gal; (c) input ground motion peak acceleration of 150 gal; (d) input ground motion peak acceleration 
of 200 gal; (e) input ground motion peak acceleration of 300 gal. 
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Figure 19. Site-related acceleration response spectrum of model 6 under different input levels: (a) 
Input ground motion peak acceleration of 50 gal; (b) input ground motion peak acceleration of 100 
gal; (c) input ground motion peak acceleration of 150 gal; (d) input ground motion peak acceleration 
of 200 gal; (e) input ground motion peak acceleration of 300 gal. 

  

Figure 19. Site-related acceleration response spectrum of model 6 under different input levels:
(a) Input ground motion peak acceleration of 50 gal; (b) input ground motion peak acceleration
of 100 gal; (c) input ground motion peak acceleration of 150 gal; (d) input ground motion peak
acceleration of 200 gal; (e) input ground motion peak acceleration of 300 gal.
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Table 8. The characteristic periods of models 1–6 at different input levels.

Analytical Model

Characteristic Period/s 1 2 3 4 5 6

Input Peak Acceleration/gal

25 * 0.50 0.6 0.7 0.75 0.8 0.85
50 0.55 0.65 0.75 0.8 0.85 0.9
100 0.60 0.7 0.8 0.85 0.9 0.95
150 0.65 0.75 0.85 0.9 0.95 1.0
200 0.70 0.8 0.9 0.95 1.0 1.05
300 0.75 0.9 0.95 1.0 1.05 1.2

* The characteristic periods of each model for the input peak acceleration of 25 gal are derived from Table 7.

From Figures 14–19 and Table 8, it is shown that the response spectrum characteristic
period of each analysis model increases with the increasing input ground motion level. The
response spectrum characteristic period of model 1 increases gradually from 0.50 s to 0.75 s;
model 2 increases from 0.6 s to 0.9 s; model 3 increases from 0.7 s to 0.95 s; model 4 increases
from 0.75 s to 1.0 s; model 5 increases from 0.8 s to 1.05 s; and model 6 increases from 0.85 s
to 1.2 s. It can be observed that the characteristic period of the response spectrum increases
roughly linearly with the increase in the input ground motion level.

In summary, the soft soil layer has a significant influence on the characteristic period
of the site acceleration response spectrum. Compared with the Code [26], the site response
spectrum characteristic period with the soft soil layer after the regulation is much larger than
the value specified in the code. In the subsequent analysis, we will utilize the previously
established 12 site models as analytical models to propose a method for adjusting the
characteristic period of the acceleration response spectrum for a site with a soft soil layer.
This method will be based on the impact of the thickness and burial depth of the soft soil
layer on the characteristic period of the acceleration response spectrum. The aim is to
provide a theoretical basis for determining the characteristic period of the seismic response
spectrum for sites with soft soil layers.

Taking a unit-area soil column of height h from a site with a soft soil layer, as shown in
Figure 20a, the deformation of the column surface could be considered to be determined by
the soft layer in the column. This assumes that the deformation of the upper and lower
portions of the soil can be disregarded due to the low stiffness of the soft soil layer in
comparison to its overlying and underlying soil layers. Based on this assumption, the soil
column can be simplified to a spring–mass single degree of freedom system as depicted in
Figure 20b, and the stiffness and mass of this system would be:

k =
ρs × υs

2

hs
(1)

m = hsρs + huρu (2)

where ρs, νs, and hs are the density, shear wave velocity, and thickness of the soft soil layer,
respectively. ρu and hu are the thickness and density of the overlying soil layer, respectively.

It is not difficult to obtain the natural period of this spring–mass single degree of
freedom system as follows:

T0 = 2π
√

m/k (3)

By combining Equations (1)–(3), it is easily seen that as the thickness of the soft soil
layer or the overlying soil layer increases, the stiffness of the spring–mass single degree
of freedom system decreases. Additionally, the mass of the system increases, resulting
in an increase in the natural period of the system. This inevitably affects the spectral
characteristics of the site seismic response, which in turn increases the characteristic period
of the site seismic response.
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Figure 20. Analysis diagram: (a) Soil column; (b) spring–mass single degree of freedom system.

It is not difficult to explain the properties of the increase in the characteristic period of
the site with the soft soil layer when the input intensity of ground motion increases. As the
input ground motion intensity strengthens, several effects occur. Firstly, the strain level
of the shallow surface soft soil layer increases. This leads to greater nonlinearity in the
soft soil body. Secondly, the shear modulus ratio attenuates at a faster rate, resulting in a
smaller ratio. Consequently, the shear modulus decreases, causing a decrease in the shear
stiffness of the soft soil layer, This behavior is illustrated in Figure 20b for the spring–mass
single degree of freedom system. As a result, the natural period of the system increases,
subsequently leading to a greater characteristic period of the site with a soft soil layer. This
qualitative interpretation also applies to the case where the difference between Vsu, Vs,
and Vsd is not very large. Normally, the results of seismic response analysis of sites with
soft soil layers indicate that the strain maximum occurs in the soft layer. Furthermore, the
shear modulus ratio of the soft soil attenuates faster, which leads to the shear modulus ratio
being smaller than that of the overlying and underlying soil layers. As a consequence, the
difference in shear modulus between the three layers becomes larger, and this difference
becomes more significant with increasing input ground motion intensity. Therefore, the
aforementioned hypothesis is valid.

5. Discussion

To further illustrate the reasonableness of the three wave velocities when their dif-
ferences are not significant, we made modifications to the original model 2 (see Table 9).
Specifically, we replaced the silt layer with an overlying and underlying silty clay, resulting
in the creation of two analytical models. These models are documented in Tables 10 and 11.
Subsequently, we calculated and obtained the corresponding acceleration response spectra,
which are displayed in Figures 21 and 22.

Figures 21 and 22 clearly demonstrate that there is a noticeable difference in the
characteristic period of the response spectra when the wave velocity of the silt layer is not
significantly different from that of up-and-down soil layers. This difference becomes more
obvious with increasing input ground motion intensity.
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Table 9. The original analytical model.

No. Rock-Soil Soil Class Depth at the Bottom of
Layer (m)

Layer Thickness
(m)

Shear Wave
Velocity (m/s)

Density
(t/m3)

1 silty clay 3 4.5 4.5 160 1.86
2 silt 1 9.5 5.0 112 1.58
3 silty clay 4 13.0 3.5 165 1.87
4 silty clay 5 17.0 4.0 199 1.88
5 silty clay 6 21.0 4.0 212 1.96
6 silty clay 7 24.0 3.0 242 1.98
7 rounded gravel 8 27.0 3.0 258 2.20

8 fully weathered
andesite 8 30.0 3.0 393 2.25

9 bedrock of model 9 516 2.65

Table 10. The supplementary analysis model 1.

No. Rock-Soil Soil Class Depth at the Bottom of
Layer (m)

Layer Thickness
(m)

Shear Wave
Velocity (m/s)

Density
(t/m3)

1 silty clay 3 4.5 4.5 160 1.86
2 silty clay 3 9.5 5.0 160 1.86
3 silty clay 4 13.0 3.5 165 1.87
4 silty clay 5 17.0 4.0 199 1.88
5 silty clay 6 21.0 4.0 212 1.96
6 silty clay 7 24.0 3.0 242 1.98
7 rounded gravel 8 27.0 3.0 258 2.20

8 fully weathered
andesite 8 30.0 3.0 393 2.25

9 bedrock of model 9 516 2.65

Table 11. The supplementary analysis model 2.

No. Rock-Soil Soil Class Depth at the Bottom of
Layer (m)

Layer Thickness
(m)

Shear Wave
Velocity (m/s)

Density
(t/m3)

1 silty clay 3 4.5 4.5 160 1.86
2 silty clay 4 9.5 5.0 165 1.87
3 silty clay 4 13.0 3.5 165 1.87
4 silty clay 5 17.0 4.0 199 1.88
5 silty clay 6 21.0 4.0 212 1.96
6 silty clay 7 24.0 3.0 242 1.98
7 rounded gravel 8 27.0 3.0 258 2.20

8 fully weathered
andesite 8 30.0 3.0 393 2.25

9 bedrock of model 9 516 2.65

A qualitative explanation for the increase in the characteristic period of seismic re-
sponse of the site with soft soil is given in the previous discussion. To further quantitatively
characterize the impact of the thickness and burial depth of the soft soil layer on the site
characteristic period, it is proposed to establish the influence law of the thickness and
burial depth of the soft soil layer on the site characteristic period via the statistical regres-
sion method. This method was based on the analysis data of the above models and the
influence law of the input ground motion intensity on the site characteristic period of the
soft soil layer.

Tg = a× T0 + T′g + b× T (4)

Based on the qualitative analysis presented above, it is clear that the characteristic
period of a site with a soft soil layer is influenced by the site’s dominant period. Conse-
quently, it is assumed that the characteristic period (Tg) of a site containing a soft soil layer
is determined by the natural period (T0) of the soft soil layer, the characteristic period of
the input ground motion (T′g), and the dominant period of the underlying soil (T).
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9 bedrock of model 9   516 2.65 

Table 10. The supplementary analysis model 1. 

No. Rock-Soil 
Soil 

Class  
Depth at the Bottom of 

Layer (m) 
Layer Thickness 

(m) 
Shear Wave Ve-

locity (m/s) 
Density 

(t/m3) 
1 silty clay 3 4.5 4.5 160 1.86 
2 silty clay 3 9.5 5.0 160 1.86 
3 silty clay 4 13.0 3.5 165 1.87 
4 silty clay 5 17.0 4.0 199 1.88 
5 silty clay 6 21.0 4.0 212 1.96 
6 silty clay 7 24.0 3.0 242 1.98 
7 rounded gravel 8 27.0 3.0 258 2.20 
8 fully weathered andesite 8 30.0 3.0 393 2.25 
9 bedrock of model 9   516 2.65 

Table 11. The supplementary analysis model 2. 

No. Rock-Soil Soil 
Class  

Depth at the Bottom of 
Layer (m) 

Layer Thickness 
(m) 

Shear Wave Ve-
locity (m/s) 

Density 
(t/m3) 

1 silty clay 3 4.5 4.5 160 1.86 
2 silty clay 4 9.5 5.0 165 1.87 
3 silty clay 4 13.0 3.5 165 1.87 
4 silty clay 5 17.0 4.0 199 1.88 
5 silty clay 6 21.0 4.0 212 1.96 
6 silty clay 7 24.0 3.0 242 1.98 
7 rounded gravel 8 27.0 3.0 258 2.20 
8 fully weathered andesite 8 30.0 3.0 393 2.25 
9 bedrock of model 9   516 2.65 
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Figure 21. The site-related acceleration response spectra of supplementary model 1 and analysis
model 2 under different input ground motions: (a) Input seismic peak acceleration 25 gal; (b) input
seismic peak acceleration 50 gal; (c) input seismic peak acceleration 100 gal.
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Figure 22. The site-related acceleration response spectra of supplementary model 2 and analysis 
model 2 under different input ground motions: (a) Input seismic peak acceleration 25 gal; (b) input 
seismic peak acceleration 50 gal; (c) input seismic peak acceleration 100 gal. 

Figures 21 and 22 clearly demonstrate that there is a noticeable difference in the char-
acteristic period of the response spectra when the wave velocity of the silt layer is not 
significantly different from that of up-and-down soil layers. This difference becomes more 
obvious with increasing input ground motion intensity. 

A qualitative explanation for the increase in the characteristic period of seismic re-
sponse of the site with soft soil is given in the previous discussion. To further quantita-
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site characteristic period, it is proposed to establish the influence law of the thickness and 
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Where T = 4hd
υsd

, hypothetically, and νsd is the equivalent shear wave velocity of the
soil underlying the soft layer. hd is the thickness of the soil underlying the soft layer; a and
b are the regression coefficients.

From Equation (4), it is known that the site characteristic period takes into account
the influence of the input ground motion spectrum characteristics, the overlying and
underlying soils, and the soft soil layer. Based on the data in Tables 7 and 8, the regression
coefficients a and b in Equation (4) are available by the least squares method, as listed in
Table 12, and the regression results are presented in Figure 23.

Table 12. Summary of fitting results for a characteristic period of the site response spectrum under
different input ground motion levels.

Models 1–6 Models 7–12

Input Ground
Acceleration (gal) a b R2 Input Ground

Acceleration (gal) a b R2

25 0.838 −0.066 0.9998 25 0.972 −0.297 0.99912
50 0.941 −0.166 0.99905 50 1.050 −0.410 0.99964

100 1.231 −0.270 0.99972 100 1.246 −0.223 0.99938

When the variables are analyzed by linear regression in statistics, the parameters are
estimated by the least squares method. R2 is the ratio of the sum of squares of regression to
the sum of squares of total deviation, which represents the proportion that can be explained
by the sum of squares of regression. The larger the ratio, the more accurate the model and
the more significant the regression effect. R2 ranges from 0 to 1, where a value of 1 indicates
a perfect fit of the model to the data. It is generally believed that the goodness of fit of
models exceeding 0.8 is higher. The statistical relationship R2 between the characteristic
period of the site with a soft soil layer and the burial depth of the soft layer for the same
thickness of soft soil layer at different input levels is about 1. This indicates that the
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correlation between the characteristic period of the site response spectrum and the burial
depth of the soft soil layer is relatively good at different input ground motion levels. The
variation curves of the characteristic period of the site response spectrum with the soft
soil layer buried at different input ground motion levels for models 1–6 are approximately
straight lines. Additionally, the variation curves of the characteristic period of the site
response spectrum with the soft soil layer buried at different input ground motion levels for
models 7–12 have greater curvature than those for models 1–6. Furthermore, it is observed
that the contribution value of the natural period of the soft soil layer to the characteristic
period increases as the thickness of the soft soil layer increases.
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Figure 23. Relationship between the characteristic period of site response spectrum and thickness and
buried depth of soft soil layer under different input ground motion levels: (a) Models 1–6; (b) Models
7–12.

In addition, the variation trend of the characteristic period Tg of the response spectrum,
in relation to the input peak ground motion acceleration A, is obtained at the site with a
specific thickness and depth of burial of soft soil layers. This information is derived from
Table 8 and depicted by the scatter points in Figure 24. It is easy to see from Figure 24 that
the characteristic period Tg of the site acceleration response spectra of different models is
similar with an increasing peak acceleration of input ground motion. It is approximately
linear with the input peak acceleration A. Therefore, the equation Tg = α + β × A is
proposed to fit the variation law of the characteristic period Tg of the site acceleration
response spectrum with the input peak acceleration A. The regression coefficients α and
β in the equation are obtained by linear regression based on the least squares method, as
listed in Table 13, and the regression results are demonstrated as straight lines in Figure 24.

The regression analysis results, indicated by the high R2 values close to 1, indicate
a strong correlation between the characteristic period of the site response spectrum and
various input peak ground motion accelerations. Moreover, the characteristic period of
the response spectrum exhibits an approximately linear increase with the input peak
acceleration for the site, which includes a specific thickness and burial depth of a soft soil
layer. This finding suggests that as the input peak ground motion acceleration increases,
the characteristic period of the site response spectrum also lengthens.

By considering the influence of soil structure on the characteristic period of the site
seismic acceleration response spectrum, we propose a straightforward and physically
meaningful adjustment formula. This formula considers not only the effects of soft soil
layer thickness and burial depth but also the influence of different input ground motion
levels. The proposed formula provides a clear and concise representation of these factors.
The seismic response analysis conducted using a representative soil structure site model
demonstrates the effectiveness of the adjustment method. The method accurately reflects
the influence of the burial depth of the soft soil layer within the profile on the characteristic
period of the site seismic acceleration response spectrum. Furthermore, the estimated
value obtained from the adjustment method closely approximates the characteristic period
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of the response spectrum observed at the actual engineering site. This indicates that the
adjustment method provides reliable and realistic results.
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Table 13. Fitting results of characteristic periods of models 1–6 at different input levels.

Analytical Model α β R2

1 0.5015 0.0009 0.9624
2 0.5884 0.0010 0.9937
3 0.7015 0.0009 0.9624
4 0.7515 0.0009 0.9624
5 0.8015 0.0009 0.9624
6 0.8254 0.0012 0.9953

6. Conclusions

Based on the established 12 site models with soft soil layers, the one-dimensional
equivalent linearization site seismic response analysis is carried out under different input
ground motion levels. The effects on the soft soil layer thickness, buried depth, and input
ground motion intensity of the on-site seismic response, as well as the characteristic period
of the site acceleration response spectrum, have been discussed. In light of these findings, a
method for adjusting the characteristic period of the site acceleration response spectrum
with soft soil layers is proposed. The main conclusions obtained are as follows:

1. Under the same input ground motion level, the burial depth of the soft soil layer
influences the peak ground acceleration. Specifically, as the burial depth increases,
the peak ground acceleration decreases, and the rate of attenuation is faster near the
surface. Conversely, as the burial depth increases further, the rate of attenuation
becomes slower. Under different input ground motion levels, higher input peak
accelerations result in faster attenuation of the peak ground acceleration. In other
words, as the input peak acceleration increases, the rate of attenuation becomes
more rapid. Similarly, the thickness of the soft soil layer impacts the peak ground
acceleration. A thicker soft soil layer leads to a smaller peak ground acceleration,
and the attenuation is faster near the shallow surface. The difference becomes more
prominent as the input ground motion peak acceleration increases.

2. At the same input ground motion, the dynamic amplification coefficient of the peak
surface acceleration decreases with an increase in the burial depth of the soft soil layer.
Additionally, the attenuation of the dynamic amplification coefficient is faster near the
surface and slower as the burial depth increases. Under different input ground motion
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levels, higher input peak acceleration results in a faster attenuation of the dynamic
amplification coefficient. In other words, as the input peak acceleration increases, the
dynamic amplification coefficient decreases at a faster rate. Likewise, the thickness of
different soft soil layers has an effect on peak surface acceleration. A thicker soft soil
layer corresponds to a smaller dynamic amplification coefficient, and the attenuation
is faster near the shallow surface. The difference becomes more obvious as the input
ground motion peak acceleration increases.

3. The characteristic period of the site seismic acceleration response spectrum progres-
sively increases with the increase in burial depth or thickness of the weak soil layer. It
also increases with the increase in the input ground motion peak. Subsequently, the
influence characteristics of soft soil layer thickness, buried depth, and input ground
motion intensity on the characteristic period of the site seismic acceleration response
spectrum are analyzed. Furthermore, a method for adjusting the characteristic period
of the site seismic acceleration response spectrum with the soft soil layer is proposed.
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Abstract: A comprehensive earthquake hazard database is crucial for comprehending the character-
istics of earthquake-related losses and establishing accurate loss prediction models. In this study,
we compiled the earthquake events that have caused losses since 1949, and established and shared
a database of earthquake hazard information for the Chinese mainland from 1949 to 2021. On this
basis, we preliminarily analyzed the spatiotemporal distribution characteristics of 608 earthquake
events and the associated losses. The results show the following: (1) The number of earthquakes
is generally increasing, with an average of annual occurrence rising from three to twelve, and the
rise in the economic losses is not significant. The number of earthquakes occurring in the summer is
slightly higher than that in the other three seasons. (2) The average depths of earthquakes within
the six blocks display a decreasing trend from west to east, with a majority (63.8%) of earthquakes
occurring at depths ranging from 5 to 16 km. (3) Although the number of earthquakes in the east is
lower than that in the west, earthquakes in the east are more likely to cause casualties when they have
the same epicenter intensity. Southwest China is located in the Circum-Pacific seismic zone where
earthquake hazards are highly frequent. The results can provide fundamental data for developing
earthquake-related loss prediction models.

Keywords: earthquake; hazard information database; casualties; spatiotemporal distribution characteristics

1. Introduction

Earthquakes are a natural geological phenomenon that can cause fatal destruction [1].
Due to the unpredictable suddenness and enormous energy released, earthquakes often
result in a significant loss of people’s lives and property, causing devastating economic
consequences [2,3]. According to statistics, more than one million earthquakes occur
globally each year, equivalent to one earthquake every thirty seconds [4]. Regarding the
earthquake magnitude, a total of 14,588 earthquakes with a magnitude of 4.0 or greater
were recorded worldwide in only the year of 2015 (www.usgs.gov, accessed on 15 August
2022). Earthquakes can trigger not only immediate hazards such as fires, floods, and the
diffusion of radioactive materials but also secondary disasters such as tsunamis, landslides,
and collapses [5]. Although the topic of earthquake prediction has been proposed for a
long time, its progress is slow. However, many studies have shown that the impact of
earthquake hazards has a certain regularity [6–10]. For instance, Gutenberg et al. [11]
evaluated the seismic activity of different plates of the Earth and discussed the topographic
and geological characteristics of seismic zones.

The most important aspect after a destructive earthquake is the casualties [12,13]. In
addition, statistics on the economic loss caused by the earthquake can help the government
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more directly understand the situation. How to accurately predict the casualties and eco-
nomic losses caused by an earthquake and quickly provide post-earthquake emergency
response management? Compiling a reliable database of historical earthquake hazard
information is both the foundation and the key [14,15]. Based on the database, a series
of forecasting models (empirical or analytical) can be established. It is mainly used in
two parts: (1) estimating the number of casualties resulted from the earthquake [16–18]
and (2) estimating the economic loss after the earthquake [19]. Samardjieva and Oike [20]
approximated the number of casualties due to earthquakes using global seismic data and
separated the data from the earthquake hazards in Japan. The data were further combined
with a quantitative proportional model of the hazard. Samardjieva and Badal [12] analyzed
the human losses after destructive earthquakes worldwide in the 20th century and pro-
posed a quantitative model for the preliminary assessment of human casualties by relating
the magnitude to the expected number of victims. Badal et al. [21] also considered the
correlation of population density and conducted experiments in major cities in seismically
active areas of Spain. Additionally, information on earthquake hazards from the Cambridge
Earthquake Impacts Database (CEQID, www.ceqid.org) [22], Turkey [23], and Iran [15] was
used to establish empirical models for estimating the number of fatalities. Xia et al. [24,25]
proposed an earthquake lethality evaluation model based on building damage. Jaiswal and
Wald [19] extended the USGS empirical lethality estimation method for immediate assess-
ment of global earthquake response proposed by Jaiswal et al. [26] and rapidly estimated
the economic loss after major earthquakes around the globe. Erdik et al. [27] systematically
summarized the new methods and applications for estimating earthquake-related losses
in real time over the past decades. Gerstenberger et al. [28] reviewed the research on
earthquake hazard models in the past 50 years, and proposed future research directions.

China is located in the southeast of the Eurasian continent. Its eastern margin is
affected by the Pacific Rim seismic zone, and the southwest and northwest regions are
both located in the Eurasian seismic zone (Figure 1). The unique geographical location has
made China an earthquake-prone country, and one of the countries that suffer the most
severe losses from earthquake hazards [29,30]. On this basis, in this study, we established a
database of earthquake hazard information for the Chinese mainland from 1949 to 2021.
The database includes 608 earthquake events. We also analyzed their spatiotemporal
distribution characteristics. In addition, earthquakes in neighboring countries have also
caused some losses to China, and it should be noted that this kind of earthquakes are
not included in the 608 seismic events. For example, the M6.8 earthquake in India on
18 September 2011 caused seven deaths and one hundred and thirty-six injuries in the Tibet
Autonomous Region [31], and the M8.1 earthquake in Nepal on 25 April 2015 caused twenty-
seven deaths and eight hundred and sixty injuries in the Tibet Autonomous Region [32]. A
detailed database of earthquake hazard information is an important basis for understanding
the characteristics of earthquake-hazard-related losses, establishing loss prediction models,
and subsequently carrying out post-earthquake emergency rescues.
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2. Data Collection and Methodology

The data used in this study come from two sources: (1) the China Earthquake Networks
Center (https://www.ceic.ac.cn, accessed on 12 July 2022) that provided information on
earthquake magnitude, date of occurrence, macroscopic epicenter, and depth; (2) provincial
(autonomous regions and municipality) earthquake agencies that provided the assessment
reports of earthquake-hazard-related losses, including both the casualties and economic
loss. We also filled in some missing information in other ways [34].

During 1949–2021, earthquakes in the Chinese mainland totally caused 608 hazard
events, 386 of which resulted in casualties (371,625 deaths and 1,304,936 injuries), while
the remaining 222 earthquakes resulted in economic loss only. The most recent earthquake
occurred on 16 September 2021 in Luxian County, Sichuan Province. This event caused
three deaths and one hundred and fifty-seven injuries, with an economic loss of 364 million
USD. The M7.8 earthquake that occurred in Tangshan, Hebei Province on 28 July 1976
caused the most tragic disaster. Statistically, 242,000 residents were killed, with nearly
170,000 serious injuries and more than 540,000 slight injuries. The economic loss reached
nearly 73.45 billion USD. In addition, the M4.8 earthquake that occurred on 22 October 1965
in the south of Dalat Banner in Inner Mongolia caused minimal losses, with no casualties
and a relatively low economic loss (14,000 USD).

We used ArcGIS 10.5 to edit the attributes of 608 seismic events, and established the
earthquake hazard database for the Chinese mainland from 1949 to 2021. The attributes of
the earthquakes in the database include date of occurrence, epicenter latitude and longitude,
magnitude, intensity, focal depth, number of casualties, and economic loss. We fit the
cumulative magnitude–frequency distribution [35] of 608 earthquakes using the Origin
2018 software, as shown in Figure 2. Using the classification criteria for earthquake events
specified in the National Earthquake Emergency Plan, the cumulative magnitude–frequency
distribution of earthquakes with general earthquake hazards and above (M ≥ 5) obeys an
exponential distribution. Using statistical methods, we also quantified the characteristics of
the spatiotemporal distribution [36] of earthquake events and the associated losses.
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3. Results and Analysis
3.1. Characteristics of the Temporal Distribution of Earthquake Hazards and Associated Losses
3.1.1. The Pattern of a Decade

When analyzing the chronological pattern of earthquake events and the associated
losses, we merged 1949 into the 1950s and similarly merged 2021 into the previous 10-year
time period. In our analysis of economic loss, we converted the annual economic loss
based on China’s GDP (Gross Domestic Product) data released by the National Bureau of
Statistics of China (www.stats.gov.cn, accessed on 15 August 2022), using the economic
loss in 2021 as a reference. From the 1950s to the last decade, the number of earthquakes
showed a roughly increased trend (Figure 3a). The number of earthquakes has increased
from an annual average of three to twelve (in the past 10 years), reaching the peak in
the 1990s at an annual average of 12.8. The interdecadal average economic loss showed
a jumping trend (Figure 3b), with the 2000s having an average annual economic loss of
33,510.4 million USD, followed by the 1970s with 15,478 million USD. The 1980s and 1990s
had the fewest economic losses. The number of casualties is mainly controlled by major
catastrophic earthquake events, and there is no obvious trend of an increase or decrease
during the study period. For example, the two peaks in Figure 3c,d appeared in the
1970s and early 21st century, corresponding to the Tangshan earthquake in 1976 and the
Wenchuan earthquake in 2008. A total of 82 earthquakes occurred in the decade 1970–1980,
killing more than 260,000 people and injuring 767,000. The M7.8 earthquake that occurred
in the densely populated Tangshan area in 1976 alone killed 242,000 people. In addition,
with 110 earthquakes in the decade 2000–2010, the number is significantly higher. However,
only about 70,000 people were killed and 390,000 were injured. In the 1980s and 1990s,
casualties from earthquake events were minor. Although the economic loss caused by the
earthquakes have reached an annual average of 4.21 billion USD in the past decade, the
number of casualties has been effectively controlled. Details of the 23 typical earthquakes
(M ≥ 7) that caused fatalities are listed in Table 1. Their geographical locations are shown in
Figure 4. There is a clear concentration of developmental features in earthquake events with
an M ≥ 6. Southwest China is a tectonically active earthquake-prone zone. When analyzing
the chronological pattern of the number of deaths caused by the earthquakes, we considered
the influence of magnitude. As shown in Figure 5, the magnitudes of the earthquakes
that caused more than 1000 deaths were all above M6. The most devastating damage was
caused by the 1976 Tangshan M7.8 earthquake, which killed 242,000 people and was the
only earthquake to kill more than 100,000 people. There are also some unusual earthquakes
in Figure 5, such as the 1969 Bohai M7.4 earthquake with a depth of 35 km. This earthquake
was located in the Bohai Bay and killed only 10 people. In contrast, the Xiji M5.1 earthquake
that occurred on the night of 3 December 1970, with a focal depth of 15 km, resulted in
117 fatalities because the local residents lived in earth kilns with extremely poor seismic
resistance. The 1949 Kuche M7.3 earthquake and the 1955 Wuqia M7.0 earthquake both
occurred within Xinjiang, which is among the least densely populated areas of the Chinese
mainland. The fatalities caused by the two earthquakes were twelve and five, respectively,
with a very low number of casualties. It can be seen that these unusual earthquakes are
often related to the depth of the epicenter and the distribution of population.

Table 1. Twenty-three typical earthquakes (M ≥ 7) that caused fatalities.

No. Date Epicenter Magnitude Intensity Economic Losses
(Million USD) Fatalities Injured

1 15 August 1950 Chayu 8.6 XII 51,533.4 3300 260
2 12 May 2008 Wenchuan 8 XI 317,020.7 69,227 375,783
3 5 January 1970 Tonghai 7.8 X+ 2985.4 15,621 26,783
4 28 July 1976 Tangshan 7.8 XI 73,447.6 242,000 708,602
5 6 February 1973 Luhuo 7.6 X 16,618.4 2199 2743
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Table 1. Cont.

No. Date Epicenter Magnitude Intensity Economic Losses
(Million USD) Fatalities Injured

6 18 August 1952 Naqu 7.5 X 12,883.4 54 0
7 14 April 1955 Kangding 7.5 X 6283.9 94 260
8 18 July 1969 Bohai 7.4 IX 593.9 10 353
9 29 May 1976 Longling 7.4 IX 1062.8 98 2442
10 6 November 1988 Lancang 7.4 IX 6676.4 748 7751
11 24 February 1949 Kuche 7.3 IX - 12 20
12 4 February 1975 Haiyu 7.3 IX+ 60,513.3 1328 16,980
13 11 February 1954 Alashan 7.2 X 12,357.0 50 329
14 22 March 1966 Ningjin 7.2 X 12,567.7 8064 38,451
15 16 August 1976 Songfan 7.2 IX - 41 756
16 11 May 1974 Yanjin 7.1 IX 730.8 1541 1600
17 23 August 1985 Wuqia 7.1 IX 335.4 67 256
18 14 April 2010 Yushu 7.1 IX 7023.5 2698 11,000
19 15 April 1955 Wuqia 7 IX 6283.9 5 13
20 26 April 1990 Gonghe 7 IX 615.0 119 2049
21 3 February 1996 Yulong 7 IX 2878.9 309 17,057
22 20 April 2013 Lushan 7 IX 16,053.7 196 13,019
23 8 August 2017 Jiuzhaigou 7 IX 1483.8 29 543
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Figure 3. Chronological pattern of earthquake events and statistics of the losses caused: (a) number
of earthquakes in a decade; (b) economic loss in a decade; (c) number of fatalities per year (black)
and number of the M ≥ 7 earthquakes in a decade (red); (d) number of the injured per year (black)
and number of the M ≥ 6 earthquakes in a decade (red).
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In conclusion, the number of earthquakes shows a general upward trend, and the
relationship between the economic loss and casualties and chronology is not obvious, which
is mainly controlled by major catastrophic earthquake events.

3.1.2. Interannual Pattern

A total of 608 earthquake events causing losses occurred from 1949 to 2021, and
Figure 6 illustrates the number of earthquake hazards for each year. There is a general
upward trend in the number of earthquakes, with a significant decrease in the past two
years. The average annual number of earthquakes from 1949 to 1960 is three. The number
changes to seven and twelve for 1961–1990 and 1991–2019, respectively. However, there is
no obvious stable trend in the annual number of earthquakes; for example, no earthquake
event causing casualties occurred in 1968. There was a high incidence of earthquakes
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around 2000, in which 19 earthquake hazards occurred in 2003. After 2000, the number of
earthquake events fluctuated around ten, with less than five in 2002 and 2007.
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Overall, the number of earthquakes shows an upward trend, increasing from an annual
average of three to twelve. However, there is no clear stable trend.

3.1.3. Seasonal Pattern

The 608 earthquakes were classified according to the number of deaths: ordinary earth-
quakes (causing less than 20 deaths), moderate earthquake hazards (causing 20–50 deaths),
major earthquake hazards (causing 50–300 deaths), particularly major earthquake hazards
(causing more than 300 deaths). Table 2 lists the seasonal distribution of each class of
earthquake hazards, with six particularly major earthquakes occurring in winters and only
two in autumns. Except for particularly major earthquakes, there is not much difference
among the four seasons. As can be seen from Figure 7, no matter in which season the
moderate or major earthquake hazards occur, Southwest China is always a high-incidence
area. Detailed information of earthquake proportion in the Southwest is listed in Table 2.
Table 3 lists the earthquake hazards and casualties for the four seasons, with the number of
earthquakes occurring slightly higher in the summer than in the other three seasons. The
Tangshan M7.8 earthquake on 28 July 1976 killed 242,000 people and injured more than
700,000; the Wenchuan M8 earthquake on 12 May 2008 killed 69,000 people and injured
375,000. These two earthquakes caused the highest number of casualties, which explains
why the casualties in the spring and summer are the most serious. As mentioned above,
the number of casualties is mainly influenced by major events. Figure 8 shows the number
of fatalities caused by earthquakes with different magnitudes in each month. The nine
earthquake events that led to more than 1000 fatalities are all distributed between January
and August. Earthquake events with less than 100 fatalities are more evenly distributed in
the four seasons.

Table 2. Seasonal distribution of earthquake hazards.

Particularly Major Major Moderate * Ordinary

Spring 4 4 5 130
Summer 3 3 7 156
Autumn 2 4 3 142
Winter 6 2 3 134
Total 15 13 18 562

* Ordinary earthquake events include earthquakes that do not cause casualties.
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Table 3. Earthquake hazards and casualties in four seasons.

Number of Earthquakes Causing Casualties Fatalities

Spring 90 82,283
Summer 110 246,470
Autumn 91 2144
Winter 95 20,998
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In conclusion, the number of earthquakes during the studied time period is slightly
higher in the summer than in the other three seasons. Specifically, the number of casualties
is significantly higher in the summer, which is mainly influenced by major events.
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3.2. Spatial Distribution Characteristics of Earthquake Hazards
3.2.1. Spatial Distribution of Earthquake Depths

The depth of the earthquake is the vertical distance from the epicenter to the ground,
which is closely related to the tectonic zoning. Under the same conditions, the shallower
the depth of the earthquake, the greater its destructive capacity. In this study, only 503 of
the 608 earthquake events were recorded with accurate depths. The Chinese mainland
is divided into six subregions according to the main tectonic block boundaries [37]. The
spatial distribution of earthquake depths is shown in Figure 9. The earthquake depths in
the Westfield fault block region are distributed in the range of 4–64 km, with an average
depth of 19 km. The earthquake depths in the Tibetan fault block region are distributed
in the range of 5–48 km, with an average depth of 17.4 km. Similarly, the earthquake
depths of the Dian–Mian fault block region, South China fault block region, North China
fault block region, Northeast Asia fault block region are 4–34, 4–48, 5–33, 5–30 km, with
an average depth of 15.6, 13.2, 14.7, and 14.4 km, respectively. The earthquake depths
between the blocks are distributed in the range of 5–50 km, with an average depth of 18 km.
The M6.0 earthquake in Gashi, Xinjiang that occurred on 2 August 1998 is the deepest
earthquake (64 km) on record, causing three injuries and an economic loss of 7.65 million
USD. Among the 503 earthquake events, there are 321 (63.8%) events with an earthquake
depth within 5–16 km. The detailed statistics of earthquake depths are shown in Figure 10.
Finally, we analyzed the effect of the earthquake depth on the number of fatalities. As
shown in Figure 11, all earthquakes causing more than 100 deaths have a focal depth of less
than 25 km, mostly concentrated in the range of 10–20 km. When the focal depth exceeds
30 km, the number of fatalities is no larger than 10. Only two of the earthquake events with
focal depths greater than 40 km resulted in fatalities: the Urumqi M6.6 earthquake in 1965
and the Atushi M5.7 earthquake in 1971. Notably, the 1976 M7.8 Tangshan earthquake was
smaller in magnitude than the 2008 M8.0 Wenchuan earthquake, but it caused the largest
number of fatalities. The epicenter of Tangshan earthquake is located in the downtown area
of Tangshan City, with high population density, resulting in destructive housing damage
and serious casualties. By contrast, the epicenter of the Wenchuan earthquake is located in
a mountainous area, with a much smaller population density, and the regional secondary
hazards are mainly landslides. Beichuan county, which has the highest concentration of
casualties associated with the Wenchuan earthquake, is more than 100 km from the epicenter.
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Figure 9. Spatial distribution of earthquake depths. The block information is referenced to
Zhang et al. [37]. W.F.B.R.—Westfield fault block region (F.B.R.—fault block region), T.—Tibetan,
D.—Dian–Mian, S.—South China, N.—North China, N.A.—Northeast Asia. Faults: 1—Lijia,
2—Yushu–Xianshui river zone, 3—East Kunlun, 4—Alkin, 5—Nantian mountain, 6—Beitian moun-
tain, 7—Anning–Zemu river zone, 8—Longmen mountain, 9—Tango, 10—Shanxi.
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Figure 11. Focal depth distribution characteristics of the number of deaths caused by earthquakes
with different magnitudes. The number is listed in Table 1.

In conclusion, the average focal depths of the six plates in the Chinese mainland from
west to east show a decreasing trend, and the focal depths of the earthquakes that caused
more than 100 deaths are less than 25 km.

3.2.2. Spatial Distribution of Epicentral Intensity

Among the 608 earthquake events, 558 events show clear records of epicentral intensity.
The M8.6 earthquake in Chayu, Tibet in 1950 is the only earthquake with an intensity of
XII in the extreme seismic zone. The event caused 3300 deaths, 260 serious injuries, and
an economic loss of 51,533.4 million USD. There are four earthquakes with an intensity of
up to XI. Among them, the 1976 Tangshan earthquake and the 2008 Wenchuan earthquake
caused more than 244,000 and 69,000 deaths, respectively, while the M8.0 earthquake in
Nagqu, Tibet in 1951 and the M8.1 earthquake in Ruoqiang, Xinjiang in 2001 did not cause
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any fatalities. The epicenters of both earthquakes are in no-man’s land, and the distances
to the nearest populated distribution sites are 74 and 400 km, respectively. Referring to
Li et al. [36], the Chinese mainland was divided into two parts, East and West, using the
“Hu Huanyong line” as the boundary. As shown in Figure 12, there are 40 earthquakes
with an epicenter intensity greater than IX. Among them, only thirteen are distributed
in the East. Eighty-seven earthquakes possess an epicenter intensity of VIII, and only
twenty-seven of them are distributed in the East. Five of the twenty-seven events resulted
in more than twenty deaths (including one with fifty-eight deaths), accounting for 18.5%.
In contrast, among the sixty earthquake events that occurred in the West, only seven
events resulted in more than twenty deaths, accounting for 11.7%. Additionally, Figure 12
shows that earthquakes with an epicentral intensity greater than VIII occur frequently
in Sichuan and Yunnan Provinces, especially in Yunnan Province. Among the recorded
earthquake events, the lowest intensity is V. Three of them also caused fatalities: the
1970 M4.8 earthquake in Qinglong, Guizhou, the 1986 M4.7 earthquake in Xiaxian, Shanxi,
and the 1992 M4.6 earthquake in Sheyang, Jiangsu. In addition to analyzing the spatial
distribution of earthquake intensity, the relationship between the intensity and the number
of fatalities in combination with different magnitudes is displayed in Figure 13. Among the
earthquake events that led to fatalities, those with intensities greater than X resulted in at
least 50 deaths. Although the earthquakes with an intensity of V also caused fatalities, the
death numbers are all smaller than three. Most of the earthquake events that caused more
than 100 deaths have an intensity ≥ IX. The two exceptions are the M5.1 Xiji earthquake
in 1970 and the M6.9 Daofu earthquake in 1981. In detail, the Daofu earthquake caused
nearly 3000 Tibetan-style houses to collapse, killing 126 people. The number of fatalities is
controlled by multiple factors, and in terms of intensity alone, the number of fatalities shows
a roughly increasing trend as the intensity increases. Some earthquakes in Figure 13 do not
satisfy this trend, including the 1952 Naqu earthquake, the 1954 Alashan earthquake, and the
1955 Kangding earthquake. These events are all characterized by an intensity of X, resulting
in less than 100 fatalities. The 1950 Chayu earthquake killed only 3300 people, although it
reached an intensity of XII. After analyzing the historical data, the seismic macro-damage and
intensity distribution of the above events were in the sparsely populated areas.
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Overall, in terms of intensity alone, the number of fatalities increases with the increas-
ing intensity. The proportion of deaths caused by the earthquakes is higher in the East
(bounded by the “Hu Huanyong line”) due to the high regional population density.

4. Discussion

Based on the earthquake hazard data from the China Earthquake Networks Center and
the provincial (autonomous region and municipality) earthquake agencies, we established a
database of earthquake hazard information for the Chinese mainland from 1949 to 2021, and
preliminarily analyzed the spatiotemporal distribution characteristics of 608 earthquake
events and the associated losses. In this study, we only used basic statistical analysis
methods, which have certain limitations, and this will be a direction to be addressed
in future studies. The number of earthquakes is basically on the rise, which is related
to the continuous improvement of statistical tools. No obvious trend of an increase or
decrease in the number of casualties was observed during the study period, which was
mainly associated with particularly major events. Although the economic loss caused by
the earthquakes has reached an annual average of 4.21 billion USD in the past 10 years,
the number of casualties has been effectively controlled. As the economy grows, people
begin to invest more in life security. Coupled with the increasing attention to safety by
governments, earthquake hazards are gradually changing from a threat to personal safety
to a threat to property [36]. Different from Lin et al.’s [38] study that investigated the
seasonal distribution characteristics of fatal landslides, the season when earthquakes occur
and the influencing factors of losses are not obvious. However, no matter in which season
the moderate or major earthquake hazards occur, the Southwest China is always a high-
incidence area. The reason is that the western part of the Sichuan–Yunnan block is located
at the junction zone of the Indian Ocean plate, Eurasian plate, and Pacific plate. Such a
region belongs to the Pacific Rim seismic zone, which is an earthquake-prone area.

The average earthquake depths of the six blocks in the Chinese mainland show a
decreasing trend from west to east, which is consistent with Shao et al.’s data [39]. In their
study, the Chinese mainland was divided into two subregions (using 105◦E as the bound-
ary), eastern and western regions, with the depth of earthquakes in the latter being slightly
greater than that in the former. It is also believed that when the earthquake magnitudes are
comparable, the damage in the epicenter region will be heavier in the east and lighter in the
west. Casualties caused by earthquake hazards are significantly influenced by the popula-
tion density. Taking the population division line, the “Hu Huanyong line”, as the boundary,
the number of earthquakes in the East is much lower than that in the West, but under
the same epicenter intensity, earthquakes are more likely to cause casualties in the East
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because the population density is much higher there than that in the West. Chen et al. [40]
used indicators such as seismic intensity and population density to present a simplified
methodology to assess earthquake risk, which provided effective, if rough, earthquake
damage information for initial response and/or risk management planning in the Chinese
mainland. This, of course, is also related to aspects such as awareness of earthquake hazard
prevention and the earthquake resistance of buildings. However, there are studies with
different claims, such as the anti-lethal level proposed by Xia et al. [14], where the average
anti-lethal level was higher in the east of China than in the west. Coseismic landslides
are also a major cause of a large number of casualties [41,42]. Further analyses need to be
completed with the support of more data, which is also the goal of our future study.

The establishment and preliminary analysis of the earthquake hazard information
database are the basis for understanding the characteristics of earthquake-related losses
and establishing a series of casualty prediction models (e.g., loss prediction models based
on factors such as the location of the earthquake occurrence, magnitude, and focal depth).
The construction of a population-loss evaluation model will allow for the prediction of
population casualties in future earthquake scenarios. The database of earthquake hazard
information in this study contains 608 earthquakes, and our data are richer in both the in-
volved years and the number of earthquake events, relative to the studies by Chen et al. [43]
and Wu et al. [18]. There are other contributing factors that deserve further studies [44].
Rapid assessment of earthquake casualties can provide a scientific basis and data reference
for post-earthquake emergency rescue. However, there are some limitations in this study:
the casualties caused by the earthquakes vary with the moment of the earthquake [44].
During the construction of the earthquake hazard information database, specific moments
of earthquake occurrence were not included. In addition, the influencing factors of earth-
quake casualties [2] and the specific geographical location of casualties were not discussed.
Hazard analysis of major earthquake events and prediction of earthquake damage and
casualties will be the focus of future work.

5. Conclusions

In this study, we collected 608 earthquake events causing losses in the Chinese mainland
during the period 1949–2021. Among them, 222 earthquakes caused only economic damage,
while the remaining 386 events resulted in more than 370,000 deaths and 1.3 million injuries.
We used the ArcGIS 10.5 software to edit the attributes of 608 events and established
a database of earthquake hazard information. We further analyzed the spatiotemporal
distribution of earthquake hazards and the associated losses. The conclusions of this study
are as follows:

(1) From the 1950s to the last decade, the number of earthquakes roughly shows an
increasing trend, with the number of earthquakes increasing from an annual average of
three to twelve, but there is no clear stable trend. The number of earthquakes during the
studied time period is slightly higher in the summer than in the other three seasons. The
number of casualties is significantly higher in the summer than in the other three seasons,
which is mainly influenced by major events. No matter in which season the moderate or
major earthquake hazards occur, Southwest China is always a high-incidence area.

(2) The average earthquake depths of the six blocks from west to east show a decreasing
trend. The largest focal depth was found in the Westfield fault block region. The average
focal depths of the three blocks in South China, North China, and Northeast Asia are
relatively small. In the statistical earthquake events, the focal depth distribution in the range
of 5–16 km accounts for a high proportion (63.8%). The focal depths of the earthquakes
that caused more than 100 deaths are all within 25 km.

(3) In terms of epicenter intensity alone, the number of deaths caused by the earth-
quakes shows a basically increasing trend with the increasing intensity. Affected by the
population density, the proportion of deaths caused by the earthquakes is higher in the
East (bounded by the “Hu Huanyong line”).
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27. Erdik, M.; Şeşetyan, K.; Demircioğlu, M.; Hancılar, U.; Zülfikar, C. Rapid earthquake loss assessment after damaging earthquakes.
Soil Dyn. Earthq. Eng. 2011, 31, 247–266. [CrossRef]

28. Gerstenberger, M.C.; Marzocchi, W.; Allen, T.; Pagani, M.; Adams, J.; Danciu, L.; Field, E.H.; Fujiwara, H.; Luco, N.; Ma, K.-F.; et al.
Probabilistic seismic hazard analysis at Regional and National Scales: State of the art and challenges. Rev. Geophys. 2020,
58, e2019RG000653. [CrossRef]

29. Nie, G.; Gao, J.; Ma, Z.; Gao, Q.; Su, G. On the risk of earthquake disaster in China in the coming 10~15 years. J. Nat. Disasters
2002, 11, 68–73. (In Chinese)

30. Wei, Y. Earthquake Safety Estimation Study for the Urban Rail Transportation Engineering Field. Master’s Thesis, Central South
University, Changsha, China, 2009. (In Chinese).

