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Abstract

An integrated numerical method is proposed for analyzing the nonlinear seismic response
of near-fault building clusters, comprising three algorithms: (1) a structural investigated
lump algorithm for elastoplastic dynamic response of structure; (2) a connecting investi-
gated lump algorithm for bidirectional wave propagation between the site and elastoplastic
building clusters; (3) a geomedia investigated lump algorithm for seismic wave propagation
with an improved viscoelastic constitutive model, which allows independent definition of
P/S-wave quality factors to characterize geomedia attenuation. Validated for its capability
in simulating site-city dynamic interaction problems via a shaking table test, the method
is applied to study the seismic response of near-fault building clusters in Xichang City
under a hypothetical M;,6.8 earthquake. It is shown that irrespective of whether shallow
geological structures are considered, clusters (c2—c4) situated in rupture-forward surface
area within ~1.5 km of the fault trace entered the elastoplastic stage, while others (c1, c5)
remained elastic. Shallow geological structures may reverse locally hanging-wall/footwall
effects of both near-fault structural seismic response and ground motion. A notable seismic-
response characteristic of near-fault structures undergoing the elastoplastic stage is that
the permanent structural motion displacement (PSMD) at the slab of a specific floor in-
corporates not only the non-zero permanent ground motion displacement (PGMD) but
also the non-zero final structural residual displacement (FSRD) relative to the supporting
ground. The developed method could provide support for seismic damage assessment,
site selection, and structural optimization design of near-fault building clusters.

Keywords: nonlinear seismic response; near-fault; building cluster; site-city interaction;
investigated lump

1. Introduction

In recent decades, numerous densely populated cities worldwide have suffered devas-
tating earthquakes, such as the 1976 Tangshan event [1], 1995 Kobe earthquake [2], 1994
Northridge earthquake [3], and 2023 Tiirkiye earthquake [4]. Such seismic disasters have
induced heavy casualties, substantial economic losses, and extensive structural failure in
urban building clusters, further disrupting urban operations and infrastructure. Seismic
damage to building groups has become a major trigger of modern urban catastrophic risks.
Accordingly, systematic investigation on the seismic performance of urban building clus-
ters is theoretically essential and practically urgent. It helps clarify disaster mechanism:s,
optimize seismic assessment methods, and support the scientific formulation of urban
earthquake prevention, disaster mitigation, and resilience improvement strategies.
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Naturally, it is advisable for a reasonable calculation model to account for the actual ex-
istence of urban building clusters. Since 1996, many scholars have combined superstructure-
building clusters with an underlying geotechnical medium to study site-city interaction
(SCI) by using the plane-wave input approach at the bedrock (e.g., refs. [5-18]). From
the perspective of structural model selection for urban building groups, existing studies
mainly adopt six modeling schemes: (1) low-wave-velocity elastic homogeneous continu-
ous block model [5-11], (2) elastic single-oscillator model [12], (3) equivalent homogeneous
elastic continuous cantilever beam model [13], (4) refined elastic finite element model [14],
(5) elastic shear/flexural-shear inter-story model [15], and (6) nonlinear shear/flexural-
shear inter-story model [16-18]. The first three schemes merely account for the presence of
surface buildings, without enabling the calculation of structural internal forces and defor-
mations. The fourth and fifth schemes can obtain elastic structural responses of internal
forces and deformation, but cannot reflect building damage and seismic performance. By
comparison, the sixth scheme is capable of capturing structural elastoplastic responses
and reasonably characterizing seismic damage to buildings. Accordingly, in urban seismic
research coupling building clusters and geotechnical media, an inevitable development
trend is that structural models evolve from simplified idealized forms to realistic represen-
tations, and from linear elastic assumptions to nonlinear deformation descriptions. This
scientific research approach, which couples building groups and geotechnical media and
adopts plane-wave excitation at the bedrock, may be particularly suitable for far-field (fault
distance > 20 km) urban earthquake research.

Actually, a single earthquake’s impact zone often could include not only far-field
cities but also numerous near-fault (fault distance < 20 km) cities. Strong ground motion
in near-fault urban areas has distinct features compared to far-field regions, such as the
hanging-wall/footwall effect, large-velocity-pulse effect, permanent displacement, and the
fault-rupture directivity effect [19-23]. These near-fault ground-motion features, which
are mainly driven by fault rupture, may result in more severe earthquake damage to
the structures [24-26]. Thus, when studying near-fault urban seismic problems, the fault
and its rupture process cannot be overlooked. Specifically, a robust calculation model
for analyzing the seismic response of near-fault building clusters should include three
essential components: urban building clusters, the earth media, and a seismic source
simulating the fault-rupture process. This type of calculation model can also be named the
integrated system.

Initially, in the integrated system, the seismic source was treated as a double-couple
point source, and the city was simplified to a set of reduced building clusters, which
are composed of “low wave-velocity continuous homogeneous blocks” or “single oscil-
lators” [27-29]. Although this single double-couple point source accounts for the actual
existence of faults, it cannot simulate the fault-rupture process and is generally suitable
for simulating near-fault seismic problems during small earthquakes. In these studies, the
researchers investigated SCI considering the earth medium with a flat free surface. The
results show that the building cluster’s impact on ground motion becomes significant in
cities, especially within ~300 m of the cluster. Compared with the scenario without SCI, the
structural response amplitude is reduced by roughly 3 times when SCI is considered.

Later, in the integrated system, the seismic source adopted a finite fault model with the
fault-rupture process implemented, and the urban building clusters were composed of struc-
ture models, simplified as “low wave-velocity continuous homogeneous blocks” [30-32].
Guidotti et al. [30] studied the SCI problem during the 2011 Christchurch earthquake in
New Zealand by employing SPEED software. A flat surface was adopted for the free sur-
face of the earth’s medium. The results show that seismic waves in cities are significantly
affected by building clusters. Buildings do not just play a passive role; they also act as
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active sources of numerous closely linked translational and rotational motions. In areas
with dense infrastructure, building clusters exert a major influence on the spatial variability
of ground motion. Isbiliroglu (2013) and Isbiliroglu et al. (2015) [31,32] investigated the
SCI effect during an earthquake by adopting the finite element method. The free surface
of the earth’s medium was assumed to be a flat surface. The results show that during an
earthquake, the SCI effect has a significant impact on the response of building structures.
Generally, the SCI effect reduces the structural response; however, in some cases, it may
also increase the response. The presence of adjacent buildings can exert a notable influence
on the response of individual buildings, especially at high frequencies. In high-density
urban areas and regions with distributed soft soil layers, the SCI effect is likely to be
highly significant.

From the above research on near-fault urban earthquake problems [27-32], two points
are clear: on the one hand, the “buildings” in the urban structure clusters are not real
buildings. Obviously, the building group models they used cannot obtain the actual seismic
responses of structures (such as structural axial force, shear force, bending moment, and
inter-story drift ratio (IDR)). On the other hand, these studies mainly focus on the impact
of the existence of urban “building clusters” on ground motion during earthquakes. This is
not the seismic response of structure clusters that we focus on in structural engineering.

To obtain the seismic responses of actual structures, in our previous works [33-36], we
adopted different structural models and focused on the actual seismic response of near-fault
building clusters due to causative fault rupture, achieving some preliminary results. In our
integrated system, for individual buildings in the structure clusters, three types of elastic
structural models were employed: shear-type multi-story buildings, beam-column frame
structures, and flexure-shear high-rise buildings; the constitutive equations for the earth
medium included the linear elastic model and the viscoelastic model; the fault rupture
process was simulated using a finite-fault kinematic source model. For the viscoelastic
model, the generalized Zener body (GZB) relaxation functions for dilatational deformation
and shear deformation were used.

However, as seen in the aforementioned studies [33-36], these works only account
for the elastic deformation of building structure clusters, while omitting the elastoplastic
deformation that is inherently associated with the development of earthquake damage
in real urban structures. In other words, the used building cluster models fail to capture
the nonlinear behavior of structures subsequent to elastic deformation, and further cannot
illustrate the failure process or seismic damage characteristics of near-fault urban structure
clusters during an earthquake.

Collectively, existing studies, including our previous work, have laid an important
foundation for the seismic response analysis of near-fault building clusters, yet still suf-
fer from critical limitations. Although remarkable progress has been made by scholars
worldwide in near-fault ground motion effects on building structures (e.g., refs. [37-41]),
linear and nonlinear soil-structure interaction (SSI) (e.g., refs. [42—44]), linear and nonlinear
structure-soil-structure interaction (SSSI) (e.g., refs. [45-48]), SCI (e.g., refs. [49,50]), and
urban seismic resilience (e.g., refs. [18,51]), most computational models either adopt direct
ground motion input at structural supports (e.g., refs. [37-41,48]), or apply plane-wave
input at bedrock (e.g., refs. [42-47,49,50]), or consider a single structure (e.g., refs. [42-44]),
or still employ elastic structural assumptions (e.g., refs. [42,45,46]). Few studies have fully
integrated fault rupture process, viscoelastic wave propagation, SCI, and structural elasto-
plasticity into a unified nonlinear analysis framework. In particular, such integrated studies
remain extremely scarce for near-fault mountainous cities with complex shallow geological
conditions. Therefore, this paper presents an exploratory study, hoping to provide use-
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ful insights and methodological references for the nonlinear seismic response analysis of
near-fault building clusters.