31. Zheng, T.; Zheng, Y. Review of earthquake damage losses in mainland China in 2011. J. Nat. Disasters 2012, 21, 88–97. (In Chinese)
32. Chen, T.; Zheng, T. Review of earthquake damage losses in mainland China in 2015. J. Catastrophol. 2016, 31, 133–137. (In Chinese)
33. Zhao, B.; Huang, Y.; Zhang, C.; Wang, W.; Tan, K.; Du, R. Crustal deformation on the Chinese mainland during 1998–2014 based

on GPS data. Geod. Geodyn. 2015, 6, 7–15. [CrossRef]
34. Huang, X.; Jin, H. An earthquake casualty prediction model based on modified partial Gaussian curve. Nat. Hazards 2018, 94, 999–1021.

[CrossRef]
35. Lindenfeld, M.; Rümpker, G.; Batte, A.; Schumann, A. Seismicity at the Rwenzori Mountains, East African Rift: Earthquake

distribution, magnitudes and source mechanisms. Solid Earth Discuss. 2012, 4, 565–598.
36. Li, W.; Chen, W.; Zhou, Z.; Gao, N.; Chen, J. Analysis of temporal-spatial distribution of life losses caused by earthquake hazards

in Chinese mainland. J. Catastrophol. 2019, 34, 222–228. (In Chinese)
37. Li, W.; Chen, W.; Zhou, Z.; Gao, N.; Sun, Y. Assessing the applicability of life vulnerability models for earthquake disasters in

typical regions of China. J. Beijing Norm. Univ. 2019, 55, 284–290. (In Chinese)
38. Lin, Q.; Wang, Y. Spatial and temporal analysis of a fatal landslide inventory in China from 1950 to 2016. Landslides 2018,

15, 2357–2372. [CrossRef]
39. Shao, D.; Sun, Z.; Tian, Q.; Zhang, W. Statistical analysis of historical earthquake intensity in Chinese mainland. Seismol. Geomagn.

Obs. 2018, 39, 135–140. (In Chinese)
40. Chen, Q.; Mi, H.; Huang, J. A simplified approach to earthquake risk in mainland China. Pure Appl. Geophys. 2005, 162, 1255–1269.

[CrossRef]
41. Cui, S.; Wu, H.; Pei, X.; Yang, Q.; Huang, R.; Guo, B. Characterizing the spatial distribution, frequency, geomorphological and

geological controls on landslides triggered by the 1933 Mw 7.3 Diexi Earthquake, Sichuan, China. Geomorphology 2022, 403, 108177.
[CrossRef]

42. Xiao, Z.; Xu, C.; Huang, Y.; He, X.; Shao, X.; Chen, Z.; Xie, C.; Li, T.; Xu, X. Analysis of spatial distribution of landslides triggered
by the Ms 6.8 Luding earthquake in China on September 5, 2022. Geoenvironmental Disasters 2023, 10, 3. [CrossRef]

43. Shapira, S.; Aharonson-Daniel, L.; Shohet, I.M.; Peek-Asa, C.; Bar-Dayan, Y. Integrating epidemiological and engineering
approaches in the assessment of human casualties in earthquakes. Nat. Hazards 2015, 78, 1447–1462. [CrossRef]

44. Nan, Y.; Liu, K.; Gao, B.; Zhang, X.; Li, Y. Discussion on the grade scales of natural disasters by the losses in Wenchuan earthquake.
J. Catastrophol. 2021, 36, 42–47. (In Chinese)

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

168



Citation: Peng, T.; Liu, Y.; Ka, T.S.

Theoretical and Experimental Study

of Rotational Behaviour of Friction

Pendulum Bearings. Sustainability

2023, 15, 7327. https://doi.org/

10.3390/su15097327

Academic Editors: Humberto Varum,

Chong Xu, Su Chen and Shuang Li

Received: 18 January 2023

Revised: 17 March 2023

Accepted: 13 April 2023

Published: 28 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Brief Report

Theoretical and Experimental Study of Rotational Behaviour of
Friction Pendulum Bearings
Tianbo Peng 1,2, Yuxin Liu 2 and Thierno Seydou Ka 2,*

1 State Key Laboratory of Disaster Reduction in Civil Engineering, Tongji University, Shanghai 200092, China;
ptb@tongji.edu.cn

2 College of Civil Engineering, Tongji University, Shanghai 200092, China
* Correspondence: tsk98@tongji.edu.cn

Abstract: Friction Pendulum Bearing (FPB for short) is a kind of widely used device to improve
seismic capacities of building and bridge structures. Despite the considerable progress made in
developing theoretical models to understand the mechanical behaviour of FPB, these models mostly
focus on the horizontal movement behaviour and rarely on the rotational behaviour of FPB. How-
ever, rotational displacements of FPBs indeed will occur along with horizontal displacements in
earthquakes and may affect the structural seismic performance. Motivated from these findings, a
theoretical model of FPB that describes the rotational behaviour is established based on the moment
balance theory in this paper. A set of rotational tests are carried out to validate the theoretical model,
and comparisons of experimental and theoretical results show that they are in good agreement. The
theoretical model developed in this paper will help understand the structural seismic performance
more accurately in the case of rotations of FPBs.

Keywords: Friction Pendulum Bearing; theoretical model; rotation angle; rotational behaviour;
moment balance theory; seismic isolation

1. Introduction

Earthquakes are one of the most devastating natural disasters faced by engineering
structures. The end of an earthquake is generally synonymous with the enormous de-
struction of buildings, bridges, roads, etc. Those structural collapses are the main cause of
mortality and economical loss after earthquakes [1,2]. The fatal consequences caused by
earthquakes have aroused worldwide attention, especially in the civil engineering field.
Nowadays, seismic protection is a crucial aspect to consider in structural design. During
the last decades, many seismic protection techniques have been proposed and developed.

Among all these techniques, base isolation techniques such as Lead Rubber Bearings
(LRBs), high damping seismic isolation rubber bearings, and Friction Pendulum Bearings
(FPBs) have earned significant recognition as efficient seismic isolators for structures [3–5].

Friction Pendulum Bearing (FPB) are reputed to be very efficient at reducing the risk
of damage and collapse for structures [6–12].

As presented in Figure 1, the FPB consists of two plates with concave surfaces and a
slider to separate the two plates. The upper and lower concave surfaces have respective
curvature radii R1 and R2 and friction coefficients of µ1 and µ2. The function of an FPB is
to elongate the structural natural period beyond the predominant period of ground motions.

The first concept of the FPB was presented by Jules Touallion in 1870, conceptualising
a rolling ball bearing in his patent [13]. Since then, many prototypes of friction pendulum
bearings have been invented, considering different curvature radii, curvature variation of
concave surfaces, different friction coefficients of concave surfaces, different thicknesses of
the slider, etc. Based on the force balance theory, many scholars have described the opera-
tion principle and force-displacement relationship of FPBs. Good fidelity with experimental
results has been observed for the proposed theoretical models [14–16].

Sustainability 2023, 15, 7327. https://doi.org/10.3390/su15097327 https://www.mdpi.com/journal/sustainability169



Sustainability 2023, 15, 7327

Sustainability 2023, 15, x FOR PEER REVIEW 2 of 11 
 

of the slider, etc. Based on the force balance theory, many scholars have described the 
operation principle and force-displacement relationship of FPBs. Good fidelity with ex-
perimental results has been observed for the proposed theoretical models [14–16]. 

The main advantages of FPBs are the simplicity and efficacy of their principle, good 
re-centring capacity, and high energy dissipation capacity for both bridge and building 
structures [17–22]. 

The common aspect of aforementioned studies is that upper and lower plates of FPBs 
are assumed to remain horizontal, and the effect of a possible rotation of the two plates in 
earthquakes is neglected. This assumption may be acceptable if the upper and lower plates 
can only move in the horizontal direction, such as in the case when the base isolation 
technique is used for building structures. However, if FPBs are adopted in bridges with 
flexible piers for seismic isolation purpose, rotations of FPBs are inevitable. 

Up until now, a few studies have concerned the issue of rotations of FPBs. Based on 
the kinematic constitutive model of the triple friction pendulum (TFP) bearing including 
rotations of lower and upper plates, Becker et al. investigated the effects of constant sup-
port rotation and flexible support on the TFP bearing seismic behaviour [23,24]. It is found 
that, when TFP bearings are subjected to constant rotations, the hysteresis loop is shifted 
to the positive shear direction, and the displacement capacity of the bearing decreases 
with the increase in the support rotation. Mosqueda et al. [25] made similar observations 
by including constant rotation of the plates to the restoring force formula. To minimize 
the effects of rotation on hysterical performance of FPBs, it is recommended to install the 
bearing plates to parts of the structure where rotations are less probable to occur. 

However, only the influence of a constant rotation on the seismic performance is con-
sidered in these references. In this paper, the rotational behaviour of FPBs is described in 
a distinct way from the previous studies by considering variable rotation angle and mo-
ment. Formulas for restoring force and moment are derived based on the moment balance 
theory [26]. 

In addition, an experimental study on the rotational behaviour of FPB is conducted. 
The study includes four different specimens with different friction coefficient combina-
tions of sliding surfaces under three different vertical loads. Experimental results are pre-
sented and compared to the theoretical predictions, and some conclusions are drawn. 

 
 

Figure 1. Sketch of an FPB cross-section. 

2. Theoretical Study of the Rotational Behaviour of FPB 
The initial state and rotational state of a typical FPB are presented in Figure 2. 
It is assumed that the upper plate is rotated at an angle α, and the centre of rotation 𝐶  is located on the symmetric line of the upper plate; ℎ  represents the vertical distance 

between 𝐶  and the top of the upper plate. 

Figure 1. Sketch of an FPB cross-section.

The main advantages of FPBs are the simplicity and efficacy of their principle, good
re-centring capacity, and high energy dissipation capacity for both bridge and building
structures [17–22].

The common aspect of aforementioned studies is that upper and lower plates of FPBs
are assumed to remain horizontal, and the effect of a possible rotation of the two plates
in earthquakes is neglected. This assumption may be acceptable if the upper and lower
plates can only move in the horizontal direction, such as in the case when the base isolation
technique is used for building structures. However, if FPBs are adopted in bridges with
flexible piers for seismic isolation purpose, rotations of FPBs are inevitable.

Up until now, a few studies have concerned the issue of rotations of FPBs. Based on
the kinematic constitutive model of the triple friction pendulum (TFP) bearing including
rotations of lower and upper plates, Becker et al. investigated the effects of constant support
rotation and flexible support on the TFP bearing seismic behaviour [23,24]. It is found
that, when TFP bearings are subjected to constant rotations, the hysteresis loop is shifted
to the positive shear direction, and the displacement capacity of the bearing decreases
with the increase in the support rotation. Mosqueda et al. [25] made similar observations
by including constant rotation of the plates to the restoring force formula. To minimize
the effects of rotation on hysterical performance of FPBs, it is recommended to install the
bearing plates to parts of the structure where rotations are less probable to occur.

However, only the influence of a constant rotation on the seismic performance is
considered in these references. In this paper, the rotational behaviour of FPBs is described
in a distinct way from the previous studies by considering variable rotation angle and
moment. Formulas for restoring force and moment are derived based on the moment
balance theory [26].

In addition, an experimental study on the rotational behaviour of FPB is conducted.
The study includes four different specimens with different friction coefficient combinations
of sliding surfaces under three different vertical loads. Experimental results are presented
and compared to the theoretical predictions, and some conclusions are drawn.

2. Theoretical Study of the Rotational Behaviour of FPB

The initial state and rotational state of a typical FPB are presented in Figure 2.
It is assumed that the upper plate is rotated at an angle α, and the centre of rotation

C0 is located on the symmetric line of the upper plate; hc represents the vertical distance
between C0 and the top of the upper plate.

From the free body diagram shown in Figure 3, forces considered in the diagram are:

1. The vertical load W;
2. Rotation moment Mb acting on the upper plate
3. The horizontal restoring force F;
4. The friction stresses acting on the lower and upper sliding surfaces, respectively τ1

and τ2;
5. The normal stresses acting on the lower and upper sliding surfaces, respectively n1

and n2.
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Setting the sum of the moment about points C1 and C2 to zero, the moment equilibrium
equations could be written as

∑ M(C1) = −Whc sin α− F(|C0C1|+ hc cos α)− R1

∫
|→τ1|dA + d1

∫
|→n1|dA + Mb = 0 (1)

∑ M(C2) = W(R2 + hu) sin α + F(R2 + hu) cos α− R2

∫
|→τ2|dA− d2

∫
|→n2|dA + Mb = 0 (2)
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where hu represents the minimum thickness of the upper plate as shown in Figure 2a.
Based on the geometry of Figure 3, the following relation can be obtained:

sin α

Re
=

sin γ

R2 + hu + hc
=

sin(α− γ)

|C0C1|
(3)

where Re = R1 + R2 − hsb, hsb represents the maximum thickness of the slider as shown in
Figure 2a.

Horizontal displacements are far less than the curvature radii of the sliding surfaces,
and the angles α and γ are relatively small. Additionally, assuming the distribution of
stresses on the concave surfaces is uniform, the resultants of normal forces of the concave
surfaces and the radius of the concave surfaces are superposed; thus, the lever arm of the
normal forces on the concave surfaces (d1 and d2) equals to zero. Therefore,

d1

∫
|→n1|dA = 0 (4)

d2

∫
|→n2|dA = 0 (5)

Considering the simplifications and assumptions made above, the following relations
are obtained:

∑ M(C1) = −Whcα− F(|C0C1|+ hc)− R1

∫
|→τ1|dA + Mb = 0 (6)

∑ M(C2) = W(R2 + hu)α + F(R2 + hu)− R2

∫
|→τ2|dA + Mb = 0 (7)

α

Re
=

γ

R2 + hu + hc
=

α− γ

|C0C1|
(8)

Combining Equations (6)–(8), equations of the moment Mb and the restoring force F
can be determined as follows:

Mb =
W(R2 + hu)(R2 + hu + hc − Re)

Re
α + CST1 (9)

F = −W(R2 + hu − hc)

Re
α +
−µ1R1W + µ2R2W

Re
(10)

where

CST1 = (µ1R1R2 − µ2R2 + µ2R2Re + µ1R1hu − µ2R2hu)W/Re ≈ (µ1 + µ2)R1R2W/Re (11)

From Equations (9)–(11), the following conclusions can be obtained:

(1) Without any displacement before loading, the horizontal restoring force and moment
are linear functions of the rotation angle α. It means that Equations (9) and (10) can
be used more conveniently to compute the restoring force and moment of FPB from a
zero initial state. It also means that simple connection elements of FEM software can
be used to simulate rotational characteristics of FPB bearing.

(2) From Equation (9), the rotational stiffness kα of the FPB can be obtained by Equation (12).
To keep the sign of kα positive, the condition shown in Equation (13) must be satisfied.

kα =
W(R2 + hu)(R2 + hu + hc − Re)

Re
(12)

R + hu + hc − Re > 0⇔ hc > Re − R2 − hu (13)
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(3) From Equation (9), the values of CST1 and hu are relatively small compared to R1
and R2, and the sign of CST1 is determined by the three first terms of Equation (11),
knowing that R2 is inferior to Re. Therefore, the initial value of the moment of FPB
is generally positive. However, if kα is negative and the FPB rotation angle is large
enough, the moment will be negative.

(4) Constant terms of F and Mb are only related to bearing parameters and the vertical
load; they are independent of the location of the rotation centre. Therefore, the location
of the rotation centre has only influence on the rotational stiffness of FPB. To reduce
the moment and make the bearing rotate as flexibly as possible, it is suggested to use
a smaller friction coefficient and make the difference between the curvature radii of
the two concave surfaces as large as possible.

3. Experimental Study

An experimental study was conducted in the State Key Laboratory of Disaster Reduc-
tion in Civil Engineering of Tongji University to validate the proposed theoretical model of
the rotational behaviour of FPBs.

3.1. Testing Device

The tests are carried out using a testing device composed by a moment applying
system and a vertical load applying system as presented in Figure 4. One end of a rigid
loading beam is placed between two identical FPB specimens symmetrically disposed with
respect to the horizontal plane, and the vertical load is applied by the vertical load applying
system; the other end of the loading beam is progressively vertically loaded to create a
moment by displacement control mode.
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3.2. Test Specimen and Loading Procedure

The FPB specimen used in the tests is illustrated in Figure 5. The tests are carried out
according to the Chinese specifications on Friction Pendulum isolation bearing for highway
bridges (JJT 852-2013) [27]. It consists of four different specimens with different friction
coefficient combinations of sliding surfaces under three different vertical loads. Different
friction coefficients are obtained by lubrication with silicone grease or non-lubrication. For
each friction coefficient combination, three vertical loads of 20 kN, 30 kN, and 40 kN are
loaded. The test cases are shown in Table 1. The friction coefficients are determined after
each test case.
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controlling the left actuator in displacement control mode at 30 mm/min velocity to rotate
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the specimens, and the reaction force is measured at each time increment until the vertical
displacement of the loading point reaches 150 mm. The moment of a specimen is given by

Mθ =
Pl
2

+
WbL

4
(14)

where P is the load applied by the actuator at each increment; L represents the lever arm
(L = 1.510 m); and Wb is the weight of the loading beam. For each test case, three identical
tests are conducted, and the average value of moments are calculated for analysis.

Sustainability 2023, 15, x FOR PEER REVIEW 7 of 11 
 

Table 1. Test cases. 

Configuration Vertical Load Friction Coefficient 

 

20 kN 
30 kN 
40 kN 

𝜇 𝜇 0.0925  𝜇 𝜇 0.0827  𝜇 𝜇 0.0738  

 

20 kN 
30 kN 
40 kN 

𝜇 0.0925, 𝜇 0.0759 𝜇 0.0827, 𝜇 0.0764 𝜇 0.0738, 𝜇 0.0706 

 

20 kN 
30 kN 
40 kN 

𝜇 0.0759, 𝜇 0.0925 𝜇 0.0671, 𝜇 0.0827 𝜇 0.0618, 𝜇 0.0738 

 

20 kN 
30 kN 
40 kN 

𝜇 𝜇 0.0759 𝜇 𝜇 0.0671 𝜇 𝜇 0.0618 

 
Figure 6. Photograph of the testing device. 

3.3. Comparison of Theoretical and Experimental Results 

Figure 6. Photograph of the testing device.

The angle of rotation, α, for each vertical displacement of the left actuator, δ, is given by

α = arctan
δ

L
(15)

3.3. Comparison of Theoretical and Experimental Results

The moment–rotation angle curves from both the experimental data and theoretical
model for each configuration are shown in Figure 7.

The comparisons of rotational stiffnesses from both the experimental data and theo-
retical model for each case are shown in Table 2. The theoretical model shows the ability
to accurately describe the rotational behaviour of FPB. The predictions of the theoretical
model are in very good agreement with the experimental results.

However, some errors are noted. From comparison of theoretical and experimental
results, it is noticed that the theoretical model generally slightly underestimates the rota-
tional stiffness of the bearing. The error between the experimental and theoretical results
increases with the increase in the rotational angle.
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Table 2. Comparisons of Experimental and Theoretical rotational stiffness.

Configuration Vertical Load (kN)
Experimental

Rotational Stiffness
(kN·m/rad)

Theoretical
Rotational Stiffness

(kN·m/rad)
Error

1
20 1.122 1.030 8%
30 1.612 1.510 6%
40 2.432 1.986 18%

2
20 0.941 1.030 −9%
30 1.851 1.510 18%
40 2.192 1.986 9%

3
20 1.203 1.030 14%
30 1.872 1.510 19%
40 2.423 1.986 18%

4
20 1.020 1.030 −1%
30 1.428 1.510 −6%
40 1.729 1.986 −15%

4. Conclusions

This paper presents a theoretical model of FPB based on the moment balance theory.
The model describes the rotational behaviour of friction pendulum bearings considering
the variation of rotation angle. Additionally, extension to include the coupling of rotational
and horizontal displacements in the mechanical model, not incorporated in this model, is
suggested for future research.

An experimental study of the FPB rotational behaviour is conducted in order to
validate the theoretical model. The experimental results show that the proposed theoretical
model is accurate enough to describe the rotational behaviour of FPBs. The theoretical
approach used in this paper is a powerful tool to describe the rotational behaviour of FPBs
and can help to evaluate the structural performance in earthquakes in case of variable
rotations of FPBs.
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Abstract: To ascertain the 2011 Tohoku-Oki Mw 9.0 earthquake’s impact on the stability of the Yishu
fault zone, this study inverts the fault locking degree and slip rate defect distribution of the Yishu
fault zone using GPS horizontal velocity field data covering the period from 1999 to 2009 and from
April 2011 to 2019. This is based on the block negative dislocation model. Combined with the b value
and strain field characteristics, the properties of deformation of the Yishu fault zone before and after
the earthquake are comprehensively analyzed. The results show that before the 2011 Tohoku-Oki
Mw 9.0 earthquake, the locking degree and depth of the northern segment of the Yishu fault zone
were higher, while the locking depth of the southern segment of the fault was shallower. The 2011
Tohoku-Oki earthquake produced different coseismic effects on the southern and northern sections of
the Yishu fault zone. The extension on the southern section and compression on the northern section
caused the strain release in the southern sections of the Yishu fault zone following the earthquake.
After it, the regional locking degree of the southern section of the Yishu fault zone was relieved.
However, the locking degree of the northern segment of the fault zone was still high and the depth
was deep, at about 26 km. In addition, the northern section of the Yishu fault zone was a section
with an abnormally low b value and small earthquakes in the northern segment are sparse at present.
The coseismic compression of the northern section caused by the 2011 Tohoku-Oki earthquake is
conducive to its locking and easily accumulates stress, so it is necessary to pay attention to its
seismic risk.

Keywords: 2011 Tohoku-Oki earthquake; Yishu fault zone; deep locking degree; GPS velocity field;
strain rates; seismic risk

1. Introduction

The subduction of the Pacific plate affected the Tohoku-Oki Mw9.0 earthquake in Japan
that occurred on 11 March 2011 [1–3]. Previous studies have shown that the 2011 Tohoku-
Oki earthquake had an essential impact on the seismicity in the areas on both sides of the
Yishu Fault Zone, which caused the coseismic horizontal displacement at a millimeter-to-
centimeter level in North China and Northeast China [4–6]. The Yishu fault zone, the central
segment of the Tanlu Fault Zone, is in the Shandong Peninsula, eastern China [7]. The
Tanlu fault zone is characterized by linearly steep-dipping faults traversing the region in
an SSW–NNE direction with a clear physiognomy and a synchronous dextral displacement
of short gullies [8]. The Tanlu fault zone is the most important active fault zone and strong
seismic tectonic zone in the eastern part of the Chinese mainland [9,10]. Historically, there
was the Anqiu Ms 7.0 earthquake in 70 BC, the 1668 Tancheng Ms 8.5 earthquake, the 1888
Bohai Bay Ms 7.5 earthquake, the 1969 Bohai Bay Ms 7.4 earthquake, and the 1975 Haicheng
Ms 7.3 earthquake.

The Shandong area is located at the southeastern margin of the Sino–Korean Block
and the eastern end of the central orogenic area in the primary tectonic area of the Chi-
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nese continent. It has complex geological structures and a long evolutionary history. The
modern tectonic movement is at the intersection of multiple active blocks and the dynamic
environment is affected by the interaction of the Pacific, North American, and Eurasian
Plates [9,11–13]. The strong earthquake activity in Tohoku-Oki, which is in the subduc-
tion zone of the Pacific Plate, has a significant effect on the earthquake activity in North
China [4,14]. The Yishu fault zone and the Tohoku-Oki Trench belong to the same geologi-
cal tectonic system and are also affected by the subduction of the Pacific Plate [15]. After
the 2011 Tohoku-Oki earthquake, the seismicity of the Yishu fault zone and its surrounding
areas increased significantly, which was related to the regional coseismic deformation
and post-earthquake deformation characteristics [16]. Therefore, the impact of the 2011
Tohoku-Oki earthquake on the Yishu fault zone deserves attention.

The Global Positioning System (GPS) can provide comprehensive velocity field infor-
mation and can be used to study large-scale tectonic deformation [17]. Fan et al. (2022) [18]
investigated the adjustment of the in situ stress field of the Beijing Plain after the 2011
Tohoku-Oki earthquake based on in situ stress monitoring data. It shows that the stress
accumulation level of faults in the Beijing Plain area increased in a short time after the
earthquake and then gradually decreased. There have been many studies on the crustal
deformation of the Yishu fault zone using GPS which have shown that the fault zone is
characterized by right-lateral slip and compression [17,19–25]. Li et al. (2016) [26] used the
GPS velocity field data from 2009 to 2014 as a constraint to invert the locking degree of the
central and southern segment of the Tanlu fault zone and obtained the locking depth of the
fault from north to south, first deep then shallow, along the strike. However, the existing
studies have not investigated the degree of change of the deep locking in the Yishu fault
zone before and after the 2011 Tohoku-Oki earthquake. An earthquake happens because
of the continuous accumulation of strain on the active fault under the action of regional
tectonic stress and the sudden instability and fractures after reaching the limit state [2,27,28].
How the strain characteristics change before and after the earthquake characterizes them.
The slip inversions have successfully modelled the transient deformations [29,30], coseismic
slips [31,32], and post-seismic slip [32] in different tectonic regions. Prioritizing earthquake
risk is determined using the Turkish rapid assessment method, which shows that the study
of micro-zoning is very important in minimizing earthquake damage [33]. In this paper, the
horizontal strain field of the Yishu fault zone is analyzed based on GPS data and the locking
depth and degree of the Yishu fault zone before and after the 2011 Tohoku-Oki earthquake
are inverted using the TDEFNODE negative dislocation inversion model [30,34]. Based on
seismic activity, the future seismic risk of the Yishu fault zone is discussed.

2. Overview of the Study Area

The Yishu fault zone is in the Shandong section of the Tanlu fault zone (Figure 1). It
has the best exposure and strongest neotectonic activity in the Tanlu fault zone. The Yishu
fault zone forms a compound graben structure of “two grabens sandwiched by a barrier”
in the Yi River and Shu River Valleys of Luzhong. It starts from Laizhou Bay of Bohai Sea in
the north and extends to the Xinyi Area of Jiangsu Province in the south. It consists of the
Anqiu–Juxian fault (F5), the Changyi–Dadian fault (F1), the Baifenzi–Fulaishan fault (F2),
the Yishui–Tangtou fault (F3), and the Tangwu–Gegou fault (F4), and includes five nearly
parallel faults with a length of 330 km. The width of the northern section of the fault zone is
about 55 km, which is reduced to about 25 km in the south, forming the structural boundary
between the Luxi block and the Jiaoliao block. Among them, the Anqiu–Juxian fault is
the most important Late Quaternary active fault in the Yishu fault zone, characterized by
dextral strike-slip and thrust activity, and is a strong active zone of neotectonic movement,
which controls the occurrence of earthquakes [35]. The north and south sections of the
Anqiu–Juxian fault have different earthquake characteristics and can be divided into two
permanent north–south earthquake rupture sections [36].

The Yishu fault zone is a deep fault zone. Since the Quaternary, the neotectonic
movement in the fault zone has been strong, and the seismicity is characterized by large
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magnitude earthquakes and long active periods. The Anqiu earthquake with Ms 7.0 oc-
curred in 70 BC and the Tancheng earthquake with Ms 8.5 occurred in 1668. The seismicity
of the Yishu fault zone is segmented [37,38], which is mainly concentrated in the south
section and less in the north section.
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Figure 1. Tectonic setting and earthquake activity distribution in the study area. (a) Tectonics and
historical earthquakes in the study area. Inset map on the upper right shows the study area. The blue
box divides the Yishu fault zone into north and south segments. The size of the red circles is scaled
to the magnitude of the earthquakes (from 2011 to 2019, ML > 2.0). The blue solid circle, triangle
and diamond are the selected GPS sites (I1 is the Jidong–Bohai fault block, I2 is the Luxi fault block,
II1 is the Ludong uplift, II2 is the Jiaolai basin, II3 is the Jiaonan fault block, II1, II2, and II3 jointly
constitute the Ludong fault block). (b) Geological setting of Yishu fault zone and its vicinity [39] (F1
is the Changyi–Dadian fault, F2 is the Baifenzi–Fulaishan fault, F3 is the Yishui–Tangtou fault, F4 is
the Tangwu–Gegou fault, and F5 is the Anqiu–Juxian fault).

3. Data and Research Method
3.1. Data Processing

In this paper, the GPS observation site data of the Crustal Movement Observation
Network of China (CMONOC), the Crustal Movement Observation Network of Shandong
(CMONOSD), and the Shandong Continuously Operating Reference Station System (SD-
CORS) (Figure 1) were used. Additionally, GAMIT/GLOBK software was used to solve the
data and obtain GPS site coordinates and time series data (Figure 2).
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Figure 2. Schematic diagram of the research technical route.

When solving the GPS data, the elevation mask angle of the satellite was set to 15◦

and the data sampling rate is 30 s. The global atmospheric pressure model and temperature
models GPT (Global Pressure Temperature) and GMF (Global Mapping Function) were
used as the prior tropospheric dry delay model and convection projection function. The
FES2004 ocean tide loading model was used to correct the ocean tide to weaken the influence
of ocean tide loading on the station. The IGS (International Global Navigation Satellite
System Service) tracking stations around the Shandong area were selected and the one-day
relaxation constraint solutions of all the stations were obtained by combining the one-day
solutions of the stations in the study area with the existing relaxation solutions of the IGS
stations by using the GLOBK software. The data were processed using GLOBK software
with the continuous Kalman filter to obtain the coordinate time series and velocity field
results for each station under the ITRF2014 (International Terrestrial Reference Frame 2014)
framework. The GPS velocity field to the velocity field under the Eurasian framework was
converted and the GPS stations whose direction and size deviated were removed from the
regional motion background (Figures 3 and 4).
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Earthquake Agency.
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Figure 4. Velocity field of the study relative to the Eurasian Plate after the 2011 Tohoku-Oki earthquake
(April 2011 to 2019). The background color indicates the vertical deformation velocity field. Velocity
field data were obtained from the Shandong Earthquake Agency.

Since the study area is far from the epicenter of the 2011 Tohoku-Oki earthquake (more
than 2200 km), nonlinear effects such as creep-slip during the short period can be neglected.
Considering the accuracy of GPS observation, a continuous GPS observation sequence of
10 days each before and after the 2011 Tohoku-Oki earthquake was used to estimate the
coseismic displacement and its error using the least squares method [6]. The coseismic
displacements calculated are shown in Figure 5.
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The crustal strain fields from 1999 to 2010 and from April 2011 to 2019 were calculated
using the GPS horizontal velocity field and the deformation characteristics of the Yishu
fault zone before and after the 2011 Tohoku-Oki earthquake were analyzed. The 3D b value
distribution was calculated using the seismic activity catalogue from 1970 to 2019. Finally,
the seismic hazard of the Yishu fault zone was studied by determining the degree and
extent of the Yishu fault zone’s locking using inversion. The research technical route is
shown in Figure 2.

3.2. Calculation of Crustal Strain Field

The crustal strain field analysis is independent of the spatial datum analyzing the
variation of deformation within the region and can more comprehensively express the
intensity of crustal deformation. To overcome the influence of earth curvature or projection
deformation, a more accurate calculation method in a spherical coordinate system is used
to calculate the strain (rate) field [40]. In practical applications, only the horizontal strain
field is considered due to the poor reliability of the GPS vertical velocity component, and
the formula is as follows [40]:

uϕ = −ωθr0 −ωϕ cos θ0∆ϕ + eϕϕr0∆ϕ + eθϕr0∆θ + ωrr0∆θ

uθ = −ωθr0 cos θ0∆ϕ + ωϕr0 + eθ ϕr0 sin θ0∆ϕ + eθθr0∆θ −ωrr0 sin θ0∆ϕ
(1)

where ϕ, θ, and r are the longitude angle, the colatitude angle, and the earth radius in
the earth coordinate system, respectively. ϕ0, θ0 represents the plane coordinates of the
regional geometric center point and r0 represents the earth radius of the regional geometric
center point. When ϕ, θ, and r are used as subscripts, they represent the longitude direction
(east direction), the latitude direction (north direction), and the radial direction (vertical
direction), respectively. u represents the displacement of each observation point. ∆ϕ, ∆θ,
and ∆r represent the three-direction distance from the observation point to the center point
of the observation network, respectively, eϕϕ, eθθ , and eθϕ represent the strain components,
and ωϕ, ωθ , and ωr represent the Euler rotation vectors, respectively. Therefore, as long
as the horizontal displacements of more than three GPS observation points are known,
the above six unknown parameters (eϕϕ, eθθ , eθϕ, ωϕ, ωθ , and ωr) can be solved using
Equation (1) and the least square method.

3.3. Calculation of Seismic b Value

The earthquake b value is derived from the Gutenberg–Richter magnitude–frequency
relationship (lgN = a− bM) [41]. Starting from the laboratory discovery of the relationship
between rock fracture stress and the b value, many observations have shown that there is
a negative correlation between b value and differential stress [27,28]. Because the seismic
b value is closely related to seismic activity and the crustal stress state, it is often used as a
crustal “stress gauge” [42].

The earthquake catalogue’s completeness is particularly significant for the calculation
of the b value. The b value will be low due to the lack of small earthquake data caused
by the weak monitoring ability of the network. The Mc (Magnitude of completeness)
can be used to evaluate the seismic measuring ability of the station. The Mc is regarded
as a critical magnitude, which represents the minimum complete magnitude that can be
monitored by the network. When calculating the b value, only events greater than or equal
to the Mc value are selected. In this paper, the Mc values were calculated for earthquakes
with ML > 2.0 from 1970 to 2019 using the ZMAP program [43]. The maximum curvature
method was used to calculate the Mc in the study area and the magnitude corresponding
to the maximum of the first derivative of the magnitude frequency curve function was
regarded as the Mc.

The maximum likelihood estimation method is a method of estimating model param-
eters using observation data generated with high probabilities. Based on the maximum
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likelihood method and according to the exponential distribution relationship between
earthquake frequency and magnitude [41],

n(M) = e(a−bM) (2)

b =
lge

M−M0
. (3)

In Equations (2) and (3), M is the starting magnitude, M0 is the average magnitude,
lge =0.4343, and when n is the total number of earthquakes, the standard deviation of the
95% confidence level [41] is

σ = 1.96
b√

n− 1
. (4)

3.4. Fault Slip Inversion Model

The occurrence of a large earthquake is closely related to the seismogenic fault’s
locking degree. As per the classical dislocation theory, the fault’s earthquake preparation is
directly related to the fault’s locking depth and the urgency and risk of seismicity are higher
when the fault’s earthquake preparation is close to the late stage [44,45]. The TDEFNODE
negative dislocation inversion model can use the simulated annealing method and grid
search method to estimate the block rotation, internal strain, and fault locking degree under
the constraints of GPS velocity field and seismic data. The depth along the longitudinal
strike of the fault is specified by the node [30,34]. The program assumes that the movement
of points inside the plate is the sum of surface elastic deformation caused by block rotation
and the sliding deficit at the block boundary due to fault locking. The inversion result has
a certain reliability and good stability [30,34].

Vs f = Vbr + Vis + V f s (5)

where Vs f is the measured surface velocity, Vbr is the velocity caused by block rotation,
Vis is the velocity caused by the internal strain of the block, and V f s is the velocity caused
by fault-locked negative dislocations. The fault locking coefficient value is represented by
Phi [30,34].

Phi(Σ) = Σ−1
∫

Σ

[
1−VC(s)

V(s)

]
(6)

where V is the long-term fault slip rate and VC is the short-term slip rate; Σ is the defined
grid area on the fault, and, using Σ to be larger than the characteristic wavelength of the
VC variation, we obtain a continuous approximation of the distribution. When Phi = 0, it
indicates that the fault is in a complete creep state and there is no locking. When Phi = 1, it
indicates that the fault is completely locked. Generally, the range of values 0–1 is used on
the fault to represent the locking state of the fault. When Phi is between 0 and 1, it indicates
that the fault is not completely locked and there is a certain creep.

4. Experimental Results
4.1. Strain Field near the Yishu Fault Zone

Considering the impact of the 2011 Tohoku-Oki earthquake, the strain field and the
maximum shear strain field in the study area were obtained based on the GPS horizontal
velocity field from 1999 to 2009 and from April 2011 to 2019, as shown in Figures 6 and 7.
The regional strain of the Yishu fault zone is relatively weak, the overall upper north section
is compressive, the southern section is tensile, the differential movement of the crust is
weak, and the magnitude of the strain rate is small. The northeastward pushing of the
western Indian Ocean Plate and the westward pushing of the eastern North American Plate
and the Pacific Plate control the distribution characteristics of the national strain field [16].
These cause the strain rate field in the Chinese mainland to show an obvious feature of
strength in the west and weakness in the east. Comparing Figure 6a with Figure 7a, the
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northern segment of the Yishu fault zone is evidently still in a compressive state, while the
southern segment is in an extensional state, but it is slightly smaller than it was before the
2011 Tohoku-Oki earthquake.
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Figure 6. Strain rates in the study area from 1999 to 2009. (a) Principal strain rate vectors and
dilatation rates. The crossed arrows are the principal strain rate vectors, and the background color
indicates the dilation strain rates. Positive dilatation rates show extension, while negative show
compression. (b) Maximum shear strain rates.
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In rock experiments, the differential stress is expressed by the difference between the
maximum principal stress and the minimum principal stress. Correspondingly, when the
vertical crustal deformation is not considered, the plane maximum shear strain can be used
to approximately reflect the regional differential stress state. According to the comparison
between Figures 6b and 7b, the maximum shear strain in the Yishu fault zone did not
significantly change before and after the 2011 Tohoku-Oki earthquake but decreased on
both sides of the fault zone.

Considering the GPS observation accuracy, the continuous GPS observation sequences
10 days before and 10 days after the 2011 Tohoku-Oki earthquake were selected; the
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coseismic displacement was estimated by linear fitting the time series before and after the
earthquake and the coseismic strain field and maximum shear strain field of the earthquake
are obtained, as shown in Figure 8. The coseismic strain field (Figure 8a) shows that the
eastward tension caused by the 2011 Tohoku-Oki earthquake causes the entire study area
to be in a tensile strain state. The maximum shear strain field (Figure 8b) shows that
the coseismic deformation field of the 2011 Tohoku-Oki earthquake produced obvious
shear strain in the Ludong uplift (II1) area and Luxi fault block (I2, Luxi uplift), a certain
shear strain in the southern section of Yishu fault zone, and gentle shear strain in the
northern section.
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4.2. Three-Dimensional Seismic b Value

In this paper, the maximum likelihood method was used for scanning the three-
dimensional b value along the Yishu fault zone to analyze the current stress level of
the fault zone. Since the maximum likelihood method has high requirements for the
earthquake catalogue’s integrity and there is a lack of small earthquake data, the b value
will be low; hence, the Mc is usually used to evaluate the seismic measurement capacity of
the station [43]. As shown in Figure 9, the magnitude of completeness, Mc = 2.0, can be
obtained. Therefore, it is more reliable to select the seismic data with ML > 2.0 to calculate
the b value in this paper.
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The study area is divided into a grid with a spacing of 0.1◦ × 0.1◦, taking the grid
node as the center, the earthquakes larger than Mc in the circular area with a radius of
20 km are selected, and calculate the b value of each grid point by the least square method.
The minimum number of earthquakes is set to be no less than 15. Since there are fewer
earthquakes in some areas, the radius is then increased to a maximum of no more than
40 km, and the b value is null when the number of earthquakes is still less than 15. When
calculating the b value of depth, the maximum radius of grid nodes is 5 km, and calculate
the distribution of b values at different depths.

Using the catalogue data of ML > 2.0 earthquakes from 1970 to 2019 derived from
the Shandong Earthquake Agency, we calculated the b value of the Yishu fault zone and
obtained the b value at depths of 0 km (Figure 10b) and 20 km (Figure 10c). The b value
of the cross section of the fault zone is calculated, as shown in Figure 10. It can be seen
from Figure 10 that there is an area with a low b value in the northern segment of the Yishu
fault zone, at about 0.6–0.8, reflecting that the stress level of this segment is relatively high
today, that this segment is the unruptured segment of the 1668 Tancheng Ms 8.5 earthquake,
and that similar seismic gap characteristics are observable. Some studies or articles [35,46]
speculate that the region is currently locked, as it has accumulated more strain energy, so
its seismic risk is worthy of attention.
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Figure 10. Three-dimensional b value spatiotemporal scan (from 1970 to 2019). (a) The 3D b value
distribution. (b) The b value plane scanning in the study area. (c) The b value scanning at the depth
of 20 km in study area.

4.3. Locking Characteristics of Deep Fault

The occurrence of major earthquakes is closely related to seismogenic faults’ locking
degrees. Based on the GPS velocity field results, the distribution of locking depths or
locking degrees on the fault planes can be obtained using inversion or other means.

Considering that the Anqiu–Juxian fault is the most active in the Yishu fault zone, the
setting of the fault model mainly refers to the section parameters of this fault. Wang et al. [47]
completed the zonal mapping of the 1:50,000 active faults of the Anqiu–Juxian fault and
determined the geometric structure, spatial distribution characteristics, and active nature
of the fault. The overall strike of the Anqiu–Juxian fault is NNE 10◦–20◦, the inclination is
NW, and the inclination angle is 70◦–80◦. Many studies or articles have used geophysical
methods such as magnetotelluric sounding and artificial seismic sounding to detect that the
crustal thickness of the Yishu fault zone is about 31–36 km [48,49]; the three-dimensional
b value also indicates that there are low-value areas within 40 km of the deep fault depth.
Therefore, we established the fracture zone model based on the above research results, as
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shown in Figure 11. The Luxi fault block is set as the hanging wall, the Ludong block is
the footwall, the dip angle is set to 70◦, and a total of nine nodes are arranged along the
fault strike, which is distributed between the sections of the Anqiu–Juxian fault. The model
depth is set to 40 km and a total of nine isobaths are set at 0.1 km, 5 km, 10 km, 15 km,
20 km, 25 km, 30 km, 35 km, and 40 km, respectively, along with the fault inclination.
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4.3.1. Locking Degree of Deep Fault

According to the above fault model, the spatial variation distribution of the locking
degree of the Yishu fault zone before and after the 2011 Tohoku-Oki earthquake was
obtained. Figure 12 demonstrates that, before the 2011 Tohoku-Oki earthquake, the north
of Juxian in the Yishu fault zone’s locking was high degree, deep, and had a maximum
locking depth of about 26 km. Additionally, Figure 12 indicates that there was a locking
area in the south of Juxian, but the locking depth was shallow, about 6 km, and the deep
area was in creep state. The results in Figure 13 show that the locking area changed after the
2011 Tohoku-Oki earthquake. The northern section of the Yishu fault zone still has a high
locking degree and a deep locking depth, with a maximum locking depth of about 26 km.
The south section’s conditions may be due to the tensile effect of the 2011 Tohoku-Oki
earthquake on the area (Figure 8) or because the accumulated strain energy is released
frequently by small earthquakes that alleviate the locking degree in the area.
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4.3.2. Fault Slip Rate Deficit Distribution

The relative motion between the faults is determined by the Euler poles of the blocks
on both sides of the fault and the fault sliding loss rate is the product of the locking degree
and the relative motion on the fault between the two blocks [29–31,34]. The sliding loss
caused by fault locking accumulates as strain energy at and near the fault plane [31].
Figure 14 shows the slip rate deficit distribution in the Yishu fault zone from 1999 to 2009.
The north of Juxian has a dextral compression slip rate deficit from the surface to the depth
of 26 km, which is about 0.4~0.8 mm/a, and 26–40 km is basically a creep state without the
slip rate deficit. The locking depth of the southern section of the fault zone is small, the
deficit of sliding rate is large, about 1.1 mm/a, and the fault depth is 5–40 km, which is
basically a creep state. The results in Figure 15 show that the locking range of the Yishu
fault zone decreased after the 2011 Tohoku-Oki earthquake and the south section basically
entered a creep state. The sliding rate deficit is mainly concentrated in the north section of
the fault and the rate deficit reduced to about 0.4–0.6 mm/a.
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4.3.3. Uncertainty Analysis of Inversion Results

By comparing the residuals of the model fitting (comparing the total GPS rate values
at each point obtained from the model inversion with the rate values obtained from the
direct fitting of the time series), the quality of the fitting of the inversion results can be
checked to some extent [50]. Figure 16 compares the residual fitting velocity of the model.
The residuals before and after the 2011 Tohoku-Oki earthquake are small, both less than
0.5 mm/year, and the direction of the residuals is random, indicating that the inversion
results are good.
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Since the model assumes that the internal deformation of the block is uniform, the
inhomogeneity of the spatial distribution of deformation, crustal medium, wave velocity
structure, and so on are not considered, which is a source of uncertainty in the inversion
results [2]. The distribution and number of near-field GPS observation stations of faults
have a certain influence on the inversion results [50]. Whether the block is rigid or not
has a larger influence on the inversion results. Different reference frames have relatively
little influence on the inversion results and different stable blocks as reference frames have
almost no influence on the inversion results [26]. In conclusion, we have obtained good
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results for the inversion of the locking degree in the Yishu Fault Zone, but this is still
affected by uncertainties.

5. Discussion

The 2011 Tohoku-Oki earthquake caused significant coseismic and post-earthquake
effects on eastern mainland China [21,51], which influenced the crustal deformation and
seismic risk of the Yishu fault zone [5,52]. The results for the fault locking degrees obtained
from two phases of GPS horizontal velocity field inversion show that the Anqiu–Juxian
section of the Yishu fault zone has a high locking degree and deep locking depth, which
is due to the compression sliding deficit. After being affected by the 2011 Tohoku-Oki
earthquake, the locking state of the southern section of the Yishu fault zone has eased, the
compression activity has weakened, and the sliding rate deficit has decreased. However, the
coseismic compression of the northern section caused by the 2011 Tohoku-Oki earthquake
is conducive to its locking, so the northern section of the Yishu Fault Zone is still in a strong
locking state. Due to the complexity of the crustal structure, the block negative dislocation
model cannot fully simulate the crustal deformation in this area. At the same time, the
number and distribution of GPS observation stations near the fault will also have a certain
impact on the results. Therefore, there is some uncertainty in the inversion of the fault
locking degree. Compared with the results of Li et al. (2016) [26] and Tao et al. (2022) [25],
the main difference is observable in southern Tancheng. The former uses GPS data from
2009 to 2014, without considering the impact of the 2011 Tohoku-Oki earthquake on the
Yishu fault zone. The difference from the latter is small; we believe that this is due to
the near-field GPS data integration we use and that this is caused by the integration of
near-field data. The results of each study are different from the fracture zone segmentation
nodes used in this paper, so there will be some differences in the results.

The 2011 Tohoku-Oki earthquake caused by the subduction of the Pacific Plate has a
direct impact on the dynamic environment of the region [53,54]. The state of the horizontal
strain field after the 2011 Tohoku-Oki earthquake has weakened. Combined with the
seismic strain field (Figure 8), the eastward tension generated by the 2011 Tohoku-Oki
earthquake causes the entire study area to be in a tensile strain state. Since the Yishu fault
zone is characterized by strike-slip movement, the 2011 Tohoku-Oki earthquake has a
strain energy release and delayed seismic latent effect on it. However, due to the complex
structural characteristics in the study area, especially the structural differences between
the neotectonic units [24], the drag from below the crust may produce uneven tension on
the upper crust and compressive strain in local areas. Such drag and strain have different
coseismic effects on the south and north segments of the fault zone, including tensile effects
on the south segment and a compressive effect on the north segment. The tensioning effect
on the southern section is more significant, given the activity magnitude of the southern
section is larger than for the northern section [16]. The Coulomb stress changes induced
by the 2011 Tohoku-Oki earthquake on the northern segment of the Yishu fault zone are
positive with a value of 0.23 KPa while the changes are smaller on the southern segment
with a value of 0.08 KPa. The 2011 Tohoku-Oki earthquake helped to accumulate stress on
the northern segment of the Yishu fault zone [55].