The purpose of this paper is to develop a new integrated simulation method for the
nonlinear seismic response of near-fault elastoplastic building clusters in mountainous
cities, which accounts for the fault-rupture process. Furthermore, the developed method is
applied to study the seismic response of Xichang City during an M,6.8 hypothetical earth-
quake. First, in Section 2.1, based on the idea and concept of the investigated lump [34,52],
a structural investigated-lump algorithm capable of analyzing the elastoplastic dynamic
response of building structures is proposed. In contrast to previous studies [33-36] that
employed elastic structural models, this paper adopts an elastoplastic structural model to
account for structural nonlinearity. Second, in Section 2.2 and Appendix A, a geomedia
investigation of a lump algorithm is developed for simulating viscoelastic wave propaga-
tion using the P-wave and S-wave GZB relaxation functions, which allows independent
definition of P-wave and S-wave quality factors. The parameters of this type of viscoelastic
constitutive equation can be directly obtained from the quality factors of P-waves and
S-waves. This differs from our previous studies [34,35], where the viscoelastic constitutive
equations adopt the dilatational-deformation and shear-deformation GZB relaxation func-
tions. The parameters can only be indirectly obtained from the quality factors of P-waves
and S-waves. Meanwhile, a connecting investigated-lump algorithm is developed for
bidirectional wave propagation between the site and elastoplastic structures. The structural
investigated lump algorithm, the geomedia investigated lump algorithm, and the connect-
ing investigated lump algorithm constitute the integrated method developed in this study,
which achieves the fault rupture propagation, SCI, and structural nonlinearity. Then, in
Section 3, a numerical verification example is provided, and its results are compared with
experimental data to validate the effectiveness and correctness of the developed method
in solving site-city dynamic interaction problems. Finally, in Section 4, the developed
integrated numerical method is applied to simulate the nonlinear seismic responses of
near-fault building clusters at different mountainous locations in Xichang City during an
M,6.8 hypothetical earthquake in the Anninghe Fault Zone. The influences of shallow geo-
logical structures on the seismic response of near-fault building clusters and on near-fault
ground motion, along with the influence of structural nonlinearity on the seismic response
of these clusters, are studied in this work.

2. Numerical Method

Figure 1 shows the investigated lumps and their construction process in the integrated
system for obtaining nonlinear earthquake responses of near-fault building clusters. The
integrated system is composed of building clusters with elastoplastic deformation capacity,
a viscoelastic earth medium, and a causative fault, as shown in Figure 1a. Taking the frame
structure shown in Figure 1b as an example, the construction process of the three types of
investigated lumps is illustrated. They are respectively the structural investigated lump
(Figure 1c), the connecting investigated lump (Figure 1d), and the geomedia investigated
lump (Figure 1d). For more details of the construction process, please also refer to our
previous works [34,35]. The algorithm implementation of the structural and connecting
investigated lumps will be described in Sections 2.1 and 2.2. As for the case of the geomedia
investigated lump, please see the literature [34].

To understand the dynamic governing equations of the investigated lumps in the
following Section 2.1 easily, the main symbols need to be explained in advance. The symbol
I (e.g., the number () shown in Figure 1b) denotes the number of the /th inter-story segment
with the upper endpoint, f;, 1, and the lower endpoint, f;, | = 1,..., L, where L is the total
number of building stories. Among these endpoints f; through f; |1, point f; represents
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the position of the ground surface at soil-structure connection, and the investigated lump
at the point f; is also termed the connecting investigated lump f;; point f; | ; denotes the
position of the (I + 1)th-floor slab point (I < L) or the roof slab point (! = L) in the structure;
the investigated lump at point f; ; is also referred to as the structural investigated lump
fi41. hy is the Ith-floor height.

oo TTTTTTmm T s m T mm e m e e N,
! Topography surface ) M,
E ~a i v,
: AN B R
: Vo Cf 3 Zer, s . |
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o . . |
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(b)
Figure 1. Investigated lumps in the integrated system for simulating nonlinear seismic responses
of near-fault building clusters induced by the causative fault rupture. (a) The integrated system
including building clusters with elastoplastic deformation capacity, viscoelastic earth medium with
topography surface, and causative fault. (b) A typical frame structure in the building clusters.
(c) A typical structural investigated lump. (d) A typical connecting investigated lump and a typical
geomedia investigated lump.

2.1. Algorithm Implementation of Nonlinear Dynamic Response for Structure

Considering a typical structural investigated lump f; 1 (e.g., the structurally investi-
gated lump f; shown in Figure 1c), according to its force analysis (referring to Figure 1c),
and using the mass damping coefficient 1 for Rayleigh damping, the dynamic equilibrium
equations at the centroid Cf; ;1 of the investigated lump f; | are obtained as follows

me ﬁCle =V —-Vi— ﬁlmelquJrl )
mfl+1ibcfl+l = (N} = Npy1) — mgy 8~ ‘Blmelwal )
bor = (Mypy — My)+ Vi (111 4 vt
ICfl+1 Cfl+1 - ( I+1 l) 1+1 T ZCfH_l 1 E Zf]+1