According to the earthquake distribution statistics in the study area, 285 earthquakes
with ML > 2.0 occurred in the southern section of the Yishu fault zone and 75 earthquakes
occurred in the northern section of the Yishu fault zone from 1970 to 2019, accounting for
only one-quarter of the southern section of the Yishu fault zone. The small earthquake ac-
tivity in the northern section presents an abnormally sparse state; a seismic gap [56] formed
in the northern segment of the fault zone that easily accumulates stress. Additionally, there
is a low b value area in the north section, indicating that the stress level is relatively high. To
study the current seismicity of the Yishu fault zone, the earthquakes from 2011 to 2019 were
selected from the earthquake catalogue and the seismic distribution profile was drawn
(Figure 17). Small earthquakes occurred within the depth of 30 km. At present, there are
still fewer small earthquakes in the north section of the Yishu fault zone and the strain
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energy continues to accumulate, which is in good agreement with the fault locking range.
The accumulated strain energy in the south section of the fault zone can be released in time
through medium and small earthquakes, which is conducive to delaying the risk of strong
earthquakes in the surrounding areas.
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The northern and southern sections of the Yishu fault zone have different seismic
risks and the seismic risk of the northern section is still relatively high. An earthquake
of Ms 7.0 occurred in Anqiu in 70 BC, but no ruptured segment corresponding to the
earthquake has been found [35]. In 1668, an earthquake of Ms 8.5 occurred in Tancheng
in the southern segment and the northern segment was the unruptured segment of the
earthquake. Several studies have obtained the segmental characteristics of the upper-
and middle-crustal mediums in the southcentral section of the Tanlu fault zone using the
double-difference seismic tomography method and found that the velocity and Poisson’s
ratio of the crustal medium in the section north of Tancheng in the Yishu fault zone show
relatively high values [57–59]. According to the recurrence period of 3500a [60], the last
occurrence time accounted for 60% [6], meaning the earthquake risk is relatively high.

6. Conclusions

By using the GPS-derived horizontal velocity field and historical earthquake distri-
bution in the Shandong Province in the period from 1999 to 2009 and April 2011 to 2019,
the crustal strain field was calculated and the deformation difference characteristics in the
Yishu fault zone were analyzed. The 3D b values were also calculated using the historical
seismic distribution to present a preliminary determination of the fault locking depth.
Finally, based on the block negative dislocation model, the locking degree and sliding
rate deficit of the Yishu fault zone before and after the 2011 Tohoku-Oki earthquake were
inverted. The results show the following.

Before the 2011 Tohoku-Oki earthquake, there was a high locking degree area in the
south section of the Yishu fault zone, with a shallow depth of about 6 km, while the locking
depth in the north section of the Yishu fault zone was about 26 km. The 2011 Tohoku-Oki
earthquake alleviated the westward subduction and compression of the Pacific Plate. The
eastward tension caused the entire study area to be a tensile strain state. Combined with
the negative dislocation inversion results, the southern section’s locking in the Yishu fault
zone changed to a creep state after the 2011 Tohoku-Oki earthquake and the locking range
was relatively reduced. However, the locking degree in the northern section of the Yishu
fault zone is still high and deep. Moreover, the b value in the north section of the Yishu
fault zone is low and the small earthquake activity is sparse. This is the unbroken section of
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the Tancheng Ms 8.5 earthquake from 1668, which easily accumulates stress, so its seismic
risk is worthy of attention.
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GPS Global Positioning System
CMONOC Crustal Movement Observation Network of China
CMONOSD Crustal Movement Observation Network of Shandong
B.C./BC Before Christ
SDCORS Shandong Continuously Operating Reference Station System
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Abstract: Vs30 (equivalent shear-wave velocity of soil layers within a depth of 30 m underground)
is widely used in the field of seismic engineering; however, due to the limitation of funds, time,
measuring devices, and other factors, the depth for testing shear-wave velocity in an engineering site
rarely reaches 30 m underground. Therefore, it is necessary to predict Vs30 effectively. We analyzed
the existing models using 343 boreholes with depths greater than 30 m in Tangshan, China. It shows
that the topographic slope method is not suitable for predicting Vs30 in Tangshan. The Boore (2011)
model overestimates, while Boore (2004) underestimates Vs30 in Tangshan, while Junju Xie’s (2016)
model has ideal prediction results. We propose three new models in this paper, including the bottom
constant velocity (BCV) model, linear model, and conditional independent model. We find that the
BCV model has limited prediction ability, and the linear model is more suitable when z ≤ 18 m, while
the conditional independent model shows good performance under conditions where z > 18 m. We
propose that the model can be accurately and effectively applied in Tangshan and other regions with
low shear-wave velocity.

Keywords: shear-wave velocity; Tangshan; topographic slope; prediction model; log-likelihood

1. Introduction

Earthquakes have brought a series of engineering challenges for the design and ser-
vice of constructions and buildings [1,2]. Soil, as a wave dispersion medium and bearing
layer for structures, has dynamic characteristics that have important implications for the
seismic design and structural analysis of construction materials under ground motion [3–5].
Shear-wave velocity, Vs, is one of the most basic parameters for characterizing the dynamic
behaviors of soils. Vs30 has been widely applied in the field of seismic engineering for
inground vibration prediction [6,7], site classification [8], site effect evaluation [9], seismic
performance assessment, or designing structures on a regional scale [10]; however, due
to the limitation of funds, time, and measuring devices, the depth for testing shear-wave
velocity generally cannot reach 30 m and sometimes there is no shear-wave velocity avail-
able. At present, Vs20 (equivalent shear-wave velocity of soil layers within a depth of 20 m
underground) is still used to describe the characteristics of site soil in China. Although
some studies have suggested that seismic motion can predict Vs without drilling, due to
the scarcity of seismic records and the limited effect of this method itself, this method
is not widely used. Therefore, it is very important to predict Vs30 rapidly, accurately,
and effectively.

When the project site lacks the measured data of shear-wave velocity, other indicators
that can reflect the geological characteristics of a site are usually used to predict Vs30, such as
surface geology [11–13], topographic classification [14,15], topographic slope [16], category
of geotechnical engineering works [17,18], mixed geological features [19], and Quaternary
System isopach [20]. These methods of using other indicators to characterize Vs30 can
quickly and widely predict Vs30, but the accuracy is low, and the methods are significantly
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affected by the accuracy of original geological features. While, for an engineering site
with shear-wave velocity but the depths are less than 30 m underground, the shear-wave
velocities (Vsz, z < 30 m) at known depths can be used to predict Vs30 more accurately, such
as the BCV model (a constant recursive model) [21] and a linear model [22–24]. Although
such models using the known data of shear-wave velocity to predict Vs30 show a high
accuracy, there is certain regional applicability in the established Vs30 models due to the
limitations of the basic data, especially in areas with low shear-wave velocity, there is still
no effective prediction method.

In this paper, the measured data of shear-wave velocities from boreholes in Tangshan
were used for Vs30 prediction. Based on the data of shear-wave velocities of 343 boreholes
with depths more than 30 m in the city, the topographic slope was first used as an alternative
indicator for rapid prediction of Vs30. Then, three new Vs30 prediction models were
established based on Vsz, and the goodness of fit of the new models was ranked by using
the log-likelihood (LLH) method. The prediction model of Vs30 proposed in this paper
can be accurately and effectively applied to areas with low shear-wave velocity, such
as Tangshan.

2. Introduction of Vs30 Prediction Models and Sorting Method of the Goodness of Fit
2.1. Prediction Using Topographic Slope Method

Geomorphologic fluctuations indicate topography and lithology. For example, the
steep peaks suggest the rock-dominated geological property of the site, while the nearly
flat basins indicate soil-dominated geological properties. Hard sites tend to have steep
slopes, while thicker sedimentary basins generally show shallower slopes, indicating there
is a certain correlation between topographic slope and Vs30. Based on this, Wald et al. [16]
proposed a Vs30 prediction model based on the topographic slope in 2007. This study
analyzed the corresponding relationship between Vs30 and NHRP different site categories,
including a tectonically stable zone and a tectonically active zone, respectively. The United
States Geological Survey constructed an empirical model of the relationship between global
Vs30 and topographic slope using this model.

2.2. Vs30 Prediction Models Based on Vsz

When the depth for testing shear-wave velocity does not reach 30 m, Vsz can be
generally used to predict Vs30. At present, there are two categories of commonly used
models for predicting Vs30 based on Vsz: the constant-velocity extrapolation model and the
gradient-velocity extrapolation model.

For the constant-velocity extrapolation model, the main assumption of the BCV model
is that Vs is constant from z to 30 m [21] as given by:

Vs30 =
30

∆tz +
30 − z

Vsz

(1)

where z, ∆tz, and Vs(z) represent the depth of the hole bottom, the travel time of shear waves,
and the instantaneous shear-wave velocity at the depth (z m) of the bottom, respectively.
For the convenience of description in the following sections, the model is referred to as the
BCV model.

The assumption of the constant-velocity extrapolation model is contrary to common
sense that shear-wave velocities increase with the burial depth of the soil layers, so the
model generally underestimates Vs30. Boore found that there is a strong linear correla-
tion between log Vs30 and log Vsz in 2004 and established a corresponding relationship
between Vs30 and Vsz by using Formula (2) based on data collected from 135 boreholes in
California [22].

log Vs30 = a0 + a1 log(Vsz) (2)

where a0 and a1 are regression coefficients. This study is known as the Boore (2004) model.
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Furthermore, based on Kik-net borehole data from Japan, Boore et al. [23] established
the following new linear relationship between Vs30 and Vsz.

log Vs30 = b0 + b1 log(Vsz) + b2(log Vsz)
2 (3)

where b0 and b1 are regression coefficients. The regression coefficient of 5 m ≤ z ≤ 29 m is
finally determined. The model is referred to as the Boore (2011) model.

Dai et al. [25] built a conditional independent prediction model of Vs30 based on a
Markov process. This model supposes that shear-wave velocity from the bottom of bore-
holes to 30 m underground is unrelated to that from zero to z m underground. Therefore,
this model was the first to establish the corresponding relationship (Formula (4)) between
Vsz and Vs(z,30) (equivalent shear-wave velocity from z to 30 m underground), and then
Vs30 was predicted using Formula (5):

log Vs(z,30) = c0 + c1 log(Vsz) (4)

Vs30 =
30

∆tz +
30 − z
Vs(z,30)

(5)

where c0 and c1 are regression coefficients. The model is called the conditional indepen-
dent model.

2.3. Sorting Method for Goodness of Fit of the Prediction Models Based on the LLH Method

At present, R2 (the adjusted coefficient of determination) and similar parameters are
used to sort the goodness of fit of prediction models; however, Weimin He et al. [26] found
that there is a misjudgment that arises when using the adjusted coefficient of determina-
tion to determine the regression effects. Based on this, we adopted a more reliable LLH
method [27] to sort goodness of fit data about the prediction models.

The LLH method was proposed based on information theory, allowing the selection of
the optimal model based on data [27]. The LLH value of the prediction model is given by:

LLH(g, x) = − 1
N ∑N

i=1 log2[g(xi)] (6)

where g(x) and N indicate the probability density function (PDF) of the model with samples
from x1 to xN and sample size, respectively. The smaller the LLH value of the model, the
better the prediction.

Based on the measured data of shear-wave velocities in Iran, Shafiee et al. [28] analyzed
and compared hypothesis testing and the likelihood method of optimal fitting of standard
residuals. Different sorting results of Vs30 prediction models using the LLH method show
that LLH methods can accurately sort the goodness of fit of Vs30 prediction models.

3. Engineering Geology beneath Tangshan City

Tangshan City is located at the border of the North China Plain and the southern
slope of the Yanshan Mountains, with eroded low mountains and hills in the northeast
that extend to the Tangshan uplift zone in the southwest and belongs to a zone with
shallow bedrock. The other part presents flat alluvial plains of the Luanhe River system,
sporadically distributed relic mountains of bedrock and striking to the southeast on the
whole. Due to the combined effects of rivers and transgression, the coastal region is low
and flat, where sand dunes and many shell ridges remain (Figure 1).
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Figure 1. Digital elevation and borehole distribution in Tangshan City.

The Quaternary strata in this region are extremely well developed, accounting for
about four-fifths of the total area. An area of low mountains and hills is found in the
northeast, and the central region is dominated by a mixture of slope deposits and diluvial
deposits from the late Pleistocene, showing a small thickness therein. Late Pleistocene
alluvial and diluvial deposits are developed in the piedmont belt, and the southern region
is dominated by alluvial and diluvial strata in the Holocene epoch, interspersed with
relatively thick alluvial deposits of modern rivers. The underlying bedrock is generally
high in the north and low in the south on the whole, and the thickness of the Quaternary
strata gradually increases from north to south, while sediment particles gradually decrease
in prevalence from north to south. The surface is covered by Holocene strata.

4. Analysis of the Existing Shear-Wave Velocity Data in Tangshan City

The shear-wave velocities data of 418 boreholes in Tangshan City (Figure 1) were
mainly obtained from seismic safety evaluation and seismic micro-zoning in the region.
Most of the data were obtained using the excitation method in a single borehole using
an XG-I instrument, and the test depth of shear-wave velocity varied from 6 m to 110 m
(Figure 2a). The 343 boreholes with depths greater than 30 m accounted for about 82% and
formed the basis for the dataset used in this research. The Vs30 of borehole data used in
this study ranges from 169 to 325 m s−1 (Figure 2b), and Vs30 > 300 m s−1 was found in
four boreholes.
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5. Vs30 Prediction Based on Topographic Slope

Wald et al. [16] studied the correlations between two topographic parameters (surface
slope and elevation) with Vs30. The results demonstrate that the effects of using surface
slope were better than that of using surface slope and elevation. Therefore, here, we
directly used topographic slope as a proxy to predict Vs30. As the topographic slope
cannot be directly obtained, it needs to be converted from digital elevation model (DEM)
data, so the accuracy of DEM data can directly affect the results of the topographic slope.
In addition, considering the current DEM data sources in Tangshan City, we separately
downloaded DEM data at 30 m and 90 m over this region from the Geospatial Data Cloud
website. Moreover, using the “Slope” function in the “Spatial Analyst” module of ArcGIS,
geographic information system software, DEM data were converted into topographic slope
through the fitting surface method. After obtaining the topographic slope in the city, they
were allocated to 343 boreholes deeper than 30 m.

Figure 3a,b show site categories of 343 boreholes deeper than 30 m and a box plot of
topographic slopes with 30 m and 90 m in Tangshan City. Using these kinds of figures,
Wald et al. [16] analyzed the correlation between site category and topographic slope in
California. In the figure, shear-wave velocities correspond to the boundary value of Vs30 in
NEHRP site categories, and the site categories are subdivided. Vs30 ranges of site categories
E, D1, D2, and D3 are <180, 180 to 240, 240 to 300, and >300 m s−1, respectively. It can be
seen from the figure that for the topographic slope with different resolutions, the scopes of
site categories are different. However, as the site soil gradually hardens, the corresponding
topographic slope shows a slightly upward trend. Figure 4 shows the relationships between
Vs30 of the 343 boreholes and topographic slope with resolutions of 30 m and 90 m. The
plot relates to Vs30, and the topographic slope was fitted by the least squares method.
Although this curve gradually rises with increasing topographic slope, data points in the
figure are very discrete, showing no statistically significant corresponding relationship.
Moreover, the ascent stage of the curve appears when the slope exceeds 0.02, and a sharp
rise appears when the slope exceeds 0.05, but there are few data points; therefore, this trend
is not reliable.
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Figure 3. Correlation between site category and topographic slope: (a) Correlation between site
category and topographic slope in 30 m; (b) Correlation between site category and topographic slope
in 90 m.

Figure 5 compares the research results in this study with those obtained by Wald et al. [16].
In the figure, polygons represent the scope of Vs30 in the tectonically unstable zone deter-
mined by Wald and Allen corresponding to the topographic slope. It can be seen from the
figure that the topographic slope corresponding to Vs30 in Tangshan City is systematically
lower than the results obtained by Wald and Allen in some regions of the United States.
This is similar to the research results obtained by Wald in Salt Lake City in the United States
in 2007.
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Figure 5. Comparison of conclusions obtained by Wald et al. with Vs30 and topographic slope
in Tangshan.

In conclusion, it can be found that there is a weak correlation between Vs30 and
topographic slopes with multiple resolutions in Tangshan City; that is, the topographic
slope is not suitable for predicting Vs30 in this region. The main reasons are as follows:
(1) the prediction capacity of the topographic slope for Vs30 is weaker than other geological
features, which has been demonstrated in many studies; (2) Tangshan City is mainly located
in the North China plain with a flat topography, where the topographic gradient changes
are less obvious than that in hilly and mountainous areas; (3) the slope calculated by
DEM in urban areas is usually significantly affected by the canopy effects; (4) most of the
boreholes collected in this project are located in plain areas, while there are only a few
boreholes in hilly and mountainous areas.

6. Vs30 Prediction Models Based on Vsz

6.1. Establishment of Vs30 Prediction Models

Considering that Vs30 prediction based on Vsz has not been carried out in Tangshan,
this paper first analyzed the correlation between Vsz and Vs30 in this region. Figure 6 shows
the relationship between Vsz (z = 10, 15, 20, and 25 m) and Vs30 in the city. In the figure,
the circle indicates the measured shear-wave velocities, while the dotted line represents
Vs30 = Vsz. Moreover, r is Pearson’s correlation coefficient between them. As displayed
in the figure, even when z = 10 m, r is still greater than 0.9, indicating that it has a very
strong correlation between Vsz and Vs30. Furthermore, r increases with z, indicating that
the correlation between Vsz and Vs30 increases with z increasing.
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Figure 6. Correlation between Vs30 and Vsz.

The above analysis shows that Vsz is strongly correlated with Vs30 in the Tangshan
area, so three new Vs30 prediction models were established based on the data of shear-wave
velocities measured in 343 boreholes across the city and compared with existing prediction
models. Finally, the new models in this paper were prioritized.

(1) BCV model

The simplest model of predicting Vs30 is to assume bottom constant velocity; therefore,
we built the BCV prediction model for Vs30 in Tangshan. Figure 7 demonstrates the
comparison between Vs30est. (predicted value of Vs30 using the BCV model) and Vs30obv.
(measured value of Vs30) when z is 10, 15, 20, and 25 m. The dotted line represents
Vs30est. = Vs30obv. As is shown in the figure, when z = 10 m, Vs30est. is lower than Vs30obv.
With the constant increase in z, Vs30est. is gradually close to Vs30obv., indicating that the
predicted results using the BCV model are gradually close to the measured values. This
is because the BCV model assumes that Vs(z,30) (equivalent shear-wave velocity from the
bottom of boreholes to 30 m underground) is equal to Vs(z); when z is small, Vs(z,30) is also
correspondingly small, resulting in small Vs30est. With the gradual increase in z, Vs(z) rises
correspondingly; therefore, the predictive capacity of the model is enhanced. In addition,
when the shear-wave velocity in the shallow parts of the boreholes is low or changes
rapidly with z, the BCV model underestimates Vs30 more obviously. As most borehole data
used in this study are from regions with thick overburden in the North China Plain where
shear-wave velocities obtained from boreholes in shallow strata are generally low, the
phenomenon whereby the BCV model underestimates Vs30 is significant when z is small.
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Figure 7. Comparisons between Vs30est. obtained using the BCV model and the measured Vs30est. at
different depths.

(2) Linear prediction model

Generally, in a soil profile, the shear-wave velocity linearly increases with depth. Based
on the data of shear-wave velocities in 343 boreholes deeper than 30 m in Tangshan, we
built new Vs30 linear prediction models using Formula (2). Table 1 presents the regression
parameters of the prediction models when 10 m ≤ z ≤ 29 m. In the models, a and b are
regression coefficients; r represents Pearson’s correlation coefficient between Vs30est. and
Vs30obv. at different depths, and σresi is the standard deviation of the fitted residuals. It
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can be observed from Table 1 that when the depth gradually increases from 10 m to 29 m,
r rises from 0.952 to 1, while σresi decreases from 0.022 to 0.01, indicating that the linear
model shows good predictive capacity when z is small and the predicted results gradually
approach the measured values with increasing z.

Table 1. Regression parameters of the Vs30 linear prediction model (Formula (2)).

Depth (m) a0 a1 r σresi Depth (m) a0 a1 r σresi

10 0.288 0.925 0.952 0.022 20 0.207 0.932 0.988 0.011
11 0.281 0.925 0.959 0.021 21 0.185 0.939 0.991 0.010
12 0.272 0.926 0.964 0.019 22 0.157 0.949 0.993 0.009
13 0.262 0.926 0.968 0.018 23 0.134 0.957 0.994 0.008
14 0.232 0.926 0.968 0.018 24 0.114 0.963 0.996 0.007
15 0.263 0.921 0.975 0.016 25 0.097 0.969 0.997 0.005
16 0.255 0.921 0.978 0.015 26 0.080 0.969 0.997 0.005
17 0.247 0.922 0.980 0.014 27 0.059 0.981 0.999 0.003
18 0.236 0.924 0.983 0.013 28 0.039 0.987 0.999 0.002
19 0.224 0.927 0.986 0.012 29 0.020 0.993 1.000 0.001

Figure 8 displays the comparisons of predicted results of Vs30 using the Boore (2004)
model [22], Boore (2011) model [23], Junju Xie (2016) model [20], and the new linear model
built in this study when z = 10, 15, 20, and 25 m. As shown in Figure 8, at any depth, the
Boore (2011) model overestimates Vs30 in Tangshan. By comparing different Vs30 prediction
models based on shear-wave velocities measured in Greece, Stewart et al. [29] obtained
similar conclusions because the measured Vs30 in basic shear-wave velocity data from
the boreholes used by Boore (2011) is generally large. However, the Boore (2004) model
underestimates Vs30 in Tangshan to some extent. These results demonstrate that shear-wave
velocities in the region change faster with depth compared to those in California while
changing slower than those in Japan. In addition, the boreholes selected in this study and
by the Junju Xie (2016) model are located in the North China Plain, and the measured
values of Vs30 are relatively close, so the prediction results are also similar.
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Figure 8. Comparisons of multiple prediction models at different depths. 
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(3) Conditional independent model

This model supposes that shear-wave velocity from the bottom of boreholes to 30 m
underground is unrelated to that from zero to z m underground. In this paper, the corre-
sponding relationship between Vs(z) and Vs(z,30) at 10 m ≤ z ≤ 29 m is first analyzed using
Formula (4). Table 2 shows the regression coefficients of Vs(z) and Vs(z,30). Figure 9 presents
the relationship between Vs(z) and Vs(z,30) when z is 10, 15, 20, and 25 m, and the dotted
line represents Vs(z,30) = Vs(z). As is shown in Figure 9, (1) the convergence of data points of
the measured shear-wave velocities at any depth is basically consistent, and (2) observing
the fitting parameters of the prediction models, it can be found that the standard deviation
of residuals of the prediction models at different depths is approximately 0.04, indicating
that the influence of z on the linear relationship between Vs(z) and Vs(z,30) is limited, and
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(3) some measured shear-wave velocities fall below the dotted line, that is, Vs(z) > Vs(z,30),
which is more prominent when z > 10 m. In general, shear-wave velocities of soil layers
gradually will increase with the increase in burial depth, so Vs(z) will be less than Vs(z,30).
However, due to the existence of soft soil, the shear-wave velocity of many boreholes
in Tangshan decreases with burial depth. Figure 10 shows the schematic diagrams of
shear-wave velocities as they change with depths shallower than 30 m in the No. 76 and
No. 112 boreholes. It can be seen that shear-wave velocities decrease monotonically when
the depths of the two boreholes increase from 25 m to 30 m, resulting in Vs(25) exceeding
Vs(25,30).

Table 2. Regression parameters of the linear prediction model of Vs(z,30).

Depth (m) c0 c1 r σresi Depth (m) c0 c1 r σresi

10 0.938 0.643 0.830 0.043 20 0.919 0.642 0.804 0.042
11 0.947 0.637 0.838 0.042 21 0.798 0.690 0.818 0.041
12 0.937 0.641 0.827 0.043 22 0.751 0.708 0.812 0.042
13 0.959 0.631 0.813 0.044 23 0.772 0.699 0.821 0.042
14 1.134 0.558 0.794 0.045 24 0.843 0.670 0.815 0.041
15 1.124 0.561 0.777 0.046 25 0.827 0.677 0.820 0.040
16 1.106 0.569 0.766 0.047 26 0.767 0.701 0.803 0.042
17 1.090 0.575 0.762 0.047 27 0.698 0.728 0.815 0.040
18 0.951 0.631 0.800 0.043 28 0.466 0.818 0.839 0.039
19 0.927 0.639 0.801 0.043 29 0.267 0.896 0.886 0.036
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After obtaining the corresponding relationship between Vs(z) and Vs(z,30) at different
depths, this paper predicted Vs30 based on Formula (5). Figure 11 displays the comparison
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between Vs30eat. from the new conditional independent model and Vs30obv. when z values
are 10, 15, 20, and 25 m. It can be seen from the figure that data points are uniformly
distributed on both sides of the straight line, denoting Vs30est. = Vs30obv. when z = 10 m. With
the increase in z, the data points become more convergent, indicating that the prediction
result of Vs30 is better.
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6.2. Sorting of Goodness of Fit of the New Vs30 Prediction Models

As described above, three new Vs30 prediction models, the BCV model, the linear
model, and the conditional independent model, are established in this study, based on the
data of shear-wave velocities of 343 boreholes deeper than 30 m in Tangshan.

Then, the LLH values were calculated at different depths using the three new Vs30
prediction models, i.e., the BCV model, the linear model, and the conditional independent
model (CIP model) (Figure 12).
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(1) It can be observed from the figure that when the depth z of the boreholes changes from
10 m to 25 m, the LLH value of the BCV model is greater than that of the other models.
When z is not less than 26 m, the LLH value of the BCV model gradually decreases;
that is, when z ≥ 26 m, the predicted value of the BCV model approaches the measured
value. This is because the BCV model assumes that shear-wave velocities from the
bottom of the boreholes to 30 m underground are equal to that at the bottom. As z
approaches 30 m, the better the prediction effect of this model is.
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(2) The LLH value of the linear model is smaller than that of the other two models when
z < 19 m, but it gradually increases and even becomes the largest when z > 19 m.
This is mainly because the model can only perform simple linear estimation when
predicting shear-wave velocities from z to 30 m underground, which cannot reflect
the complex correspondence between the shear-wave velocity and the burial depth,
especially in Tangshan where the thick Quaternary layer makes shear-wave velocities
decrease with increasing burial depth.

(3) When 10 m ≤ z ≤ 18 m, the LLH value of the conditional independent model is greater
than that of the linear model, but when z > 18 m, its LLH value is the minimum of
the three models. It suggests that Formula (4) based on a Markov process can better
predict Vs(z,30) when z is large. In other words, when z is large, the difference between
Vs(z) and Vsz may be large, and the correlation between them is stronger.

In conclusion, it is suggested to use the linear model and the conditional independent
model separately as Vs30 prediction models in Tangshan when z is not larger than 18 m
and exceeds 18 m.

7. Conclusions

When Vs measurements are not available in an area, proxy-based relationships can be
used. By collecting the data from 343 boreholes with a depth greater than 30 m in Tangshan,
this paper predicted Vs30 first using a topographic slope with resolutions of 30 m and 90 m
as an alternative indicator. Then, the three new Vs30 prediction models were established
based on the measured Vsz in the region. Finally, the goodness of fit of the new models was
sorted. The main conclusions are as follows:

(1) Topographic slope is not suitable for the prediction of Vs30 in Tangshan, mainly
because of the limitations of the topographic slope method itself. Additionally, the
variation of the topographic slopes in this region is smaller than that in hilly and
mountainous areas. The slope calculated by DEM in urban regions is generally
significantly affected by canopy effects. In addition, the relatively low Vs30 of the
borehole data collected in this study is one of the reasons.

(2) The Boore (2011) model established based on Japanese Kik-net data overestimates
Vs30 in Tangshan, while the Boore (2004) model based on data from California under-
estimates Vs30 to some extent. This indicates that the gradient change of shear-wave
velocities with depth in Tangshan is smaller than that in Japan and larger than that
in California. In addition, the boreholes selected in this study and by the Junju Xie
(2016) model are located in the North China Plain, and the measured values of Vs30
are relatively close, so the prediction results are also similar. The prediction results
between this study and the Junju Xie (2016) model are also similar because the bore-
holes selected are both located in the North China Plain. It also shows that the Vs30
prediction models are regionally applicable.

(3) Three new prediction models (the BCV model, the linear model, and the conditional
independent model) established in this study based on shear-wave velocity data from
Tangshan all have a certain prediction ability. The BCV model has limited prediction
ability at all depths. The linear model is suitable when z ≤ 18 m, while the conditional
independent model shows good predictive capacity when z > 18 m. Therefore, it is
suggested to use the linear model and the conditional independent model separately
as Vs30 prediction models. A possible limitation of this study is that our models
should be used with care because of the relatively small range of Vs values used.
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Abstract: At 17:00 (UTC+8) on 1 June 2022, an Ms 6.1 reverse earthquake struck Lushan County,
Ya’an City, Sichuan Province. This earthquake event had a focal depth of 10 km and the epicenter was
located at 30.37◦ N and 102.94◦ E. The purpose of this study is to document a comprehensive coseismic
landslide inventory for this event and analyze the distribution pattern and factors controlling the
landslides. After careful visual interpretations, this quake event was determined to have in total
triggered about 2352 landslides in an area of 3900 km2, including both shallow disrupted landslides
and collapses, for which the spatial distribution was statistically related to regional topography,
geology, and seismicity. Notably, a vast majority of the landslides were located on the NW plate of
the seismogenic fault, and were distributed in the area with a seismic intensity of VII. In addition,
coseismic landslides were more likely to appear in areas with high altitude, relief, and large slope.
The landslide area density (LAD) increased with an increase in the above factors and is explained by
an exponential relationship, indicating that the occurrence of coseismic landslides in this area was
more easily affected by topographic factors than seismic factors. Most small-scale landslides were
clustered in the ridge area, which shows the seismic amplification effects of mountain slopes. Due to
the impact of seismic wave propagation direction, hillslopes facing northeast-east (NE-E) were more
prone to collapse than southwest-facing ones. Based on the distribution pattern of the landslides,
we suggest that the seismogenic fault of this event was NW dipping. These findings indicate that
it is effective to identify the dipping of seismogenic faults using the spatial distribution pattern of
coseismic landslides.

Keywords: coseismic landslide; Lushan earthquake; landslide inventory; spatial analysis;
influencing factors

1. Introduction

Strong earthquakes often trigger massive geological disasters in mountainous areas,
causing grievous casualties and economic losses [1–5]. Coseismic landslides are consid-
ered one of the most destructive seismic secondary disasters, often characterized by large
quantity and scale, wide distribution, and long duration of post-quake effects [5–9]. In
recent years, earthquakes have happened frequently in the mainland of China, especially
in the eastern Tibet Plateau, such as the 2008 Ms 8.0 Wenchuan earthquake, the 2013 Ms
7.0 Lushan earthquake, the 2017 Ms 7.0 Jiuzhaigou earthquake, etc. Among them, the
2008 Wenchuan earthquake was the most catastrophic and triggered nearly 200,000 land-
slides in an area of more than 44,000 km2 [10,11]; these landslides directly caused about
20,000 fatalities, accounting for about 30% of the total deaths triggered by the earth-
quake [4,12,13]. The 2013 Lushan earthquake in the same active fault zone also induced
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a large number of geological disasters, severely limiting local socioeconomic develop-
ment [6,14]. The 2017 Jiuzhaigou earthquake triggered about 5000 coseismic landslides,
causing serious damage to Jiuzhaigou tourist landscapes like Panda Sea, as well as a
significant influence on the local natural and ecological environment [7,15,16].

A coseismic landslide inventory is the foundation for conducting multiple types of
relevant analyses, including landslide occurrence, distribution pattern, and the correspond-
ing influencing factors. These types of useful landslide information can provide enormous
support for enhancing seismic disaster mitigation and prevention, as well as understanding
the disaster chain and regional landscape evolution [9,17–20]. At the same time, a complete
and detailed landslide mapping is also an important basis for landslide susceptibility and
hazard assessment [21,22].

At 17:00 CST (UTC+8) on 1 June 2022, an Ms 6.1 earthquake occurred in Lushan County
(30.37◦ N, 102.94◦ E), Ya’an, Sichuan area, with a focal depth of 17 km. The seismogenic fault
was a branch fault of the Shuangshi–Dachuan fault, with a thrust focal mechanism. The
earthquake had a maximum intensity of VIII and was 9 km away from the location of the
Lushan earthquake on April 20, 2013. In this event, at least four people were killed, 42 were
injured (31 in Baoxing County and 11 in Lushan County) and a total of 14,427 people were
severely affected. The earthquake triggered a larg number of landslides, which attracted
extensive attention. Since it is difficult to obtain clear satellite remote sensing images within
72 h after an earthquake, Fan et al. [23] employed a near real-time assessment model to
forecast occurrence probability of the earthquake-induced landslides. The results showed
that the highly landslide-prone areas were mainly distributed within 15 km of the epicenter
and the seismogenic fault. For different earthquake events, due to the multiple influences
of topography, earthquake magnitude, properties of seismogenic faults, and lithology, the
main controlling factors of landslides are quite different [24,25]. Thus, details of coseismic
landslides should be documented for this earthquake for analyzing distribution patterns
and influencing factors of coseismic landslides.

To identify the landslide characteristics induced by the Lushan earthquake, a detailed
and complete database of coseismic landslides is required. Thus, the purpose of this study
is to establish a landslide inventory for this earthquake event. High resolution (3 m) remote-
sensing images were used to interpret the seismic landslides based on visual interpretation,
in order to obtain a detailed coseismic landslide panorama. Particularly, we analyzed the
distribution pattern and its relationship with geology, topography, and seismicity. This
study can provide sufficient background information for post-disaster reconstruction and
help deepen the understanding of the occurrence laws of coseismic landslides. Moreover,
this study is conducive to in-depth analyses of the seismic disaster chain and evolution, as
well as the evolution of rivers and landforms in the earthquake area.

2. Tectonic Setting of the Study Area

The collision between the Indian and Eurasian plates causes the uplift of the Tibetan
plateau; as a result, a sequence of blocks in this highland move eastward [26]. The Longmen-
shan fault zone is essential for understanding the Tibetan Plateau’s uplifting mechanism
because the eastern extrusion of the Tibetan Plateau, which controls its formation, is closely
related to the formation of the Longmenshan Mountains. Attributed to the obstruction
of the Sichuan Basin, the Longmenshan thrust area is developed at the border between
the Tibetan Plateau and Sichuan Basin [27], where the accumulated strain is released dur-
ing an earthquake occurrence. The 2008 Wenchuan and 2013 Lushan earthquakes both
occurred on this NE-trending fault zone. The epicenter of the 2013 Lushan seismic event
was approximately 85 km southwest of the 2008 Wenchuan earthquake (Figure 1). The
Lushan earthquake occurred in the southwestern segment of the Longmenshan thrust zone,
whereas the Wenchuan earthquake was located in the center of the belt. Previous stud-
ies [28,29] suggested that the coseismic coulomb stress loading of both of the earthquakes
increased the likelihood of future earthquakes.
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from [30]; the GPS velocity during 1998–2014 is obtained from [31]. 
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mation provided by US Geological Survey (USGS), this event had a moment magnitude 
of (Mw) 5.8 and a focal depth of 10 km. The China Earthquake Networks Center (CENC) 
also reported that the earthquake had a surface-wave magnitude (Ms) of 6.1 and a focal 
depth of 17 km. A smaller magnitude 4.5 earthquake occurred three minutes later. The 
main shock was felt over an estimated radial area of 3900 km2 and was suggested to have 
an intensity of at least VI. Notably, the Taiping, Shuangshi, Lingguan, and Muping re-
gions had the highest intensity, reaching VIII. 

Based on the influence range of seismic intensity from CENC, an elliptical region 
with seismic intensity greater than VI was selected as the study area, which is 3900 km2 
and spans from 30°00′ N to 30°40′ N of latitude and from 102°35′ to 103°25′ E of longitude 
(Figure 2). Notably, the northwest region of the study area is characterized by high moun-
tains, while the southeast is almost lowland. The elevation ranges from 500 to 3650 m, 
with an average elevation of 1280 m. The study area has a subtropical monsoon climate 
with an average precipitation of 1300 mm, and the highest rainfall is concentrated between 
June and September. The strata range from Quaternary to Precambrian, with lithology 
dominated by mudstone, sandstone, limestone, and shale. Simultaneously, abundant 
granite bodies are formed in this area. Additionally, the active structure and climate have 
resulted in well-developed rock joints and fissures, as well as strong weathering [32]. 

Figure 1. Map showing the active faults, historical earthquakes, and topography of the eastern
margin of Tibetan Plateau. JGF = Jiangyou–Guanxian fault, WMF = Wenchuan–Maoxian fault,
BYF = Beichuan–Yingxiu fault, HYF = Huya fault, MJF = Minjiang fault The active fault lines are
derived from [30]; the GPS velocity during 1998–2014 is obtained from [31].

On 1 June 2022, a strong earthquake hit Lushan County in Ya’an, Sichuan Province,
China. The earthquake occurred at around 17:00 p.m. local time. According to the
information provided by US Geological Survey (USGS), this event had a moment magnitude
of (Mw) 5.8 and a focal depth of 10 km. The China Earthquake Networks Center (CENC)
also reported that the earthquake had a surface-wave magnitude (Ms) of 6.1 and a focal
depth of 17 km. A smaller magnitude 4.5 earthquake occurred three minutes later. The
main shock was felt over an estimated radial area of 3900 km2 and was suggested to have
an intensity of at least VI. Notably, the Taiping, Shuangshi, Lingguan, and Muping regions
had the highest intensity, reaching VIII.

Based on the influence range of seismic intensity from CENC, an elliptical region with
seismic intensity greater than VI was selected as the study area, which is 3900 km2 and
spans from 30◦00′ N to 30◦40′ N of latitude and from 102◦35′ to 103◦25′ E of longitude
(Figure 2). Notably, the northwest region of the study area is characterized by high moun-
tains, while the southeast is almost lowland. The elevation ranges from 500 to 3650 m, with
an average elevation of 1280 m. The study area has a subtropical monsoon climate with an
average precipitation of 1300 mm, and the highest rainfall is concentrated between June and
September. The strata range from Quaternary to Precambrian, with lithology dominated
by mudstone, sandstone, limestone, and shale. Simultaneously, abundant granite bodies
are formed in this area. Additionally, the active structure and climate have resulted in
well-developed rock joints and fissures, as well as strong weathering [32].
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Figure 2. The lithology distribution of Lushan area obtained from 1:200,000 published geological
maps from China Geological Survey.

3. Data and Methods
3.1. Data

The high-resolution satellite images both after and before the earthquake allowed us
to conduct a complete visual interpretation of the coseismic landslides. On this basis, we
successfully completed the landslide inventory covering the entire affected area based on
high-resolution optical satellite images (Planet) with 3 m resolution acquired on 6 July 2022.
To prevent the pre-earthquake landslides from being erroneously identified as coseismic
landslides, a series of pre-quake remote-sensing images were derived from Planet images
for May, and these images were subsequently spliced and fused using QGIS.

To analyze the impact of terrain, geology, and seismicity on the distribution of coseis-
mic landslides, we collected the relevant data regarding the three aspects. The elevation
data were obtained from ALOS PALSAR DEM with 12.5 m resolution and then resampled
to a resolution of 5 m using a linear interpolation algorithm (Figure 3a). The slope angle,
aspect, and topographic relief were obtained from the elevation data (Figure 3b–d). The
distances from the centroid of every grid cell to the seismogenic fault were calculated by Ar-
cGIS software. The distribution of Peak Ground Acceleration (PGA) was downloaded from
the USGS, and then the raster format of the PGA was obtained by the Kriging interpolation
method. In addition, we estimated the topographic relief from the altitude range within a
2.5 km radius [33]. The stratigraphic data were acquired from the published 1:2,000,000 geo-
logical map of the China Geological Survey (http://dcc.cgs.gov.cn/ (accessed on 9 October
2022)). We divided the lithology into 13 categories according to stratigraphic chronology
in order of youngest to oldest, which are Quaternary (Q), Neogene (N), Paleogene (E),
Cretaceous (K), Jurassic (J), Triassic (T), Permian (P), Carboniferous (C), Devonian (D),
Silurian (S), Ordovician (O), Precambrian (Pre∈), and Granitic rocks (G) (Figure 2). All
influencing factors were then resampled to have a 5 m resolution.
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3.2. Method

Coseismic landslides affect different portions of slopes unevenly [16,34]. In this study,
we calculated the positions of coseismic landslides with respect to the ridge and the valley of
the slope. The entire length of the slope, as proposed by Meunier, Hovius, and Haines [34],
was used to standardize the measured distances by Equation (1).

∣∣dst,top
∣∣ = dst,top

dst + dtop
. (1)

where the value of ranges from 0 (i.e., a grid situated on a mountain ridge) to 1 (i.e., a river
channel). The opposite variation is seen in dst.

The spatial distribution of landslides and landscape area for each influencing factor
was described by frequency density, which can also express the occurrence frequency of
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landslides for different influence factors. The larger the value, the higher the occurrence
frequency of landslide or landscape in this interval (Equation (2)).

Frequency density =

Ai_ls
Ai_total

Ai_inter
∗ 100% (2)

where i represents landslide type (landslides, landscape area); Ai_ls is the i’s area of each
class; Ai_total represents the total area of the i-th influencing factor; and Ai_inter represents
the i-th classification interval.

We also calculated the landslide area density (LAD) and landslide number density
(LND). The LND and LAD represent the density of landslide distribution and the scale of
landslide development in the specific area, respectively. The two parameters are defined as
the landslide number per square kilometer (number/km2) and the proportion of the area
that has experienced landslides (%), respectively. The corresponding parameters can be
calculated by Equations (3) and (4).

LAD =
landslide area o f the class

total landslides area
(3)

LND =
Landslide number o f the class

total landslides area
(4)

The flow chart of this work is shown in Figure 4.

Sustainability 2022, 14, x FOR PEER REVIEW 6 of 17 
 

We also calculated the landslide area density (LAD) and landslide number density 
(LND). The LND and LAD represent the density of landslide distribution and the scale of 
landslide development in the specific area, respectively. The two parameters are defined 
as the landslide number per square kilometer (number/km2) and the proportion of the 
area that has experienced landslides (%), respectively. The corresponding parameters can 
be calculated by Equations (3) and (4). 

LAD =        (3)

LND=        (4)

The flow chart of this work is shown in Figure 4. 

 
Figure 4. Simplified workflow of this study. 

4. Result 
4.1. Coseismic Landslide Inventory 

The 2022 Lushan earthquake triggered in total 2352 landslides over an area of 3900 
km2 (Figure 5). These landslides included massive shallow disrupted landslides and col-
lapses, and most landslides were concentrated in the area to the northwest of the seismo-
genic fault. The landslides had an area of 5.51 km2, and the average area of each landslide 
was 2300 m2. The area of these landslides had a concentration in the 600–2500 m2 range, 
accounting for half of the total number (Figure 6). Furthermore, 234 landslides were larger 
than 5000 m2, making up 12.8% of the total, while 69 landslides were larger than 10,000 
m2. 

Figure 4. Simplified workflow of this study.

4. Result
4.1. Coseismic Landslide Inventory

The 2022 Lushan earthquake triggered in total 2352 landslides over an area of 3900 km2

(Figure 5). These landslides included massive shallow disrupted landslides and collapses,
and most landslides were concentrated in the area to the northwest of the seismogenic fault.
The landslides had an area of 5.51 km2, and the average area of each landslide was 2300 m2.
The area of these landslides had a concentration in the 600–2500 m2 range, accounting for
half of the total number (Figure 6). Furthermore, 234 landslides were larger than 5000 m2,
making up 12.8% of the total, while 69 landslides were larger than 10,000 m2.
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We calculated the LND and LAD within a 2.5 km moving window by a Gaussian
kernel density estimator. The spatial distribution of LND and LAD indicates that the
landslides were primarily clustered in the northwest area of Baoxing County (Figure 6).
The largest LND reaches 16.52/km2, and the maximum LAD is 3%, which appears in the
PGA range of 0.2–0.22 g.

4.2. Influencing Factor Analysis

In order to investigate the correlation between various factors and landslide occurrence,
we computed the frequency distribution of landslide and non-landslide areas, as well as
the LAD for different influence factors. Figure 7 shows the frequency density of both
landsliding and non-landsliding (landscape) areas for four different influencing factors,
and Figure 8 shows the LAD for influencing factors in different intervals. In terms of
elevation, the landscape area was clustered between 500~1500 m, while landslides were
most prone to occur in the elevation range between 1300 and 2500 m. Overall, the LAD
increases with the increase of elevation and is described by an exponential relationship of
y = 0.011e0.0015∗x (where x is the elevation (m) and y is the LAD (%)). As for slope angle,
the majority of the landscape area was affected by slopes with a slope angle of 15◦ to 30◦,
while most of the landslides were clustered between 40◦ and 50◦, indicating that landslides
were more frequent in areas with larger slope angle. Similarly, we found that with the
increase of slope, the LAD also increased and showed a good exponential relationship of
y = 0.0159e0.0707∗x (where x is the slope gradient (◦) and y is the LAD (%)). As for relief, the

tendency of frequency density in relief follows the same pattern as the slope angle. Most of
the coseismic landslides were situated in a high relief area (800–1200 m), while landscape
areas are mainly seen in a low relief area from 500 to 800 m (Figure 7c). The LAD and relief
have a positive exponential relationship (Figure 8c). For the distance to rivers, with the
increase in distance, the frequency density of landslides and landscape area rapidly drops
(Figure 8d), and the LAD and distance to rivers have a positive exponential relationship
of y = 0.0579e0.0021∗x (where x is the distance to rivers (m) and y is the LAD (%)). These
results indicate that the landslides were prone to occur in locations distant from the rivers.
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Figure 9 depicts the distribution of areal coverage in landsliding and non-landsliding
areas, LAD and average landslide area. Among them, Cretaceous (K) and Granitic (G)
rocks are the most widely distributed, accounting for 19.9% and 13.5% of the total area,
respectively. In addition, 59.7% of coseismic landslides occurred in Granitic rock (G). The
Permian (P) was the second most prevalent lithological unit connected with landslides,
accounting for 6% of the total area. The LAD of Granitic rock (G) was the highest, accounting
for 0.62%, indicating that slope failures occurred mainly in the Granitic rock area during
the earthquake.
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Figure 9. Distribution of areal coverage (%) LAD and mean landslide area for landslide and non-
landslide areas, in different lithologic units.