Ug, — U, Ug, — U
+N1+1 (2 + 24 T

Uug, . — Ug U — U :
+Nl <I+121 - ZCf1+1 thll) B lBl]CfIH 9Cf1+1 (3)

where it should be pointed out that V; ;1 = 0, Npy; = 0and My y; = 0. The my, and
Jcf,,, are respectively the mass of the structurally investigated lump f; 1 and its moment
of inertia through its centroid Cf; 1 around the y-axis. The mass damping coefficient ; for
Rayleigh damping, it can be determined by using B1 = 2w w2 (J1wy — fows) / (w3 — w?),
w1 and w, are respectively the first- and second-order circular natural frequencies for the
structure, {; and {, the first and second modal damping ratios for the structure are often

setas {1 = {» = 0.05 [53,54].
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The “one dot” and “two dots” above the displacements ucy, ,, wcy,,, and 6y, | repre-
sent respectively the first-order and second-order derivative with respect to time for the
corresponding displacements, i.e., the velocity and acceleration. zcy, | is the eccentricity
of (I + 1)th-floor slab surface point f; 1 of the structural investigated lump f;, ; relative to
its centroid Cf; ;. g is the gravity acceleration. To calculate the iinHl, ibcfm and écfl+1,
the mid-section interior forces V; (Vi11), N; (Nj11) and M; (M; 1) for the Ith ((I + 1)th)
inter-story segment need to be determined. Actually, the calculation formulae of V;, 1, Nj;1
and M;, 4 are similar to those of V;, N; and M;. So, only the calculation formulae of V;, N;
and M; are given in this study.

For the calculation formula of the V}, a bilinear hysteretic kinematic hardening model
will be used to approximately characterize the nonlinear relationship between mid-section
shear force V; and shear-displacement Au; for the Ith inter-story segment. Figure 2 shows
this model for the I/th inter-story segment. The Auj represents the inter-story shear-
displacement corresponding to the elastic limit and Auj = h;/550 for R/C frame structure
according to the current China Code for Seismic Design of Buildings (GB 50011-2010) [54].

AI/I

\J

O| Au/ Au,

Figure 2. The bilinear hysteretic kinematic hardening model of mid-section shear force V; and shear-
displacement Au; for the Ith inter-story segment. The Auf denotes the inter-story shear-displacement
corresponding to structural elastic limit.

After considering the influence of axial force N on the V; and using stiffness damping
coefficient B, for Rayleigh damping as well as employing the incremental theory, the
formulas of shear force V/ at time ¢ is obtained as follows

t—At

Nt N
t_ yrt—At t oA t=A N (gt t I E=At | pt—At
V=V, +K11(Aul Aut ) 5 (ef, +9fl+1) +— (efl +6f )

f ot A Nff.t Nf7AL /opoat -
okl (o = id ) = a5 (6 +01,, ) +pomlp— (6 +6) @
where the At is time step and the inter-story shear-displacement Au; is expressed as
Au; = (uf[+1 — uf[) - 05 (()fl+1 + gfl)hl. Klt1 is the lateral displacement stiffness of the
Ith story at time t, KI, = K!, = 12(EI);/[(1+ 2a;)h}] — 6N!/(5h;) (elastic stage) and
Kl = K;p = 57K}, (hardening stage), 77 is plastic stiffness coefficient, typically in the range of
1/20-1/10 [55-57]. The «; is coefficient of shear deformation for the /th inter-story segment
and a; = 6(EI);/ [h?(GAs);] . The stiffness damping coefficient B, for Rayleigh damping
can be calculated by using B = 2({owz — (1w1)/ (w3 — w?) [53].
As for the calculation formulas of the N; and M, considering structural linear elastic
deformation, we can obtain them as follows

(EA);
hy

EA); /. .
(wfl - wf1+1) + Ngl + 182(;11) (wfl - wfl+1) (5)

N, =
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(ED);
hi

where N, is the mid-section axial force of the /th inter-story segment due to its dead-weight.

(EI)

Ml = (Gfprl - 9f1> + ﬁz hl (éfprl - 61:1) (6)

From Equations (4)-(6), the mid-section interior forces of the /th inter-story segment
can be calculated from the displacements and velocities at the points f; and f;, 1. Clearly,
these displacements and velocities can be obtained from accelerations at the points f; and
f;+1 by doing time integration. The accelerations used here at all points f;-f; | originate
from different investigated lumps. The acceleration at the point f; comes from connecting
investigated lump f; as will be illustrated in Section 2.2; the accelerations at the point f;
structural investigated lump f; ;. But the accelerations obtained from Equations (1)—(3) are
ones at the centroid point Cf; 1 of each structural investigated lump. Therefore, it needs to
establish the relationship between accelerations at the point f; ;1 and ones at the centroid
point Cf; 1. According the kinematical theory, we can obtain the accelerations at the point
f;, 1 as follows

Uf, = Uch., +2ch., Och, )

.. .. -2

Wiy = Wehyq — ZCf1+19Cf1+1 (8)
9fl+l = 9Cfl+1 ©)

The aforementioned Equations (1)-(9) constitute the governing equations of the non-
linear dynamic response of the structure. Its algorithm is implemented in a time-domain
recursive way as follows:

Step (1) Calculate i’tcfm, iiJCfZH and éCle of structural investigated lump f;, at time
t by using Equations (1)-(3).

Step (2) Calculate ucy,, ,, wcy,,, and écfl+1 of structural investigated lump f;,; at time
t + At/2 for damping forces in Equations (1)=(3) by doing once time integration.

Step (3) Calculate iifm, Z'i)fl+1 and éfm of structural investigated lump f; 1 at time f by
using Equations (7)—(9).

Step (4) Calculate itfl“, z'uf,+1 and éle of structural investigated lump f; | at time
t + At/2 by doing one-time integration and uy,, , wy, , and 6, at time { + At by doing
twice the time integration.

Step (5) Calculate the middle cross-section interior forces V;, N; and M; of the /th
inter-story segment at time t 4 At in the structure by using Equations (4)—(6).

Step (6) Return to step (1) to update the ilcflﬂ, Z:bcfl+1 and éCf[+1 of structural investi-
gated lump f; 1 at time ¢ + At.

Through the above time-domain recursive calculating process, the algorithm for the
nonlinear response of the structure will be implemented.

It should be pointed out that the P-A effects (geometric nonlinearity) have been in-
corporated to account for second-order effects under deformations, while the stiffness
degradation, strength deterioration, and cumulative damage effects associated with re-
peated cyclic loading are not incorporated in the current constitutive model. This is because
the main focus of this study is to establish an integrated numerical framework for coupled
wave propagation, soil-structure interaction, and structural elastoplastic response, and a
bilinear hysteretic model without degradation is sufficiently accurate for characterizing
the main nonlinear behavior of structures. Cumulative damage is subsequently evaluated
using IDR-based damage indices.
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2.2. Algorithm Implementation for Wave Bidirectional Propagation at the Soil-Structure
Connection

As is depicted in Figure 1d, the shaded part enclosed by 1—+2—3—4—5—6—7—8—
9—10—11—1 is the connecting investigated lump f;, which is composed of the corre-
sponding investigated lump at the surface of the earth media and the half-length of the
1st inter-story segment in the structure. According to its force analysis, the dynamic equi-
librium equations of the connecting investigated lump f; with mass m¢, and moment of
inertia J, are given as follows

i, = Y0 (0l o — T (0t O o+ Vo (10

my, Wy, = Zil(UxZ)n(‘lgl)n - ZZil(UZZ)n(bgl)n -M (11)
. 1

Jg,0r, = M1 + §V1h1 (12)

where ¢ is the number of triangular grids around the surface node f; of earth media.
For a typical triangle f; —j —k, af = (zx —2j)/2, a} = (2, —2), @ = (2j—21,)/2,
by, = (xk —xj) /2, b} = (x, —x¢)/2, by = (xj—x¢,)/2, (x;, zi) (i = f1, j, k) is the
coordinate of the triangular three nodes. To calculate i, , wy, and éf] , stress components
Oxx, U2z and oy, need to be determined.

The stress components oyy, 07, and oy, in Equations (10)-(12) can be evaluated by
using Equations (A19)-(A24) in Appendix A.

The Equations (10)-(15), (A19)—(A24) and (4)—(6) constitute the governing equations
of wave bidirectional propagation at the soil-structure connection. Its algorithm is imple-
mented in a time-domain recursive way as follows:

Step (1) Calculate uy,, wg, and éfl of connecting the investigated lump f; at time f by
using Equations (10)—(12).

Step (2) Calculate uy, wy, and 6, at time ¢ + At by doing twice the time integration.

Step (3) Calculate oyy, 0z, and oy at time t + At by using Equations (A19)-(A24).

Step (4) Calculate the middle cross-section interior forces V1, N; and M; of the first
inter-story segment at the time f + At in the structure by using Equations (4)—(6).

Step (5) Return to Step (1) to update the iifl, ibfl and éfl of connecting the investigated
lump f; at time t + At.

Through the above time-domain recursive calculation process, the algorithm for wave
bidirectional propagation between soil and each structure in building clusters will be
implemented.

As for the algorithm for viscoelastic wave propagation in the Earth’s medium, it
has been introduced in our previous work [34]. But it should be pointed out that the
viscoelastic constitutive equations used herein are different from those used in our previous
work [34]. The relaxation function used by the former accounts for the GZB’s P-wave
tension-compression and S-wave shear viscoelastic behavior, while the relaxation function
adopted by the latter considers the GZB’s dilatational and shear viscoelastic behavior.
Compared with the case of the latter, the former can independently define the P-wave and
S-wave quality factors, and the viscoelastic parameters can be directly obtained from the
constant P-wave and S-wave quality factors.

The aforementioned algorithms based on the investigated lump concept have the
following advantages:

(1) The structurally investigated lump algorithm features a clear physical meaning and
straightforward implementation. It is formulated based on the dynamic equilibrium
of structurally investigated lumps. The dynamic response analysis of the structure can
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be realized simply by performing a force analysis and establishing the corresponding

governing dynamic equations.