The association between the landslides and the PGA distribution is displayed in
Figure 10, in which 28% of coseismic landslides occurred in 0.2~0.24 g. As the PGA
increases, the LAD and LND increase first and subsequently drop. The LND and LAD
reach their maximums in the PGA range of 0.16–0.2 g, peaking at 3.9/km2 and
0.86% respectively.
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Coseismic landslides are controlled by seismogenic faults in earthquake events [33,35–37].
We constructed 60 bins at 1 km intervals along the strike of the seismogenic fault to analyze
the relationships between landslide abundance and distance to the seismogenic fault. As
shown in Figure 11, the abundance of landslides to the NW of the seismogenic fault was
much higher than that to the SE of the fault. This 31 km wide NW plate recorded the most
coseismic landslides with a number of 2162 and an area of 5.03 km2, which account for
91.9% and 91.2% of the total, respectively. The largest landslide abundance was observed
in the region 8 km away from the seismogenic fault, with LND and LAD values of 3/km2

and 0.79 %, respectively.
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We plotted the landslide density, area, and relative distance to the ridge and river
on a fictitious slope profile to visualize the position of each landslide (Figure 12). The
results show that nearly 60% of the landslides (as indicated by the red spot at the apex
of the simulated slope) occurred in the ridge (relative distance to the top less than 0.3)
and were located far from the rivers (relative distance to the stream greater than 0.6), with
the remainder occurring in the middle of the slope. Massive small-scale landslides, in
particular, were concentrated in the ridge area.
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Figure 13 depicts the relationship between landslides and slope aspect. Figure 13a
characterizes the frequency density distribution of landslide and landscape zones for
various aspects. The landscape area was distributed in all aspects evenly, but the frequency
densities in the 280–310◦ (northwest) and 90–130◦ (southeast) aspects were slightly higher
than those in other aspects. For landslide distribution, the frequency densities of landslide
areas were remarkably high in the 30–90◦and 280–310◦ aspects. The results for LAD show
that the peak LAD (0.25%) was present in the aspects from 30 to 90◦ (NE to N), illustrating
that slopes with aspects in this range were more prone to landslides.
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5. Discussion

The intensity of ground motion is affected not only by the earthquake itself (magnitude,
focal depth, etc.) [38], but also by the medium where seismic waves propagate (rock type,
fractures, etc.) [39], and the topographic conditions (slope angle, aspect, elevation, etc.) [40].
Based on the interaction between the coseismic landslides and the slope aspect of these
events, we can observe that the landslide distribution has a clear directional effect, known as
the "back slope effect" [41,42]. In detail, slopes facing the epicenter are less likely to collapse
than those parallel to the seismic wave direction. According to the wave propagation
direction of the seismic wave of this earthquake event, the southwest (SW) slopes faced
the epicenter, while northeast (NE) was a back slope. Figure 13 show that northeast-east
(NE-E)-aspect hillslopes were more prone to collapse than the southwest-west (SW-W)-
aspect ones, that is, the number of landslides on the side of the back slope where the
seismic wave propagates was greater than that on the side of the facing slope. Based on the
stress wave theory, Tang et al. [43] proposed that the "back slope effect" was caused by the
multiplication of reflected stretching waves generated by compressional waves when they
encountered the slope free surface. According to the statistical results of the lithological
data, more than 60% of the landslides occurred in Granitic rock (G) due to the reduced
rock strength that is caused by the broadly developed rock joint fissures associated with
frequent tectonic activity in this area [6,37,44]. In addition, the slope of Granitic rock in
the Lushan area is generally steep, making it easy to collapse or slide under the action of
ground motions.

Coseismic landslides are significantly controlled by active faults, and their distribution
patterns around seismogenic faults with different movement properties are different [6,45].
For example, the landslides triggered by thrust earthquakes are prone to occur in the
hanging wall of the seismogenic fault, and the attenuation rate of the landslides in the
hanging wall is significantly lower than that in the footwall with the increase in the distance
from the fault [10,46]. However, for strike-slip earthquakes, there is little difference in
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the development of landslides on both sides of the fault, and landslides are often densely
distributed along the seismogenic fault [24,35,45]. The landslides caused by the 1999
Chichi earthquake were mostly concentrated in the hanging wall, while there were fewer
landslides in the footwall [47]. Other reverse earthquake events, such as the 2002 Denali
fault earthquake in Alaska [48] and the 1994 Northridge earthquake in the United States [49],
also show that seismic landslides are primarily distributed in the hanging wall, that is, the
abundance mutation characteristics of landslides across reverse seismogenic faults. The
seismogenic fault of this earthquake event was a branch fault of the Shuangshi–Dachuan
fault. The focal mechanism solution and precise location of the aftershocks reveals that the
seismogenic fault was an SE-trending thrust fault (https://www.cea-igp.ac.cn/kydt/2790
24.html (accessed on 9 October 2022)). However, based on the spatial distribution of the
coseismic landslides, 90% of the landslides developed in the NW plate of the seismogenic
fault, while few landslides developed in the SE plate. Such observations may indicate
that the seismogenic fault has an NW dip. Meanwhile, the Granitic rock and the steeper
landform in the hanging wall (i.e., the NW plate of the seismic fault) further increased the
occurrence possibility of coseismic landslides.

The seismic amplification effects of mountainsides have been known for several
decades [50–52], and this phenomenon has been confirmed in many earthquake
events [11,36,53]. According to the landslide distribution, 60% of the coseismic landslides
were concentrated near ridges and far away from rivers, demonstrating that the topographic
site effects on seismic waves predominantly cause landslides on ridges [34,39,54]. This
unusual occurrence suggests that seismic wave diffraction and interference in topographic
ridges may increase the ground accelerations close to ridge crests [34,40,54]. Meanwhile,
the statistical results of LAD also showed that landslide abundance areas were more likely
to be concentrated in regions with higher elevation and far away from the rivers, indicating
that coseismic landslides triggered by this earthquake were more likely to occur in the
upper slopes.

The interpretation criteria of coseismic landslide mapping and the quality of remote-
sensing images are important factors to ensure the objectivity and accuracy of the landslide
inventory [55,56]. It should be admitted that the visual interpretation based on remote-
sensing images in this study has some limitations. First, some small-scale landslides were
not included in the landslide inventory due to inadequate resolution. Therefore, the spatial
distribution pattern of small-scale landslides may have some deviation compared with the
actual results. Second, landslide identification is heavily reliant on human experience, and
there is no universal interpretation standard for landslide visual interpretation. Our future
research will focus on overcoming the limitations mentioned above. This study primarily
identified landslides using satellite images, but it is still difficult to distinguish between
different types of landslides with this method. Therefore, we will supplement the landslide
type records with detailed field investigation information in the following work, in order
to enhance the quality of the landslide inventory.

6. Conclusions

Using 3 m resolution Planet satellite images, a landslide database for the 1 June 2022
Ms 6.1 Lushan earthquake in China was obtained in this work. Based on the spatial analysis
of the coseismic landslides caused by this earthquake, the following understandings are
preliminarily presented. The results show that the 2022 Lushan earthquake generated
around 2352 coseismic landslides over a 3900 km2 area. The total area of the landslides
was approximately 5.51 km2, with an average area of approximately 2300 m2 for each
individual landslide. The landslide occurrence was greatly affected by topographic factors
including elevation, slope angle, and relief. Landslides were clustered in the slopes of
40–50◦, elevation range of 1300~2500 m, and relief of 800–1200 m. The LAD increased as the
aforementioned three factors increased and was explained by an exponential relationship,
indicating that the occurrence possibility of landslide rapidly increased with the increase of
these three factors. Notably, 59.7% of co-seismic landslides occurred in Granitic rock (G).
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The landslide area density (LAD) of this lithologic unit was also the highest, accounting for
0.62%, indicating that slope failures occurred mainly in Granitic rock during the earthquake.
According to the landslide distribution, the source area of landslides usually occurred in a
ridge, showing an obvious seismic amplification effect of mountain slopes. In addition, the
landslides in the NW plate of the fault were more densely distributed than those in the SE
plate, suggesting a hanging wall effect.

The Longmenshan fault zone has experienced multiple moderate and strong earth-
quakes in the past decades. Further research work is needed to investigate the possible
cumulative damage to the slope and the shattered mountain body due to the strong ground
motions released by earthquakes. In addition, further analyses of long-term vegetation
restoration and landform evolution are also necessary due to the post-quake effect of
earthquake-induced landslides. Therefore, in the follow-up studies, the gradually com-
pleted landslide inventory of the Longmenshan area can provide abundant data for us
to establish a near real-time model for seismic landslide hazard assessments and related
landform evolution analyses.
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Abstract: In the seismic response analysis of liquefiable sites, the existing soil dynamic constitutive
model is challenging to simulate saturated sand’s post-liquefaction deformation, and the current pore-
water pressure buildup model cannot reflect the decrease in the actual pore-water pressure under
unloading stress. We aim at these problems to propose a feasible and straightforward time-domain
post-liquefaction deformation constitutive model through experimental analysis and theoretical
research, consisting of reversible pore-water pressure. According to the dynamic triaxial test data, the
regularities of large deformation stress and strain behavior of the saturated sand after liquefaction
are obtained, and the corresponding loading and unloading criteria are summarized. Combined with
the effective stress constitutive model proposed by the author, a soil dynamic constitutive that can
describe saturated sand’s post-liquefaction deformation path is obtained. According to the test results,
the model can simulate the deformation of saturated sand during the whole liquefaction process.
The self-developed program Soilresp1D realized the dynamic response analysis of the liquefiable
site, and the results were compared with the experimental results. It shows that the model based
on the effective stress-modified logarithmic dynamic skeleton and post-liquefaction deformation
constitutive can be directly applied to the dynamic response analysis of the liquefiable site.

Keywords: post-liquefaction deformation; soil dynamic constitutive model; effective stress; reversible
pore-water pressure; loading-unloading rules

1. Introduction

Some important marine and coastal infrastructures, such as undersea tunnels, cross-
sea bridges, offshore oil platforms, artificial reclamation islands, and infrastructure on
coral reefs, are located on or within the liquefiable soil layer [1–4]. Many liquefaction dam-
age phenomena of deep sand (10–26 m) have occurred in recent large earthquakes [4–7].
Several factors affect the occurrence of liquefaction, such as the load amplitude, soil type,
initial shear stress, shear strain amplitude, age, and hydraulic conditions [8,9]. When
determining the seismic fortification parameters of such sites, a soil dynamic constitutive
model considering sand liquefaction should be established [10–12]. Large deformation
caused by liquefaction mainly causes the disasters induced by the liquefaction of saturated
sand layers [12–15]. Therefore, selecting a reasonable dynamic constitutive model suit-
able for saturated sand is essential when studying liquefaction [16–19]. Some nonlinear
or elastic-plastic constitutive models used for liquefaction analysis have been proposed
successively [7,20–25]. However, these models can only simulate the dynamic response of a
small deformation before the initial liquefaction and are not suitable for simulating the dy-
namic response of a large deformation after the initial liquefaction. The soil’s stress–strain
characteristics and boundary value conditions will change when a severe liquefaction and
large deformation occur under earthquake action [7,26–28]. Elgamal and Yang developed
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a plasticity-based constitutive model with emphasis on simulating the cyclic mobility re-
sponse mechanism and associated pattern of shear strain accumulation; this constitutive
model is incorporated into a two-phase (solid-fluid), fully coupled finite element code
(PDMY02) [22,29,30]. The model incorporates shear-induced contractive, perfectly plastic,
and dilative response phases implemented through an appropriate non-associative flow
rule. At the same time, Dafalias and Manzari proposed a stress-ratio controlled, critical
state compatible sand plasticity model (SANISAND) in the triaxial and generalized stress
space [31]. They illustrated the model’s simulative ability by a comparison with the data
over an extensive range of pressures and densities.

Following the basic framework of SANISAND, Boulanger and Ziotopoulou presented
the sand plasticity model PM4Sand (the model follows the basic framework of the stress-
ratio controlled, critical state compatible, and bounding surface plasticity model for sand
presented by Dafalias and Manzari (2004) [32]) for geotechnical earthquake engineering
applications, which provides reasonable approximations of the desired behaviors and is
relatively easy to calibrate. Asgaria applied the model to the numerical simulation of the
liquefaction site [33]. Shamoto and Zhang constructed an elastoplastic constitutive model
suitable for the dynamic reaction calculation of the sand liquefaction with a large deforma-
tion. Still, it relied on sizeable finite element calculation software and had a poor general
applicability [7,26,34]. Shong proposes a completely explicit finite element method for
solving dynamic u-p equations of fluid-saturated porous media [35,36]. These studies pro-
vide a theoretical basis for establishing a unified constitutive model for a post-liquefaction
deformation. However, these models are almost realized by empirically reducing the mod-
ulus or introducing mathematical techniques lacking the objective physical mechanisms.
The description of a time-domain constitutive relationship changes before and after the
liquefaction is not perfect.

There are few studies on the time-domain post-liquefaction deformation constitutive
for the liquefiable site seismic response analysis. It is necessary to construct a model that
can be directly applied to the liquefiable site and describe the development process of pore-
water pressure and the post-liquefaction stress–strain relationship. Additionally, in light
of that, the main objectives of this study are as follows: (1) summarizing the fundamental
law of a large deformation and post-liquefaction stress–strain relationship basic formula;
(2) deciphering the loading and unloading criteria for the large liquefaction deformation
of saturated sand; (3) combining with the primary stress–strain relationship formula and
the loading and unloading criterion, establishing a large deformation constitutive model
of saturated sand liquefaction with a simple expression and accessible parameters, and
calibrating the parameter; and (4) embedding the large deformation constitutive model
into the site seismic response analysis self-compiled program Soilresp1D (based on the
boundary conditions, initial conditions, motion equation, and LDSCM, a 1D sites time-
domain nonlinear seismic response analysis program Soilresp1D by Microsoft Visual c++
6.0 platform was developed. The program can easily and quickly calculate the seismic
response at any site depth [37].) and developing a set of numerical analysis methods and
calculation programs for the large deformation analysis of the liquefiable site.

2. Model Formulations
2.1. Demonstration of Test Results

New methods and protocols should be described in detail, while well-established
methods can be briefly described and appropriately cited. In the cyclic shear liquefaction
test, when the effective stress of saturated sand is zero for the first time, the soil is liquefied,
and the state of the soil is an initial liquefaction, which is called before the liquefaction and
after the liquefaction [19,38]. More studies have been conducted on the soil liquefaction
tests and post-liquefaction character [39–43]. Based on the pore-water pressure model,
which can simulate the reversible pore water pressure proposed by the author, combined
with a 1D time-domain dynamic nonlinear constitutive model based on the logarithmic
dynamic skeleton, the effective stress constitutive model of saturated sand under a strong
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ground motion before liquefaction is established [37,44]. However, this model can only
simulate the dynamic reaction of a small deformation before sand liquefaction but cannot
affect the large deformation after the sand liquefaction.

In this paper, we studied the stress–strain curves of saturated sand before and after
liquefaction under the condition of a thecyclic triaxial test. The dynamic triaxial control
system of DYNTTS-60KN was used to apply a vibration stress load to saturated coral sand.
The changes in the pore water pressure were observed and recorded, or when the shear
deformation of the sample reaches a critical value, it is judged that liquefaction occurs.
Some cyclic triaxial test was conducted on saturated coral with a relative density of 45%.
We performed a stress-controlled test (constant CSR) until reaching initial liquefaction and
then switched to a strain-controlled test. Before reaching initial liquefaction, the effective
confining pressure was 100 kPa, CSR was 0.325, 0.3, 0.25, 0.22, and the loading frequency
was 0.5 Hz, respectively. The results are shown in Figures 1–4, where (a) is the overall
stress–strain curve; (b) is the time history of the pore pressure change; (c) is the stress–strain
curve before liquefaction; (d) is the stress–strain curve after liquefaction; and (c) and (d)
are obtained by the decomposition of (a). According to the test results, the cyclic loads
required for sand to reach the initial liquefaction state under various CSRs are 11, 35, 37,
and 85 cycles, respectively.
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Figure 1. Stress–strain curves of CSR 0.325 saturated coral sand before and after liquefaction. (a) over-
all stress–strain curve (b) time-history of pore-water pressure ratio change (c) stress–strain curve
before liquefaction (d) stress–strain curve after liquefaction.

230



Sustainability 2022, 14, 16512Sustainability 2022, 14, x FOR PEER REVIEW 4 of 19 
 

  

  

Figure 2. Stress–strain curves of CSR 0.3 saturated coral sand before and after liquefaction. (a) over-

all stress–strain curve (b) time-history of pore-water pressure ratio change (c) stress–strain curve 

before liquefaction (d) stress–strain curve after liquefaction. 

  

  

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
-60

-40

-20

0

20

40

60

St
re

ss
,(k

Pa
)

Strain,(%)

 CSR0.25 (a)

0 10 20 30 40 50 60 70 80 90
-20

0

20

40

60

80

100

120

140

Po
re

-w
at

er
 p

re
ss

ur
e,

(k
Pa

)

Time,(s)

(b)

-0.08 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 0.08 0.10
-60

-40

-20

0

20

40

60

St
re

ss
,(k

Pa
)

Strain,(%)

(c)

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
-50

-40

-30

-20

-10

0

10

20

30

40

50

60

St
re

ss
,(k

Pa
)

Strain,(%)

(d)

Figure 2. Stress–strain curves of CSR 0.3 saturated coral sand before and after liquefaction. (a) overall
stress–strain curve (b) time-history of pore-water pressure ratio change (c) stress–strain curve before
liquefaction (d) stress–strain curve after liquefaction.
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Figure 3. Stress–strain curves of CSR 0.25 saturated coral sand before and after liquefaction. (a)
overall stress–strain curve (b) time-history of pore-water pressure ratio change (c) stress–strain curve
before liquefaction (d) stress–strain curve after liquefaction.
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2.2. Analysis of Test Results

As can be seen from the overall stress–strain curve in Figures 1a, 2a, 3a and 4a, with the
increase in the number of cycles, each cycle’s maximum shear strain amplitude gradually
increases [24,40]. In contrast, the shear modulus gradually decreases, and the shear stress
amplitude of the soil in the initial liquefaction state gradually decreases. The time history
of the pore-water pressure shown in Figures 1b, 2b, 3b and 4b shows that the pore-water
pressure in saturated coral sand increases monotonously during a continuous accumulation
and fluctuates periodically with the transformation of shear stress. When the pore-water
pressure reaches the confining pressure, the soil presents zero effective stress and an
initial liquefaction.

Figures 1c,d, 2c,d, 3c,d and 4c,d, respectively, give the stress–strain curves of the
soils before and after liquefaction. Because the mechanical properties of saturated sand
are inconsistent before and after liquefaction, the shape of the stress–strain curves is also
different. By comparing Figures 1c,d, 2c,d, 3c,d and 4c,d, it shows that the skeleton
curve of the upper half before liquefaction is convex upward, while that of the upper
half after liquefaction is concave downward. Figures 1c, 2c, 3c and 4c shows that the shear
modulus and shear strength are related to effective stress due to compressive hardening
characteristics. Before the initial liquefaction, the shear modulus decreases gradually as the
effective stress decreases.

Figures 1d, 2d, 3d and 4d shows that the soil properties changed after liquefaction, and
the soil behaves like a fluid. After liquefaction, the pore-water pressure still fluctuates, and
a zero effective stress state appears twice in one cycle. According to the cyclic stress–strain
curves after liquefaction, it can be divided into unloading and loading states. After lique-
faction, the initial shear modulus decreases significantly with the number of cycles, which
is more evident than before liquefaction, and the cyclic shear strain peak of the soil after
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liquefaction increases significantly. Unlike before the liquefaction, the peak shear stress of
each cycle of soil decreases gradually after liquefaction, and the peak shear stress of the
soil cannot reach the value of the stress applied. The experimental phenomenon above is
typical according to the undrained cyclic triaxial test results of saturated coral sand under
different CSR conditions in Figures 1–4.

Based on the above analysis, the variation characteristics of the shear modulus, shear
stress, and shear strain of the soil before and after the liquefaction are summarized as
follows: (1) before liquefaction, the initial shear modulus of each cycle decreased with the
decrease in the effective stress. After liquefaction, it decreased significantly with the increase
in the cycles. (2) Before liquefaction, the soil’s cyclic shear stress amplitude was constant
and did not increase with the increase in the cyclic times. After liquefaction, it decreases
significantly with the increase in the cycles. (3) Before liquefaction, the amplitude of the
cyclic shear strain increased with the decrease in the effective stress. After liquefaction,
it increases significantly with the increase in the cyclic number. (4) The skeleton curve in
the upper half of the stress–strain curve is convex before liquefaction and concave after
liquefaction, which shows an antisymmetric relationship.

Therefore, the abrupt change in the stress–strain relationship occurs when the effective
stress reaches zero states for the first time. The key to simulating the stress–strain response
is to judge the soil’s liquefaction state and the stress–strain curve’s development law. The
above is only a limited description of the experimental results, which need to be expressed
by a certain functional expression or mathematical model to establish a large deformation
constitutive model.

2.3. Determine Loading and Unloading Criteria

The stress–strain curves of saturated sand during the whole liquefaction process can be
divided into two stages: small deformation before liquefaction and large deformation after
liquefaction. The stress–strain relationship of small deformation before the liquefaction has
been described in the literature [37,44]. The effective stress constitutive model can simulate
the reversible pore-water pressure, combined with a 1D time-domain dynamic nonlinear
constitutive model (LDSCM) based on the logarithmic dynamic skeleton. It shows as
in Equations (1) and (2), Equation (1) is the effective stress model; Equation (2) is the
pore-water pressure model. The LDSCM LSC-based introduces the concepts of a modified
dynamic skeleton curve and the damping ratio degradation coefficient, determined by the
test data G/Gmax-γ and ζ-γ of soil (a, b, a0, b0), which can fully consider the damping effect
in the soil’s dynamics problems. The pore-water pressure model shown in Equation (2),
containing reversible pore-water pressure, can reflect the increase in the pore-water pressure
under stress loading and its decrease under stress unloading, and (c1,0, c1,a, c1,b, A4,0) are
main material constants of the model, which are related to the density of the soil. The
derivation process of Equations (1) and (2) is rather complicated. Equation (1) can be seen
from Equations (1)–(12) in [37], and Equation (2) can be seen from Formulas (1)–(4) in [44].
Since this part is not the focus of this article, it will not be repeated here.
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where ure,N is the reversible pore-water pressure in the Nth stress cycle; ∆uir,N is the
irreversible pore-water pressure increment in the Nth stress cycle; uir,N−1 is the irreversible
pore-water pressure in the N−1st stress cycle; σ0 is the initial effective confining pressure;
c1,0, c1,a, c1,b, A4,0 are the material constants, which are related to the density of the soil;
Kc is the consolidation ratio; Nep is the number of equivalent actions; τi is the shear stress
amplitude in the Ith stress cycle (1 ≤ i ≤ N); α is the material constant; Gmax,N , τult,N are
the maximum shear modulus and ultimate shear stress after the N−1th stress cycle; |γ|
is the absolute value of the shear strain; and τc and γc are the values of the shear stress
and the shear strain, respectively, at the last reversal. τm, γm are the values of the shear
stress and the shear strain at the biggest reversal, which are positive; K(γ0) is the damping
degradation coefficient; a, b are related to the maximum shear modulus Gmax = 1/a and the
ultimate shear stress τult = 1/b can be obtained by fitting the G/G0 − γ experimental data;
a′, b′ are the parameters derived from a, b and τm, γm; and a0, b0 can be obtained by fitting
the λ− γ experimental data. See the literature for the values of all the parameters [37,44].

After liquefaction, the shear modulus of the saturated sand decreases sharply, and the
shear stress cannot reach the applied stress amplitude, resulting in a large shear deformation.
In this summary, the regularities of the large deformation of saturated sand after the
liquefaction are summarized. Their basic function expressions are determined through
decomposition analysis of the large deformation stress–strain curves obtained from the
liquefaction tests.

2.3.1. The Basic Function of Stress–Strain Relationship after Liquefaction

The soil constitutive model determination advance determines the skeleton curve and
the basic functional relationship. Figure 5 shows the large deformation stress–strain of
saturated sand under different cycles (N) of action measured by the test. As shown in
Figure 6, the stress–strain curve (A-B-C-D-A) of each cycle can be decomposed into three
processes: forward loading, unloading, and reloading. It can be disassembled into four
stages: forward loading AB, first unloading stage BC, second unloading stage CD, and then
loading DA. The following is the determination method of the basic functional relationship
of the four stages.

• Initial loading curve AB

First, to determine the basic function of the skeleton curve with a large deformation,
the relation of the AB segment should be determined.

It is not difficult to see from Figure 7a that section AB after the liquefaction is symmetric
with the curve before the liquefaction (τ = γ/(a + bγ)) about the line τ = γ. Then, γ and
τ can be interchanged in the stress–strain relation τ = γ/(a + bγ) of the hyperbolic model
before the liquefaction, and the basic function of the liquefaction is shown in Equation (3).

γ =
τ

a + bτ
(3)
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It can be written as:
τ =

γ

1/a− γb/a
=

γ

a1 − b1γ
(4)

An inverse hyperbolic function (IHF) can express the initial skeleton curve. The
parameter a1 = 1/a is the initial tangential modulus, as shown in Figure 7c. a1 gradually
decreases with the increase in the cycles. The difference between the skeleton curves of
large deformation and small deformation also lies in the asymptotes. Before liquefaction,
there is a transverse asymptotic line τ = 1/b, which means the ultimate shear strength of
the soil. According to Equation (4), after liquefaction, there is a longitudinal asymptote
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γ = a1/b1, whose physical meaning is the ultimate shear strain of saturated sand after
liquefaction. With the increase in the number of cycles and the complexity of the soil
deformation, the initial skeleton curves of each cycle generally cannot reach the origin. The
general function of the loading curve is:

τ =
γ− γd

a− b(γ− γd)
− τd (5)

where the coordinate of A is (γd, τd). As shown in Figure 7c, γd is approximately zero,
and τd decreases linearly with the accumulation of the cycles. Figure 7b has an excellent
fitting result through Equation (5), which can be used as the initial skeleton curve of the
large deformation.

Sustainability 2022, 14, x FOR PEER REVIEW 9 of 19 
 

𝛾 =
𝜏

𝑎 + 𝑏𝜏
 (3) 

It can be written as: 

𝜏 =
𝛾

1/𝑎 − 𝛾𝑏/𝑎
=

𝛾

𝑎1 − 𝑏1𝛾
 (4) 

 

  

  

 

Figure 7. Analysis of experimental results of each section of curves: (a) comparison of trunk curves 

AB before and after liquefaction (b) test curve AB fitting results (c) comparison of AB trunk curves 

at the initial loading stage under different cycles (d) comparison of unloading curves BCD under 

different cycles (e) comparison of reloading curves DA under different cycles. 

An inverse hyperbolic function (IHF) can express the initial skeleton curve. The pa-

rameter 𝑎1 = 1/𝑎 is the initial tangential modulus, as shown in Figure 7c. 𝑎1 gradually 

decreases with the increase in the cycles. The difference between the skeleton curves of 

large deformation and small deformation also lies in the asymptotes. Before liquefaction, 

there is a transverse asymptotic line 𝜏 = 1/𝑏, which means the ultimate shear strength of 

the soil. According to Equation (4), after liquefaction, there is a longitudinal asymptote 

𝛾 = 𝑎1/𝑏1, whose physical meaning is the ultimate shear strain of saturated sand after 

Figure 7. Analysis of experimental results of each section of curves: (a) comparison of trunk curves
AB before and after liquefaction (b) test curve AB fitting results (c) comparison of AB trunk curves
at the initial loading stage under different cycles (d) comparison of unloading curves BCD under
different cycles (e) comparison of reloading curves DA under different cycles.

236



Sustainability 2022, 14, 16512

• Unloading curve BCD

As shown in Figure 7d, the unloading curve BCD is divided into two sections: in
unloading BC, the pore-water pressure decreases, the soil stress decreases sharply, and the
stress–strain relationship presents a nonlinear state; when in unloading CD, the pore-water
pressure continues to fall, and the stress–strain relationship decreases linearly. Since the
shape of BC is familiar to AB, it can also be expressed by the IHF of the AB above:

τ =
γ− γd1

a1 − b2(γ− γd1)
− τd1 (6)

where the coordinate of B is (γc, τc) and the coordinate of C is (γd1, τd1). Point B has a large
slope, while point C is the turning point of the two unloading stages and has a small slope.

Because CD is tangent to BC at C, CD can be expressed as follows:

τ = (γ− γd1)/a1 − τd1 (7)

• Reloading curve DA

As shown in Figure 7e, the stress at the initial loading point D (γ′c, τ′c) gradually
decreases with the accumulation of the number of cycles, and the strain value increases
substantially. The stress–strain curve of the DA section can be expressed as:

τ =
γ− γd

a2 − b3(γ− γd)
− τd (8)

where (γd, τd) is the stress–strain of the initial point A of the next cycle. As the number
of cycles increases, A’s strain can be regarded as a constant value and the stress decreases
linearly. When the curve reaches the initial point of the next cycle, the reloading stage ends,
the stress cycle ends, and the next cycle begins.

To sum up, BC and AB are similar in shape, DA and AB are symmetric about zero,
CD is a straight line, and all the curves are connected by the control points (A, B, C,
D). The two loading stages are similar in shape and can be expressed in a functional
form. The unloading stage presents different shapes, divided into two unloading stages:
(1) the unloading stress–strain curve has the maximum tangent modulus in the initial
unloading curve, and the tangent modulus of the curve decreases gradually with the
decrease in the strain. (2) In the second stage of the unloading curve, the stress–strain curve
decreases linearly.

2.3.2. Loading and Unloading Criteria

The liquefaction of pore-water pressure in the stress cycle has the corresponding
fluctuation. The effective stress in the zero value fluctuates up and down. In this paper,
when the effective stress reaches zero, the irreversible pore-water pressure does not rise,
and the reversible pore-water pressure fluctuates up and down with the change in the
cyclic load. The relationship between the reversible pore-water pressure and cyclic stress is
similar to before liquefaction. That is, the modulus and strength of the soil after liquefaction
are not modified by the pore-water pressure. Based on the above analysis, the following
loading and unloading criteria are determined:

The stress–strain relationship satisfies IHF in the first cyclic forward loading process
AB after the liquefaction. The curve of AB and the soil before the liquefaction is tangent at
point A.

(1) The BC segment satisfies IHF. The slope of point C is equal to the slope of point A.
The stress–strain value of point C is related to point B. The relation can be obtained by
fitting the test data.

(2) CD section stress–strain relationship is linear. The line is tangent to curve BC at
point C.

237



Sustainability 2022, 14, 16512

(3) DA satisfies IHF and goes through the initial point A of the next cycle. This curve is
tangent to the initial loading curve of the next cycle.

(4) At the beginning of the new cycle, the tangent modulus at point A is related to soil
properties and the number of cycles. The curve is symmetric with the DA curve at
about point A.

In the above cyclic loading and unloading process, the tangent modulus a1 of point
A and point C should be obtained by fitting the test data after liquefaction, and the other
parameters (b1, b2, b3) can be determined by the inflection point in the stress–strain history.

The large post-liquefaction deformation stress–strain relationship of saturated sand is
related to the soil properties and the number of stress cycles after liquefaction. The lower
the stress amplitude of the soil, the lower the reduction rate of the tangent modulus of the
stress–strain curve is, and the more intensive the peak points B and D of each cycle are.

2.4. The Constitutive Equation
2.4.1. Calibration Parameter

To get the relationship between a1 and the cyclic action times N, according to the
results of the cyclic triaxial test of the saturated coral with a relative density of 45%, the
four groups of CSRs were 0.325, 0.3, 0.25, and 0.22. As shown in Figure 8, the variation in a1
with N after the liquefaction is drawn. The four points in each group of cycles, respectively,
represent the test results of four groups of different CSRs. The eight points in the same
color are the fitting points of the eight cycles after the sand liquefaction under the action of
the same CSR. The abscissa is the number of cycles, and the ordinate is the ratio a/a1,n of
the soil pre-liquefaction parameter a to the tangent modulus of each cycle a1,n.
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The above figure shows that the tangential modulus a1,n of the soil after liquefaction
has a consistent relationship with the number of cycles, which does not change with the
change in the CSR and is a linear reduction relationship with a reduction rate of about 0.21.
The modulus tends to zero at each CSR at the eighth cycle after the liquefaction.

Figure 9a shows the strain ratio at point C and point B in each cycle under different
CSRs. Four points in each cycle number represent the test results of the four groups of
different CSRs. The points in the same color are the fitting points of eight cycles after
liquefaction. The abscissa is the number of cycles, and the ordinate γd1

γc
is the strain ratio

at point C and point B. Figure 9b shows the stress ratio τd1/τc at point C and point B in
different CSRs.
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The stress–strain ratio at points C and B of each cycle can be approximately regarded
as a constant value, and the relationship does not change with the change in the CSR. The
tangent modulus of the curve at point C is consistent with the initial tangent modulus of
the cycle.

At this point, we have completed the calibration of the parameters of the large deforma-
tion constitutive model of saturated sand. According to the results, the concrete calculation
formula of the large deformation constitutive model can be determined by combining the
loading and unloading criterion and the primary function of the stress–strain relationship.

2.4.2. Constitutive Relation

After saturated sand is subjected to cyclic loading, the pore-water pressure increment
can be obtained by introducing the model. Then, the pore-water pressure increment can
be accumulated to obtain the effective stress. The stress–strain relationship at this stage is
shown in Equation (1). When the effective stress is zero, the soil layer is considered liquefied,
and the stress–strain relationship after liquefaction follows the five large deformation
loading and unloading criteria. The stress–strain constitutive relationship of saturated sand
after liquefaction is obtained by combining the basic function formula of the stress–strain
relationship, as shown in Equation (9):

τ = γ−γd
a−b(γ−γd)

− τd, n = 1, ∆γ ≥ 0, γ ≥ γd

τ = γ−γd1
a1−b2(γ−γd1)

− τd1, ∆γ < 0, γ ≥ γd1

τ = (γ−γd1)
a1

− τd1, ∆γ < 0, γ < γd1

τ = γ−γd
a1−b3(γ−γd)

− τd, ∆γ ≥ 0, γ < γd

τ = γ−γd
a1−b1(γ−γd)

− τd, n > 1, ∆γ ≥ 0, γ ≥ γd





(9)

where:
b2 = a1

γc−γd1
− 1

τc−τd1

b3 = a1
γd−γ′c

+ 1
(τ′c−τd)

b1 = a1
γd−γ′c

− 1
2τd−τ′c





(10)

where n is the number of cycles after liquefaction, the tangential modulus a1,n has a
consistent relationship with n, and there is a linear reduction relationship with a reduction
rate of about 0.21. a1,n tends to zero at each CSR at the eighth cycle after liquefaction.
A(γd, τd), B(γc, τc), C(γd1, τd1), D(γ′c, τ′c) and the stress–strain ratio at C and B of each
cycle can be approximately regarded as a constant value, and the relationship does not
change with the change in the CSR. The tangent modulus of the curve at point C is
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consistent with a1,n. The parameters (b1, b2, b3) can be determined by the inflection point in
the stress–strain history.

Equations (1) and (9) constitute the saturated sand’s nonlinear dynamic constitutive
equations before and after the liquefaction. Their constitutive parameters are few, which
can be obtained from undrained cyclic shear test data.

3. Calculation Method
3.1. Time-Domain Seismic Response Analysis

Computational methods to analyze the liquefaction problems solve the equations
of motion. The stresses and displacements of the solid particle framework satisfy the
equations of the motion and conservation of the mass. The two classic approaches used
to discretize a domain in space for a numerical solution are finite differences and finite
elements [45–47]. The time-domain finite differences method is used to analyze site nonlin-
ear seismic response [48], but its use is limited due to the soil’s lack of post-liquefaction
stress–strain relationship. Given this, we develop a program, Soilresp1D, and the large
deformation constitutive is embedded into the program. It can calculate the 1D liquefiable
site seismic response and analyze the dynamic reaction of saturated sand after liquefac-
tion. In Soilresp1D, finite element and difference methods are applied, and the boundary
condition is a multi-transmitting formula [49,50]. The initial conditions are:

τ(0, z) = 0
γ(0, z) = 0
υ(0, z) = 0
τ(t, 0) = 0





(11)

In the formula, υ(t, z) is the velocity; τ(t, z) and γ(t, z) are the shear stress and shear
strain; and ρ(z) is the density. This paper uses the staggered grid method to solve the initial-
boundary value problem (Liao, 2002). Based on the free boundary condition Equation (11),
the central difference discrete form of the motion balance equation is as follows:

υ
p+1
1 = υ

p
1 + ∆t

m1
τ

p
1

υ
p+1
n = υ

p
n +

∆t
mn

(
τ

p
n − τ

p
n−1

)
, n = 2, 3, . . . , N

mn = 1
2 (ρnhn + ρn−1hn−1), n = 2, 3, . . . , N

m1 = 1
2 ρ1h1





(12)

The central difference discrete form of the constraint conditions is as follows:

γ
p+1
n =

∆t
hn

(
υ

p+1
n+1 − υ

p+1
n

)
+ γ

p
n, n = 1, . . . , N (13)

The relationship between the shear stress and shear strain proposed in this paper can
be expressed as:

τ
p+1
n = τ

(
γ

p+1
n

)
(14)

Equations (12)~(14) give an explicit recursive calculation method for the node velocity
of each layer and the stress–strain relationship between the layers.

The recursive formula of a boundary node is as follows:

υ
p+1
N+1 = υ

p
N − υ

p
I,N + υ

p+1
I,N+1 (15)

where υ
p+1
N+1 is the velocity of the artificial boundary node at time p + 1, υ

p
N is the velocity of

the node N at time p, υ
p
I,N is the velocity of the incident wave at time p at the node N, and

υ
p+1
I,N+1 is the velocity of the incident wave at time p + 1 at the artificial boundary.
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The above time-domain analysis method is a second-order calculation precision, which
is conditionally stable. The stability condition is:

∆t ≤ min
(

hn

cn

)
, n = 1, . . . , N (16)

where cn is the shear wave velocity of the medium in the NTH layer, and hn is the thickness
of the layer, determined by the following equation:

hn ≤
(

1
6
∼ 1

10

)
Tmincn (17)

where Tmin is the shortest period of input fluctuation with an engineering signification.
According to the given input ground motion, the seismic response of the soil layer at

any depth can be calculated by Soilresp1D.

3.2. Algorithm Implementation Process

In the case of the known soil parameters, combined with the above large deformation
constitutive relation of saturated sand, the time-domain nonlinear dynamic response
analysis method can be used to gradually calculate the saturated sand layer’s dynamic
response at any time at any section. The detailed operation process of the program can be
summarized as follows:

• Read site information. For non-liquefiable clay and other soils, the constitutive pa-
rameters were a, b. So, the saturated sand and the liquefaction of the former consti-
tutive parameters a, b, are the liquefied constitutive parameters after a/a1,n, γd1/γc,
and τd1/τc.

• According to the site model, the stratification of the site, the calculated thickness of
each layer, and the calculated time step are determined. Record the number of layers
and time nodes.

• According to the staggered grid method, the interlayer node velocity and strain are
calculated by displaying the recursive formula.

• According to the stress–strain change trend, judge whether it is the stress–strain
inflection point or peak point. If so, record the stress–strain value and calculate the
state parameters required in the transportation process.

• They are determining the category of the soil layer. If it is non-liquefiable soil, accord-
ing to Equation (1), the stress is calculated according to Equation (1). If the saturated
sand is not liquefied, the pore-water pressure is calculated according to Equation (2),
and the relevant parameters are modified. The stress is calculated according to the
effective stress constitutive Equation (1). In liquefied saturated sand, the stress is
calculated through the large deformation constitutive Equation (9).

Determine whether this calculation step is the last time node of the topsoil layer. If not,
continue to calculate the amount of motion state of the upper soil layer at the next moment.
If it is the last time node of the topsoil layer, the calculation ends.

4. Verification

To illustrate our method’s reasonability, Soilresp1D is used to analyze the nonlinear
seismic response of the experimental model site. By comparing the numerical simula-
tion results and experimental results, the verification of ours constitutive in this paper
is demonstrated.

The overlayer of the site consists of clay, saturated sand, and underlying bedrock 32 m
thick; the site parameters are given in Table 1, and the nonlinear characteristic parameters
are listed in Table 2. In the numerical simulation, the distance ∆z is 1 m, and the time
step is 0.0025 s. 7–9 m from the top to the bottom is the saturated pine fine sand. The
input sine wavelength is 48 s and the period is 1 s, with a peak acceleration of 70 cm/s2.
The undrained cyclic triaxial test of the saturated Nanjingpine fine sand is carried out to
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compare with the test results. In the test, the effective confining pressure is 100 kPa, the
CSR is 0.13, and the loading frequency is 1 Hz.

Table 1. Site calculation model.

Soil Thickness (m) Vs (m/s) Density (t/m3)

Clay 6 120–142 1.95
Pine fine sand 3 142–153 1.49

Clay 21 153–231 1.95
Bedrock 2 511 2.65

Table 2. Nonlinear characteristic parameters of the site.

Soil a1an γd/γc τd/τc b/a a1(10−3) b1 c1,0 c1,a c1,b A4,0 C3 B3

pine fine sand 0.34 0.75 0.11 1934 2.24 5.20 33.71 0.38 0.56 2.61 0.49 1.0
clay 1160 0.82 5.90

The stress of the sand at 7 m is consistent with that of the test sand. Now, the simulation
results of this soil layer are compared with the test results, as shown in Figure 10. The
calculated pore-water pressure is consistent with the measured, which can reflect how the
irreversible pore-water pressure gradually increases with the accumulation of cycles and
reflect the fluctuation of the reversible pore-water pressure under the action of each cycle
load. The sand layer at 7 m began to liquefy at 16.5 s, while the sand at 8 m and 9 m did
not liquefy, and the pore-water pressure rose slowly after the liquefaction at 7 m. Due to
the small confining pressure of the upper saturated sand layer, it is also liquefied. After the
liquefaction of the upper layer, the pore-water pressure of the lower saturated sand layer
tends to be gentle, which is consistent with the actual observation phenomenon.
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Figure 10b: the time-series peak value of ground acceleration is 124 cm/s2, and the
amplification coefficient is 1.77. The ground acceleration attenuates significantly after the
liquefaction. Figure 10c: the stress–strain results before the liquefaction show that the nu-
merical simulation results are similar to the test results. The shear modulus decreases with
the increase in the number of cycles. Figure 10d shows the large-deformation stress–strain
hysteresis loop after the liquefaction, and its variation trend is similar to the test results.

The numerical simulation results show that the amplitude of the ground acceleration
reaction (PGA) before the liquefaction is significantly larger than that after the liquefaction.
The liquefaction of saturated sand has a noticeable damping effect on the dynamic response
of the site, which is consistent with some in situ observations.

5. Conclusions

This paper studied the stress–strain variation, loading, and unloading criterion, and
the primary function formula of the saturated sand after the liquefaction, according to
the dynamic triaxial test of saturated sand, and proposed a systematic post-liquefaction
deformation constitutive model. This paper also set up a time-domain analysis method for
simulating the dynamic response of saturated sand before and after liquefaction, combined
with the staggered grid method, the multi-transmitting boundary condition, and the
effective stress constitutive model before the liquefaction. A 1D time-domain site dynamic
response analysis program, Soilresp1D, was developed using the method. According to the
experimental results, the main findings are as follows:

(1) The stress–strain curve after the liquefaction can be divided into four loading and
unloading stages. IHF can describe the two loading and the first unloading stages.
The second unloading stage is linear.

(2) The tangent modulus of the unloading curve connection point is equal to that of the
initial loading point. The two unloading curves are tangent at the connection point.
The reloading curve is symmetric with the initial loading curve of the next cycle about
the initial loading point.

(3) The tangent modulus of the initial loading point decreases linearly with the increase
in the number of cycles. The test results show that the initial loading curve of the soil
is close to the level after eight times of cyclic loading.

The numerical simulation results show that the liquefaction has a damping effect on
the dynamic response of the site, which verifies the model’s reliability. This model can be
used to analyze the post-liquefaction deformation seismic response in liquefiable sites. It is
worth noting that the post-liquefaction deformation constitutive has been verified by the
dynamic response under symmetric cyclic loads, which can provide a basis for the study of
large deformation constitutive suitable for asymmetric ground motion loads.
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Abstract: In the catastrophe insurance industry, it is impractical for a catastrophe model to simulate
millions of sites’ environments in a short time. Hence, the attenuation relation is often adopted to
simulate the ground motion on account of calculation speed, and both ground motion expectations
and uncertainties must be calculated. Due to the vulnerability curves of our model being based on
simulations with a large number of deterministic ground motions, it is necessary but not efficient for
loss assessment to analyze all possible ground motion amplitudes and their corresponding loss rates.
This paper develops a simplified method to rapidly simulate loss expectations and uncertainties. In
this research, Chinese masonry buildings are the focus. The result shows that the modified method
gives accurate loss results quickly.

Keywords: ground motion intensity uncertainty; masonry building; economic vulnerability curves;
seismic risk management; earthquake catastrophe model

1. Introduction

Since the beginning of the 21st century, the frequency of natural disasters has been
on the rise, and with the development of urbanization and industrialization, economic
losses and casualties caused by natural disasters have become more and more serious.
According to the report issued by the United Nations International Disaster Reduction
Agency [1], from 1998 to 2017, climate and geological disasters caused 1.3 million deaths,
more than 4.4 billion injuries, and even homelessness, resulting in direct economic losses
of up to USD 298 billion, which is 251% higher than those caused by natural disasters in
the past 20 years (1978–1997). The seismic intensity of the Wenchuan Earthquake in 2008
reached XI degree, and the building collapse caused serious casualties and infrastructure
damage that could not provide normal service functions, which led to the shutdown of
enterprises and huge economic losses. From the perspective of industry, the impact of
the Great East Japan Earthquake in 2011 was more significant. After the earthquake, the
production capacity of the affected areas decreased by 30~50% directly, the recovery time
of production capacity was slow, and even 4 years after the earthquake, the industrial
production capacity of some affected areas still had not recovered to the pre-earthquake
level [2]. The risk management of natural disasters has been paid more and more attention
to, and how to scientifically estimate the losses caused by natural disasters has become one
of the urgent issues to be solved.

Loss assessment in catastrophe modelling has some differences from that in theoretical
research. The loss needs to be analyzed and calculated by using the earthquake risk
module and earthquake vulnerability module in combination with the object value [3]. As
insurance and reinsurance claims are based on events, for a single object, the output of the
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earthquake risk module is the estimated result of the ground motion parameters of each
simulated event. The earthquake vulnerability is the damage rate of corresponding ground
motion parameters, and these curves composed of the economic loss ratio and ground
motion parameters are called vulnerability curves in catastrophe modelling [4]. These are
different from the structural vulnerability curves in earthquake engineering but are related
to structural vulnerability. In seismic engineering, the structural vulnerability curve is
usually the statistical analysis of the correlation between the seismic damage investigation
data of the structure under a large number of ground motions or the performance data
of the structure after elastic–plastic analysis and the ground motion parameters [5]. In
catastrophe modelling, the structural vulnerability in earthquake engineering is often
referred to as fragility. Vulnerability in the insurance industry represents the weighted sum
of the damage ratio and the probability of all different damage levels of a single structure
under different earthquake incentives [3].