(2) The connecting investigated lump algorithm naturally incorporates SSI, SSSI, SCI, and
other phenomena. This approach realizes the wave-based soil-structure connection by
enforcing dynamic equilibrium at every time instant for each soil-structure connecting
investigated lump.

(3) The geomedia investigated the lump algorithm, which exhibits high computational ef-
ficiency, naturally satisfies free boundary conditions, and can flexibly handle irregular
topography and irregular internal interfaces. It combines the advantages of the finite
difference method (high computational efficiency), the finite element method (natural
satisfaction of free-boundary conditions), and an unstructured triangular auxiliary
grid (flexibility in dealing with irregular topography and interfaces) [52].

In summary, the above three algorithms, including the elastoplastic structural investi-
gated lump algorithm, the connecting investigated lump algorithm for wave bidirectional
propagation, and the viscoelastic geomedia investigated lump algorithm, form a com-
plete integrated simulation method in this study by introducing the finite-fault seismic
source. The main feature is that it combines elastoplastic structural dynamics, viscoelastic
wave propagation, fault-rupture processes, and site-city dynamic interaction into a unified
nonlinear framework, which is beneficial for the nonlinear seismic response analysis of
near-fault building clusters in mountainous cities.

3. Verification of the Developed Numerical Method

To validate the effectiveness of the presented numerical method in handling site-
city dynamic interaction, a shaking table test [58] is selected for comparative verification.
Figure 3 shows the calculation model of the shaking table test. There is an idealized
small-scale city constituting 37 identical resonating structures, distributed equally, with a
center-to-center spacing of 50 mm at the flat surface of the underlying soil. Each structure is
simulated by using an aluminum sheet with a height of 184 mm and a thickness of 0.5 mm.
The aluminum sheet is characterized by mass density pa; = 2700 kg/m?3, Young modulus
Eal = 69 x 10° Pa and Poisson ratio v & 0.3. The fundamental frequency and damping
ratio of each aluminum sheet respectively are approximately 8.45 Hz and 4%, according
to the experimental results. The mass damping coefficient 8; is 3.66 1/s and the stiffness
damping coefficient B; is 2.08 x 10~* s based on the first and second modal damping ratios
¢1 = 4% and ¢{» = 4% as well as the first and second modal natural angular frequencies
w1 = 53.09 rad/s and w, = 331.83 rad/s [53,58]. Each aluminum sheet is divided into
10 segments, which construct 11 structurally investigated lumps.

The underlying soil is simulated by using a polyurethane foam block with dimensions
of 213 m x 0.76 m in xoz plane. The foam’s material properties are mass density p of
49 kg/ m3, P-wave velocity V), of 48.98 m/s, S-wave velocity V; of 33.5 m/s, and shear-
deformation damping ratio ¢s of 4.9%. According to the literature [59,60], the viscoelastic
constitutive relationship can be used to characterize the hysteretic damping property of
the foam. To be specific, the foam’s volumetric deformation follows an elastic relationship
(i.e., volumetric-deformation quality factor Q; = oo, giving xpn = (4VS2 / 3V3) Xsn [34]),
while its shear deformation complies with the GZB viscoelastic relationship. The quality
factor Qs is about 10.2 for S-wave according to Qs = 1/(2¢s) [60], and then the parameters
Xsn for S-wave can be obtained from Qs by the least squares technique [61]. In this study,
1420 triangular auxiliary grids with a spatial step size of 0.05 m are used for constructing
768 geomedia-investigated lumps. The time step is set to 3.0 x 10 s and 1,000,000 steps
are conducted in total. The computational time is approximately 15 min on a single 2.5 GHz
CPU computer.
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Idealized city with 37 structures

(Aluminum sheets)

Idealized soil

(Polyurethane foam)

0.76 m

A
Y

2.13m

Figure 3. Computational model of the table shaking test. The upward arrow (symbol 1) denotes the
receiver located at the midpoint of the ground between the 22nd and 23rd structures. The downward
arrow (symbol A) indicates the receiver located at the top of the 19th structure.

To match the boundary conditions similar to the table shaking test, a Ricker acceler-
ation time history with an acceleration peak of 2.55 m/s? and a dominant frequency of
around 8 Hz is inputted along the x direction on the bottom boundary, while the bottom
boundary along the z direction is fixed; the lateral boundaries are free surfaces.

Figure 4 illustrates the response comparison between numerical simulation and shak-
ing table test results for the idealized city (comprising 37 structures), including (a) x-
direction acceleration at ground receiver 1 and (b) x-direction acceleration at receiver A
on the 19th structure’s top. To quantitatively evaluate the consistency between numerical
and experimental results, we shall introduce three error indices: the correlation coeffi-
cient, root-mean-square error (RMSE), and peak error percentage [62,63]. Among them,
the correlation coefficient and RMSE respectively reflect the trend-and-phase consistency
and overall deviation between numerical and experimental time histories; the peak error
percentage reflects the prediction accuracy of the maximum response amplitude.

T

Simulation

» 2
Acceleration /m/s

-6 L 1 1 1
1.0 1.5 2.0 25 3.0
Time /sec

— Simulation

2

Acceleration /m/s

. | . .
1.0 1.5 2.0 2.5 3.0
Time /sec

Figure 4. Comparison of responses of idealized city model with 37 structures between the results of
numerical simulation and those of shaking table test: (a) x-direction acceleration at receiver 1 at the
surface of underlying soil; (b) x-direction acceleration at receiver A on the top of the 19th structure.
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From Figure 4a, the numerical result at the ground receiver 1 is in good agreement
with the experimental data. The correlation coefficient reaches 0.976, indicating high
consistency in the temporal trend and phase of the acceleration response. The RMSE
is 0.233 m/s?, corresponding to a small overall deviation. The peak acceleration from
the simulation is 4.527 m/s?, with a peak error percentage of only 4.56% with respect to
the experimental peak acceleration of 4.743 m/s?, both well within acceptable ranges for
ground motion validation.

From Figure 4b, the numerical result at receiver A on the 19th structure’s top generally
captures the key features of the experimental response. A correlation coefficient of 0.973
indicates good overall consistency in trend and phase. The simulated peak acceleration
is 20.804 m/s?, with a peak error percentage of only 0.88% relative to the experimental
peak acceleration of 20.990 m/s?, showing excellent peak prediction accuracy. However, an
RMSE of 1.045 reveals noticeable discrepancies in the late time history (after approximately
1.25 s), which may arise from the dynamic interaction between the actual three-dimensional
soil specimen’s front and rear free surfaces and the building cluster, but this type of dynamic
interaction is not fully captured in the simulation for the plane strain problem. Overall, the
simulation achieves acceptable accuracy for seismic response analysis of building clusters.

These indices collectively confirm that the numerical method accurately captures
both the global response evolution and peak amplitude characteristics, demonstrating
sufficient reliability for further analysis. It is concluded that the proposed numerical
method can efficiently deal with the site-city dynamic interaction problem, which actually
includes reliable simulations of seismic wave propagation in a structure cluster and the
earth medium as well as bidirectional wave propagation between them.

4. Numerical Simulation

Xichang City is located in the southwestern part of Sichuan Province, China, and is
a typical mountainous city near faults. As shown in Figure 5, there are mainly two large
fault zones (red thick solid line) through Xichang City: The Anninghe Fault Zone and the
Zemuhe Fault Zone [64]. One of the two fault zones, the Anninghe Fault Zone, with a strike
of ~0° and a dip angle of ~76°, runs beneath Xichang City [65]. The red thick dashed line
represents our selected computational plane, which is perpendicular to the Aninghe Fault
trace. Detailed interpretation of fault geomorphic aerial photographs and field surveys
indicates that, in addition to the dominant left-lateral strike-slip fault activity, the Anninghe
Fault Zone also exhibits a significant reverse-thrust movement component [65-67]. In
this study, a hypothetical M,6.8 earthquake due to rupture of a reverse causative fault
in the Anninghe Fault Zone is considered to obtain the nonlinear seismic response of
near-fault building clusters in the Xichang Area. Three effects are examined in this research:
the influence of shallow geological structures on both the seismic response of near-fault
building clusters and near-fault ground motion, as well as the influence of structural
nonlinearity on the seismic response of such clusters.

4.1. Computational Model

Figure 6 shows the computational model for the nonlinear seismic response analysis
of near-fault building clusters in the Xichang Area during a hypothetical M,,6.8 earthquake
in the Anninghe Fault Zone. The computational model includes building clusters, earth
media, and causative faults.

As shown in Figure 6, five near-fault building clusters are considered on the Earth’s
media surface from west to east, namely: c1, c2, c3, c4, and c5. Their center distances to
the fault trace are, respectively, as follows: 3.3 km, 1.0 km, 0.0 km, 1.0 km, and 3.3 km.
To facilitate analysis, each building cluster comprises 10 identical 3-bay 5-story RC frame
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buildings, which are evenly distributed with a center-to-center spacing of 50 m. Each
building’s planar dimensions are 54 m x 17.7 m. A planar frame structure is considered
along the short-axis direction. The planar frame has two external spans of equal length and
one inner span. The external span and the internal span are, respectively, 7.5 m and 2.7 m.
The floor height per story is 3.6 m, and the building height is 18.0 m. The column and beam
cross-sectional dimensions are, respectively, 400 mm x 500 mm and 250 mm X 700 mm.
Slab thickness is 120 mm. The concrete grade is C30 with a density of 2500 kg/m?; the
reinforcing steel is grade HRB400 with a density of 7850 kg/m3. The computational
parameters of structural equivalent stiffnesses and structural investigated lumps are listed
in Tables 1 and 2, respectively. The first-order natural frequency and second-order natural
frequency of the structure are 3.8 Hz and 11.0 Hz, respectively, with a structural damping
ratio of 0.05 [54]. Thus, the mass-damping coefficient 81 and stiff-damping coefficient 5,
for each building are respectively calculated as 1.77 1/s and 1.08 x 1073 s. The inter-story
drift limit Auf at yielding is /;/550 in accordance with GB 50011-2010 [54]. The plastic
stiffness coefficient # is set to be 1/10.
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Figure 5. The selected computational plane (red thick dashed line) of Xichang City in this study. It
is perpendicular to the strike direction (0°) of the Anninghe Fault, passing through Yak Mountain,
Anning River, Xichang University, and Luoji Mountain.