There are many uncertainties in earthquake risk management, which need to be
considered as much as possible when estimating the loss model. Abrahamson [6] and
FEMA-P58 [7] indicated that uncertainty may exist in the characteristics of earthquake
hazards as well as in the properties of geometric shape and material. Cutfield and Ma [8]
studied three fragility curves under different cases, which included two curves without
uncertainty and one curve with demand uncertainty, and recommended considering the de-
mand uncertainty when dealing with the post-earthquake data. In addition, De Risi et al. [9]
indicated that, when processing fragility curves, the uncertainty of input data should be
adequately considered; otherwise, the uncertainty of the output result may be amplified.
International scholars have carried out some research on the uncertainty of earthquake
ground motion and structural response. In terms of the influence of uncertainties of dif-
ferent factors, Kwon and Elnashai [10], Soleimani [11], and Pan et al. [12] have different
thoughts. Kwon and Elnashai [10] indicated that the influence of the randomness of ma-
terials on the fragility curve is much less than that of the randomness of ground motion
properties for reinforced concrete buildings. Soleimani [11] stated that, compared to the
uncertainty of ground motion and materials, the geometric characteristics were the most
sensitive for the high box beam concrete bridge. In contrast, Pan et al. [12] found that,
in the elastic model, the influence of the uncertainty of the structural geometry on the
structural earthquake response is much less than the uncertainty of the material properties,
such as damping ratio and yield strength for the transmission tower. The reason for the
aforementioned result may be caused by their different structure types. Hence, this study
pays more attention to the uncertainty of ground motion parameters. Yamin et al. [13]
carried out non-linear time-history analysis based on a 3D structure model and used Monte
Carlo simulation to simulate the time and cost of building restoration, ground motion
properties, structural response, and building destruction, and finally obtained the fragility
of reinforced concrete frame structures. Yazgan [14] provided an empirical method to build
a fragility model of the reinforced concrete structure that considers the uncertainty caused
by the lack of peak ground motion data. Ansari et al. [15] studied the impact of base types
on the fragility of high-rise reinforced concrete buildings, and the seismic uncertainty was
considered by adopting a certain number of near-field and far-field earthquakes. Choud-
hury and Kaushik [16] studied the fragility curve of the steel–concrete frame structure
with and without brickwork infill wall, and the open steel–concrete frame structure on
the ground floor by analyzing three uncertainties, including the performance difference
of non-linear materials, the structural geometric characteristics, and the load situation.
Kim et al. [17] analyzed the impact of construction quality defects on the seismic fragility
of reinforced concrete frame structures and stated that the seismic fragility of the selected
reinforced concrete frame is sensitive to the strength of concrete and the volumetric ratio of
transverse reinforcement. Saloustros et al. [18], using the finite element method and the
Monte Carlo method, investigated the influence of uncertainty on materials of masonry
structure components and present the fragility curve of Santa Maria del Mar church. How-
ever, European historical masonry buildings, such as churches and cathedrals, are different
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from Chinese masonry buildings, which are built with clay bricks instead of stone. In
China, many masonry buildings in big cities, such as Beijing and Shanghai, were built from
the 1970s to the 1990s to solve the residential problem during urbanization. However, the
seismic capacity of a multistory masonry building is poorer than the reinforcement concrete
(RC) structure, which means the loss of a masonry building will be more than for RC under
a damaging earthquake. Hence, as a more vulnerable structure, the Chinese masonry
buildings are selected as calculation examples. Jiang et al. [19] studied four unreinforced
masonry structures with different floors, established the finite element model by OpenSees,
and discussed the influence of uncertainty of ground motion and structural parameters
on fragility by the IDA method and the one-variable quadratic matrix method. It was
pointed out that, with the increase of failure degree, the greater the influence of uncertainty
on fragility, and, compared with the seismic uncertainty, the structural parameter uncer-
tainty has a more obvious influence on a structure with a lower number of stories, and the
structural damping ratio is the most sensitive among all the influence factors.

Although the aforementioned research considered the uncertainties of ground motion
and structural response, the method of amplitude adjustment is generally selected to
process different known seismic excitations. The amplitude, spectrum characteristics,
and duration of each set of seismic excitations are all bound together and fixed. The
amplitude adjustment of ground motion means that only the uncertainty of spectrum
characteristics and duration is considered in the fragility and vulnerability curve. Potential
future earthquakes will not exactly match the fixed combination of amplitude by ground
motion prediction equations (GMPEs), spectrum characteristics, and duration of ground
motions for historical earthquakes. Most seismic risk assessments are qualification models
presented by earthquake intensity parameters and damage probability, and each step of the
risk model has uncertainties that should be considered [20]. In addition, Hwang et al. [21]
indicated that all the uncertainties need to be considered in the ideal structure model with
possible seismic ground motion when seismic vulnerability assessment was processed.
Hence, if GMPEs are used to describe the ground motion intensity and estimate the loss, the
uncertainties of the calculated amplitude should be considered. For the insurance industry,
simplifying the model and saving calculation time is very important, and it is necessary to
use a parametric empirical statistical model, such as GMPEs, to get a loss result as soon
as possible. All possible ground motion amplitude should be theoretically simulated in
this method. However, it is inefficient to take every sample for each site to calculate the
damage ratio. Therefore, the uncertainty of ground motion and vulnerability is coupled to
generate a modified vulnerability curve, and the results are expressed by the combined
mean and variance. The negative effect of this method is that the combined distribution is
different from the sampling distribution, but the mean and variance are consistent, and the
calculation speed is greatly improved.

The current study aims to overcome the aforementioned issues, such as the lack of
consideration of uncertainties and computational efficiency. In this research, PGA (Peak
Ground-motion Acceleration) amplitude distribution is applied to create a modified vulner-
ability curve to simplify loss ratio expectation and its uncertainty to make rapid calculations.
The method proposed in this study can not only calculate massive objects’ economic loss
and their vulnerability curves in a short time, but also deepen the understanding of how
the interaction of uncertainties affects the damage results of objects. It provides a novel idea
and a risk-based with the consideration of uncertainties solutions for practical application
in the catastrophe insurance industry.

2. Methodology

The attenuation relation model is a parameterized empirical statistical model, which
is built by a large amount of data of different magnitudes and distances in a certain area.
It has a general rule of seismic response and statistical significance. Specifically, in the
insurance industry, the business contract usually calls for loss reports as soon as possible
during the renewal season. If using numerical simulation to calculate the ground motion, it
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usually consumes lots of time. In contrast, attenuation is an efficient and time-saving way
to acquire ground motion information. Therefore, this study uses the attenuation relation
model to calculate the ground motion parameters.

Due to the seismic source, wave propagation, and site effect, the ground motion
produced by the same earthquake in different sites or caused by different earthquakes
in the same site will be accompanied by the uncertainty of ground motion. In this study,
the samples of PGA distribution are adopted instead of the mean value to analyze the
influence of loss assessment results. Abrahamson [22,23] put forward that the influence
of the uncertainty of the ground motion acceleration spectrum conforms to a lognormal
distribution. In addition, Rossetto and Elnashai [24], Lagomarsino and Giovinazzi [25],
Bradley and Dhakal [26], Jayaram and Baker [27], and Lallemant et al. [28] stated that a
lognormal cumulative distribution function (CDF) is a frequently used method to model
seismic structure fragility curves, and it has a significant representation in earthquake risk
analysis. Furthermore, according to the model from the Seismic ground motion parameters
zonation map of China (GB18306-2015) [29], as shown in Formula (1), the ground motion
parameters are also in line with a lognormal distribution:

lgY = A + BM + Clg
(

R + DeEM
)

(1)

where Y is the ground motion parameter, such as peak ground motion acceleration (PGA)
or peak ground motion velocity (PGV), M is the magnitude, R is the epicentral distance,
and A, B, C, D, and E are regression coefficients.

2.1. Data

The premise of obtaining the vulnerability curve is to have the fragility curve of an
object first. The steps of obtaining the fragility curve by the IDA (Incremental Dynamic
Analysis) method are usually to build the structural model and calculate the dynamic
equation, then use the corresponding calculation and analysis methods and input ground
motion parameters; next, calculate the structural response, and finally, according to the
relationship between the seismic response and the structural limit under different strength
levels, determine the probability of different failure states of the structure under different
ground motion parameters [30]. Gattulli et al. [31] indicated that masonry structure is
extremely variable in mechanical characteristics due to its features, such as anisotropy,
inhomogeneity, and nonlinearity. Hence, the uncertainty of seismic ground motion intensity
may cause a greater variation in the loss result for masonry buildings.

The dataset is obtained from the fragility curves of 3–6 floor masonry buildings with
different occupancies [32]. In this paper, based on the above dataset, the fragility curve is
established by the IDA method with the interlayer elongation coefficient as the index of
failure [32]. According to the five elements of floors, design intensity, design code, located
area, and building occupancy, a total of 84 fragility curves are formed, and the detailed
classification is shown in Table 1. Based on the 84 fragility curves, the vulnerability curves
are established, then the uncertainty of seismic ground motion intensity is considered,
and the calculation method of loss with uncertainty is established to obtain the modified
vulnerability curve. The structures and their curves, listed in Table 2, will be shown as
examples in this study. In addition, the Chinese seismic design code has a strict limitation
on the height and floors of masonry buildings. The building located zone is applied to
distinguish the outside wall thickness, and 240 mm, 370 mm, and 490 mm stand for zone III,
II, and I, respectively. Figure 1 shows the typical masonry structure in China, where the wall
thickness is usually 240 mm and 370 mm, respectively, in Sichuan and Beijing. Figure 1a is
a two-floor masonry structure built following 01-code with 7-degree seismic design, which
can represent structure 8 in Table 2. The building in Figure 1b represents structure 26 in
this study, which is built following the 01-code.
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Table 1. The classification of the classic Chinese masonry building.

Building Occupancy Residential Commercial

Design Code 1989-Code 2001-Code 1989-Code 2001-Code
Floors 1–3 4 4–6 1–3 4 4–6 1–2 3–5 1–2 3–5

Design Intensity 6, 7, 8 9 6, 7, 8 6, 7, 8 9 6, 7, 8 6, 7, 8, 9 6, 7, 8 6, 7, 8, 9 6, 7, 8
Outside Wall

Thickness (mm) 240, 370, 490 240, 370, 490 240, 370, 490 240, 370, 490

Table 2. The information on structure and curve examples.

Structure
and Curve

Building
Occupancy

Building
Age Floors Design

Intensity
Outside Wall

Thickness

0 Residence 89-code 1–3 6 240
8 Residence 01-code 1–3 7 240
9 Residence 01-code 1–3 8 240
10 Residence 01-code 4–6 6 240
16 Residence 89-code 1–3 8 370
19 Residence 89-code 4–6 8 370
24 Residence 01-code 4–6 6 370
26 Residence 01-code 4–6 8 370
27 Residence 89-code 1–3 6 240
51 Commerce 01-code 1–3 8 240
52 Commerce 01-code 5 6 240
54 Commerce 01-code 5 8 240
66 Commerce 01-code 5 6 370
83 Commerce 01-code 4 9 490
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Figure 1. The typical masonry building in China: (a) the self-built masonry house in Sichuan, China;
(b) the residential masonry building in Beijing, China.

The calculation process is shown in Figure 2. First, each PGA in the original vulnerabil-
ity curve data is sampled to obtain PGA samples. Next, the PGA samples are transformed
into damage ratio samples by the interpolation method. Next, the damage ratio samples
are sampled again to get the second damage ratio sample. Finally, the means of second
damage ratio samples are calculated to obtain the final damage ratio corresponding to each
original PGA.
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2.2. Sampling of Ground Motion Parameters

The optimization of ground motion uncertainty originates from quantifying the regular
and repeatable parts of random uncertainty and quantifying them in the final risk results.
The uncertainty of ground motion is generally reflected by the standard deviation in the
attenuation relationship of ground motion. If the standard deviation obtained via ergodic
assumption is divided carefully and the identifiable part is quantified, the uncertainty can be
reduced, and the calculated result is closer to the real value [33]. In this study, the standard
deviation is acquired by the attenuation relation model. However, because the coefficients
of the attenuation relation model are diverse, they depend on the geological information of
the different areas. Hence, for demonstration, a basic attenuation relation model is adopted
in this study. According to the PGA attenuation coefficient and attenuation relationship
model (Formula (1)) given in the publicity and implementation textbook of Seismic ground
motion parameters zonation map of China [34], the original PGA is sampled. The ground
motion parameter PGA conforms to the lognormal distribution, and its standard deviation
is a constant that equals 0.236. There are 197 PGA points in the original data, which
are arranged from 0.4 m/s2 to 20.0 m/s2 in steps of 0.1 m/s2. Because the Monte Carlo
method consumes much computational power, and this algorithm needs to sample twice,
the consumption of computational power will increase exponentially. Latin hypercube
sampling is adopted to keep the function monotonically increasing, as shown in Figure 3. It
is a masonry structure of a residential building with three stories and six degrees of design
intensity in site class III with 89-code. Ghotbi and Taciroglu [35] indicated that the Latin
hypercube method has a better effect than the Monte Carlo method under the same number
of samplings via studying the damage analysis of a normal 4-story non-ductile reinforced
concrete structure when selecting seismic ground motion sets.

In addition, the bias of different Latin hypercube sampling times was tested, and the
results are shown in Table 3. Compared with 100 sampling times, the bias of 500 sampling
times is much smaller.
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Table 3. The bias of different sampling times.

Sampling Times Bias

100 0.5%
200 0.07~0.08%
500 0.02~0.03%

Therefore, the Latin hypercube sampling method is adopted in this algorithm, which
can not only reduce the computational power consumption but also satisfy the empirical
judgment. In this study, each PGA point is sampled 20 times with truncation in the corre-
sponding lognormal distribution, and the specific truncation method will be introduced
in the following. The 3940 PGA samples obtained from the sampling are named ground
motion sample 1. It is substituted into the linear relationship between the original PGA
and the original damage ratio, and the corresponding 3940 damage ratios are obtained by
using the interpolation method, which is named damage ratio sample 1. In the damage
ratio sample 1, if the corresponding PGA is larger than 20.0 m/s2 (maximum value of the
original PGA), the damage ratio takes the value corresponding to 20.0 m/s2.

Currently, there are 3940 damage ratio samples, but only 197 corresponding coefficients
of variation. Therefore, before sampling the damage ratio, the coefficient of variation should
be expanded to 3940. Assuming that the corresponding coefficient of variation follows the
linear relationship composed of the initial 197 damage ratios and the coefficient of variation,
the corresponding 3940 coefficients of variation can be obtained via the linear interpolation
method, namely, the coefficient of variation sample 1. In the process of linear interpolation,
the sample value of the damage ratio is less than the original value. In this paper, the
original minimum damage ratio is connected with the zero point to interpolate the sample
value less than the minimum original minimum damage ratio. It is worth noting that the
known condition is the coefficient of variation, so the corresponding standard deviation
needs to be calculated via Formula (2), and then linear interpolation must be performed.
The results of interpolating Cv first and then calculating σ are different from calculating σ
and then interpolating.
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σ = Cv × µ (2)

where σ is the standard deviation, Cv is the coefficient of variation, and µ is the mean value.
According to the attenuation relationship given by the Seismic ground motion parame-

ters zonation map of China (Standardization Administration 2015) [30], the ground motion
conforms to the lognormal distribution with a standard deviation equal to 0.236. When
the translation between seismic intensity and ground motion parameters is processed, the
seismic intensity usually corresponds to a PGA value. In fact, a seismic intensity should
correspond to a range of PGA with distribution instead of its mean value. The sample range
needs to be truncated because the ground motions cannot tend to infinity or 0. In this study,
hence, the correlation between PGA and seismic intensity of site class II in GB 18306-2015
Seismic ground motion parameters zonation map of China [30] was used to determine the
truncated range within the corresponding seismic intensity range. Table 4 shows the details
of truncation.

Table 4. The comparison table of PGA and seismic intensity for site class II.

PGA in the Site
Class II (m/s2)

0 ≤
αmaxII < 0.392

0.392 ≤
αmaxII < 0.882

0.882 ≤
αmaxII < 1.862

1.862 ≤
αmaxII < 3.724

3.724 ≤
αmaxII < 7.35

7.35 ≤
αmaxII < 14.7

αmaxII
≥ 14.7

Seismic intensity V and below VI VII VIII IX X XI and above

In this algorithm, for each ground motion parameter P, the algorithm finds seismic
intensity level IP using Table 4 and uses [IP − 1, IP + 1] as the initial range. The left
endpoint of the new range is the left endpoint of the minimum value of the three seismic
intensities, which is recorded as the temporary left endpoint. The right endpoint of the new
range is the left endpoint of the maximum value of the three seismic intensities, which is
recorded as the temporary right endpoint. For example, the initial range of 6-level seismic
intensity is the range of the entirety of the 5-level, 6-level, and 7-level. Next, according to
the original ground motion parameter data, its quantile is obtained in its corresponding
seismic intensity range (an intensity range). The final truncated range of the original ground
motion parameter data is calculated by using the temporary right endpoint, temporary left
endpoint, and quantile. The calculation process is shown in Formulas (3)–(5), which are
equivalent to the range of two seismic intensities.

Qi = (PGAi − PGAi,j)/(PGAi,j+1 − PGAi,j) (3)

Loweri = PGAi,j−1 + Qi(PGAi,j − PGAi,j−1) (4)

Upperi = PGAi,j+1 + Qi(PGAi,j+2 − PGAi,j+1) (5)

where Qi is the quantile of PGAi in its corresponding seismic intensity range, PGAi is the
ith element in the original PGA,PGAi,j is PGAi corresponding to the left end of the seismic
intensity range, PGAi,j+1 is PGAi corresponding to the right end of the seismic intensity
range, Loweri is the lower limit of the final truncation range, Upperi is the upper limit of
the final truncation range, PGAi,j−1 is the temporary left endpoint, and PGAi,j+2 is the
temporary right endpoint.

When PGAi is in the range corresponding to seismic intensity V and below, or XI and
above, the truncation range will be different from Formulas (3)–(5). When PGAi is in the
range of seismic intensity V and below, due to it is the minimum seismic intensity range,
it is unable to obtain a smaller level, so its truncation lower limit is fixed equal to 0, and
the truncation upper limit still follows the algorithm of Formula (5). When PGAi is in the
range of seismic intensity XI and above because it is the largest seismic intensity range, it is
unable to obtain a higher level, so its upper truncation limit is fixed at 20 (the maximum
PGA of the calculation example of this algorithm is 20 m/s2), and the lower truncation
limit is still calculated according to Formula (4).
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2.3. Damage Ratio Sampling

Most of the previous studies used lognormal distribution to describe the distribution
characteristics of building damage ratio [22–28,36], and this would lead to more than
one sample, but this is not logical, because the damage rate cannot exceed 100% of the
replacement value. Some scholars pointed out that if the cost of cleaning up the ruins is
superimposed, it will exceed the replacement cost. However, if this factor is not considered
in the statistical process, then it is not logical to consider it at this time. If truncated
sampling is used, the distribution characteristics will lead to a change in mean and standard
deviation. Therefore, the β distribution is used to describe the distribution of structural loss.
The mean value and standard deviation of the distribution are kept unchanged and, as
known conditions, the coefficients α and β of β distribution are calculated by substituting
Formulas (6) and (7).

α =
µ2σ4 − µσ4 + µ2(1 − µ)2

(1 − µ)σ4 (6)

β =
µσ4 − σ4 + µ(1 − µ)2

σ2 (7)

where µ is the mean value of the structural damage ratio and σ is the standard deviation of
the structural damage ratio.

If the α and β corresponding to 3940 damage ratios are known, the second Latin
hypercube sampling can be carried out, and the sampling frequency is the same as 20. After
sampling, the sample was expanded to 78,800, equivalent to 400 damage ratio samples
derived from each original PGA point, which results in damage ratio sample 2.

The 197 final damage ratios are obtained via calculating the mean of corresponding
damage ratio sample 2, which is, namely, damage ratio sample 3 with the uncertainty of
ground motion intensity. Finally, according to damage ratio sample 2, the coefficient of
variation of damage ratio sample 3 considering the coupling effects of various uncertainties
is calculated, namely, the coefficient of variation sample 3.

3. Result and Discussion
Vulnerability Curve Analysis

To more intuitively understand the twice sampling process and the distribution of
PGA and damage ratio samples, the vulnerability curves obtained from each group of
Latin hypercube samples are displayed in three-dimensional (3D) form. Figure 4 shows
the 3D vulnerability diagrams of structure 0 and structure 54. Structure 0 is a 3-story
masonry structure of a residential building with 6-degree design intensity and site zone III
according to 89-code, and structure 54 is a 6-story masonry structure of an office building
with 8-degree design intensity and site zone III according to 01-code. The 89-code and
01-code mean the Code for seismic design of buildings in China, which are published
in 1989 (GB50011-1989) and 2001 (GB50011-2001), respectively, and the key difference
between the above standards is shown in Table 5. In this study, the wall thickness of the
masonry structure is 240 mm in site zone III, 370 mm in site zone II, and 490 mm in site
zone I. The x-axis of the 3D vulnerability diagram is the original PGA in m/s2, the y-axis
is ground motion sample 1 from the first sampling in m/s2, and the z-axis is the damage
ratio. Each original PGA on the x-axis has 20 PGA samples on the y-axis, and 3940 points
on the X-Y plane have 20 damage ratio samples on the z-axis. In the 3D coordinate system,
there are 78,800 (197 × 20 × 20) points, representing 197 original PGA points sampled
separately 20 times, and then the corresponding damage ratio (damage ratio sample 1) of
3940 PGA samples (ground motion sample 1) was sampled, respectively, with 20 sampling
frequency, and 78,800 damage ratios obtained from the final sampling are distributed in
three-dimensional space.
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Table 5. The design parameters of 89-code and 01-code.

Standard 89-Code 01-Code

Brick Intensity MU7.5
(compressive strength ≥ 7.5 MPa)

MU10.0
(compressive strength ≥ 10.0 MPa)

Concrete Strength C15
(compressive strength ≥ 15.0 MPa)

C20
(compressive strength ≥ 20.0 MPa)

Roof Dead Load (including
self-weight) (kN/m2) 6.0 6.0

Roof Live Load (kN/m2) 1.5 2.0
Floor Dead Load (including
dead weight) (kN/m2) 3.3 3.3

Floor Live Load (kN/m2) 1.5 2.0

It can be seen in the 3D diagram that the vulnerability curve becomes a vulnerability
surface, which can help to understand the sampling process. Its shape becomes wider
along the boundary of the range and finally ends at the end of the plane composed of PGA
and PGA samples, namely, points (20, 20). The scatter color in Figure 4 gradually changes
from blue to yellow, which means that the value of the damage ratio gradually increases
from small to large. The surface color changes from light to dark, which means that the
value of the damage ratio changes from low to high. As Figure 4a,c shows, the number
of yellow scattered points is much denser than the number in Figure 4b,d. Especially
when the value of PGA is small, the number of light color points in Figure 4b,d is much
more than curve 27, and, due to this, in the two-dimensional (2D) vulnerability curve, as
shown in Figure 5, curve 52 is much steeper than curve 27. It means that a higher damage
ratio has been reached when the seismic excitation has not reached a certain intensity. In
addition, the area of the surface is negatively related to the loss of the structure. The larger
the area of the surface is, the more vulnerable the structure is. It is worth noting that, as
shown in Figures 4 and 5, the edge of the surface formed by the damage ratio points and
damage ratio curve is not completely smooth, which is caused by the change in the range
of truncated sampling. Namely, the algorithm of Formulas (3) and (5) lead to this result.
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Figure 5. Two-dimensional vulnerability curve and scatter diagram with the uncertainty of seismic
ground motion intensity: (a) structure 27; (b) structure 52.

In this paper, some typical comparison results are selected. As shown in Figure 4,
the red line is the vulnerability curve without considering the uncertainty, and the green
line is the vulnerability curve considering the uncertainty. It should be noted that the
original vulnerability curve starts at the point that PGA and the damage ratio are equal to
0.4 m/s2 and 3%, respectively. However, this study makes the original minimum damage
ratio extend to 0 (i.e., the point of PGA = 0, damage ratio = 0), so the modified curve
starts from (0, 0). From vulnerability curve 0 to 83, a total of 84 vulnerability curves
describe different masonry structures. It can be seen that the vulnerability curve of masonry
structures with the uncertainty of ground motion intensity is lower than the original
vulnerability curve in most PGA ranges. Only when the PGA is small is the damage ratio
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with the uncertainty of ground motion intensity higher or nearly overlaps with the loss
ratio without the uncertainty. Ioannou et al. [37] used the building damage database of the
1980 Irpinia earthquake as the data source via the Bayesian framework to explore whether
the uncertainty of ground motion intensity can significantly change the shape of the fragility
curve, and the results show that the complex model with considering more uncertainty
will not change the shape of the fragility curve. It can be seen that the vulnerability curve
obtained in this study also has no obvious change in shape, but the damage ratio before
and after modification is different, especially when the PGA value range is in the middle,
namely, in the range of moderate earthquake.

Curve 0 is the vulnerability curve of a 3-story residential masonry structure with
6-degree design intensity and site zone III according to 89-code, and curve 54 is the vul-
nerability curve of a 6-story office masonry structure with 8-degree design intensity and
site zone III according to 01-code, as shown in Figure 6a,c. Under the same earthquake
excitation, the stricter the design code of the building structure, the smaller the structure’s
seismic response and the smaller the damage ratio.
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By controlling the unique variable, it is better to study the influence of different factors
on the results of the vulnerability curve. Curve 24 is the vulnerability curve of the 6-
story residential building structure with 6 seismic degree design intensity and site zone
II according to 01-code, and curve 26 is the vulnerability curve of the 6-story residential
building structure with 8-degree design intensity and site zone II according to 01-code.
The only difference between curve 24 and curve 26 is seismic design intensity. It can be
seen from Figure 6c,d that, in the case of the same height, site class, and design code, the
seismic intensity is negatively correlated with its damage ratio. By observing curves 16
and 19, as Figure 6e,f show, they are, respectively, the 3-story residential masonry structure
vulnerability curves with 8-degree design intensity and site zone II according to 89-code,
and the 6-story with 8-degree design intensity and site zone II according to 89-code. It is
found that for masonry structures, under the same seismic intensity, design code, and site
zone, the higher the height, the higher the damage rate will be. Curve 26 is the vulnerability
curve of the 6-story residential masonry building with 6-degree design intensity and site
zone II according to 01-code. Comparing curve 19 and curve 26, as shown in Figure 6d,f, it
can be seen that the newer the design code, the lower the damage ratio under the conditions
of the same building height, seismic intensity, and region. Curve 24 and curve 10 take the
site zone as a single variable, and other conditions are the same, which are 6-story masonry
housings with, 6-degree design intensity according to 01-code. Comparing Figure 6c,g, it
can be seen that under the conditions of different site zone and the same building height,
seismic intensity, and design code, the higher the number of the site zone, the greater the
loss, which means that the thicker the wall, the smaller the loss will be if other conditions
remain unchanged. Curve 66 is a 6-story office building with 6-degree design intensity and
site zone II according to 01-code. Compared with curve 24, the difference is only functional
use. Through comparison, it can be seen that under the same PGA, the damage ratio of
the office building is smaller than that of the residential building, as shown in Figure 6c,h.
However, it can also be seen that no matter which single variable is changed, the trend of the
curve is almost unchanged, and the resulting damage ratio does not change significantly.

4. Discussion

To better show the effect of our combined uncertainty method, the case of the Ji-
uzhaigou earthquake in 2017 is chosen for verification. On 7 August 2013, the earthquake
occurred in Jiuzhaigou county, Sichuan, China, and the magnitude reached 7.0. This study
uses the earthquake damage data collected by Zhang et al. [38] in the Jiuzhaigou earthquake.
There is a total of eleven investigation areas, eight of which are located in the IX-degree
area, two of which are located in the VIII-degree area, and the last one is in the VII-degree
area. Detailed information, such as the geographic location and seismic parameters, is
listed in Table 6. According to the geographic information of the investigation areas, the
relevant PGA can be calculated, and the calculation method adopts attenuation relation
with Formula 1. In addition, all the investigation sites are located in site class II in China,
as the information in Table 7 shows.

Table 6. Detailed information of the investigation sites.

Epicenter Investigation Point

Site number 0 1 2 3 4 5 6 7 8 9 10 11

Intensity IX VIII IX IX IX IX IX VIII VIII VII IX IX
Longitude 103.82 103.78 103.80 103.83 103.85 103.92 103.88 103.92 103.93 103.98 103.92 103.90
Latitude 33.20 33.32 33.30 33.30 33.30 33.28 33.28 33.27 33.27 33.32 33.22 33.20
Distance to
epicenter
r(km)

0 13 11 12 13 12 14 16 17 24 14 12

PGA (m/s2) 2.9 3.5 4.7 4.6 3.7 3.9 3.3 3.5 2.5 4.6 5.7
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Table 7. The relationship between equivalent shear wave velocity and overburden thickness of site
class II in China.

Site Class II

Equivalent Shear Wave Velocity of Soil (m/s2) Overburden Thickness (m)

500 ≥ vse > 250 ≥5
250 ≥ vse > 150 3–50
vse ≤ 150 3–15

According to the investigation information of local constructions, the vulnerability
curves most likely to represent the masonry in this area are selected empirically in this
study. Theoretically, local building characteristics should be adopted, but it is difficult to
get all detailed information on all local building types. The two constructions chosen in the
Jiuzhaigou area are built after 2001 adopted 01-code, the seismic intensity is 8-degree, the
wall thickness of the buildings is 240 mm, and, because of the hilly county, the constructions
usually are low-rise. They represent residential buildings and commercial buildings,
respectively, with 01-code, 8-degree design intensity and fewer than three floors. During
the sampling, there are two groups of PGA, which are the revised group and the original
group. The revised group is sampled 10,000 times and follows truncation log-normal
distribution to simulate the precise ground motion of the different buildings’ location.
The resulting PGA samples are inserted into the original vulnerability curve and revised
vulnerability curve, respectively, to get the two damage ratio samples. Then, based on
Table 8, the damage ratio can be transformed to the damage state, which is the earthquake
damage matrix.

Table 8. The relationship between building damage state and damage ratio.

Damage State Basic
Intact

Slight
Damage

Moderate
Damage

Heavy
Damage Ruin

Damage Ratio [0,10) [10,30) [30,55) [55,85) [85,100)

The earthquake damage matrix collected by Zhang et al. [38], the revised matrix,
and the actual statistical matrix are listed in Table 9, in which the numbers represent the
proportion of buildings in each state of damage to the total.

Table 9. The comparison of the earthquake damage matrixes.

Basic Intact Slight Damage Moderate Damage Heavy Damage Ruin

Statistical matrix 0 0.141361 0.602094 0.204188 0.052356
Original residence matrix 0.012231 0.194815 0.350715 0.404741 0.037497
Revised residence matrix 0.006984 0.219444 0.40487 0.362677 0.006025
Original business matrix 0.029034 0.23363 0.324603 0.366655 0.046079
Revised business matrix 0.017947 0.259816 0.381534 0.333405 0.007297

In Figure 6, 01-8-R-3-Re-trunc stands for revised curve with truncation sampling, and
01-8-R-3-Ori-norm means original curve with random sampling. In Figure 7a, compared
with the statistical data, the basic intact and moderate damage of the revised curve is much
better than the original curve, and the rest of the damage situations are very similar. In
addition, for business construction, the performance of the revised curve for basic intact and
moderate damage is superior to the original curve, as shown in Figure 7b. Generally, the
revised curve can provide a more conservative result than the original curve, and, without
sacrificing the accuracy of the rest of the damaged state, a more reasonable performance is
achieved, especially in the highest proportion of damaged state, the moderate damage.
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Figure 7. The comparison curves of different earthquake damage matrixes: (a) the residential
construction earthquake damage matrix curves of statistical data, original curve, and revised curve;
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revised curve.

However, in the remote mountainous area, there are many residential constructions
built by local villagers, which cannot satisfy the seismic requirement. Therefore, in this
research, the curve of the masonry structure with the best earthquake resistance and
the masonry structure with the worst earthquake resistance are put together to study,
as shown in Figure 7. The 89-6-R-3-Re-trunc (Curve 0) stands for the revised curve of
residential masonry buildings with 89-code, 6-degree design intensity, 6-floor, and 240 mm
wall-thickness via truncation sampling, which is the worst of all the curves. The 01-9-B-4-
Re-trunc (Curve 83) means the revised curve of business masonry buildings with 01-code,
9-degree design intensity, 4-floor, and 490 mm wall-thickness via truncation sampling,
which has the best seismic performance of the curves. In Figure 8, except for basic intact
and moderate damage, the rest of the damage states are within the best performance
curve and the worst performance curve. In terms of basic intact, the percentage of basic
intact in statistical data is zero, because areas with notable damage are usually selected for
earthquake damage surveys. Hence, the statistical magnitude of the intact building may
have bias, which can explain why both calculated curves are above the statistical data in the
damage state of basic intact. The actual results range between the best and worst curves,
which depends on what is known about the local masonry buildings. Therefore, the curves
are selected empirically in this paper, and the damage result obtained is acceptable, which
can indirectly provide a comparatively accurate reference, if detailed building information
could be gained, for the prediction of earthquake damage in the insurance industry.

Sustainability 2022, 14, x FOR PEER REVIEW 17 of 19 
 

 

Figure 8. The comparison between the curve with best seismic performance and the curve with 

worst seismic performance. 

5. Conclusions 

It is necessary to quantify the independent uncertainty of the ground motion inten-

sity in the process of calculating the loss expectations. In this paper, a novel method has 

been purposed for rapid calculation and the amplitude distribution selection was dis-

cussed. To verify the effect of the method, the damage to masonry buildings in the Jiu-

zhaigou earthquake was discussed.  

The conclusions of this study are divided into the following three points: 

1. Through this method, PGA and damage ratio are no longer required to be sampled 

during calculation, and a fast calculation is supported via the revised curves. Alt-

hough the distribution of damage ratio has been changed after combination, it still 

meets the needs of the insurance industry. 

2. Whether uncertainty is considered or not, under the same seismic excitation input, 

the higher the design intensity level, the lower the damage ratio. Therefore, the strict 

seismic design code can not only reduce the casualties of personnel in the earthquake 

but also reduce the seismic economic losses of the structure and ensure the residual 

value of the structure. 

3. Between the vulnerability curves with and without considering the uncertainty of 

ground motion intensity, there was no evident difference in shape, but due to the 

truncation range set, there are two nodes that make the curve divided into three sec-

tions, which can be regarded as a continuous piecewise linear function. In the range 

of frequent earthquakes or basic seismic intensity, the corrected damage ratio is 

higher than the original damage ratio. Next, approximately in the range of rare earth-

quakes, the original damage ratio exceeds the corrected damage ratio first, and the 

difference between the two curves gradually increases from small to large, then from 

large to small, and finally, the difference between the two curves is further reduced 

to almost overlapping. 

In loss estimation of catastrophe insurance, amplitude uncertainty is particularly im-

portant. For possible earthquakes in the future, this paper provides a novel view and cal-

culation for building vulnerability that fully considers the uncertainty of the three ele-

ments of ground motion, the uncertainty of vulnerability, and the coupling uncertainty 

between them. In addition, during processing the translation between seismic intensity 

and PGA, the distribution is adopted instead of PGA mean value, and the uncertainty in 

this process is considered as well. Furthermore, it can efficiently calculate the vulnerability 

Figure 8. The comparison between the curve with best seismic performance and the curve with worst
seismic performance.

260



Sustainability 2022, 14, 13860

5. Conclusions

It is necessary to quantify the independent uncertainty of the ground motion intensity
in the process of calculating the loss expectations. In this paper, a novel method has been
purposed for rapid calculation and the amplitude distribution selection was discussed.
To verify the effect of the method, the damage to masonry buildings in the Jiuzhaigou
earthquake was discussed.

The conclusions of this study are divided into the following three points:

1. Through this method, PGA and damage ratio are no longer required to be sampled
during calculation, and a fast calculation is supported via the revised curves. Although
the distribution of damage ratio has been changed after combination, it still meets the
needs of the insurance industry.

2. Whether uncertainty is considered or not, under the same seismic excitation input,
the higher the design intensity level, the lower the damage ratio. Therefore, the strict
seismic design code can not only reduce the casualties of personnel in the earthquake
but also reduce the seismic economic losses of the structure and ensure the residual
value of the structure.

3. Between the vulnerability curves with and without considering the uncertainty of
ground motion intensity, there was no evident difference in shape, but due to the
truncation range set, there are two nodes that make the curve divided into three
sections, which can be regarded as a continuous piecewise linear function. In the
range of frequent earthquakes or basic seismic intensity, the corrected damage ratio
is higher than the original damage ratio. Next, approximately in the range of rare
earthquakes, the original damage ratio exceeds the corrected damage ratio first, and
the difference between the two curves gradually increases from small to large, then
from large to small, and finally, the difference between the two curves is further
reduced to almost overlapping.

In loss estimation of catastrophe insurance, amplitude uncertainty is particularly
important. For possible earthquakes in the future, this paper provides a novel view and
calculation for building vulnerability that fully considers the uncertainty of the three
elements of ground motion, the uncertainty of vulnerability, and the coupling uncertainty
between them. In addition, during processing the translation between seismic intensity
and PGA, the distribution is adopted instead of PGA mean value, and the uncertainty in
this process is considered as well. Furthermore, it can efficiently calculate the vulnerability
of a large number of structures, which provides a fast and relatively accurately loss result.
In the damage ratio sampling, β distribution is used to replace the lognormal distribution,
and the modified vulnerability curve of the building structure is estimated. The method
proposed in this study solves the problem that putting the sample mean into a complex
calculation gives a different result from taking the sample mean after a complex calculation.
However, the question of the percentage of moderate damage taking too much has not
been solved and still needs to be studied from another perspective.
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Abstract: As an indispensable part of the lifeline for the offshore gas and oil industry, submarine
pipelines under long-term marine environmental loadings have historically been susceptible to
earthquakes. This study investigates the impact of trench backfilling on the residual liquefaction
around a pipeline and the induced uplift of a pipeline under the combined action of an earthquake,
ocean wave and current loading. A fully coupled nonlinear effective stress analysis method, which
can consider the nonlinear hysteresis and the large deformation after liquefaction of the seabed soil,
is adopted to describe the interaction between the seabed soil and the submarine pipeline. Taking a
typical borehole in the Bohai strait as the site condition, the nonlinear seismic response analysis of
the submarine pipeline under the combined action of seismic loading and ocean wave and current is
carried out. The numerical results show that trench backfilling has a significant impact on the seismic
response of the pipeline. The existence of trench backfilling reduces the accumulation of the residual
excess pore water pressure, so that the seabed liquefaction around the pipeline is mitigated and the
uplift of the pipeline is also decreased.

Keywords: submarine pipeline; earthquake; seabed liquefaction; uplift; ocean environmental loading

1. Introduction

Due to the rapid exploration of oil and gas in the deep sea, submarine pipelines
have developed rapidly in the past few decades, known as a lifeline in the storage and
transportation system of submarine oil and gas. The seismic stability of a pipeline is
directly related to the safety of offshore oil and gas. Once a strong earthquake occurs, great
economic losses and environmental pollution can be caused due to the seabed liquefaction
surrounding the pipeline. Unlike the territory counterparts, the submarine pipelines are
subjected to long–term ocean environmental loadings, such as ocean waves and currents.

Extensive research has been conducted on the dynamic response of submarine pipelines
under the action of ocean waves [1–14]. However, very limited concern is given to the
seismic stability of submarine pipelines, especially for those buried in the liquefiable seabed.
Earthquake–induced liquefaction of the seabed will lead to great damage to the submarine
pipeline. Until the submarine pipelines became an important part of the offshore oil and
gas industry, their seismic stability issue gradually attracted the attention of scholars. In
the late 1970s, assuming pipelines as rigid structures, Nath and Soh [15] firstly studied the
interaction between the seabed and the pipeline under seismic loading, considering the
nonlinearity of the seabed soil. Later, the lumped-mass model was used to analyze the
seismic response of submarine pipelines subjected to random ground motion by Datta [16].
The results showed that the seismic response of submarine pipelines was obviously dif-
ferent from that of territory pipelines due to the site conditions and the buried depth of
pipelines. Yan et al. [17] established a model of seabed–pipeline interaction and studied the
influencing factors, such as wall thickness, radius and buried depth, on the strain response
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of a pipeline under the El Centro seismic wave. Based on the fluid–structure coupling anal-
ysis model, Deng et al. [18] established a long-span submarine flexible pipeline model by
using finite element software, ADINA, and analyzed the seismic response of the submarine
pipeline. Luan and Zhang [19] studied the accumulation of excess pore pressure around the
pipeline under seismic loading. However, in the previous studies, few attention has been
given to the seismic response of the trenched pipeline with backfilling. The seabed–trench–
pipeline interaction has a predominant role on the stability of the pipeline under cyclic
loadings associated with earthquake events and ocean waves [20]. Furthermore, the effects
of seabed liquefaction and plastic deformation were not well considered in the seismic
response analysis of the submarine pipeline [21–23]. The seismic response of underground
structures is mainly controlled by the surrounding soil. Thus, the seismically induced
liquefaction and large deformation have remarkably adverse effects on shallow-buried
submarine pipelines.

In this research, typical borehole data in the Bohai strait are chosen as the site condition,
with reference to the Bohai strait, China. The Bohai strait, rich in oil and gas resources, has
an area of about 77,000 km2, with the north–south length and the east–west length of the
Bohai strait being, respectively, about 480 km and 300 km. There are two main fault zones
in the Bohai sea, Yingkou–Weifang section of Tanlu fault zone and Zhangjiakou–Bohai
active fault zone, which promote the frequent seismic activity in this region. Three strong
earthquakes with magnitude 7 or even higher occurred in the middle of the Bohai strait
historically. Figure 1 shows the important faults in the Bohai strait and the distribution
of historical strong earthquakes. The seabed soil–submarine pipeline interaction model is
established incorporating the nonlinear hysteresis and large deformation after liquefaction
of the seabed soil. The seismic response of the submarine pipeline under combined action
of earthquake and waves is studied and the influence of the trench backfilling on the seabed
liquefaction around the pipeline and the induced uplift is further analyzed.
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Figure 1. Distribution of major faults and historical strong earthquakes in the Bohai Sea. 
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2. Research Method
2.1. Governing Equation

In the framework of Biot’s dynamic consolidation equation and the effective stress
principle, the dynamic effective stress analysis method of saturated two–phase medium
with soil skeleton–pore water interaction is established and the governing equation can be
expressed as follows:
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where
.
σsij is the stress increment tensor of the saturated soil, δij is the Kronecker delta

and p is excess pore water pressure. G is the shear modulus of the soil skeleton, ui is the
displacement vector of soil skeleton, εv = ε jj is the volume strain tensor, ρ is the density
of the soil skeleton and pore water, v is Poisson’s ratio, ns is soil porosity, γw is the unit
weight of water in the pore, k is soil permeability, Kf is the volume compressibility of pore
water, Kw is the elastic modulus of water, Sr is the degree of saturation and pw = p0 + p is
absolute pore water pressure.
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2.2. Constitutive Model

The Davidenkov skeleton curve extended by the Masing rule is used to describe the
nonlinear stress–strain relationship of seabed soil in the elastic range. The skeleton curve is
modified by the Mohr Coulomb failure criterion to describe the large plastic deformation
when the seabed soil is close to liquefaction and after liquefaction [12,13,24]. The cyclic
stress–strain relationship is shown in Figure 2.
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A large number of laboratory tests show that the rearrangement of soil particles caused
by cyclic shear is accompanied by the compression of soil skeleton and the rise of residual
pore water pressure. The calculation of plastic volume strain per cycle is added to the
constitutive model, as the source term of residual pore water pressure accumulation in
Biot’s dynamic consolidation equation [25,26]:

∆εvd

(γ− γth)
C3

= C1 exp

{
−C2

εvd

(γ− γth)
C3

}
, (5)

where γ = amplitude of cyclic shear strain, εvd = accumulated volumetric strain from
previous cycles, C1, C2, C3 = model constants for the soil in question and γth is volumetric
threshold shear strain.

The softening phenomenon of soil under cyclic loading is described by the modulus
degradation model and the residual pore water pressure is taken as the degradation
parameter [27]:

Gt
max = G0

max

√
σ′p − p

σ′p
= G0

max
√

1− ru, (6)

where Gt
max is the maximum shear modulus at time t and p is residual pore water pressure.

2.3. Method Validation

The combined action of earthquake and ocean wave–current loading will form an
elliptical stress path in the deviator stress and shear stress space of the seabed soil element,
which is similar to the stress path formed in the laboratory soil element test under bidi-
rectional loading. Therefore, the effective stress method proposed in this paper is used to
simulate the cyclic loading test of Nanjing fine sand under bidirectional loading to verify
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the effectiveness of the proposed method. The loading path of the cyclic loading test is
shown in Figure 2, with a cyclic stress ratio CSR = 0.15, a/b = 1, β = 0. The relative density of
the sample is Dr = 50%, the saturation weight γ = 19.2 KN/m2, the initial effective confining
pressure is 100 kPa and the parameters used in the simulation are shown in Table 1.

Table 1. Parameters of element test.

Gmax ν A B γ0 C1 C2 C3 c φ Ten

50 MPa 0.3 1.02 0.35 4 × 10−4 0.43 0.93 1.01 0 30◦ 0

Figure 3 shows the time history of excess pore water pressure obtained by the method
proposed in this paper and the laboratory test using the automated hollow cylinder ap-
paratus, as published in Zhao et al. [28]. One may note that the prediction results of the
proposed method are in relatively good agreement with the laboratory test data. The
deviation might be due to the fact that in the proposed model, the plastic volume strain
and the residual excess pore water pressure are calculated at each cycle, not at each time
step. However, the proposed method is able to predict the overall trend of the development
of excess pore water pressure of the soil element under bidirectional loading. At the same
time, the increase in the residual excess pore water pressure leads to the attenuation of soil
skeleton modulus and the gradual amplification of oscillatory pore water pressure.
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3. Numerical Analysis Model
3.1. Model Construction

Taking a typical borehole in the Bohai Sea as the site condition, a schematic diagram
of the borehole and the corresponding normalized modulus and damping ratio of soil are
shown in Figure 4.

A section of submarine pipeline is selected for analysis and the seabed–pipeline
interaction model is shown in Figure 5. The diameter of the pipeline is 2 m with a segment
thickness of 0.2 m and a buried depth of 2 m. The carbon steel is adopted for the submarine
pipeline. The depth of the trench is 3 m, the width of the bottom of the trench is 4 m and
the slope ratio of the trench is 1:2. The four-node equal strain finite difference element is
used to establish a uniform grid layout and the size of grid in the computational domain
in the wave propagation direction is limited to one–eighth to one–tenth of the shortest
wavelength, corresponding to the cut–off frequency of the seismic wave propagation in
the soil layer [29]. Mesh sensitivity was performed carefully before the analysis to achieve
the balance of computational efficiency and accuracy. In the current model, the grid size
of the seabed soil is 1 m × 1 m and the grid size of the pipeline is 0.1 m × 0.1 m. In
addition, the influence of the trench backfilling around the submarine pipeline on the
seismic response of the pipeline is considered. The parameters of seabed soil and of the
pipeline are, respectively, shown in Tables 2 and 3. The assumed soil parameters are
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calibrated from the shear stiffness and damping ratio curves of natural marine sediments
from a typical borehole at the Bohai Strait.
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Figure 4. Soil profile, shear wave velocity profile and shear modulus reduction and damping ratio
curves for the marine sediments from a typical borehole at the Bohai Strait.
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Table 2. Parameters of seabed soil.

Characteristics Silt Silty Clay Fine Sand Trench Backfilling

Soil porosity (ns) 0.50 0.35 0.50 0.50

Poisson’ ratio (ν) 0.30 0.25 0.25 0.30

Reference initial shear modulus(
Gref

max,0

) 6.5 × 104 (kN/m2) 3 × 104 (kN/m2) 8 × 104 (kN/m2) 6.5 × 104 (kN/m2)

Soil permeability (k) 10−5 (m/s) 10−8 (m/s) 10−4 (m/s) 10−4 (m/s)

Coefficient of lateral earth
pressure (K0) 0.42 0.42 0.42 0.42

Submerged specific weight of
soil (γ′) 10 (kN/m3) 8 (kN/m3) 12 (kN/m3) 12 (kN/m3)

Degree of saturation (Sr) 1 1 1 1

Relative density (Dr) 50% 60% 70% 50%

Davidenkov Model

A 1.03 0.96 1.02 1.03

B 0.50 0.47 0.48 0.50

γ0 (×10−4) 1.80 7.30 17.90 1.80

C1 0.43 – 0.67 0.43

C2 0.93 – 0.6 0.93

C3 1.10 – 1.25 1.10

Mohr–Coulomb model

Cohesive strength (c) 0 5 kPa 0 0

Internal friction angle (φ) 30◦ 25◦ 35◦ 30◦

Tensile strength (Ten) 0 0 0 0

Table 3. Parameters of submarine pipeline.

Young’s Modulus (E) Poisson’s Ratio (ν) Density (ρ) Buried Depth (h)

2 × 1011 (kN/m2) 0.25 7800 (kg/m3) 2 m

The zero-thickness interface element [30] is used to simulate the interaction between
the pipeline and the surrounding seabed soil. The interface is controlled by normal stiffness,
tangential stiffness and sliding parameters. There is no overlap between the seabed soil
and the pipeline, and the relative sliding between the seabed soil and the pipeline occurs
after the yielding of the interface. The normal stiffness and the tangential stiffness of the
interface are much larger than those of the surrounding seabed soil. The normal and the
tangential stiffness can be taken as 10–times the equivalent stiffness in the surrounding
seabed soil [31], which can be expressed as follows:

K + 4/3G
∆zmin

, (7)

where K and G are bulk modulus and shear modulus of the seabed soil, respectively, and
∆zmin is the minimum width of the element near the interface.

According to Coulomb’s law of friction, when the shear stress at the interface element
exceeds the friction resistance, relative sliding occurs:

|τ| ≥ σ′nµ, (8)
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where σ′n is effective normal stress at the interface element and µ is the friction coefficient
between the pipeline and surrounding seabed soil, which is 0.7 in the current study.

An artificial boundary composed of linear elastic spring and damper is used at the
side and the bottom of the model to limit the size of the calculation area. The influence
of dynamic response of the side boundary can be ignored when the horizontal distance
between the side boundary and the structure is at least 10–times the width of the structure
and the transverse width of the model is 200 m. The shear wave velocity greater than
500 m/s is taken as the seismic bedrock surface and the depth of the model is 100 m, with a
critical damping ratio of 5%.

3.2. Model Input Selection

The actual recordings are considered to suitably represent the characteristics of near-
field motions. Therefore, the ground motion time series of a real earthquake records with
similar magnitude and epicenter distances of the historical earthquakes in Bohai strait,
i.e., PRP station record of the 2010 Darfield earthquake, are selected to behave as the
frequency spectral characteristics of input bedrock motions: the original acceleration time
histories and spectral accelerations at a damping ratio of 5% from the records of the Darfield
earthquake are shown in Figure 6, respectively.
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The periodic wave and current loading are simulated by a periodic surface pressure
at the seabed surface according to the potential flow theory. The third–order analytical
solution by Hsu et al. [32] is applied to determine the periodic fluid pressure pb at the
seabed surface, which can be written as follows:

Pb = ρfgH
2 cosh βd [1−

ω2β2 H2

2(U0β−ω0)
] cos(βx−ωt)

+ 3ρf H2

8

{
ω0(ω0−U0β)

2sinh4βd
− gβ

3sinh2βd

}
cos 2(βx−ωt)

+ 3ρfβH3ω0(ω0−U0β)
512

(9−4sinh2βd)
sinh7βd

cos 3(βx−ωt)

(9)

where β = wave number, ω = wave frequency, H = wave height due to wave–urrent interac-
tions, d = water depth and U0 = current velocity. The dispersion equation is expressed by

ω = ω0 + (βH)2ω2, (10)

where ω0 = U0β +
√

gβtanhβd

ω2 =
(9 + 8sinh2βd + 8sinh4βd)

64sinh4βd
(ω0 −U0β), (11)

If no current follows the wave (U0 = 0 m/s), the aforementioned analytical solution is
reduced to the classic third–order solution of the nonlinear wave. The input parameters of
ocean wave and current are given in Table 4.

Table 4. Parameters of wave and current.

Wave Height (H) Wave Period (T) Water Depth (d) Current Speed (v)

6 (m) 6 (s) 10 (m) 1 (m/s)

4. Results and Discussion

In this section, special attention is paid to the detailed investigation of progressive
liquefaction around the trenched pipeline (Section 4.1) and the phenomena occurring close
to the pipeline–trench–seabed interface under seismic loading (Section 4.1). Section 4.2
attempts to interpret the mechanism of seismically induced liquefaction and uplift of the
pipeline with backfilling trench.

4.1. Liquefaction Initiation of Seabed around the Trenched Pipeline

Figure 7 compares the entire buildup process of excess pore water pressure of the soil
element at the side (P1) and bottom (P2) of the pipeline for the case with and without trench
backfilling. Obviously, the ocean wave and current lead to intensive periodic oscillations of
excess pore water pressure induced by seismic loading. Compared with the case without
trench backfilling, the excess pore water pressures at P1 and P2 accumulate much more
slowly and, eventually, reach a lower value for the case with trench backfilling. For the
case without trench backfilling, the excess pore water pressure at P2 reaches 45 kPa at
25 s, which is much larger than that for the case with trench backfilling. The saturated soil
under seismic loading is accompanied by the buildup and partial drainage of the excess
pore water pressure and the high permeability of the trench backfilling further accelerates
the drainage.
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Figure 8 compares the progressive liquefaction process of the seabed around the
pipeline for the case with and without trench backfilling. Liquefaction first occurs at the
seabed surface and gradually spreads downward and finally wraps the pipeline. Residual
and transient liquefaction occur simultaneously under seismic and ocean wave and current
loading. Transient liquefaction occurs near the seabed surface at the ocean wave crest
and moves with the propagation of the ocean wave. Following seismic loading, due to
the compaction of soil skeleton and the free drainage condition of the seabed surface,
the excess pore water pressure in the seabed begins to dissipate, resulting in obvious
reconsolidation phenomenon. For the case with trench backfilling, no liquefaction occurs
in the trench backfilling around the pipeline and the maximum excess pore water pressure
ratio is in a range from 0.2 to 0.4. Meanwhile, no liquefaction occurs in the seabed soil
under the pipeline for the case with trench backfilling and the maximum excess pore water
pressure ratio is about 0.6 to 0.8. Thus, the stability of the pipeline is greatly affected by
the surrounding soil and the existence of trench backfilling is conducive to the stability of
the pipeline.

Seismically induced soil liquefaction leads to large deformation and plastic flow of
soil around the pipeline. Figure 9 shows the shear stress–strain curve at the side (P1) of the
pipeline for the case with and without trench backfilling. The ultimate shear strain under
seismic loading without trench backfilling reaches 0.3%, which is two–times the case with
trench backfilling. This is because no liquefaction occurs around the pipeline under the case
with trench backfilling. When liquefaction occurs, low effective confining stress leads to
the rapid reduction in the shear modulus of the soil, resulting in large plastic deformation.
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4.2. Liquefaction-Induced Uplift of the Pipeline with Backfilling Trench

Figure 10 compares the time history of the pipeline uplift for the case with and without
trench backfilling. The accumulation of excess pore water pressure and residual liquefaction
of seabed around the pipeline leads to the uplift of the pipeline. The uplift of the pipeline
occurs at 20 s and begins at the seabed liquefaction around the pipeline. Obviously, the
uplift of the pipeline lags behind the accumulation of excess pore water pressure. For the
case without trench backfilling, the maximum uplift is 34.5 cm and the pipeline suffers
periodic oscillation during the uplift, which is caused by the wave and current propagation
along the seabed. This periodic oscillation has adverse effects on the stability of the pipeline.
The existence of trench backfilling reduces the uplift of the pipeline, which is about 6.6 cm.
In addition, the periodic oscillation caused by wave and current propagation is also greatly
relieved. It should be noted that once a strong earthquake occurs in the Bohai strait, the
submarine pipelines may suffer severe damage due to the extensive uplift, leading to
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interruption of oil and gas transportation, oil and gas leakage, extensive economic losses
and serious ecological problems.
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A major finding in this study is that the current practice in seismic response analysis,
neglecting the effect of trench backfilling on the seabed liquefaction and pipeline uplift may
not always hold true. The effect has major consequences on the over–assessment of the
development of the pipeline uplift at liquefiable seabed, thereby leading to conservative
design requirements of the trenched marine structures. The proposed model can describe
marine sediments around a trenched pipeline well up to the occurrence of liquefaction
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under cyclic loading, which can provide an efficient tool to evaluate the earthquake–related
damage severity of the pipelines buried in the liquefiable seabed.

5. Conclusions

The Davidenkov skeleton curve associated with the Masing rule and Mohr–Coulomb
failure criterion is used to describe the stress–strain relationship of seabed soil and the
calculation of plastic volume strain is added as the source term of the accumulation of excess
pore water pressure in Biot’s dynamic consolidation equation. The seabed liquefaction and
the uplift of the pipeline under seismic loading are analyzed, considering the ocean wave
and current propagation. The conclusions are as follows:

(1) Seismic loading leads to a rise in excess pore water pressure and liquefaction in seabed
soil and the wave and current contributes to the periodic oscillation in the rise in
excess pore water pressure in the seabed soil. Following seabed liquefaction, the pore
water flows upward and the seabed is, thereby, reconsolidated.

(2) Compared with the case without trench backfilling, the excess pore water pressure
rises more slowly in trench backfilling under seismic loading and no liquefaction
occurs. The liquefaction of seabed soil at the pipeline bottom is mitigated due to the
existence of trench backfilling.

(3) The seismically induced liquefaction leads to the uplift of the pipeline. The uplift
of the pipeline lags behind the accumulation of excess pore water pressure at the
surrounding seabed soil, which occurs following seabed liquefaction.

(4) The existence of trench backfilling reduces the uplift of the pipeline and eliminates
the oscillation caused by ocean wave and current during the uplift process.

Once a strong earthquake occurs in the Bohai strait, the submarine pipelines may
suffer severe damage, leading to an interruption in oil and gas transportation, oil and
gas leakage, extensive economic losses and serious ecological problems. The proposed
model can describe marine sediments around a trenched pipeline well up to the occurrence
of liquefaction under cyclic loading, which can provide an efficient tool to evaluate the
earthquake-related damage severity of the pipelines buried in the liquefiable seabed.
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Abstract: When an earthquake occurs, it can strongly shake high-speed railway bridges. Conse-
quently, the dynamic displacement of the rail on the bridge may exceed the allowable standard.
However, few studies have evaluated the probability of rail displacement exceeding the allowable
standard, compared to the rich variety of research on the vulnerability of other components of the
high-speed railway track-bridge system or other structures. In this paper, incremental dynamic
analysis (IDA) is applied to calculate the exceeding probability of rail displacement under different
earthquake excitations. A finite element model (FEM) of a high-speed railway track-bridge system
is established, which consists of a finite length CRTS II ballastless track laid on a five-span simply
supported girder bridge. Records from five stations in the PEER NGA−West2 strong ground motion
dataset are selected as seismic excitation. Based on the simulation, the characteristics of the vertical
displacement of the rail under different seismic excitations are investigated, and the probability of
the vertical displacement of the rail exceeding the allowable standard is calculated using IDA. The
results show that: (1) the vertical displacement of the rail above the abutment is significantly smaller
than that above other parts of the bridge; (2) the vertical irregularity of the rail caused by earthquakes
has a wavelength close to the length of a simply supported girder; (3) under some excitations, two
bumps are observed in the Fourier displacement spectrum in the frequency range of 1.3–2.5 Hz and
10–12 Hz, respectively, which may indicate the resonance of the model to the excitation; and (4) the
vertical displacement amplitude probability of the rail exceeding 2 mm is 44%, 89%, and 99% when
PGA = 0.01 g, 0.20 g, and 0.40 g, respectively. The exceeding probability of the rail above the mid-span
is larger than that above other parts of the bridge. Within the mid-span, the exceeding probability of
the rail is the largest above the center of the bridge.

Keywords: incremental dynamic analysis; displacement time history analysis; Fourier spectrum
analysis; vertical irregularity; exceeding probability of displacement

1. Introduction

High-speed railway (HSR) has become the future development direction for the
railway system in China due to the high passenger carrying capacity and operating speed
of the high-speed train [1,2]. At present, the HSR mainly operates on bridges instead of
on roads [3]. For many high-speed railways, however, the construction has to pass high-
intensity areas. An earthquake may cause strong shaking of a high-speed railway bridge,
leading to the dynamic displacement of the rail on the bridge exceeding the allowable
standard. Generally, the rail irregularity caused by the earthquake can deteriorate safety,
passenger comfort [4], and interaction with other infrastructures [5]. Therefore, the dynamic
displacement of the rail exceeding the allowable standard may also threaten the running
safety of the high-speed train.
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The rail is the component of the HSR in direct contact with the vehicle. Therefore, a
lower dynamic displacement of the rail is key to the high-speed train running safely on
the bridge under seismic excitation. The rail of the China HSR has very strict smoothness
requirements. The limit for vertical displacement of the rail is ±2 mm on the China
HSR, with a design speed of 200–350 km/h [6]. However, the existing studies mainly
investigate the dynamic displacement regularities of the rail on the bridge caused by
the influence of the track-bridge system and earthquakes. For example, under seismic
excitation, earthquakes cause vibration displacement of the bridge [7], which greatly
influences the vertical displacement of the rail [3]. The height of the pier will also influence
the vertical displacement of the rail [8]. A high proportion of the CRTS II slab ballastless
track structure (CRTS II SBTS), an important component of the high-speed railway of
China, operates on bridges [9]; providing a high degree of rail smoothness and ensuring
high comfort, stability, and safety of the high-speed train. The loss of CRTS II SBTS
performance will deteriorate the performance of the rail under seismic excitation. For
example, the cement asphalt mortar (CA mortar), an interlayer structure of the CRTS II
SBTS, affects the vertical vibration of the rail due to an increase in the elastic modulus
of the CA mortar or the loss of the adhesion performance of the CA mortar [10,11]. The
fastener, an important component of the CRTS II SBTS, restrains the rail to the track
plate. The displacement amplitude of the rail will increase obviously under earthquake
excitation due to the increased longitudinal resistance of fasteners, which would lead to
the exceeding failure of the rail [12,13]. Not only does the track-bridge system affect the
dynamic displacement of the rail, but the earthquake is also a critical factor affecting the
vertical displacement of the rail in the seismic analysis. Many researchers have investigated
the dynamic displacement of the rail as influenced by pulse-type ground motions [12,13],
the input component of the ground motions [14–16], the critical input direction of the
ground motions [16], the non-uniform excitation of the ground motions [17], and the spatial
variability of ground motions [18]. Moreover, earthquakes are a single random process
that cannot be reproduced, with considerable variability and uncertainty [19], and the
typical dynamic analysis cannot connect the intensity of ground motion and the degree of
structural damage to estimate the dynamic capacity of the rail against the earthquake load.
The vulnerability analysis may be a suitable method by giving a fragility curve to evaluate
the probability that structures exceed the allowable standard.

However, few studies have evaluated the probability of the earthquake-induced
displacement of the rail exceeding the allowable standard, compared to the wealth of
research on the vulnerability analysis of other components of the high-speed railway track-
bridge system [15,20–22] and other structures [23–27]. In the field of high-speed railway
track-bridge systems, researchers mainly investigate the vulnerability of the bridge [20,22],
the component of the ballastless track structure [21], and the uplift of wheels from the
rail [15]. In contrast, the study of the rail exceeding the allowable standard is almost blank.
At present, the incremental dynamic analysis (IDA) proposed by Bertero [28] is widely used
to evaluate the vulnerability of structures, which scale the earthquake records step by step
and incrementally. The important advantage of this method is the better investigation of the
structural behavior during severe earthquakes, as well as showing the changes in structural
response with increasing earthquake intensity [29,30]. Although the computational cost of
the IDA method is very high, IDA provides a better estimation of the dynamic capacity of
the structure against the earthquake load [29]. The seismic vulnerability curves calculated
based on the IDA describe the relationship between the intensity of ground motion and
the degree of structural damage, which is a powerful tool for assessing structural seismic
risk. Therefore, the main purpose of this study is the use of the IDA method to evaluate the
exceeding probability of the earthquake-induced dynamic displacement of rail, also called
the probability of exceeding certain limits of earthquake-induced dynamic displacement
of rail. This study may be the first attempt to evaluate the exceeding probability of the
earthquake-induced dynamic displacement of the rail and may be an extension that applies
the IDA to the vulnerability analysis of the high-speed railway.
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In this paper, the IDA is applied to calculate the exceeding probability of rail displace-
ment under different earthquake excitations. A finite element model (FEM) of a high-speed
railway track-bridge system is established, which consists of a finite length CRTS II SBTS
laid on a five-span simply supported girder bridge. Ground motion records from five
stations in PEER NGA−West2 strong ground motion dataset are selected as seismic ex-
citation. Based on the simulation, the characteristics of the vertical displacement of the
rail under different seismic excitations are investigated, and the probability of the vertical
displacement of the rail exceeding the allowable standard is calculated using IDA.

2. Methodology

In the typical IDA of structures [31,32], the ground motion records are scaled up until
the structure is destroyed, which is evaluated by given damage rules. However, in this
study, evaluating the exceeding probability of earthquake-induced dynamic displacement
of the rail is the primary objective. High-speed railways have higher requirements for
smoothness than ordinary railways; therefore, taking the whole destruction state as the end
sign of IDA is unsuitable. In order to investigate the exceeding probability of earthquake-
induced displacement of the rail of the high-speed railway, peak ground acceleration (PGA)
is selected as the intensity measure of the ground motion records according to the Code
for Seismic Design of Railway Engineering [33]. Furthermore, scaling the PGA of ground
motion records within the range of PGA ≤ 0.40 g is proposed according to the Code for
Seismic Design of Buildings [34]. The steps of the IDA-based exceeding probability of
earthquake-induced dynamic displacement of the rail include:

1. Select the ground motion records and the intensity measure of the ground motion records;
2. Scale the PGA of the selected records to different excitation levels within the range of

PGA ≤ 0.40 g;
3. Establish a FEM model for the exceeding probability of the earthquake-induced

dynamic displacement of the rail;
4. Perform a non-linear dynamic response analysis;
5. Obtain the vertical displacement of the rail;
6. Perform a linear regression analysis and construct response probability functions of

earthquake-induced dynamic displacement of the rail;
7. Define the limit states;
8. Construct the exceeding probability curves of earthquake-induced dynamic displace-

ment of the rail.

3. Selection and Scale of Ground Motion Records

Earthquakes are selected with the Mw ≥ 6, the standard magnitude in the China
Earthquake Network of great earthquakes. All the selected ground motions records are
near-fault ground motions with the RJB < 25 km. The ground motion records are also
selected with PGA > 0.05 g, the peak ground motion acceleration corresponding to the
six-degree area in the Code for Seismic Design of Buildings [34]. At this stage, the great
near-fault ground motions are selected to ensure the intensity of the earthquake. Moreover,
according to Chandler’s classification [35], the ground motion records are divided into
three sets based on the ratio of PGA and peak ground velocity (PGV). Records classified
in the low PGA/PGV range with PGA/PGV < 0.8 g/(m/s), whereas records classified
in the high PGA/PGV range with PGA/PGV > 1.2 g/(m/s). Records classified as the
intermediate range with PGA/PGV between 0.8 and 1.2 g/(m/s). Each category can create
resonance responses for specific structures [35]. Therefore, in this paper, earthquakes are
selected from all three categories to have a chance to create more critical responses to the
rail laid on the bridge.

Ground motion records selected from five stations in the PEER NGA−West2 strong
ground motion dataset are shown in Table 1 and Figure 1. In this paper, earthquakes
are represented by labels in Table 1. Each ground motion record includes two horizontal
components and one vertical component. An input group consists of one horizontal
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component and one vertical component of ground motion, which are inputted into the
model. For example, the first input group consists of ELC−H1 and ELC−UP, and the
second consists of ELC−H2 and ELC−UP. Response spectra of the ground motions are
also depicted to show the differences between those selected ground motions, as shown
in Figure 2. According to the Code for Seismic Design of Railway Engineering [33], the
intensity measure of PGA was selected to scale the acceleration amplitude of ground
motion records. According to the Code for Seismic Design of Buildings [34], the PGA of
earthquakes is then scaled to the excitation levels of PGA = 0.01 g, 0.025 g, 0.05 g, 0.10 g,
0.15 g, 0.20 g, 0.25 g, 0.30 g, 0.35 g, and 0.40 g, respectively. Then ten input groups make a
total of 100 seismic excitations groups, inputted to the bottom of the piers. The horizontal
component of ground motion is applied in the X direction, and the vertical component of
ground motion is applied in the Y direction. The X direction is along the bridge and the Y
direction is vertical to the bridge, as illustrated in Figure 3.
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Table 1. Ground motion records selected from the PEER NGA−West2 strong ground motion dataset.

Earthquakes Stations Labels MW
RJB

(km) Component PGA
(g)

PGV
(m/s)

PGA/PGV
g s/(m)

Imperial
Valley−02

El Centro Array #9 ELC 6.95 6.09
H1 0.28 0.31 0.90
H2 0.21 0.31 0.68
UP 0.18 0.09 2.00

Coalinga−01 Pleasant Valley P.P. −yard PVY 6.36 7.69
H1 0.60 0.60 1.00
H2 0.53 0.39 1.36
UP 0.37 0.16 2.31

Chalfant
Valley−02

Bishop−LADWP South St LAD 6.19 14.38
H1 0.25 0.20 1.25
H2 0.18 0.20 0.90
UP 0.14 0.07 2.00

Superstition
Hills−02 Westmorland Fire Sta WSM 6.54 13.03

H1 0.17 0.23 0.74
H2 0.21 0.32 0.66
UP 0.23 0.09 2.56

Kobe
Japan

Kakogawa KAK 6.90 22.5
H1 0.24 0.21 1.14
H2 0.32 0.27 1.19
UP 0.17 0.11 1.55
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4. FEM Model of the High-Speed Railway Track-Bridge System

The 2D FEM model of a high-speed railway track-bridge system is established using
ABAQUS, consisting of a five-span simply supported girder bridge with CRTS II SBTS.
The length of each span is 32.4 m, and the total length of the model is 282.1 m. The pier is
8-m-high and made of C35 concrete. The girder bridge has a single box section made of
C50 concrete. The friction plate is 52-m-long and made of C40 concrete. The rail is made of
60 kg/m steel, connected to the track plate through fasteners with a spacing of 0.65 m. The
CRTS II SBTS includes the track plate, CA mortar layer, and base plate. The track plate is a
0.2-m-thick precast slab made of C60 concrete. The base plate is a 0.19-m-thick slab made of
C40 concrete. A 0.03-m-thick CA mortar layer is filled between the track plate and the base
plate. The sliding layer is between the base plate and the bridge, and between the base plate
and the friction plate. The sliding of the base plate on the bridge is limited by the shear slot.
The configuration of the FEM model of the track-bridge system is illustrated in Figure 3. In
the model, the rail, track plate, base plate, box girder, and pier are all established by a beam
element. The fastener, CA mortar layer, sliding layer, shear slots, fixed bearing, sliding
bearing, and the interaction between pier and foundation are simulated by spring. The
vertical stiffness of the shear slot, the fixed bearing, and the sliding bearing is rigid [36].
Sections, densities, elasticity modulus, damping, and force-displacement curves (F−D
curves) for various elements are shown in Tables 2 and 3 and Figure 4 [36–39].

Table 2. Sections, densities, elasticity modulus, and damping coefficients for various components.

Component
Sections

Width × Height (m)
Densities
(kg/m3)

Elasticity
Modulus (Pa)

Damping
Coefficients

α β

Rail — 7850 2.06 × 1011 7 1.00 × 10−6

Track plate 2.55 × 0.10 2500 3.65 × 1010 — —

Base plate 2.95 × 0.19 2500 3.25 × 1010 — —

Box girder 10.21 × 3.03 3300 3.55 × 1010 0.26 0.91 × 10−2

Friction plate 9.00 × 0.40 2500 3.25 × 1010 — —

Ground — 2100 1.50 × 108 — —

Pier 5.66 × 1.94 2500 3.30 × 1010 — —

Table 3. F−D curves in the X direction and damping of spring elements.

F−D Curve Spring Elements F (kN) D (mm) Damping (N·s/m)
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The first 10 natural vibration frequencies of the FEM model of the CRTS II slab
ballastless track-bridge system are shown in Table 4.

Table 4. The first ten natural vibration frequencies of the FEM model.

Orders 1 2 3 4 5

Frequency (Hz) 1.498 1.888 1.992 2.431 3.0568

Orders 6 7 8 9 10

Frequency (Hz) 3.663 3.939 4.029 4.307 4.540

The vertical displacement of the rail is mainly compared in this paper at positions 0–5,
as shown in Figure 5, where the red dot represents the compared positions of the vertical
displacement of the rail. Position 0 is above the abutment; Positions 1, 3, and 5 are above
the mid-span; and Positions 2 and 4 are above the pier.
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5. Vertical Displacement of the Rail
5.1. Vertical Displacement of the Rail in Time History Curves

Time history curves of the vertical displacement of the rail above the abutment, mid-
span, and the pier are compared after inputting 100 seismic excitation groups into the
bottom of each pier. Limited by the article space, three cases of the time history curves
of vertical displacement of the rail are shown, including the ELC−H1 with PGA = 0.01 g
and 0.40 g, and the KAK−H2 with PGA = 0.40 g, as shown in Figure 6. The light green
solid line represents the vertical displacement time history curve of the rail at position 0,
corresponding to the position above the abutment.

As shown in Figure 6, the vertical displacement of the rail at position 0, corresponding
to the position above the abutment is comparable to that at positions 1–5, corresponding
to positions above the mid-span and the pier under seismic excitation, when the vertical
displacement of the rail is positive. That may be because the distance between the abutment
and the bridge is small; CRTS II SBTS is longitudinally continued. Under seismic excitation,
the CRTS II SBTS above the abutment moves together with that above the bridge because
the CRTS II SBTS above the abutment is adjacent to and is restrained to that above the bridge.
Then the rail moves together with the CRTS II SBTS. Therefore, the difference between
the vertical displacement of the rail above the abutment and other parts of the bridge is
small when the vertical displacement is positive. However, the vertical displacement of
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the rail above the abutment is obviously smaller than that above other parts of the bridge
under seismic excitation when the vertical displacement of the rail is negative. That may
be due to the hard compression of the components above the abutment when the vertical
displacement of the rail is negative.
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Figure 6. Vertical displacement time history curves of the rail at Position 0–5.

Figure 6 also shows that the displacement variation trend is comparable between verti-
cal displacement time history curves of the rail at the same position when PGA = 0.01–0.40 g.
However, the displacement amplitude of the rail is different. For example, in the action of
ELC−H1 with PGA = 0.01–0.40 g, the maximum positive vertical displacement of the rail
increases from approximately 1.5–60 mm, the maximum negative vertical displacement
of the rail above the abutment increases from approximately 0.7–28 mm, and the maxi-
mum negative vertical displacement of the rail above the mid-span and the pier increases
from approximately 1–41 mm. Variation trends of the vertical displacement time history
curves of the rail vary when earthquakes are different, which may be because the PGA, the
frequency, the energy, and other parameters of various strong motions are different.

The amplitude and frequency of the vertical displacement time history curves of the
rail changed obviously to the action of the PVY−H2 with PGA = 0.20 g compared to that
under the action of the PVY−H2 with PGA = 0.15 g, as shown in Figure 7.
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Figure 7. Vertical displacement time history curves to the action of PVY−H2.

In the action of PVY−H2 with PGA = 0.20 g, an obvious increase in the vertical
displacement amplitude of the rail can be observed. In addition, a high-frequency vibration
in the vertical displacement of the rail can be observed at positions 1–5, corresponding to
positions above the mid-span and the pier, which is not obvious at position 0, corresponding
to the position above the abutment. The change in vertical displacement amplitude and the
vibration frequency can be observed from the action of PVY−H2 with PGA = 0.20 g rather
than PVY−H2 with PGA = 0.15 g, which may be because of the frequency of the PVY−H2
with PGA = 0.20 g close to a natural frequency of the model. Therefore, in the action of
PVY−H2 with PGA = 0.20 g, the resonance of the model occurs. Moreover, the resonance
frequency may be the natural frequency of the lower vibration mode of the model and
significantly influences the vertical displacement of the rail.

5.2. Vertical Irregularity along the Bridge of the Rail

The vertical irregularity of the rail along the bridge is shown at the moment of the
largest vertical displacement of the rail under seismic excitation at position 5. Limited by
the article space, six cases of the vertical irregularity curves of the rail along the bridge
are shown, including the ELC−H1 with PGA = 0.01 g and 0.40 g, the LAD−H1 with
PGA = 0.01 g and 0.40 g, and the KAK−H2 with PGA = 0.01 g and 0.40 g, respectively. As
shown in Figures 7 and 8, the vertical irregularity curves of the rail along the bridge are
shown by the positive and negative vertical displacement of the rail, respectively.
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Although the shape of vertical irregularity curves of the rail along the bridge is
different, the vertical irregularity of the rail caused by earthquakes has a wavelength close
to the length of a simply supported girder. That may be because the vertical displacement
of the rail on the bridge is affected by the girder and the vertical displacement of each
simply supported girder is comparable under seismic excitations. Although the shape
of the vertical irregularity curves of the rail along the bridge is comparable, the vertical
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displacement amplitude of the rail increases with PGA. For example, the minimum and
maximum vertical displacement of the rail along the bridge is 0.02 mm and 0.2 mm when
PGA = 0.01 g, respectively. The minimum and maximum vertical displacement of the rail
along the bridge is 0.5 mm and 7 mm when PGA = 0.40 g, respectively. The “L” shape
of the rail above the connection between the abutment and the bridge can be observed
significantly when the vertical displacement of the rail is negative, as shown in Figure 9,
which may be due to the component above the abutment being hard to compress. There
is an obvious increment of the vertical displacement of the rail at a longitudinal range of
2.6 m from position 0 above the abutment, which is along the bridge. The average vertical
increment increases from 4–17 mm when PGA = 0.01–0.40 g.
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5.3. Fourier Displacement Spectrum of the Rail

Fast Fourier transform (FFT) is applied to calculate the Fourier displacement spectrum
of the rail. Therefore, the Fourier displacement spectrum of the rail compares different
earthquakes, PGA, and positions in this paper. Limited by the article space, three cases of
the Fourier displacement spectrum curves of the rail are shown in Figure 10, including the
WSM−H1 with PGA = 0.01 g and 0.40 g and the ELC−H1 with PGA = 0.40 g.
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As shown in Figure 10, an obvious bump may be observed in the Fourier displacement
spectrum in the frequency range of 10–12 Hz at positions 1–5, corresponding to positions
above the mid-span and the pier; however, the bump may not be observed in the Fourier
displacement spectrum at position 0, corresponding to the position above the abutment.
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Furthermore, the bump amplitude in the Fourier displacement spectrum of the rail at
positions 2 and 4, corresponding to positions above the pier, is smaller than that at posi-
tions 3 and 5, corresponding to positions above the mid-span. The bump in the Fourier
displacement spectrum of the rail may indicate the resonance of the model to the excitation.
The bump amplitude in the Fourier displacement spectrum of the rail above the mid-span
is larger than that above the pier, which may be due to the larger vertical displacement of
the rail above the mid-span easily caused by earthquake excitation.

Figure 7 shows an obvious change in amplitude and frequency of the vertical displace-
ment of the rail with the action of the PVY−H2 with PGA = 0.20 g. Therefore, in this paper,
the Fourier displacement spectrum of the rail to the action of PVY−H2 with PGA = 0.20 g
is shown in Figure 11, which is compared to that under the action of the PVY−H2 with
PGA = 0.15 g.
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Figure 11. Fourier displacement spectrum of the rail to the action of PVY−H2.

A bump may be observed in the Fourier displacement spectrum in the frequency
range of 10–12 Hz at positions 0, 1, 3, and 5, and a bump can also be observed in the Fourier
displacement spectrum in the frequency range of 1.3–2.5 Hz at positions 2–4, which may
indicate the resonance of the model to the excitation and indicate that two ground motion
frequencies may be approximately the natural frequency of the model. In addition, the
change in the amplitude and frequency of the vertical displacement of the rail may indicate
that the frequency range of 1.3–2.5 Hz may be approximately the natural frequency of the
lower vibration mode of the model, according to Table 4.

The resonance of the model to the excitation may be due to the ground motion
frequency being approximately the natural frequency of the model. A total of 100 cases
are calculated in this paper. However, the obvious change in amplitude and frequency
of the vertical displacement of the rail is only observed from the action of PVY−H2 with
PGA = 0.20 g. The result indicates that it is not easy to cause the resonance of the model
and cause the vertical displacement of the rail with the obvious change in amplitude and
frequency under seismic excitation.

6. Exceeding Probability of the Earthquake-Induced Dynamic Displacement of
the Rail

Curves of the vertical displacement amplitude of the rail changing with PGA are
shown in Figure 12. The gray area represents the range of the vertical displacement
amplitude of the rail at six positions under seismic excitation, and points represent the
average of the vertical displacement amplitude of the rail at six positions.
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It can be observed that the vertical displacement amplitude of the rail increases with
the PGA, and the increasing trend is approximately linear. The vertical displacement
amplitude of the rail differs from the action of earthquake excitations with the same PGA.
For example, the maximum and minimum vertical displacement of the rail are 2.06 mm
and 1.31 mm, respectively, from the earthquake excitation with PGA = 0.01 g. Moreover,
the maximum and minimum vertical displacement of the rail are 92.91 mm and 52.25 mm,
respectively, from the ground motion with PGA = 0.40 g. Finally, an obvious bump can be
observed from the excitation of PVY−H2 with PGA = 0.20 g. As shown in Figures 7 and 11,
this may be due to a resonance of the model being caused, resulting in a large vertical
displacement amplitude of the rail.

In this paper, linear regression is applied to fit the logarithm of PGA to the logarithm
of the vertical displacement of the rail [31]. The general linear regression fitted equation
between the logarithm of PGA and the logarithm of vertical displacement of the rail is
shown in Formula (1).

ln(Dd) = A + B ln(PGA) (1)

where Dd is the vertical displacement of the rail (mm); PGA is the peak ground motion
acceleration (g); and A and B are the coefficients of the fitted equation.

The fitted results of the linear regression are shown in Table 5, where R-square is
the deviation coefficient indicating the correlation degree of the linear regression func-
tion. Coefficients A or B at six positions are comparable, and the R-square of the vertical
displacement linear regression of the rail are all above 0.98, which indicates an excellent
fitted result.

Table 5. Coefficients and R-square of the vertical displacement fitted equation of the rail.

Positions
Coefficients of Fitted Equation

R-Square
A B

0 5.145 1.008 0.9817
1 5.167 1.008 0.9847
2 5.167 1.010 0.9834
3 5.172 1.009 0.9844
4 5.166 1.010 0.9837
5 5.173 1.009 0.9843

High-speed railways have a high requirement for smoothness. Therefore, the driving
safety of the high-speed train may be significantly threatened by the slight displacement of
the rail. Consequently, a 2 mm vertical displacement of the rail is selected as the allowable
standard of the vertical displacement of the rail [6].
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Exceeding probability curves of the vertical displacement can represent the probability
that the dynamic vertical displacement of the rail exceeds the allowable standard from
the action of earthquake excitations with different PGA. The vertical displacement Dd and
bearing capacity Dc of the rail obey the lognormal distribution [21,31]. Thus the exceeding
probability can be defined with a standard normal cumulative distribution function [21,31].
The calculation formula is shown in Formula (2).

P = Φ




ln
(

D̃d/D̃c

)

√
β2

c + β2
d


= Φ




ln
(

eA(PGA)B/D̃c

)

√
β2

c + β2
d


 (2)

where D̃d is the average response of the structure, which can be calculated by the regression
analysis; D̃c is the average structural total bearing capacity, which can be determined
by the limit state of the vertical displacement of the rail; e is the natural constant; βd is
the logarithmic standard deviation of structural reaction; βc is the logarithmic standard
deviation of structural bearing capacity; and Φ(x) is the standard normal cumulative
distribution function. The values of the input parameters are shown in Tables 5 and 6.

Table 6. The values of some input parameters in Equation (2).

Positions D̃c (mm)
√

β2
c+β2

d

0 2 1.1913
1 2 1.1895
2 2 1.1920
3 2 1.1904
4 2 1.1915
5 2 1.1904

The probability curves of the vertical displacement amplitude of the rail exceeding
2 mm at positions 0–5 are shown in Figure 13 under seismic excitation. The average proba-
bility of the vertical displacement of the rail exceeding 2 mm at six positions is comparable
and approximately 44%, 89%, and 99% when the PGA is 0.01 g, 0.05 g, and 0.20 g, respec-
tively. The PGA = 0.05 g is the peak ground motion acceleration corresponding to the areas
with a seismic intensity of 6 degrees in the Code for Seismic Design of Buildings [33]. The
probability of the earthquake-induced dynamic vertical displacement amplitude of the rail
exceeding 2 mm increases with PGA.
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The probability of the earthquake-induced vertical displacement with PGA = 0.01 g,
0.05 g, and 0.20 g of the rail exceeding 2 mm is shown in Figure 14, respectively. The
exceeding probability of the rail above the mid-span is larger than that above the pier
and the abutment, while the exceeding probability of the rail above the abutment is the
minimum. Moreover, the exceeding probability of the rail at position 5, which corresponds
to the position above the center of the bridge, is the largest among positions above the
mid-span. Although there are differences in the exceeding probability of the vertical
displacement amplitude of the rail at different positions, the difference is less than 2%.
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7. Conclusions

In this paper, the IDA is applied to calculate the exceeding probability of rail dis-
placement under different earthquake excitations. An FEM model of a high-speed railway
track-bridge system is established. Based on the simulation, the characteristics of the
vertical displacement of the rail under different seismic excitations are investigated, and
the probability of the vertical displacement of the rail exceeding the allowable standard is
calculated. The main conclusions include:

(1) The vertical displacement of the rail on the bridge is comparable under earthquake
excitations; however, the vertical displacement of the rail above the abutment is significantly
smaller than that above other parts of the bridge when the vertical displacement of the
rail is negative. The variation trend changes with the time of the vertical displacement of
the rail on the bridge are comparable under seismic excitations. The increasing trend of
the vertical displacement amplitude of the rail is approximately linear. The peak vertical
displacement amplitude of the rail is 2.06 mm when PGA = 0.01 g.

(2) The vertical irregularity of the rail caused by earthquakes has a wavelength close
to the length of the simply supported girder. An “L” shape irregularity of the rail caused by
earthquakes can be observed above the bridge-abutment joint when the vertical displace-
ment of the rail is negative. It may indicate that the mid-span and the bridge-abutment
joint are much more hazardous areas that threaten the safety of the high-speed train.

(3) Under some excitation, two bumps are observed in the Fourier displacement
spectrum in the frequency range of 1.3–2.5 Hz and 10–12 Hz, respectively, which may
indicate the resonance of the model to the excitation. The bump amplitude in the Fourier
displacement spectrum in the frequency range of 10–12 Hz above the mid-span is larger
than that above the pier. A bump in the frequency range of 1.3–2.5 Hz may be approximately
the natural frequency of the lower vibration mode of the model, which may significantly
change the amplitude and frequency of the vertical displacement of the rail.

(4) The vertical displacement amplitude probability of the rail exceeding 2 mm is 44%,
89%, and 99% when PGA = 0.01 g, 0.20 g, and 0.40 g, respectively. The exceeding probability
of the earthquake-induced dynamic vertical displacement of the rail increases with the
PGA. The exceeding probability of the rail above the mid-span is larger than that above
other parts of the bridge, while the exceeding probability of the rail above the abutment is
the minimum. Moreover, within the mid-span, the exceeding probability of the rail above
the center of the bridge is the largest.
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This study may be the first attempt to evaluate the earthquake-induced dynamic
displacement of the rail based on IDA. However, there may be some shortcomings in this
work: (1) The 2D FEM model is just a simply supported girder bridge with the CRTS II
slab ballastless track structure, which is not a 3D solid model and does not include other
complex bridge types; and (2) Those selected ground motions may not be rich enough. For
example, pulse-type near-fault ground motions and far-fault ground motions are out of
consideration in this paper.
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Abstract: Post-earthquake road traversability is a critical factor that affects traffic conditions. There-
fore, a post-earthquake traffic simulation method considering road traversability was proposed in this
study. First, the impact ranges of the earthquake-induced building collapse and the post-earthquake
fire spread of buildings were analyzed, and road traversability was determined accordingly. Sub-
sequently, the post-earthquake traffic flow was predicted based on building characteristics, and
micro-level vehicle behaviors were simulated considering post-earthquake road traversability to
determine the traffic conditions. In addition, the simulation model was validated using actual data.
Finally, a segment of the Tongzhou road network in Beijing was selected as a case study to analyze
post-earthquake road traversability and simulate traffic conditions on critical road sections. The
proposed method can provide post-earthquake traffic conditions, which benefits the decision-making
of post-earthquake evacuation and rescue.

Keywords: post-earthquake; road traversability; traffic simulation; multiple disasters; micro-level
vehicle behaviors

1. Introduction

Post-earthquake traffic conditions are directly affected by road traversability. Cur-
rently, modern roads in urban areas are built using important seismic measures with
sufficient roadbeds and advanced facilities [1]. However, the debris generated by building
collapses during an earthquake can fall on the surrounding road network, affecting traf-
fic conditions [1,2]. Furthermore, rapidly spreading post-earthquake fires can endanger
passing vehicles. Therefore, after an earthquake, urban roads can be blocked by collapsed
buildings or post-earthquake fires, placing heavy pressure on post-earthquake rescue and
recovery work [3]. For example, roads were severely blocked by collapsed buildings in the
1999 Kobe earthquake, hampering rescue activities [4]. Clearly, simulating traffic conditions
is essential for efficient post-earthquake rescue and evacuation efforts. Furthermore, it is
necessary to consider post-earthquake road traversability when simulating urban road
traffic conditions.

The impact range of building debris has been examined by several studies [1,2,5–7].
For instance, Argyroudis et al. [8] proposed a systemic seismic risk assessment method for
road networks which can be used to determine the possibility of blocked roads owing to the
collapse of adjacent buildings during an earthquake. Lo et al. [9] analyzed road congestion
caused by road liquefaction and building collapse according to the peak ground acceleration
(PGA). Though Hirokawa and Osaragi [10] considered both collapse debris and spreading
fires in a simulation of urban earthquake damage, they did not consider the impact of fires
on road blockage. These studies analyzed post-earthquake road traversability considering
building collapse impact but lacked the impact of post-earthquake fires.
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Post-earthquake traffic can be described using either macro-level or micro-level sim-
ulations. Macro-level simulations focus on the flow of vehicles to accurately predict the
distribution of traffic flow on urban roads, whereas micro-level simulations focus on the
movement track of a single vehicle to reflect traffic conditions. Generally, existing post-
earthquake traffic simulations have typically been conducted on the macro level [11,12],
ignoring micro-level behaviors, such as vehicle-following and lane-changing. For example,
Chang et al. [13] simulated post-earthquake traffic conditions considering bridge damage
and post-earthquake travel behaviors under extreme conditions, focusing on macro-level
performance indexes, such as the traffic capacity. Feng et al. [14] considered vehicle-
following behavior and used an agent-based model to simulate post-earthquake traffic but
ignored the traffic congestion caused by vehicle lane-changing behavior.

In summary, the simulation of post-earthquake traffic considering road traversability
still faces two major challenges:

(1) How can road traversability be evaluated under the impacts of multiple disasters?

After an earthquake, roads are likely to be covered by debris from collapsed build-
ings, limiting road traversability or even blocking roads. Furthermore, the spread of
post-earthquake fires can also obstruct road access. It is difficult to systematically evaluate
post-earthquake road traversability owing to the coupling relationship between the im-
pact ranges and effects of these different disasters, as well as the time-varying spread of
secondary fires.

(2) How can the traffic conditions considering post-earthquake blocked roads be simu-
lated on the micro level?

In the event of an earthquake, some roads will be blocked, often leading to specific
micro-level behaviors, such as vehicle-following and lane-changing, that can seriously affect
the traffic conditions. Thus, simulating micro-level vehicle behavior under the influence of
road traversability is critical for accurate post-earthquake traffic predictions.

Many theoretical methods for earthquake damage simulation have been proposed
to address the first challenge. Lu and Guan [15] proposed a multi-degree-of-freedom
(MDOF) model for high-precision urban earthquake damage simulation, which can predict
the earthquake damage of every floor of every building in a given area [16]. Nishino
et al. [17] proposed a road blockage probability model based on an assumed trigonometric
distribution to predict the scope of debris created by building collapse. However, no
method published to date has clearly defined the impact of post-earthquake fires on road
traversability. Therefore, the impact of post-earthquake fires on road traversability needs to
be considered in this study.

Developing traffic simulation technologies offer various approaches for the micro-
level analysis of road traffic conditions to address the second challenge [13,18]. Song
and Sun [19] calibrated the parameters affecting the micro-level vehicle behavior using
sensitivity analysis to control the vehicle-following and lane-changing behaviors. Further-
more, existing traffic simulation systems provide a visual window for micro-level traffic
simulation to intuitively express vehicle behavior [20]. However, the influence of road
traversability on micro-level vehicle behavior should be directly considered to accurately
simulate post-earthquake traffic conditions.

To address these challenges, a post-earthquake traffic simulation method that considers
road traversability was proposed in this study. First, the collapse and post-earthquake fire
spread in a building complex were analyzed to determine the impact range under multiple
disasters, and then, the road traversability was analyzed. Next, the post-earthquake traffic
flow was predicted based on building characteristics, and micro-level vehicle behaviors
were simulated considering post-earthquake road traversability to determine the traffic
conditions. In addition, the simulation model was validated using actual data. Finally,
a segment of the Tongzhou road network in Beijing was taken as a case study to predict
the post-earthquake road traversability and simulate the traffic conditions of critical road
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sections. Thus, the proposed method can provide post-earthquake traffic conditions which
benefits the decision-making of post-earthquake evacuation and rescue.

2. Framework

The research framework employed in this study is shown in Figure 1, which is made
of three components as follows:

1. Road Traversability Analysis

First, the seismic response of the building group was calculated using the MDOF
model, and then, the corresponding impact range of collapse debris was analyzed. Then,
the process of fire spreading between buildings was analyzed to determine its impact range.
Finally, the impact ranges of collapse debris and post-earthquake fires were overlapped to
analyze road traversability.

2. Post-Earthquake Traffic Simulation

First, resident travel behaviors were predicted based on building characteristics to
determine traffic flow distribution on the roads. Then, the traffic model on the VISSIM
platform was modified using the local parameters, and micro-level vehicle behaviors on
critical road sections were simulated considering the post-earthquake road traversability
and traffic flow distribution. Finally, the modified traffic model was validated by comparing
the actual measured traffic data of the sections.

3. Case Study

A segment of the Tongzhou road network in Beijing was used as a case study, and
the post-earthquake traffic conditions of this segment were simulated considering road
traversability.
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3. Method
3.1. Road Traversability Analysis Considering the Impact of Multiple Disasters

The effects of multiple disasters—an earthquake followed by fires—on the road net-
work were considered in the road traversability analysis.
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Understanding the seismic response of the buildings is an essential prerequisite for
analyzing the impact range of the earthquake-induced building collapse and the post-
earthquake fire spread of buildings. However, it is difficult to establish a refined structural
model for each building in a densely constructed urban area. Therefore, in this study, the
MDOF model proposed by Lu and Xiong [21,22] was used to rapidly compute the seismic
response parameters of buildings, including the damage severity, floor displacement, and
acceleration. On this basis, the impact ranges of collapse debris and post-earthquake fires
were studied. It should be noted that earthquake-induced damage to urban roadways was
not considered in this study since the quality of the roadbed in urban areas is normally
sufficient to prevent major damage from an earthquake, and damage to the road surface
has little impact on vehicle free passage.

3.1.1. Impact Range Analysis on Collapse Debris

Through the investigation of the earthquake damage caused by the Great Hanshin
Earthquake, Nishino et al. [17] have obtained the probability equation of the building’s
collapse scope. Therefore, the collapse debris distribution probability model proposed by
Nishino et al. was employed in this study to calculate the effective impact range of collapse
debris given by Equation (1):

H
8

< w0 <
H
2

(1)

where H is the height of the building with the collapse range (w0) of the building between
H/8 and H/2. To highlight the impact caused by collapse debris, the maximum impact
range (H/2) was used to conduct a relative analysis in this study. The unit of H here is
meters (m), as the same below.

Thus, the collapse debris impact range, w, owing to an earthquake can be calculated
as shown in Equation (2):

w =
H
2

(2)

Additionally, the safety cordon of buildings that are likely to collapse (i.e., buildings
with extensive or moderate damage) can also be determined by Equation (2) because the
maximum impact range of building collapse (i.e., w) is employed for the cordons according
to Equation (1). Through the safety cordon, people are warned to stay a safe distance (i.e.,
w) from the dangerous building, which can prevent accidents and further casualties in the
post-earthquake environment.

3.1.2. Impact Range Analysis on Post-Earthquake Fire

Post-earthquake fire is a common secondary hazard induced by earthquakes [23,24].
Historically, some severe post-earthquake fire events have occurred in major cities world-
wide, such as those in San Francisco in 1906 [25], Tokyo in 1923 [26], and Osaka and Kobe
in 1995 [27]. The post-earthquake fires spread rapidly, which may seriously affect vehi-
cle passage on the surrounding roads. Therefore, the process of fire spreading between
buildings was analyzed in this study to determine their impact range.

First, the locations of fire initiation were identified. The fire quantity, N, under a given
PGA was obtained using the method proposed by Ren and Xie [28] according to a regression
of historical post-earthquake fire data (e.g., San Francisco Earthquake in 1906 and Tokyo
Earthquake in 1923). The first N buildings with the highest fire probabilities were then
chosen as the fire initiation points after calculating the fire probability of buildings with
various damage severities.

The regional fire quantity, N, under the selected PGA can be calculated according to
Equation (3):

N = −0.11749 + 1.34534PGA− 0.8476PGA2 (3)

where N is the number of buildings on fire per 100,000 square meters, and the unit of PGA
is g.
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After normalization, the fire probability of buildings according to damage severity can
be represented by the fire index, r0, calculated as shown in Equation (4):

r0 =
P(M)× P(FK|M)×∑j[P(Dj|PGA)× P(Cj|Dj)× P(Sj|Dj)]× P(G)

0.867
(4)

The fire probability of each building will be calculated and sorted according to
Equation (4), and the first N buildings with the highest fire probability will be desig-
nated as the fire points. For detailed meanings of all parameters given above, as well as
their values, please refer to Table 1.

Table 1. Parameter related to the building fire index.

Parameter Meaning Value

P(M) Probability that the structure
contains combustibles.

Set the value to 1 if the structure
contains combustibles; set it to 0 if it

does not.

P(Fk/M)
Probability that a building fire

is affected by a
specific combustible.

Set the value according to the
flammability of the building’s interior

materials and the building itself.

P(G)
Probability that a building fire

is affected by weather and
other factors.

Set different values based on
variables, such as weather.

P(Cj/Dj)
Probability that inflammable
material leakage in buildings
under the damage state, Dj.

Set the value according to the
damage severities.

P(Sj/Dj)
Probability that a fire will

break out inside a building in
the damage severities, Dj.

Set the value according to the
damage severities.

P(Dj/PGA)
Probability that a building
will fail in state Dj under a

specific PGA.

Set the value according to the
outcomes of regional seismic

response simulations for buildings.

Second, the process of post-earthquake fires spreading between buildings was ana-
lyzed. The post-earthquake fires spreading model for buildings proposed by Lu et al. [23]
was used to perform a relative analysis. This model considers two factors when analyzing
the spread of fire: the thermal radiation and the thermal plume (as shown in Figure 2).
A burning building affects the adjacent buildings via the thermal radiation of the flame
through the doors, windows, and external walls and affects the buildings in the downwind
direction via the thermal plume of high-temperature flue gas. If the heat flux received
by an unburned building within a certain period of time exceeds its critical value under
the common influence of the surrounding burning buildings, it can be assumed that the
building is about to combust.
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Figure 2. The process of post-earthquake fires spreading.

Buildings may be more prone than usual to fire following an earthquake because of
the reduced capacity for prevention. The model used in this study was designed based on
concepts presented by Himoto et al. [29] who assumed that the building damage caused by
an earthquake reduces the ultimate heat flux threshold for building fire,

.
qcr, as shown in

Equation (5):
.
qcr = φ

.
qcr,H + (1− φ)

.
qcr,L (5)

where φ is the damage factor of the envelope material, and
.
qcr,H and

.
qcr,L are the limit heat

flux when φ = 1 and φ = 0, respectively. For the values of these parameters, please refer
to [29].

Finally, the impact range of post-earthquake fires was determined. When the distance
between adjacent buildings reaches a certain threshold, the fire cannot spread from building
to building; this distance is generally considered the limit distance of fire spread [30]. As
most urban buildings meet the requirements of the design fire code, the fire separation dis-
tance between buildings is typically greater than the limit distance of fire spread. Therefore,
though the maximum impact range of a post-earthquake fire is technically dependent on
the limit distance of fire spread, the most adverse impacts of post-earthquake fire on road
traversability in this study were evaluated using the fire separation distance representing
the post-earthquake fire impact range, f, which is given by Equation (6):

Flimit distances ≤ Ff ire separation distance = f (6)

Please refer to Table 2 for specific fire separation distances between different buildings,
which comes from the code for fire protection design of buildings in China [31].

Table 2. The fire separation distance of civil building.

Building Classification
High-Rise Buildings Other Civil Buildings

I, II I, II III IV

High-rise buildings I, II 13 m 9 m 11 m 14 m

Other civil buildings
I, II 9 m 6 m 7 m 9 m
III 11 m 7 m 8 m 10 m
IV 14 m 9 m 10 m 12 m

I, II, III, and IV represent the fire resistance rating of the buildings. (Reference to the code for fire protection design
of buildings of China [31]).
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3.1.3. Overlap Analysis for Road Traversability

In this study, the impacts of multiple disasters on the road network were comprehen-
sively analyzed by overlapping the collapse debris impact range and post-earthquake fire
impact range. The accurate impact ranges of the earthquake-induced building collapses or
fires are difficult to be calculated due to the uncertainty of earthquakes. This study aims to
evaluate the worst-case scenario based on conservative design principles. Note that such a
worst-case scenario is necessary for the urban planning and emergency preparedness of a
city. Therefore, the maximum impact ranges of building collapse and fires are suitable for
such a worst-case scenario in this study.

According to Equations (2) and (6), the collapse debris impact range and the post-
earthquake fire spread impact range were calculated. Since collapse debris and post-
earthquake fires both hinder road traffic, the one with a larger impact range should be
considered when analyzing road traversability. Therefore, the maximum value (i.e., Fmax)
between the two impact ranges is chosen as the criterion. Then, the two results were
overlapped to obtain the maximum value of the impact range F:

Fmax = max[w, f ] (7)

The greater the value of Fmax, the more obstructed the road will be. Therefore, ac-
cording to Fmax, road traversability can be divided into the following three states using
Equation (8): 




Normal states, Fmax < d
Congested states, d ≤ Fmax < d + r

2
Blocked states, d + r

2 ≤ Fmax

(8)

where r is the width of the road and d is the distance from the building boundary to the
road boundary.

In this study, the buffer area function in ArcGIS was used to analyze road traversability.
First, road and building models were created in ArcGIS. Subsequently, buffer areas of the
collapse debris impact range and the post-earthquake fire impact range were created.
Finally, an overlap analysis was conducted on the buffer areas in ArcGIS using Equation (8)
to determine the traversability of the road network.

3.2. Post-Earthquake Traffic Simulation Considering Road Traversability
3.2.1. Post-Earthquake Traffic Flow Prediction Based on Building Characteristics

The post-earthquake traffic flow, which is used to simulate post-earthquake traffic
conditions, varies significantly due to changes in post-earthquake travel demand. In this
study, the post-earthquake traffic flow was predicted based on the surrounding build-
ing characteristics; it comprises two parts: (1) post-earthquake origin-destination (OD)
prediction and (2) allocation of traffic flow.

(1) Post-Earthquake OD Prediction

Post-earthquake OD prediction is primarily used to evaluate the total vehicle produc-
tion (P) and total vehicle attraction (A) in the traffic zone after an earthquake.

Floor area per capita is a critical factor considered during building design, and to
a certain extent, the area of a building is directly proportional to the population within.
Therefore, according to building characteristics (etc. function and area) in each traffic zone
and in accordance with relevant planning standards [32], the population data were reverse
deduced in this study to achieve OD prediction.

The specific steps of this process are as follows:
Step 1: Calculate the area of the buildings with different function types in each traffic

zone, Sij.
Step 2: Calculate the resident population in the buildings with different function types

in each zone, Nij, according to Equation (9):
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Nij =
Sij

Aj
(9)

where Aj is the floor area per capita, the value of which can be referred to in Table 3.

Table 3. Floor area per capita.

Type Floor Area Per Capita(m2)

Residential Building 30

Industrial Building 30

Administrative Building 20

Commercial Building 20

Cultural Building 100

Step 3: Modify the travel rate (TR) and attraction rate (AR) of the various buildings
after the earthquake.

Using research conducted by the China Academy of Urban Planning and Design and
the Beijing Transportation Institute [33], the regular population travel rate and population
attraction rate for different types of buildings were summarized and sorted as shown in
Table 4.

Table 4. Reference values of trip rate and attraction rate of various buildings.

Reference
Values

Building Function

Residential
Building

Industrial
Building

Administrative
Building

Commercial
Building

Cultural
Building

Trip rate 2 2 6 7 8
Attraction rate 2 2.5 11 15 18

After an earthquake, the urban functional structure will be damaged to a certain extent.
Therefore, the importance of different functional buildings in the city will change, as will
travel demand and travel times; these factors should be reflected in the change in traffic
flow. For example, the attraction rate of commercial sites providing consumption and
entertainment will be considerably reduced, as will the traffic generated by going to work,
school, and other activities. Conversely, storage land, hospitals, government offices, and
residential buildings will see a significant increase in attraction rates. Therefore, the travel
and attraction rates of different types of buildings should be modified, as shown in Table 5.

Table 5. Corrected values of trip rate and attraction rate of various buildings.

Corrected
Values

Building Function

Residential
Building

Industrial
Building

Administrative
Building

Commercial
Building

Cultural
Building

Trip rate 5 2.5 8 7.5 6
Attraction rate 3 1 15 8 14

Step 4: Calculate the total traffic production, Ei, and traffic attraction, Fi, in each zone
as follows:

Ei = ∑jNij × TRj (10)

Fi = ∑jNij × ARj (11)

where TRj and ARj are the population travel rate and population attraction rate, respec-
tively, of building type j.
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Step 5: Calculate the vehicle production, Pi, and vehicle attraction, Ai, for each zone
as follows:

Pi = Ei × k (12)

Ai = Fi × k (13)

where k is the proportion of vehicle travel among traffic travel modes in the region. Accord-
ing to the statistical data describing resident travel modes in Beijing in 2010 [34], travel by
car accounted for 80% of travel; thus, k = 0.8. It is worth noting that the value of k should be
determined based on the post-earthquake traffic travel mode. The fact that Beijing’s traffic
model was used in this study and there was a lack of earthquake data in Beijing means
that the k mentioned in this study does not consider the changes in travel modes after the
earthquake.

(2) Allocation of Traffic Flow

The primary purpose of traffic flow allocation is to study where the traffic generated
by traffic zones will flow to and where the attraction comes from so that the traffic flow
between traffic zones can be assigned for each road.

In this study, traffic flow was predicted based on the gravity model [35] which can be
used to allocate traffic flow between zones according to the inverse relationship between
the travel volume and the impedance of the zones (such as time and distance), as well as
the proportional relationship between the AR and the TR. This study employed TransCAD
(transportation planning software) to achieve this purpose.

The user-optimized equilibrium (UE) model [36] was used to allocate traffic flow, and
its mathematical optimization model is given by Equation (14):

minz(x) = ∑
a

∫ xa
0 ta(w)dw

s.t.





∑h f rs
h = qrs, ∀(r, s) ∈W (Constraint 1)

f rs
h ≥ 0, ∀(r, s) ∈W (Constraint 2)

xa = ∑r ∑s ∑h f rs
h δrs

ah, ∀a ∈ A(Constraint 3)

(14)

where rs represents the “OD pair” corresponding to any two traffic zones and h represents
the total number of roads between these two zones. Constraint 1 represents the flow
conservation where the sum of the travel path flow, fh, of any rs must be equal to the traffic
flow, q, between zones. Constraint 2 mandates that the traffic value allocated to any lane
between any two zones cannot be negative. Constraint 3 indicates that the road section flow
in the output result is a statistical value expressed as the sum of all traffic flows passing
through the road section.

The UE model is typically solved using the Frank–Wolf algorithm [37]. The core of this
algorithm employs linear programming to approach a nonlinear programming problem
step by step. It begins at the initial point, then takes the optimal step size as the search scope
and the fastest descending direction as the forward direction to determine the starting point
of the next iteration. This process is repeated to gradually approach the optimal solution
and obtain the traffic flow in each section.

3.2.2. Traffic Simulation Considering Road Traversability

The traffic simulation considering road traversability after an earthquake was pri-
marily undertaken in this study to simulate the vehicle behaviors in the presence of road
obstructions and to analyze the interactions between vehicles and the traffic environ-
ment. Therefore, micro-level traffic simulation technology was employed to analyze post-
earthquake vehicle behaviors considering road traversability. This simulation comprises
two modules: (1) setting road conditions and (2) building the simulation model.

(1) Setting Road Conditions

The road conditions were classified into congested or blocked states according to
Equation (8), which will have different impacts on road traffic. The impact of a congested
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road on traffic is reflected by the inability of vehicles to use the full width of a certain length
of road and thus an increase in traffic using the several lanes remaining available, as shown
in Figure 3. In contrast, the impact of a blocked road on traffic is reflected by the complete
inability of vehicles to pass the road section.
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Figure 3. The setting of road conditions.

In this study, the VISSIM platform, a modeling tool used to simulate urban traffic
conditions [38], was used to simulate the impact of these two states on traffic. Different
measures were taken in VISSIM to simulate the different traffic states: for blocked roads,
the entire road section was deleted from the simulation, whereas for congested roads, the
lane shutdown option was adopted in the simulation. Additionally, the lengths of the
blocked/congested road sections can be obtained from the road traversability analysis
results, as described in Section 3.1.

(2) Building the Simulation Model

If a road is blocked or congested after an earthquake, vehicles may alter their original
routes, resulting in different behaviors. These behaviors can be generally classified into two
types: vehicle-following and lane-changing. The former represents the driving behaviors of
the front and following vehicles under the ever-changing road conditions; the latter represents
the vehicle behaviors changing their running lanes from one to another according to the road
conditions at that time (see Figure 3). The lane-changing behaviors of vehicles critically impact
the traffic-running state as they cause traffic disturbances and reduce road traversability.

A simulation model was built in VISSIM to simulate the micro-level vehicle behaviors.
However, the default model parameters in VISSIM are based on traffic conditions in
Germany, which differ significantly from those in China. Therefore, the simulation model
parameters were adjusted according to the target national traffic situation.

There are 12 modifiable parameters in the VISSIM simulation model that describe
vehicle-following and lane-changing behaviors. These parameters were modified in this
study to reflect the actual situation of the case study region (Tongzhou, Beijing, China),
and the results are shown in Table 6. The modified model was used to simulate the
vehicle-following and lane-changing behaviors under blocked and congested road states.

3.2.3. Validation of the Modified Traffic Model

Because of the blocked or congested road after the earthquake, vehicles are likely
to change lanes, resulting in traffic congestion. However, the changes before and after
the earthquake are not necessary for the validation of micro-level vehicle behaviors. For
instance, the daily blocked or congested roads can also cause the lane-changing behaviors.
Therefore, the reliability of the modified traffic model can be validated by comparing the
measured micro-level vehicle behaviors on a daily blocked or congested road with the
simulation results. The entrance and exit of the main and service roads of the Guanghua
Bridge located along Beijing’s East 3rd Ring Middle Road were chosen to measure vehicle
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behaviors in this study. By comparing the traffic simulation results and measured data in
this region, the model’s availability can be confirmed.

Table 6. Correction of simulated parameters.

Vehicle Behavior Parameters Default
Values

Corrected
Values

Vehicle-following

Number of visible vehicles ahead 2 4
Average car park spacing (m) 2 2.2

Maximum forward sight distance (m) 250 200
Additional sections on the safe distance 2 1.08

Multiples of the safe distance 3 3.58

Lane-changing

Waiting time before disappearing (s) 60 66.21
Maximum deceleration (m/s2) −4 −5.86

−1 m/s distance (m) 100 102.3
Acceptable deceleration (m/s2) −1 −1.28
Safe distance reduction factor 0.6 0.32

Coordinated braking maximum
deceleration (m/s2) −4 −6

Minimum headway (m) 0.5 2

For the measured data, a field investigation was also conducted to obtain the attributes
of all roads in the simulated area (Table 7). In addition, the traffic flow data describing 20
min of the morning rush hours on a certain working day were obtained from road traffic
images, as shown in Table 7.

Table 7. Basic information for case sections.

Attributes of the Sections Measured Data in Sections

Name Value Direction Number of
Vehicles

Travel
Time (s)

Main road 3 Go straight on
the main road 1352 9.5

Service road 3 Go straight on
the service road 289 \

Weaving area lanes 1 m Service road→
Main road 259 16.5

Lane width 3.25 m Main road→
Service road 181 18

Confluent section length 80 m \ \ \

For the traffic simulation, two VISSIM models were constructed in this study: one
using the modified parameters described in Table 6 (called the “modified model”) and the
other using the platform default parameters (called the “original model”).

The road network was constructed in the VISSIM platform at a one-to-one ratio
according to the observed road conditions with travel-time-monitoring points arranged
at major sections. The monitored travel times comprised three main routes: through the
main road, through the service road and then the main road, and through the main road
and then the service road. After arranging the monitoring points, the default parameters
were modified using the “Driving Behavior Parameter Setting” of the VISSIM platform.

Under the same input conditions, the two models were used to conduct a 600 s
simulation of road traffic conditions to obtain the travel time in each road section. Figure 4
shows a visualization of the road traffic conditions obtained by the modified simulation at
a given time, and the results of the two simulations are compared with the field-measured
results in Table 8.
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Table 8. Comparison of simulation results.

Direction Measured Value Original Model Modified Model

Go straight on the main road 9.5s 9.8s 9.3s
Service road→Main road 16.5s 15.3s 16.2s
Main road→ Service road 18s 17s 17.6s

It can be observed from the comparison that the revised model parameters effectively
improved the accuracy of the simulation, indicating that the parameter correction scheme
adopted in this study is reliable. Hence, the modified parameters were confidently applied
to conduct traffic simulations in VISSIM.

4. Case Study
4.1. Case Introduction

As Beijing is located in a seismically active zone, it is likely to experience medium-
strong earthquakes. In addition, the city contains dense buildings that could induce severe
traffic problems in the event of an earthquake. Therefore, part of the Tongzhou district in
Beijing was selected as the case study to demonstrate the simulation method. Tongzhou
contains 43,881 buildings in total, as shown in the building footprint and road network
model in Figure 5.
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The Sanhe–Pinggu seismic wave generated by the Institute of Geophysics, China Earth-
quake Administration [39] was used to construct an earthquake scenario. In this scenario,
the seismic performance of buildings was analyzed by using the MDOF model [23].

4.2. Post-Earthquake Road Traversability Analysis
4.2.1. Analysis of the Debris Impact Range

The earthquake simulation results shown in Figure 6 indicate many collapsed or
damaged buildings in the case study area; these will create a considerable quantity of
debris that can seriously affect road traversability and hinder evacuation and post-disaster
rescue. To analyze the corresponding impact on road traversability in this region, the
method described in Section 3.1 was applied to calculate the debris impact range. The road
traversability under the influence of building collapse is shown in Figure 6.

Figure 6 shows that collapse debris blocks many of the roads. The main roads between
the residential areas are more seriously affected owing to the dense construction of buildings
within, whereas the main roads of the city, being far from the surrounding buildings, are
less affected.
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4.2.2. Analysis of the Post-Earthquake Fire Impact Range

The spread of post-earthquake fire between buildings will be constrained by the fire
separation distance. Therefore, based on the analysis of building seismic damage, the area
with the greatest fire risk was selected in this case study to analyze the post-earthquake
fire spread condition within 5 h after the earthquake. For the specific results, please see
Figure 7.
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It can be observed in Figure 7a that if a fire breaks out following an earthquake in the
case study area, it will spread quickly owing to the relatively close spacing of buildings. If
firefighting measures are not undertaken in time, considerable losses will be inevitable. In
addition, the spread of fire has a certain impact on road traversability (Figure 7b), blocking
timely rescue and evacuation efforts.

4.2.3. Comprehensive Analysis of Road Traversability

The impacts of the simulated earthquake and its post-earthquake fires were compre-
hensively analyzed to obtain the overall impact range under multiple disasters. Overlap-
ping these results on the road network, all affected road sections were obtained, as shown
in Figure 8.
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Figure 8. Comprehensive analysis of road traversability: (a) the overall situation of road traversability
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4.3. Post-Earthquake Traffic Simulation

The traffic conditions in key road sections were studied based on the road traversability
analysis results shown in Figure 8. The area in the middle of Figure 8b is located at the
intersection of various traffic arteries, and the paths in each zone are severely blocked.
Therefore, more attention should be paid to this region, and a traffic simulation was
conducted here accordingly, as discussed in this section.

4.3.1. Post-Earthquake Traffic Flow Prediction

According to the existing road network structure, the research area was divided into
eight traffic zones, as shown in Figure 9. By compiling statistics describing the floor areas
corresponding to different building functions within all traffic zones, the populations were
estimated and used to obtain the resident travel behaviors. The building statistics for all
zones are shown in Table 9.
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Table 9. Different types of building area statistics forms in each community (m2).

NO. Commercial Industrial Residential Cultural Administrative

1 26,315.36 425.78 37,053.78 2086.01 9703.69
2 26,829.91 6709.01 21,805.55 979.78 2602.53
3 15,908.85 0 19,791.15 11,826.85 759.79
4 5098.72 3891.86 7875.94 2168.29 9301.04
5 3008.17 0 39,556.54 1609.17 17,793.29
6 34,612.08 0 37,808.36 498.69 1155.78
7 18,550.2 0 14,586.98 1997.26 4459.12
8 16,330.53 0 8275.62 7872.31 2992.43
9 59,119.26 18,736.8 76,542.93 95,740.71 83,817.74

After obtaining the floor area, the post-disaster travel behaviors of the residents were
predicted using the method described in Section 3.2, and the travel expectation between
zones was analyzed to obtain the traffic flow. This traffic flow was then allocated to acquire
the traffic flow situation on each main road, as shown in Figure 10.

The widths of the lines in the figure represent the relative scale of traffic flow, where
the wider the line, the more traffic the road carries. The numbers in the figure represent the
traffic flow values allocated to the roads. The colors of the lines in the figure represent the
level of road service, ranging from green to red: a darker color means worse road service.
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Using the VISSIM platform to simulate the traffic conditions for the road network
model, traffic flow was set per road according to the flow results. A 600 s simulation of
traffic conditions was conducted for the target area accordingly, and the traffic condition
results at a certain time are shown in Figure 11.
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The interchange between traffic zones features heavy traffic pressure with diversified
vehicles, indicating that these road sections are easily blocked following an earthquake,
thus increasing the risk of vehicle congestion and traffic failure.

4.3.2. Micro-Level Traffic Simulation of Critical Road Sections

Several high-risk road sections (which featured considerable traffic flow and were
easily affected by the simulated earthquake) were selected to evaluate the traffic conditions
of roads under congested and blocked states to further study the traffic problems caused
by the deterioration of road traversability following an earthquake.

(1) Congested State

The road sections with dense traffic flows were selected to conduct normal and con-
gested state microsimulations; the results are shown in Figure 12.
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Figure 12. Comparison of simulation results under normal state and congested state at a certain time:
(a) normal state; (b) congested state.

The red lines in Figure 12b indicate the specific parts of the lanes that were unavailable
for vehicle passage. Compared to the results in Figure 12a, the upward running vehicles on
this road section can only merge into the right lane, co-using the same lane as the upward
running vehicles adjacent; thus, the vehicles about to merge into the right lane may have to
queue. As a result, the road section shows a traffic jam, increasing traffic time.

To verify the above analysis, the average vehicle queuing times under the two scenarios
were compared, as shown in Figure 13. Under normal conditions, as the simulation time
increases, the average vehicle queuing time remains stable; in the congested state, the
average vehicle queuing time increases linearly with simulation time owing to lane changes
and other behaviors, exhibiting a maximum growth rate of 140% and proving that the traffic
situation in high-risk sections can be considerably affected by changes in road traversability
following an earthquake.
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(2) Blocked State

Local roads may be temporarily impassable following an earthquake, leading to a
sharp increase in traffic flow on adjacent roads over a short period of time, which can readily
cause road congestion. To simulate the road traffic in the blocked state, it was assumed
that the end part of the selected road in the network was blocked. The microsimulation
results are shown in Figure 14 in which the red line segment indicates the location of the
completely blocked road.

In Figure 14, once the road on the upper right is completely blocked, the upward
running vehicles can only turn left to merge into the right lane of the road on the left side;
meanwhile, vehicles on the left road that want to turn left cannot continue to pass and can
only merge into the downward running lane. Thus, the right lane of the road on the left
side of the figure is likely to be congested by a large increase in traffic flow over a short
period of time.
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Figure 14. The simulation results under the blocked state.

To verify these analysis results, traffic data for the right lane of the road on the left side
before and after the blockage are compared in Figure 15, indicating a significant increase
in lane occupancy (approximately 100%) compared to normal conditions. In addition, the
average speed of the vehicles in this lane decreases correspondingly, indicating that road
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blockage would indeed have a considerable impact on the vehicle passing time following
an earthquake.
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5. Conclusions

In this study, the post-earthquake traffic conditions were simulated, considering the
road traversability induced by building collapse and fires following an earthquake. Some
conclusions can be drawn as follows:

(1) A road traversability analysis solution considering the impact ranges of the
earthquake-induced building collapse and post-earthquake fires was proposed by which
the post-earthquake road traversability under multiple disasters can be analyzed.

(2) A micro-level traffic simulation model considering road traversability following an
earthquake was established to analyze the post-earthquake road traffic conditions and was
validated against the measured data.

(3) The proposed post-earthquake traffic simulation method considering road traversabil-
ity was applied to the Tongzhou district in Beijing. The simulation results show that the
vehicle queuing time increased linearly by up to 140% owing to following and lane-changing
behaviors caused by road blockage; these behaviors also significantly increased the occupancy
of the surrounding lanes by approximately 100%. These results can help to determine specific
traffic control measures and provide a reference for the decision-making of post-earthquake
evacuation and rescue.

The simulation method proposed in this study can be used to evaluate the traversabil-
ity of a regional road network suffering from building collapse debris and building fire
spread following an earthquake and thereby simulate the traffic in key road sections. How-
ever, owing to the complex transportation system, the proposed method does not consider
the impact of some factors, such as earthquake damage on bridges and post-earthquake
road maintenance and clearing, which will be considered in a follow-up study. Additionally,
because Beijing is used as a case in this study and there is a dearth of earthquake-related
data in Beijing, the post-earthquake travel mode does not consider the change after the
earthquake. More earthquake-prone regions will be studied in future research to consider
this change.
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Abstract: Velocity changes (dv/v) during and after earthquakes are important indicators for under-
standing the earthquake-induced mechanical damage evolution of rock slopes. However, studying
slope responses associated with various seismic loading still remains challenging due to limited in
situ observations. In this article, we conduct a 20 min temporal resolution monitoring of dv/v at the
frequency band between 2 and 20 Hz by applying ambient noise interferometry on the Pubugou rock
slope in Southwest China. We observe an instantaneous∼0.41% dv/v drop on the slope caused by the
2021 M 7.4 Maduo earthquake at a distance of 780 kM, following a characterized logarithmic recovery
process of ∼31.39 h towards its pre-earthquake state. Moreover, the dv/v in five narrow frequency
bands show a similar drop and subsequently increased recovery times associated with the deceased
frequencies due to the long-distant earthquake shaking. We discuss two possible mechanisms related
to the heterogeneous rock slope excited by the long-distant earthquake at a low frequency. The study
motivates the damage assessment of the rock slope using in situ dv/v and furthers the understanding
of subsurface geological risks under diverse seismic loadings.

Keywords: long-distance earthquake; rock slope; slope instability; velocity change; ambient noise

1. Introduction

There is an ever-increasing demand for studying the mechanical damage evolution of
rock slopes in seismic-active tectonic belts because the slope instability caused by earth-
quakes has great potential to threaten surrounding residents and industrial buildings
following large earthquakes [1,2]. The damage of rock slope caused by earthquake shaking
is primarily associated with the stiffness alteration of the near-surface material, and cumu-
lative mechanical damage leading to failure [3,4] .

It is, therefore, necessary to monitor on-site temporal varying mechanical properties
of rock slopes during and after an earthquake; this strategy is essentially required for both
landslide susceptibility assessment and the operational early-warning system [5,6].

As crustal rocks have a high level of heterogeneity, such monitoring remains chal-
lenging [7] because the earthquake-induced damage, which is related to the weakening or
softening of micro-cracks, can be understood at either macroscopic or mesoscopic scales
when stress is applied by different shakings.

Therefore, conventional approaches based on monitoring surface deformation are not
suitable to provide direct insight into the subsurface mechanical alterations of the rock
slope due to the limited stress-sensitive detection associated with the varying shaking
intesntity [8].
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Among the most recently developed geophysical methods [9] which provide comple-
mentary ways to study subsurface activities of a slope, velocity change, which overcomes
the limitations of geomorphic data, is one of the most important indicators to monitor the
elastic behavior of the slope’s mechanical damage [10].

In order to monitor a medium with its velocity change, one needs a reproducible
source to emit elastic waves propagating in the medium at a regular time interval. This
used to be exclusively achievable by expensive active source experiments (e.g., vibrators or
explosions) using direct arrive waves [11,12]. However, it is difficult to accurately identify
and analyze ballistic body-wave phases when the near subsurface of a rock slope exhibits
strong heterogeneity and attenuation due to weathering. In addition, the extra stress
perturbation induced by long-running active source(s) may also increase unexpected risks
to the slope. Thus, traditional velocity change methods with active pulse-echo configuration
become impractical in monitoring the slope damage evolution.

In the past decade, the established ambient noise correlation method (also known
as ambient noise interferometry) offers an alternative way to reconstruct elastic green
functions (also known as cross-correlation functions) propagating between two sensors by
cross-correlating the continuous ambient noise [13,14]. Although it is still challenging to
recover the ballistic parts at a shallow depth, it has been demonstrated that the reproducible
multiple-scattered wavefields at a regular time interval could be reconstructed between
sensor pairs in such a passive cross-correlation configuration. Thus, taking advantage of
the sensitivity of multiple-scattering waves that have bounced repeatedly in the medium, it
offers an exciting opportunity to observe dv/v associated with the development of stiffness
in a heterogeneous medium by using coda wave interferometry (CWI) [15].

The promising method has been proved useful to solve problems at the tectonic scale
in geosciences, and is applied to the study of landslides for both imaging and monitoring
purposes [16–18]. With the usage of high-frequency ambient noise, more recent studies
enhanced the knowledge of the effect of seasonal fluctuations [19], groundwater infil-
tration [18], slow reconsolidation [20], and fluidization [21] on the slopes composed of
clayey and/or volcanic deposits. Furthermore, some studies reported that a precursory
velocity drop can be detected from several days to minutes prior to the failure of the
landslide [21,22].

In contrast to the aforementioned slow dv/v evolution at a relative long-term timescale,
earthquake-induced dv/v, which is comprised of transient co-seismic change and a subse-
quent post-seismic process, shows a more rapid and complex mechanical behavior.

Instantaneous dv/v drop after large earthquakes followed by a slow recovery back
to the pre-earthquake state was first observed around several active fault zone areas [17].
Similar dv/v behavior was occasionally reported in earthquake-induced slope instability
studies. Bontemps et al. conducted a 3 y systematic investigation of dv/v at a 1 d temporal
resolution using a frequency band of 3–8 Hz on a clay/silt compound slide landslide at
Maca, Peru [23]. Despite 165 moderate earthquakes that (M 3.1 to 5.5) occurred over the
study period within a ∼50 km radius distance of the slope, only two earthquake-induced
co-seismic dv/v drops with an amplitude of ∼2% and subsequent post-seismic recovery
processes over a few months were observed where the earthquakes occurred at a distance
less than 10 kM. More recently, [24] conducted a similar observation with an improved
technique on a typical rock slope in Southwest China. They tracked a ∼1% co-seismic dv/v
drop at a 1 h temporal resolution followed by a 14-day post-seismic logarithm recovery
process caused by the M 5.7 earthquake at a distance of 200 km during the dry season.
As a comparison, they also observed a weaker co-seismic dv/v drop accompanied by a
partial recovery process caused by the M 5.3 earthquake at an equivalent distance during
the monsoon season.

Since only a few observations with limited slope typology documented ambiguous
dv/v changes caused by moderate earthquakes, it still remains challenging to investigate
the relationship between the dv/v behavior and the seismic shaking on the slope and its
control factor for landslide susceptibility analysis; in particular, observing slopes’ dv/v
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during and after a large earthquake at a long distance and investigating the mechanism
remains undocumented to date.

Here, we present new ambient noise data from the Pubugou rock slope in Southwest
China. We focus on the co-seismic and post-seismic dv/v changes on the slope due to the
2021 M 7.4 Maduo earthquake at a distance of 780 km. The remainder of the manuscript
is organized as follows: In Section 2, we present the context of the Pubgou rock slope,
the data collection during the earthquake, and the processing methods. The major results
are provided in Section 3. In Section 4, we discuss two possible mechanics induced by the
earthquake and the implications for the future application. The conclusions are given in
Section 5.

2. Context and Methods
2.1. Study Site

Pubugou rock slope is situated in the middle of the Dadu River valley which is well
characterized by the deep-seated bare bedrock alpine valley between the Sichuan Basin
and the Tibetan Plateau [24]. The mountainous region surrounded by densely distributed
faults shows the active tectonic deformation as well as the intense and sustained seismicity.

Figure 1a shows that the sub-aerial volumetric dimension of the east-facing rock
slope is approximately 120,000 cubic meters with an average slope gradient of 45 degrees.
The boundary of the slope is delineated by a dashed line. Two stations are indicated by
orange points on the slope. The annual displacement rate of the slow-moving slope is
approximate 3 mm/yr.

Figure 1. (a) Hillshade map of the Pubugou rock slope. (b) Terrain map of the 2021 M 7.4 Maduo
earthquake and the Pubugou rock slope. (c) Geological profile of the slope (modified from [24]).
(d) The ground velocity due to the 2021 M 7.4 Maduo earthquake is recorded by vertical component
of station T01 and T04, respectively.

As illustrated in Figure 1b, the rock slope is composed of the volcanic tuffaceous rocks
with depth-varying weathering degrees, except for the gravel with partial clay (Qdl+el) at a

318



Sustainability 2022, 14, 9345

very shallow layer (<4 m). The intact volcanic rocks exist at a depth of ∼70 m of the slope
without a well-defined rupture surface.

2.2. Instruments

We construct two stations (T01, T04) which are sheltered in small concrete huts on
both sides of the slope. The inter-station distance is ∼157 m. Each station installs a
2 Hz three-component geophone sensor (ZF-2) with a sensitivity of 198 V/m/s. The two
identical geophones are coupled firmly to the slope using cement and connected to the
24-bit data acquisition system (EDAS-24GN) for digitization at a sampling frequency of
100 Hz. The timing accuracy of the system is ∼50 ns by using an enhanced GNSS-based
clock synchronization mechanism. The sampled ambient noise data are stored locally
in 1 h long records and simultaneously transmitted to the cloud computing server via a
mobile network.

We also install two bi-frequency global positioning system (GNSS) receptors on the
roofs of both stations to measure the surface displacement along each side of the slope,
respectively. In addition, an automatic weather station (AWS) on the east bank of the rock
slope is operated to collect meteorological data.

Thus, an in situ monitoring campaign with a network of two seismic stations, two
GPS stations, and one automatic weather station has been carried out since 2019.

2.3. Earthquake

On 21 May 2022, an M 7.4 earthquake with a focal depth of 17 km struck Maduo
County, Guoluo Prefecture, Qinghai Province. We, hereafter, refer to it as the Maduo
earthquake. The Maduo earthquake was a strong earthquake that occurred due to the
combined effects of the northward movement of the Indian plate and uplift of the Tibetan
Plateau [25]. As illustrated in Figure 1c, the hypocenter of the earthquake (indicated by
the blue star) was 780 km away from the slope (red point). Despite the distance from
the epicenter of the earthquake to the rock slope being approximately 780 km, they were
both located in the boundaries of the Bayan Har block, which belongs to the northern and
western margin of the Tibetan Plateau. Figure 1d shows the waveforms of the vertical
ground motions for the earthquake recorded at T01 and T04, respectively. We observe a
weak earthquake-induced peak ground velocity with an average value of ∼6× 10−5 m/s
on the slope.

2.4. Methods

Relative velocity change (dv/v) is generally measured in two steps: (1) performing
the cross-correlation computation between T01 and T04 to reconstruct the cross-correlation
functions (φi(t)), and (2) computing the dv/v by dephasing the φi(t) using the stretching
technique [26].

We note that the records are studied in the 2–20 Hz frequency range, which properly
enables the wave penetration depths. We, hereafter, refer to the 2–20 Hz as the study
frequency band unless a different frequency domain is noted elsewhere.

In the first step, before computing φi(t), the continuous records are normalized in the
frequency domain between 2 and 20 Hz using the spectrum whitening method and then
normalized in the time domain using the clipping method, with amplitudes exceeding
three standard deviations.

The above pre-processing steps aim to enhance the spectrum amplitudes at the specific
frequency band and balance the strong energy from different noise sources. We note
that spectrum whitening is performed before clipping to preserve the phase information,
because clipping induces non-physical non-linearity that would further be amplified by
spectrum whitening.

The φi(t) is further reconstructed by computing cross-correlations using the pre-
processed 20 min long records where i is the temporal interval counter every 20 min. We
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evaluate the lag time t of the φi(t) up to 14 s. We further average the causal and anti-causal
parts of the φi(t).

In addition, to improve the CCFs stability, we applied a two-dimensional Wiener filter
to enhance the SNR of the CCFs with a minimum filter order of 2 for both vertical (date
axis) and horizontal (φi(t) waveform time axis) dimensions (2 × 2) [27].

In the second step, we assume a homogeneous change in the velocity field, dv/v; there-
fore, scales are linear with the lag time perturbation of the φi(t), resulting in a significant
stretching or compression (phase shift) in the coda of the φi(t). It is worth noting that since
φi(t) are extracted from the pair-wise seismometers at a shallow depth, the propagation
of wave packets with large amplitudes in the φi(t) are considered to be Rayleigh waves.
With an increased propagation time, the scattered Rayleigh waves exist in the coda of
the φi(t).

Thus, we apply a stretching method to measure dv/v. The method consists of a
series of grid search over the distortion factor ε that maximizes the coherence CC(ε) in the
similarity matrix (arg max

ε
[CC(εk)] between φi(t) and the stretched reference φre f [t(1 + ε)]:

CC(εk) =

∫ t2
t1 φre f [t(1 + ε)]φi(t) dt√∫ t2

t1 φre f [t(1 + ε)]2 dt
∫ t2

t1 φi(t)2 dt
. (1)

As a first-order approximation, a homogeneous dv/v scales linearly with the distorted
time-shift factor εk by maximizing CC(ε): εk =

dv
v .

We use the single reference φre f (t) by averaging all φi(t) over the whole investigated
period. To obtain the stable results with significant multiple scattering, we use (1) all nine
combinations of the φi(t) obtained from three-component sensors that reflect the same
material change and (2) a 10 s long time window starting at t1 = 1 s and ending at t2 = 11 s
lapse time in the coda of φi(t). Here, the start time is chosen to exclude waves close to the
receiver which is not well scattered, and the end time corresponds to the time where the
amplitude of the cross-correlation functions fall below the noise level.

We estimate the dv/v as the mean value of all nine measurements and estimate its
uncertainty σ as the mean value of all nine theoretical measurement errors, while each one
is calculated using the following formula:

σ =

√
1− CC2

2CC

√
6
√

π/2T
ω2

c (t3
2 − t3

1)
(2)

where T is the inverse of the frequency bandwidth and ωc is the central frequency.

3. Results

Figure 2 shows the time series of the velocity changes at 20 min temporal resolution,
together with the air temperature, rainfall, and GNSS-based horizontal displacement
observations at the 1 h temporal resolution, respectively. The vertical dashed line indicates
the time of the 2021 M 7.4 Maduo earthquake occurrence.

We observe an instantaneous velocity decrease by −0.4% that is coincident with the
M 7.6 Maduo earthquake. The dv/v starts to recover immediately after the earthquake.
The subsequent recovery phase (an increase of the dv/v) to the pre-earthquake state occurs
during the following decade hours. The uncertainty is approximately 10−4, one order of
magnitude smaller than the observed dv/v.

We observe a ∼±10 ◦C temperature change without precipitation before and after the
earthquake. The air temperature induced a relative velocity change on the volcanic rocks
of ∼10−5/◦C [10,28,29], approximately one order of magnitude smaller than the observed
dv/v; in addition, there was no rainfall-induced pore pressure change. We, thus, exclude
the effect of environmental perturbations in the study due to its influence, as it is indeed
small. Meanwhile, there was no reported nearby earthquake event(s) according to the
earthquake catalog provided by the Sichuan Earthquake Administration. Therefore, we

320



Sustainability 2022, 14, 9345

suggest that an instantaneous dv/v decrease following a logarithmic recovery process on
the slope was caused by the 2021 M 7.4 Maduo earthquake at a distance of 780 kM.

Figure 2. The temporal observation results before and after the earthquake on the slope. (a) dv/v at
20 min temporal, (b) air temperature, rainfall, and (c) GNSS-based horizontal displacement observa-
tions at the 1 h temporal resolution.

The dv/v evolution at different frequency bands allows to reveal depth-dependent
co-seismic and post-seismic physical processes. We first filter φi(t) using five passbands.
The central frequency f0 of the passbands are 4.5, 6.5, 8.5, 10.5, and 15 Hz, and the band-
widths are set as f = f0 ± 2.5 Hz, except for the highest f0 of 15 Hz with its bandwidth of
±5 Hz. We further calculate the depth-dependent sensitivity kernels of the fundamental
mode Rayleigh waves in each center frequency of the passband using a simplified 1-D
shear wave velocity model and the CPS330 software package [30].

The result in Figure 3a suggests that the center frequencies of 4.5, 6.5, 8.5, 10.5, and
15 Hz aresensitive to the depth of ∼70 m, ∼40 m, ∼25 m, ∼20 m and ∼10 m, respectively.
In addition, the depth sensitivity in the study frequency band can be roughly ranged from
a few meters down to approximately 200 m of the slope.

Figure 4 illustrates the measured dv/v in each passband. The results show a similar
co-seismic dv/v decrease following a post-seismic logarithmic recovery behavior caused
by the 2021 M 7.4 Maduo earthquake (marked by the vertical dashed line).
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Figure 3. (a) Depth sensitivity of the Rayleigh phase velocity to a shear wave velocity perturbation at
4.5, 6.5, 8.5, 10.5, and 15 Hz at the PBG slope. (b) The earthquake-induced power spectral density
(PSD) analysis at two stations.

Figure 4. The dv/v in each passband. (a) 2–7 Hz, (b) 4–9 Hz, (c) 6–11 Hz, (d) 8–13 Hz, and
(e) 10–20 Hz, respectively.
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In order to compare co-seismic dv/v decrease at different depths carefully, we measure
the dv/v drop in each passband by substracting the mean value of reference dv/v ( dv

v prior)

45 h before the earthquake to the co-seismic dv/v decrease (minimum value of dv/v dv
v min).

dv
v drop

=
dv
v prior

− dv
v min

. (3)

As a result, the overall dv/v drop is 0.41%.
Figure 5 illustrates a roughly constant dv/v drop of ∼0.45% in the passband from 6.5

to 15 Hz (blue bars). However, the dv/v drop in the lowest center frequency of 4.5 Hz
shows a smaller value of 0.39%. Combined with the depth analysis, we conclude that a
simliar co-seismic dv/v decrease (∼0.45%) occured at a depth above sim70 m of the slope,
while∼15% smaller co-seismic dv/v decrease occured below 70 m where the intact volcanic
rocks exist.

Figure 5. The The dv/v drop and characterized recovery time are measured at the five passbands on
the slop.

We subsequently characterize the post-seismic recovery time at different depths by
fitting the aftershock temporal evolution of dv/v in each passband:

dv/v = A−mlog10(t) (4)

where A is the extrapolated post-seismic dv/v, m is the slope of the logarithmic dv/v decay
within time t. The characterized recovery time in hours is 10A/m.

As illustrated in Figures 2c and 4, the characterized post-seismic recovery dv/v as a
function of time is plotted on the orange line. Thus, the overall characterized recovery time
in Figure 2c is 31.39 h.

Figure 5 illustrates the characterized recovery time in the passband from 4.5 Hz to
15 Hz (orange bars). Generally, we observe that the characterized recovery time increases
from 20.35 to 40.94 h, with the decrease of the central frequency from 15 to 4.5 Hz.

Compared with the dv/v drop in each passband, the characterized recovery time shows
a more remarkable depth-dependent behavior due to the long-distance earthquake shaking.

We also note that the characterized recovery time at 8.5 Hz (37.02 h) is slightly shorter
(1.5%) than that in 6.5 Hz (37.6 h). The depth-varying heterogeneity due to weathering of the
slope at a depth between 25 and 40 m may be responsible for such abnormal characterized
recovery time at different shallow depths.
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4. Discussion

Previous studies [10,24] suggest that the damage mechanism of the slope associated
with the earthquake is considered to originate mainly from earthquake-generated dynamic
stress waves. Thanks to the strong co-seismic ground motion (PGV ≥ 10−2 m/s), it is able
to cause reversible and/or irreversible damage of the slope at a distance range from tens to
∼200 km by observing dv/v drop and subsequent recovery process [23].

However, in this case, we observe that the long-distance earthquake-induced peak
ground velocity on the slope is 10−5 m/s, together with a non-anomalous displacement
fluctuation during the period. It raises the question: why did the dv/v drop and recovery
process still occur during and after the earthquake?

To improve the understanding of the damage evolution of the slope during and after
the long-distant earthquake shaking, we explain the observed in situ dv/v behavior by two
possible mechanisms.

The first possible explanation is the nonlinear elastic effect of the slope. Laboratory
studies suggest that when a low-frequency oscillatory wave pumps into a geomaterial,
stiffness loss appears instantaneously after the mechanically-induced conditioning [31].
It is termed anomalous nonlinear fast dynamics (ANFD). After the pumping waves are
removed, a logarithm healing time process associated with geomaterial’s stiffness towards
its initial state takes place. This phenomenon is termed as slow dynamics (SD) [32]. It
is worth noting that the oscillatory pumping waves used in a laboratory are a series of
low-amplitude vibrations with frequencies that are close to the material’s fundamental
eigenmode, and the amplitude-induced strain levels are lower than 10−6 [33].

Therefore, we first measure the frequency response on the slope excited by the long-
distance earthquake. As illustrated in Figure 1d, we use the 5 min long records of the
earthquake-induced ground motions to compute a site response at the frequency domain by
performing the seismic power spectral density analysis at two stations [34]. The resulting
spectra are then smoothed in a 1/32-octave average in the frequency domain. As illustrated
in Figure 3b, we observe the spectral peaks with equivalent amplitudes centered around
0.61 Hz and 0.64 Hz with respect to the stations.

Secondly, we evaluate the theoretical resonance frequency of the slope. We assume the
stiffness of the slope’s tuffaceous rock is of ∼4.58 GPa and the density is approximately
2.4 g/cm3. The resonance frequency of the slope can be evaluated using the following
formula [9]:

fr =
1

2π

√
K
M

. (5)

The calculated theoretical resonance frequency is approximately 0.63 Hz, which is
very close to the in situ frequency response excited by the long-distance earthquake.

Thus, in analogy with the laboratory configuration, the rock slope may exhibit stiffness
loss (ANFD) and recovery process (SD) because of the pumping seismic waves with regard
to the characterized weak stress (strain) levels and low frequencies excited by the long-
distance earthquake.

In comparison with the similar velocity drops (∼0.4%) at a center-meter scale, the re-
covery process on the slope spend more time (25–40 h or 105 s) than that in the laboratory
experiments (∼0.5 h or 104 s) [35].

Furthermore, assuming the nonlinear elastic mechanism dominates, we can estimate
the earthquake-induced stress changes by using the quasistatic stress model rather than
the dynamic one. As the Rayleigh wave velocity is close to the shear wave velocity, we use
a shear wave velocity-dependent pressure model [36] to estimate the stress change of the
slope due to the earthquake:

1
Vs

∂Vs

∂P
=

1
6p

(6)
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The hydrostatic pressure (P) at the depth of 200 m is about 2.82 ×108 Pa. We estimate
that a 0.4% co-seismic velocity drop at a depth of 200 m would require a quasistatic stress
change of 112 kPa. As a result, the stress sensitivity is 3.5×10−8 Pa−1.

The second possible mechanism is the transient pressure surge effect due to the seismic
stress waves from the long-distant earthquake.

In seismology, it has been widely observed that weak seismic waves from distant earth-
quakes can abruptly change the states of natural geological systems and triggerearthquakes
remotely in geothermal and/or volcanic environments [37]. The stress amplitudes of the
triggering passing waves are as low as the order of kilopascal. Despite severalcandidate
hypotheses used to explain these phenomena, the underlying mechanism is still not well
understood. Recently, a new mechanism has been discovered: when a seismic wave inter-
acted with a fracture with fluid, the transient pressure surge by 2–3 orders of magnitude
compared with the incident wave pressure [38]; it has been verified through numerical
modeling and a laboratory experiment [38,39]. It is worth noting that the transient pressure
surge effect is a frequency-dependent phenomenon. The lower the frequency, the greater
the stress change. It explains why frequency is more important than the PGV in remotely
triggering natural disasters at long distances.

We notice that despite no rainfall producing fluid activities during the earthquake,
water may still be stored in the micro-/macro-fractures within the slope body due to the
precipitation 2–3 days before the earthquake. As a result, we speculate that the transient
pressure surge effect may occur on the slope due to the low frequency earthquake. Since
the PGV is approximate 6 ×10−5 m/s, the earthquake-produced dynamic stress δd on the
slope can be estimated using the following equation:

δd = G
PGV

vp
(7)

Assuming G = 4.58 GPa and vp = 1500 m/s, the δd is approximately 183 Pa. Con-
sidering the amplification factor due to the pressure surge effect, the maximum dynamic
pressure change on the slope may reach 183 kPa and the stress sensitivity is approximately
2.18× 10−8 Pa−1. It is a similar stress sensitivity compared to the one evaluated by using
the first model and has been evaluated in a previous study [24].

Finally, we discuss the implications of our observation for on-site application. The re-
sults suggest that it is possible to observe and characterize nonlinear elastic properties of
the slope under weak stress change using ambient noise interferometry with high temporal
resolution and high stress sensitivity. As laboratory experiments suggest that the nonlinear
elastic properties are more sensitive to the damage of the geomaterial, it has the potential
to quantitatively characterize the slope weakness in terms of velocity changes by moni-
toring the co-seismic drop and post-seismic relaxation process and further facilitate the
structural health assessment of slopes on a regional scale using weak seismic shaking in a
non-destructive way in future.

In addition, the emerging observation is based on the established methods by using
continuous seismic data in seismology, which have been more broadly recognized as a
valuable source of information about geomorphic processes.

Despite that the technique is still at an incipient stage in this field, the use of seismic
data and monitoring techniques to study damage evolutions of the subsurface medium
excited by earthquakes at the distance from 101 to 102 kilometers has opened a new window
into a wide range of applications, from studying influences of geo-mechanical loadings to
deploying the practical early-warning system of natural disasters.

Depending on the study site, the following instrumental, as well as the technical sug-
gestions, may be helpful to improve the monitoring system: (1) accurate synchronization,
(2) sufficient low instrumental self-noise, (3) knowledge of the available ambient noise (in
space, azimuth, and frequency content) and (4) improving the dv/v time resolution.
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5. Conclusions

This article demonstrates that relative velocity changes associated with the 2021 M
7.4 Maduo earthquake can be observed on the rock slope at a distance of 780 km with
a 20 min resolution using ambient seismic interferometry. With the knowledge of the
frequency-dependent sensitivity at depths, the significant findings are as follows:

(1) We observe an instantaneous ∼0.41% co-seismic dv/v decrease on the slope. Com-
pared with a 0.39% dv/v decrease below 70 m, the dv/v decrease of 0.45% is larger at depth
above ∼70 m of the slope;

(2) We observe a characterized ∼31.39 h logarithmic recovery process of dv/v towards
its pre-earthquake state that occurred after the earthquake. The characterized recovery time
increases from 20.35 to 40.94 h with the decrease in the central frequency from 15 to 4.5 Hz;

(3) We discuss possible mechanisms by modeling stress changes and evaluating the
stress sensitivity of the method. A potential in situ application is also discussed to improve
the understanding of subsurface geological risks under diverse seismic shaking.

The findings presented here support the idea that distant earthquakes can also affect
the mechanical evolution of the rock slope. The observation underlines the importance
of the slope’s reversible rigidity drop and the recovery process induced by the distant
earthquake which has the potential to facilitate the damage assessment of slopes non-
destructively. The analysis has considerable implications both for the short-term impact of
earthquakes and for the temporal-critical landslide early-warning system. Finally, this study
helps to better understand landslide forcing mechanisms under diverse seismic loadings.
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Abstract: Overloaded truck and earthquake have become two main factors responsible for bridge
damage, consequently the combination of heavy truck and seismic loads as a typical occurrence of
extreme events is likely to lead to bridge collapse or destructive damage, in which the crucial issues of
coupling load model, dynamic equations and bridge responses have not been adequately addressed.
In this study, a simplified vehicle-bridge model consisting of many containers is established to simu-
late vehicle passage, and the dynamic equations are derived for a 5-axle truck on a simply supported
beam as an illustration. Then, five ground motions selected from PEER with appropriate peak ground
accelerations and durations and the three truck models specified in American Association of State
Highway and Transportation Officials, Caltrans and Chinese codes are applied on the finite element
model of a typical reinforced concrete continuous girder bridge, in which, vehicle speed, number of
trucks, ground motion and vehicle type are assumed to be random variables and their influences
on dynamic responses of the bridge are analyzed. The results show seismic load is the governing
factor in dynamic responses but truck load may change displacement shapes; in addition, dynamic
responses present a high sensitivity with the number of trucks (set as truck platoon) and gross
vehicle weight but rare with vehicle speed. Specifically, the presence of a few trucks could serve
as energy dissipation facilities for the bridge under seismic motions but may amplify the response
when more trucks involved; some combinations of truck platoon with seismic excitation produce
very large displacements and even cracks on the bridge, therefore, such an extreme event requires
higher robustness in bridge design to make it be sustainable and serviceability after earthquakes.

Keywords: random loads; structure safety under extreme event; combination of truck and seismic
loads; dynamic responses

1. Introduction

The seismic analysis has been a very conventional part of structural analysis [1].
During the past years, the dynamic behaviors of many kinds of structures, such as buildings,
concrete bridges, soil-steel composite bridges and tunnels etc. under seismic excitation
have been widely studied by simulations or experiments [2–7]. On the other hand, vehicle
loads represent a major live load to highway bridges, especially for short- and medium-
span bridges, vehicle loads even become the governing live load, therefore the effects
of moving vehicles are always of special concerns in bridge engineering [8]. Normally,
vehicles are approximated as a series of concentrated loads moving on bridges, which
in many cases involving light vehicles allows the numerical method to implement it
accurately. However, it is observed that both the amount and loading level of vehicles
have significantly increased during recent years [9], as increasingly larger transportation
vehicles are utilized, bridges have to subject to larger and heavier loads so that the inertia
effect of vehicles can no longer be neglected. To take this effect into account, many vehicle
models were developed by researchers to address the issue of vehicle-bridge interaction
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(VBI) and great leaps have been achieved [10–13]. However, the combined effect of vehicle
load and seismic load has not been adequately addressed. The previous studies have
shown girder displacements and internal forces induced by heavy traffic loads are likely
to exceed design values [14]. If earthquake occurs at the same time, then much severer
load effects will be produced, due to the vibration and inertia loads of superstructure and
heavy vehicles as well as their interaction, which possibly leads to badly damage or even
collapse of bridges, or remarkably reduces their post-earthquake serviceability. As pointed
out by Frangopol etc., it is important to study not only structural performance of the bridge
during earthquake, but also to investigate incidents that could lead to incapacity to carry
traffic after the earthquake [15,16].

Several accidents about the presence of vehicles on highway bridges during earth-
quakes have been reported, such as the Bay bridge in Oakland California during the Loma
Pretia earthquake [17], Gavin Canyon bridge during the Northridge earthquake [18], a RC
girder bridge during the Wenchuan earthquake, and the Yokohama-Bay Bridge during
the Great East Japan Earthquake [19,20]. Some researches assessed the combined effect of
vehicle presence and seismic excitations on the seismic performance of bridges, but most of
them focus on the railway bridges in presence of trains [10,21,22]. However, characteristics
of trains and highway vehicles, such as mass and suspension system are quite different,
these findings cannot be directly used to understand the combined effect of seismic and
vehicle load. A few studies addressed the issue of seismic excitation and live load acting
on bridge structures simultaneously. Kim et al. [23] found that acceleration responses
of the bridge subject to moderate earthquakes were amplified when the vehicles were
treated as additional mass, whereas they were reduced when the vehicles were simulated
as a dynamic system. Siringoringo et al. [19] analyzed the stability problem of a vehicle
against rollover and side slip when crossing a bridge during an earthquake, the results
showed that the significant bridge-deck vibration due to an earthquake reduces the ef-
fective normal force on vehicle wheels. Borjigin et al. [24] reported that continuously
moving vehicles might yield larger longitudinal displacement responses at pier tops and
plastic deformations at pier bottoms than those of the bridge alone, implying that ignoring
vehicles’ additional mass effect and dynamic effects during earthquakes might be on the
non-conservative side. Cui and Xu [25] statistically investigated the seismic responses of
both vehicle and bridge under real earthquakes and explained the interaction mechanism
between vehicle and bridge based on energy analysis.

In addition, a few experimental studies were also conducted to investigate vehicle
dynamic effects on bridge seismic response. Shaban et al. [26] conducted a large-scale
experiment with a real vehicle parked on the deck of a simple-span bridge. The results
showed that top slab transverse accelerations and bearing displacements were reduced in
the presence of a vehicle during seismic excitation, in which, the vehicle can be treated as a
tuned mass damper. Besides, an extensive testing of the influences of vehicle dynamics
on bridge seismic response was conducted at the University of Nevada at Reno [27]. This
study addressed that if the seismic level was rather low, then vehicles had a beneficial
effect, but they had an adverse effect if the level was great.

These previous studies mentioned above mainly focused on normal vehicles, and few
studies have specifically concerned about heavy trucks, which have obvious differences
in characteristics of configurations. Moreover, the presence of vehicles is a random pro-
cess, which has not been deeply discussed in these studies. With the increase of traffic
volume and loading level, the likelihood of heavy vehicle presences on a bridge during
an earthquake is expected to increase, therefore, the influence of highway vehicles on
bridge seismic responses is still a subject of ongoing research [28,29] it is necessary to better
understand the performance of bridges during earthquakes in presence of heavy vehicles.
Therefore, this study adopts a simplified VB model to simulate vehicle passage and the
dynamic equations are derived. Ground motions selected from PEER and heavy truck
models specified in AASHTO, Caltrans and Chinese codes are applied on the finite element
model of a typical RC continuous girder bridge, specifically, vehicle speed, number of
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vehicles, ground motion and vehicle type are assumed to be random variables and their
influences on dynamic responses of the bridge are analyzed.

2. Modeling Approach
2.1. Simplified Vehicle-Bridge System

Dynamic responses will be induced by vehicle passage as a moving load. It is a
complex nonlinear system and a simplified model needs to be established for analyzing
bridge response without involving too much uncertainties. Generally, the hypothesis
that there is no relative displacement between wheels and the bridge deck is made, if
the coordination of displacements and forces between vehicles and the bridge is satisfied.
If vehicle mass is relatively small, then the inertial force could be calculated by a single
mass model moving on bridges. Whereas, vehicle suspension system has to be taken into
account for bridge dynamic response when heavy vehicles travelling on bridges, for this
end, sprung mass model is the prior one due to its simplicity and efficiency but without
consuming accuracy. According to M. H. Scott and Zhu [30], the sprung mass model
could be further simplified as a structure with two mass nodes, one node is the mass
of vehicle body Mv and the other is that of vehicle wheels Mw; Kv and Cv represent the
spring and the damper concerning the force between wheels and the bridge deck, as shown
in Figure 1a. In this section, the analytical model for bridge dynamic response is to be
established and derived, with two mass nodes moving on a simply supported beam, as
illustrated in Figure 1b.
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Figure 1. The sprung mass model representing vehicles. (a) two mass nodes. (b) analytical model.

To reflect the fact that vehicular properties associated with bridge dynamic response
will vary with time, and also to guarantee no relative slips between vehicle wheels and
then bridge deck, many containers are developed to bound with the bridge deck to carry
vehicle properties, by which, vehicular properties could move in the longitudinal direction
and be transferred from one container to the other, such that the important properties of
axle load, damping and stiffness will be endowed to the very containers when the vehicle
arrives at the position, while other containers will be set as non-occupation [30]. In this
manner, the entire process of vehicle passage is simulated, and what is more, the important
parameters of mass, stiffness and damping could be reasonably accounted. This approach
is illustrated by Figure 2.
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Figure 2. Illustration of a 5-axle vehicle moving on the bridge with containers.

Moreover, to make the simulation of vehicle passage considerably accurate but without
time-consuming, a lot of containers are designed along the bridge spans so that the vehicle
wheels can overlap certain containers for each step forward. Note that the appearance of
containers will change the original stiffness matrix and geometry of the bridge since they are
bounded together and their interface is set as no-displacement. To overcome this problem
and reduce the interference of containers with dynamic analysis as much as possible, all
properties of containers are set as zero except those associating with vehicle loads, by
means of a special mass element in ANSYS. Also note that the masses of non-occupation
containers are zero so that they do not have any contribution to dynamic response even
though the static degree of freedom (DOF) is increased, therefore, these DOFs will not be
included in the dynamic analysis.

As usual, there are various categories of vehicles running on bridges, but every vehicle
could be regarded as a combination of several independent sprung mass models according
to the number of axles, so the kinematic equation of vehicle-bridge system is derived
based on the single sprung mass. To illustrate the basic principle, the kinematic equation
is developed for a 5-axle vehicle moving on the simply supported beam in Figure 1,
equivalently, to simulate 5 pairs of node mass models moving on the beam bounded with
containers. Also note 5-axle vehicle is chosen as the example since they represent the highest
proportion of traffic configurations according to findings from WIM data research [31].

For Mv, the equilibrium equation could be written as:

Mv
..
Z(t) + Kw[Z(t)− y(x, t)|x=vt] + Cw[

.
Z(t)− dy(x, t)

dt

∣∣∣∣
x=vt

] = 0 (1)

where Z(t) is the displacement of vehicle body Mv, and y(x,t) represents the identical
displacement of vehicle wheels Mw and the bridge; Kv and Cv are the spring stiffness and
damping of the vehicle, respectively.

When the node mass models moving on the bridge at a speed of v, the bridge has to
bear four kinds of forces, namely self-weight of node mass, inertia force of vehicle body,
elastic force and damping force imposed by the spring and damper, respectively. As a
result, the external force P(x,t) acts on the bridge segment contacting with the node mass
can be obtained as

P(x, t) = (Mv + Mw)g−Mw
d2y(x, t)

dt2 + Kv[Z− y(x, t)|x=vt] + Cv

[
.
Z− dy(x, t)

dt

∣∣∣∣
x=vt

]
(2)

As discussed before, there is no displacement between vehicle wheels and the bridge deck, so
that

Z = y(x, t)|x=vt = y(vt, t) (3)

by inserting Equation (3) into Equations (1) and (2), then

Mv
..
Z(t) + Kv[Z(t)− y(x, t)|x=vt] + Cv[

.
Z(t)− ∂y(x, t)

∂t
− v

∂y(x, t)
∂x

] = 0 (4)

P(x, t) = (Mv + Mw)g−Mw

(
∂2y(x,t)

∂t2 + 2v ∂2y(x,t)
∂x∂t + v2 ∂2y(x,t)

∂x2

)
+

Kv[Z(t)− y(x, t)] + Cv[
.
Z(t)− ∂y(x,t)

∂t − v ∂y(x,t)
∂x ]

(5)
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consequently, the kinematic equation for the simply supported beam as shown in Figure 1b can be
obtained as

EI
∂4y(x, t)

∂x4 + M
∂2y(x, t)

∂t2 + C
∂y(x, t)

∂t
= δ(x− vt)P(x, t) (6)

in which, δ is the Dirac function, when x = vt, δ = 1, otherwise, δ = 0.

Note that the displacement y(x,t) can be decomposed into y(x, t) =
φ

∑
i=1

φi(x)ηi(t) with the

modal analysis method, φi(x) is the ith mode shape and expressed as φN(x) = sin Nπx
L , for L = span

length and N is the modal order; ηi(t) is usually defined as generalized displacement. Insert the
decomposed y(x,t) into the kinematic Equation (6), it becomes

EI
∞

∑
i=1

d4φi(x)
dx4 ηi(t) + m

∞

∑
i=1

φi(x)
..
ηi(t) + c

∞

∑
i=1

φi(x)
.
ηi(t) = δ(x− vt)P(x, t) (7)

by multiplying φn(x) and making integration along the length, then taking advantage of the Reyleigh
damping and orthogonality of mode shapes, the oscillation equation for the nth mode shape can
be written:

ωn
2ηn(t) + 2ξnωn

.
ηi(t) +

..
ηi(t) =

2
mL

∫ L

0
δ(x− vt)P(x, t)φn(x)dx (8)

where ωn =
( nπ

L
)2
√

EI
m and ξn is the damping ratio of the nth natural mode shape. Combining

equations of (6)~(8), it could be obtained

..
ηN(t) + γwsin NΩt

∞
∑

i=1
sin(iΩt)

..
ηi(t) + 2ξnωn

.
ηN(t) + 2γwΩ sin NΩt

∞
∑

i=1
icos(iΩt)

.
ηi(t)+

γcsin NΩt
∞
∑

i=1
sin(iΩt)

.
ηi(t) + ωn

2ηN(t)− γwΩ2sin NΩt
∞
∑

i=1
i2 sin(iΩt)ηi(t)+

γksin NΩt
∞
∑

i=1
sin(iΩt)ηi(t) + γcΩ sin NΩt

∞
∑

i=1
icos(iΩt)ηi(t)− γkU(t)sin NΩt−

−γc
.

U(t)sin NΩt = (γw + γv)gsinNΩt

(9)

in which, γw = 2Mw
mL ,, γv = 2Mv

mL ,, γk = 2kv
mL ,, γc =

2Cv
mL ,, Ω = πv

L , m is the mass per unit length of beam
being a constant.

Meanwhile, the Equation (4) is rewritten by inserting the decomposed displacement y(x,t):

Mv
..
Z(t) + KwZ(t) + Cw

.
Z(t)− Kw

∞

∑
i=1

sin(iΩt)ηi(t)− Cw

∞

∑
i=1

sin(iΩt)
.
ηi(t)−CwΩ

∞

∑
i=1

icos(iΩt)
.
ηi(t) = 0 (10)

and the matrix form is M
{ ..

q(t)
}

+ C
{ .

q(t)
}

+ K{q(t)} = F(t), for{q(t)} =
[
η1(t) η2(t) . . . ηn(t) . . . ηN(t) U(t)

]T; Matrixes of mass, stiffness and damping are
displayed as

M =




1 + γ1D11 γ1D12 . . . γ1D1N 0
γ1D21 1 + γ1D22 . . . γ1D2N 0

. . . . . . . . . . . . . . .
γ1DN1 γ1DN2 . . . 1 + γ1DNN 0

0 0 . . . 0 Mv




(11)

C =




2ξ1ω1 + 2γwΩE11 + γcD11 2γwΩE12 + γcD12 . . . 2γwΩE1N + γcD1N −γcD1
2γwΩE21 + γcD21 2ξ2ω2 + 2γwΩE22 + γcD22 . . . 2γwΩE2N + γcD2N −γcD2

. . . . . . . . . . . . . . .
2γwΩEN1 + γcDN1 2γwΩEN2 + γcDN2 . . . 2ξNωN + 2γwΩENN + γcDNN −γcDN

−CvD1 −CvD2 . . . −CvDN Cv




(12)

K =




ω2
1 − γwΩ2G11 + γkD11 + γcΩE11 −γwΩ2G12 + γkD12 + γcΩE12 . . . −γwΩ2G1N + γkD1N + γcΩE1N −γkD1
−γwΩ2G21 + γkD21 + γcΩE21 ω2

2 − γwΩ2G22 + γkD22 + γcΩE22 . . . −γwΩ2G2N + γkD2N + γcΩE2N −γkD2
. . . . . . . . . . . . . . .

−γwΩ2GN1 + γkDN1 + γcΩEN1 −γwΩ2GN2 + γkDN2 + γcΩEN2 . . . ωN
2 − γwΩ2GNN + γkDNN + γcΩENN −γkDN

−KvD1 − CvΩE1 −KvD2 − CvΩE2 . . . −KvDN − CvΩEN Kv




(13)
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where Di = sin iΩt, Dij = DiDj = sin iΩt sin jΩt, Ei = i cos iΩt, Gi = i2 sin iΩt, Eij = EiDj =

sin iΩt× j cos jΩt, Gij = GiDj = sin iΩt× i2 sin iΩt.
By the usage of Newmark-β method, the displacement, velocity and acceleration at ti and

ti+1 time can be solved. Finally, the displacement and acceleration of the bridge and vehicle are
obtained, respectively:

y(x, t) =
∞

∑
n=1

sin
Nπx

L
ηn(t)

..
y(x, t) =

∞

∑
n=1

sin
Nπx

L
..
ηn(t)Z(t) = y(vt, t) =

N

∑
n=1

sin
nΩt

L
ηn(t) (14)

..
Z(t) =

N

∑
n=1

sin nΩt
..
ηn(t) + 2

N

∑
n=1

nΩ cos nΩt
.
ηn(t)−

N

∑
n=1

(nΩ)2 sin nΩtηn(t)

2.2. Bridge Model
To make structural dynamic analysis under the combined seismic and truck loads, a prestressed

continuous box- girder bridge with a span arrangement of 36 + 56 + 36 m is modelled. The details of
the superstructure and the column can be seen in Figure 3. The superstructure is supported by pot
bearings. The prototype bridge was designed for a site in class II with a PGA of 0.1 g and the live load
of highway class-I. Based on the design parameters, the finite element model (FEM) of this bridge is
built. In which, the girder and columns are modelled with BEAM 188 element provided in ANSYS
software; this element was developed based on the Timoshenko beam theory for any of elastic, plastic
and other nonlinear material analyses. By which, shear deformation could be considered besides
flexural deformation and suitable for box- girder used in the present study. There are at least 6 DOFs
in the element, including three translational DOFs and three rotational DOFs at X, Y and Z directions,
respectively. The FEMs of superstructure and substructure are displayed in Figure 4. All DOFs are
fixed at the bottom of piers, and the abutments are fixed in both lateral and vertical directions, while
bearings are modelled by coupled nodes.

Figure 3. Cont.
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Figure 3. The design details of the superstructure and columns. (a) Layout of the RC continuous
girder bridge. (b) I-I section profile. (c) II-II section profile.
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Figure 4. The finite element models of the bridge. (a) cross section of the box-girder at bearings.
(b) cross section of the box-girder at midspan. (c) bridge piers. (d) overview of the FEM.

2.3. Vehicle Model
Three extensively used types of vehicle models are used to apply live loads to the bridge deck,

including the truck model specified in AASHTO bridge design code, Caltrans DOT heavy truck
model and the one in Chinese provision, they are separately combined with seismic load to compare
and analysis if travelling speed, truck weight and axle load etc. would significantly affect the dynamic
response. These truck models are concisely introduced in this section.

2.3.1. Truck Model in AASHTO Code
The type 362 truck specified in AASHTO code is shown in Figure 5a, it is a 5-axle truck with the

gross weight of 320.28 kN. The detailed axle loads and spaces are marked in the figure.

Figure 5. Cont.
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Figure 5. Truck models in specifications. (a) AASHTO truck model. (b) Caltrans truck model.
(c) Chinese truck models.

2.3.2. Heavy Truck Model in Caltrans
California is well known as an industrial state in the U.S. so that many kinds of huge (on width,

height, trailer length, and number of trailers) and heavy (on GVW, axle weight, and wheel weight)
trucks appear on highway bridges to carry some high-density commodities with divisible loads, they
have been indispensable components of the traffic configuration, indicating the vehicular overload
standard issued by the Federal government was not compatible with the real social requirement,
therefore, the Caltrans regulated their permission truck level by themselves, embodied by a series of
very heavy trucks. To be consistent, the 5-axle truck of this series is used herein. Each tandem has a
weight of 213.51 kN and the first axle load is 115.65 kN, as shown in Figure 5b.

2.3.3. Truck Model in Chinese Provision
A simplified 5-axle truck model was stipulated in the Chinese bridge design specification as

an alternative of the lane load, accounting for the live loads applying to bridges. The layout of axle
loads and spaces is plotted in Figure 5c.

As discussed before, the vehicle is modelled by two nodes of vehicle body and wheels denoting
the weight of Mv and Mw, and its moving process is simulated by a cluster of containers associated
with the bridge, transferring the properties of the vehicle step by step. The MASS21 element with
6 DOFs is used to simulate vehicle body and wheels, and COMBIN14 element for the suspension
system as a one-dimension tensioned or compressed spring-damper. The interface element of CONTA
175 is utilized to deliver vehicle weight to the girder and make sure no slips between vehicle wheels
and the containers involved.

3. Dynamic Characteristic of the Bridge Model
As a MDOF structure system, bridges have many inherent vibration frequencies and mode

shapes, but the dynamic characteristics of the 1st~6th orders are adequate for dynamic response
analysis of normal RC girder bridges, since the higher orders are rarely excited and have negligible
effects on the whole responses. Therefore, the first 6th frequencies and mode shapes are calculated
and demonstrated in Table 1 and Figure 6.
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Table 1. Natural frequencies and mode shapes of the bridge.

Vibration Mode Frequency (Hz) Mode Shape

1 1.94 1st order longitudinal bending
2 3.69 antisymmetric vertical bending
3 4.81 2nd order longitudinal bending
4 5.73 1st order torsion
5 7.50 dissymmetric vertical bending
6 7.72 dissymmetric transverse bending
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4. Vehicle-Bridge System Equation under Combined Seismic and Vehicle Loads
So far, the concerned question of bridges under combined seismic and vehicle loads has been

divided into two parts, one is the simplified vehicle-bridge (VB) system established in the previous
section, the remaining part concerning seismic load can be treated as an external excitation to apply to
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the VB system. If we let Ub denote the displacement vector of the container nodes, then the enlarged
bridge equation could be expressed as

[
Mv 0
0 Mb

]{ ..
Uv..
Ub

}
+

[
Cv Cvb
Cbv Cb

]{ .
Uv.
Ub

}
+

[
Kv Kvb
Kbv Kb

]{
Uv
Ub

}
=

{
Fv + Peffv
Fb + Peffb

}
(15)

in which, Peffv and Peffb represent dynamic responses of the vehicle and the bridge associated
with containers under seismic motions, respectively; subscripts v and b denote vehicle and bridge,
respectively. Fv and Fb are force vectors. Other parameters have been discussed before. Moreover,
the vector Ub can be dived into pseudo-static displacement and dynamic displacement, written as

{Ub} =
{

Us
a

Us
b

}
+

{
Ud

a
0

}
, where superscripts s and d denote pseudo-static and dynamic displacement,

respectively; subscripts a denotes bridge nodes except bearings, while b denotes bearings. Since the
seismic effects are treated as uniform excitation, then the pseudo-static displacements at supports are
identical and no relative slips between bearings.

It is supposed that there are N vehicles moving on the bridge and N1 mode shapes of the
bridge have contributions to the dynamic response when earthquake occurs, then, {Peffv} ={

Peffv1 Peffv2 . . . PeffvN
}T and {Peffb} =

{
Peffb1 Peffb2 . . . PeffbN1

}T. To be consistent with
vehicle passage, ground motions are input in longitudinal direction, then the generalized seismic
load on the bridge can be expressed by the normalized ith mode as Peffbi = ax

g(t){φ}T
i {M}{D}x,ax

g(t)
is the longitudinal ground motion component; {D}x denotes directional vector, and {φ}i is the ith
generalized mode vector. Based on these derived expressions, the Equation (15) can be solved by the
Newmark-β method further.

5. Dynamic Response Analysis of the Bridge under Combined Seismic and Vehicle Loads
To address the influences of vehicle speed, number of vehicles, intensity and duration of ground

motion and vehicle type on bridge dynamic responses, these factors are analyzed separately in
this section, incorporating with site class, damping ratio, design spectral acceleration etc. of the
protype bridge, to understand the performance of the bridge under different seismic and/or vehicle
loading conditions.

5.1. Ground Motions Selection
Un-scaled ground motions (GMs) are selected from the PEER strong ground motion database.

Out of three ground motion components in each record set, two horizontal and one vertical, the
horizontal motion is selected. Besides, the design spectral acceleration in Chinese Specifications for
Seismic Design of Highway Bridges is taken as reference for selecting ground motion records, based
on the design parameters, such as site class of I1, damping ratio of 0.05 and characteristic period of
0.3 s etc., the calculated spectral peak acceleration Smax = 0.195 g is for the basic seismic design level,
for severe earthquake with a return period of 1600 years it should be enlarged 1.6~2.3 times according
to the specification, let it be 2 times and finally a 0.4 g of Smax is set for scaling ground motions. Note
that the duration of the selected ground motions needs to be determined additionally rather than
using the recorded time, to make sure the time period with dominant acceleration/energy of ground
motions complies with the estimated time for vehicles passing through the bridge with a certain
speed. Therefore, the 70% of energy duration is taken as seismic duration because of its widespread
use. As a consequence, 5 potential ground motions are firstly selected and their processed parameters
are listed in Table 2.

Table 2. Energy durations and normalized PGAs of ground motions.

No. Earthquake Event Energy Duration(s) Normalized PGA(g)

T1 Saguenay, 25 November 1988 3.93 0.95
T2 AuSableForks, 20 April 2002 15.22 1.0
T3 RiviereDuLoup, 6 March 2005 14.73 1.0
T4 MtCarmel, 18 April 2008 7.10 0.72
T5 Mineral, 23 August 2011 5.86 0.95

As can be seen, T2 and T3 have longer durations to present the combination of seismic load
and vehicle load of interest in this study. In addition, the standard deviations in energy durations
of T2 equals to 0.24 and less than that of 0.26 of T3, thus, T2 is selected as the seismic excitation
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plus live-load for the bridge. The normalized T2 ground motion and its energy duration are shown
in Figure 7.
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5.2. Dynamic Response Analysis of the Bridge
Based on theVB system and ground motion time history demonstrated before, some important

factors associating with vehicle load and seismic load are to be investigated specifically, to understand
the influence of each parameter on bridge dynamic responses. For this end and also making the
results more comparable, the Caltrans truck model and ground motion T2 are set as benchmark for
vehicle load and seismic load, respectively. If not reported particularly, then they are used in default.
In addition, vehicles are supposed to move at uniform speeds and the headways are constant if more
than one vehicle involved.

5.2.1. Vehicle Speed
Vehicle speed determines the travelling time and therefore the loading time of the vehicle on

the bridge, and it may have effect on displacements of the bridge. To be comparable, five common
passing speeds from 36 km/h to 108 km/h with an interval of 18 km/h are considered. Figure 8a
shows the displacement time history under the combined seismic load and heavy truck load, and
Figure 8b shows their counterparts under traffic loading only.
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It can be seen in Figure 8b, when the vehicle passing through the bridge at different speeds, the
peak displacement very slightly increases with increasing travelling speed, indicating larger impact
and dynamic response of the bridge are produced. Whereas, the displacements are very close and
the maximum difference is only 0.15 mm, so vehicle speed has very limited influence on bridge
displacement. On the other hand, when vehicle loads combined with seismic loads, the displacements
are amplified dramatically and the displacement induced by seismic excitation is overwhelming
component of the total response. However, the displacement slightly decreases with increasing
travelling speed, and the maximum value is 0.01 mm, denoting vehicle speed has negligible effect on
the dynamic response. As shown, the dynamic response induced by the combined seismic load plus
live-load is approximately 10 times that under live load only.

It is notable the largest displacements in (a) always occur when the vehicle just appears at
the side-span, also the ground acceleration has relatively small value; the second largest values
appear at the time when the vehicle arrives at the mid-span, while in the case of (b), it has the largest
displacements. Also note the GM excitation time in (a) depends on the travelling time,namely the
vehicle speed,so that the fast speed of 108 km/h and the slowest speed of 36 km/h have the shortest
and longesgt excitation time, respectively. Even though the latter gets the peak acceleration value of
1.0 g while the former only gets half of that, but their peak displacments are very close, implying this
bridge structure may be senstitive to certain frequency components but not necessarily the ground
acceleration value. This is also seen for other excitation time (or vehicle speed).

5.2.2. Multiple Presence of Vehicles
Vehicles usually appear on a bridge span in one or more lanes simultaneously, which is known

as multiple truck presence. The previous studies reported the multiple loading configuration would
induce higher static load effects to bridge components than those of single one [2]. To address if
the dynamic responses will still be governed by multiple truck presence when the live loads are
combined with seismic loads, five platoons consisting of one to five trucks are applied on the bridge
separately, denoting case 1 to case 5 herein, for each platoon, the travelling speed is set as 72 km/h
and the distance between platoons is 10 m. The platoons are assumed to move on the centerline of
lane 2. The presence of the platoon consisting of two trucks on the bridge can be viewed in Figure 9
as an example.
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Figure 9. Application of truck platoon to the bridge.

Figure 10a displays displacement time histories under combined seismic motion and truck
platoon, and Figure 10b displays displacements under each truck platoon. As observed, displacements
in Figure 10b have nonlinear relationship with the number of trucks, when the number increases
from 1 to 2 or 3, the displacements increase noticeably and the maximum increment is about 3.5 mm,
but when the number continually increases to 4 or 5, the displacements do not necessarily increase
and even decrease by 2 mm at most. It can be concluded that multiple truck presence would induce
higher load effects to bridges than single truck, and the severest spatial loading configuration would
govern the maximum effects rather than the number of trucks.

When the ground motion excitation is taken into account, displacements in Figure 10a generally
increase with the truck number, and a significant difference of 30 mm exits between one truck and
four trucks, indicating the number of trucks has remarkable influence on the total response, but the
influence is to be limited when the number increase to a certain degree. However, the responses
slightly decrease when comparing with the case of GM exciting only, indicating vehicles may make a
positive effect on energy dissipation, due to their body mass and suspension system, to reduce the
dynamic responses to some extent. In this study, case 3, 4 and 5 generally have observable dissipation
effect, but one should keep in mind that the number of trucks, their presence on lanes, headway
distances as well as truck system will affect this result, so it would be a case-specified analysis rather
a general conclusion.

340



Sustainability 2022, 14, 9263

Sustainability 2020, 17, x FOR PEER REVIEW 15 of 22 
 

 

Centerline of lane 1

213.5kN 213.5kN 115.6kN

10m 5.49m 5.49m

Centerline of lane 2

213.5kN 213.5kN 115.6kN

5.49m 5.49m  
Figure 9. Application of truck platoon to the bridge. 

Figure 10a displays displacement time histories under combined seismic motion and 
truck platoon, and Figure 10b displays displacements under each truck platoon. As 
observed, displacements in Figure 10b have nonlinear relationship with the number of 
trucks, when the number increases from 1 to 2 or 3, the displacements increase noticeably 
and the maximum increment is about 3.5 mm, but when the number continually increases 
to 4 or 5, the displacements do not necessarily increase and even decrease by 2 mm at 
most. It can be concluded that multiple truck presence would induce higher load effects 
to bridges than single truck, and the severest spatial loading configuration would govern 
the maximum effects rather than the number of trucks. 

  
(a) (b) 

Figure 10. Displacements of the bridge taking different vehicle numbers. (a) combined loads. (b) 
vehicle loads only. 

When the ground motion excitation is taken into account, displacements in Figure 
10a generally increase with the truck number, and a significant difference of 30 mm exits 
between one truck and four trucks, indicating the number of trucks has remarkable 
influence on the total response, but the influence is to be limited when the number increase 
to a certain degree. However, the responses slightly decrease when comparing with the 
case of GM exciting only, indicating vehicles may make a positive effect on energy 
dissipation, due to their body mass and suspension system, to reduce the dynamic 
responses to some extent. In this study, case 3, 4 and 5 generally have observable 
dissipation effect, but one should keep in mind that the number of trucks, their presence 
on lanes, headway distances as well as truck system will affect this result, so it would be 
a case-specified analysis rather a general conclusion. 

5.2.3. Ground Motions 
Ground motion has very strong stochastic behavior, to better understand the random 

variables associated with seismic loads in the previous analyses, another three ground 
motions in widespread use are selected as the inputs and combined with live loads to 
apply to the bridge as before. The three ground motions RiviereDuLoup, Kobe and Chi-
Chi are adopted because they have similar PGAs and other features with the scaled 

Figure 10. Displacements of the bridge taking different vehicle numbers. (a) combined loads.
(b) vehicle loads only.

5.2.3. Ground Motions
Ground motion has very strong stochastic behavior, to better understand the random variables

associated with seismic loads in the previous analyses, another three ground motions in widespread
use are selected as the inputs and combined with live loads to apply to the bridge as before. The three
ground motions RiviereDuLoup, Kobe and Chi-Chi are adopted because they have similar PGAs
and other features with the scaled ground motion T2. They are also processed accordingly, and the
normalized time histories are displayed in Figure 11 as below.

For consistency, similar analyses are implemented in this section. Table 3 and Figure 12a,b
show the displacements under the four ground motions plus vehicle-load taking different speeds
and platoons, respectively. Here vehicle speeds and number of trucks are identically set with the
previous ones. For analysis of vehicle speed, one single Caltrans truck model is applied, while for
that of vehicle number, a speed of 72 km/h is used. It is shown no matter which ground motion is
adopted, the displacements have almost the same variation tendency with the changes of vehicle
parameters. Displacements slightly decrease with faster speeds while increase when more trucks
running on the bridge. As the vehicle speed or vehicle number isthe same, the displacements for the
four GMs are very close, and the differences are within 0.5 mm and 15 mm, respectively. As discussed
above, the number of trucks has remarkable influence on the total response, whereas the randomness
of ground motion barely affects the dynamic response of interest herein.

Figure 11. Cont.
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Figure 11. Three supplemented ground motions. (a) Chi-Chi ground motion. (b) Kobe ground
motion. (c) RiviereDuLoup ground motion.

Table 3. Maximum midspan displacements considering different ground motions.

Vehicle Speed (km/h, One Caltrans) Number of Vehicles (at 72 km/h)

GM 36 54 72 90 108 1 2 3 4 5

AuSableForks 63.75 63.75 63.75 63.75 63.74 63.75 64.15 79.16 91.70 87.46
RiviereDuLoup 63.71 63.71 63.70 63.70 63.70 63.71 61.48 87.35 106.94 99.22

Chi-Chi 63.67 63.67 63.67 63.67 63.66 63.68 61.45 87.31 106.88 99.17
Kobe 63.58 63.58 63.58 63.58 63.57 63.59 61.36 87.20 106.73 99.06
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Figure 12. Displacements of the bridge under different ground motions. (a) at different vehicle
speeds. (b) with different vehicle numbers.

5.2.4. Vehicle Type
Three truck models in different specifications have been introduced above, among them the

Caltrans truck model induces the largest load effects so it has been used in the previous analysis.
As known, vehicles represent a major live load to bridges and uncertainties associated with it are
very high, therefore, this study also has a consideration on the randomness of vehicle loads as one of
critical variables. For the focused objective, the randomness of vehicle loads herein includes speed,
model type and presence number, which are to be analyzed by grouping.

Firstly, each truck model running on the bridge at different speeds is considered with the
scaled ground motion T2. To be consistent, all speeds set in Section 5.2.1 are used, and the midspan
displacements under combined loads and truck loads only are listed in Table 4 below. The results are
further plotted in Figure 13a,b to compare.

Table 4. Maximum midspan displacements considering different vehicle models.

Truck Model Load Type
Vehicle Speed (km/h)

36 54 72 90 108

Caltrans
Combined load 63.75 63.75 63.75 63.75 63.74
Truck load only 6.34 6.36 6.40 6.44 6.49

AASHTO
Combined load 63.67 63.67 63.67 63.67 63.66
Truck load only 3.48 3.49 3.504 3.52 3.56

China
Combined load 63.73 63.73 63.728 63.726 63.72
Truck load only 6.14 6.16 6.194 6.230 6.29
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Figure 13. Displacements of the bridge taking different truck models in codes. (a) vehicle loads only.
(b) combined loads. (c) vehicle loads only. (d) combined loads.

In Figure 13a,the displacements induced by light vehicle and heavy vehicle are quite different,
for example, the displacement under the Caltrans model having the largest GVW is nearly two times
that of the lightest AASHTO model, indicating vehicle weight has significant influence on bridge
responses under live loads only, in addition, the GVWs of Caltrans and China models are close but
their axle loading configurations are different, causing the displacements produced are also different,
especially when the moving speed is high, thus, vehicle speed is also a notable factor enlarging the
dynamic responses when vehicle loads act alone. On the contrary, in Figure 13b, the influence is
remarkably weakened when seismic loads and live loads work together, since the former becomes
the governing one, leading to a difference less than 3 mm between each pair of truck models.

Secondly, truck platoons are assembled by the same truck model with different numbers of one
to five moving on the bridge at a speed of 72 km/h, as a result, 15 platoons are combined with the
scaled ground motion T2, respectively, to calculate the displacements shown in Table 5. The results
are also plotted in Figure 13a,d for comparison.
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Table 5. Maximum midspan displacements considering different vehicle platoons.

Truck Platoon Load Type
Number of Vehicles in the Platoon

1 2 3 4 5

Caltrans
Combined load 63.75 64.15 79.16 91.70 87.46

Truck platoon only 6.40 9.55 9.49 7.53 7.69

AASHTO
Combined load 66.45 67.90 84.70 86.96 82.35

Truck platoon only 3.50 4.99 4.32 3.78 3.90

China
Combined load 63.73 65.94 94.42 99.62 91.21

Truck platoon only 6.19 8.60 7.55 6.57 6.29

It can be observed from Table 5 and Figure 13c,d, no matter the seismic load is combined or not,
the number of vehicles apparently affects the displacements. For the situation without seismic loads,
the largest response is produced when two vehicles moving on the bridge, whichever vehicle model
is used, and the maximum difference also exists between Caltrans and AASHTO models, which is
about twice as high. For another situation with seismic loads, when platoons consisting of a few
trucks, variables of truck model and number hardly generate disparity, trucks have somehow tunned-
mass-damper- behavior and make positive contribution for reducing bridge dynamic response,
but when more trucks come into platoons, the displacements go up, implying these variables play
important roles in the total responses. Note the AASHTO platoon of three trucks induces larger
displacement than the Caltrans platoon, even though the former’s GVW is much lesser, and the
maximum responses occur for platoons of four trucks rather than five trucks. Among the three
specified models, the platoon designed by the Chinese provision induces the largest displacement,
which is about 15 mm higher than that of the other two. As a consequence, the variables associated
with the number of trucks, especially the spatial loading configurations would remarkably affect the
bridge responses, sometimes it may govern the load effects rather than the number.

6. Discussion
In this study, dynamic responses of a RC bridge subjected to combined truck load and seismic

load are analyzed, as a representative occurrence of extreme events for bridge structures. Numerical
simulations are performed on this continuous girder bridge, presenting a simplified vehicle-bridge
system associated with containers, for which, the kinematic equations are established and derived
accordingly. Then, vehicle speed, multiple presence of vehicles, ground motions and vehicle type are
assumed to be random variables, and the midspan displacements are compared under combined
loads and live loads alone, taking these randomness and uncertainties into account. The main findings
could be summarized as below.

1. The resultsshow that the simplified VB model has sufficient accuracy in simulating the inertia
force on vehicle body induced by GMs, and it also has many conveniences in presenting vehicle
passage and seismic excitation. Seismic load is always the governing one in all combined
loading cases, no matter what kind of vehicle loads are considered, but heavy truck loads may
change displacement shapes of girders.

2. For these key random variables concerned in this study, vehicle speed almost has no influence
on dynamic response, since the maximum difference of midspan displacements is less than
7%, but multiple presence of vehicles has significant effects on dynamic response, showing the
maximum difference of about 40%, for the severest case, the largest vertical displacement is
close to 10cm, which would cause destructive damage for the bridge.

3. When presence number is rather small, like one or two, the dynamic responses slightly decrease,
comparing with their counterparts excited by ground motions only, indicating vehicles some-
how make a positive effect on energy dissipation, provided by their body mass and suspension
system, to reduce the dynamic responses to some extent.

4. Vehicle type presented by configurations of axle load and spacing also has some contributions
to the comprehensive responses, where the gross vehicle weight would not be the determining
factor rather than the spatial arrangement of total weight. In addition, displacements under the
four GMs are very close, the differences are within 0.5 mm~15 mm, therefore, the randomness
of ground motion barely affects the dynamic response of interesting herein.
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The analysis concentrates on the dynamic responses of a RC girder bridge subjected to combined
seismic and live loads. Also, the analysis considers some randomness and uncertainties related. To
report more comprehensive findings, the effect of bridge bearings, bridge type as well as span lengths
and number of lanes require further investigation.
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