Table 1. The computational parameters of structural equivalent stiffnesses.

Story No.

Bending Stiffness/x10° kN-m?

Axial Stiffness/x107 kN Shear Stiffness/x 10 kN

1-5

6.83 1.58

Table 2. The computational parameters of structural investigated lumps.

Investigated Lump No. Mass/x10% kg Rotary Inertia/x10° kg-m?

1 9.14 0.38
2-5 68.19 1.68
6 59.06 1.31

A typical feature of the shallow subsurface velocity structures along the Anninghe
Fault is the presence of distinct low-velocity zones (LVZs, V, < 3.5 km/s), which are mainly
formed from a combined result of fault damage zones produced by historical earthquakes
and sediments controlled by the Anninghe Fault’s tectonic activity [67]. These distinct LVZs
generally exhibit a width of approximately 1000-1500 m and a depth of around 300-400 m,
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with a P-wave velocity ranging from 1.6 to 2.4 km/s, and at least a 31% reduction compared
to the surrounding rock high-velocity zones (HVZs, V}, > 3.5 km/s).

cl c2 ¢c3 c4 ¢S
West<>East \ |
M5 M3 M1 M2 M4

@ Yak Mountain WV Anning River
A Xichang University <> Luoji Mountain

Earth’s media M1 M2 M3 M4 M5

16 km

Surface width (km) ~1.8 ~1.1/0.6 ~1.6 ~2.6 -

Max depth (m)  ~300 ~500 ~450 ~400 ©©

V,, (km/s) 20 30 40 42 58 \\
v, (km/s) 12 17 23 24 34

p (kg/m’) 2500 2500 2700 2700 2700 B2
0, 36 255 345 360 510

0, 24 170 230 240 340 76°/'\

Figure 6. Computational model consisting of building clusters, earth media, and fault for nonlinear
seismic response analysis of near-fault building clusters in Xichang Area during a hypothetical M;,6.8
earthquake in Anninghe Fault Zone. The fault trace is situated on the ground of the center of building
cluster c3.

In this study, referring to the shallow geological structures beneath the southern array
MX3 mentioned in the literature [67], as shown in Figure 6, we consider a simplified shallow
geological geometry and velocity structure including a distinct LVZ (M1), an LVZ (M2), and
two surrounding HVZs (M3 and M4) into the computational model. The M1 has a surface
width of ~1.8 km and a max depth of ~300 m. The M2 has a surface width of ~1.1/0.6 km
on the west/east of M1 and a max depth of ~500 m. The M3 is ~1.6 km wide with a max
depth of ~450 m, and the M4 is ~2.6 km wide with a max depth of ~400 m. As for the deep
geological structure, only a half-space bedrock zone (M5) is considered. The properties of
Earth’s media are derived from the literature [34,67,68] and listed in the table at the lower
left corner of Figure 6.

According to the literature [69], for an M,,6.8 earthquake, the fault strike length and
dip width are respectively 33.4 km and 14.0 km, with an optimal subfault size of 5.0 km
and three subfaults arranged along the dip direction. The average fault slip and rise time
are respectively 0.88 m and 5.07 s. To reflect the inhomogeneous fault distribution, the
slip of each subfault is randomly assigned within 0.44-1.32 m and the rise time within
3.04-7.10 s [33,70]. Referring to Song et al. [65], the focal depth is 16 km, and the dip angle
is 76°.

In this study, the computational dimension is 50 km x 25 km. A total of 7,458,875
triangular auxiliary grids with a spacing of 10-20 m is employed to construct 3,733,742
geomedia-investigated lumps. The time step is 1.0 x 1073 s, with 20,000 calculation steps.
The simulation lasts about 8.5 h on a single 2.5 GHz CPU computer.

4.2. Numerical Results

4.2.1. The Influence of the Shallow Geological Structure on Seismic Responses of
Near-Fault Building Clusters

To explore how shallow geological features affect the seismic responses of near-fault
building clusters, two computational models, one with and one without shallow geo-
logical structures are established. Figure 7 shows the comparison of peak IDRs of each
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structure in five building clusters (c1-c5) for the two cases, with and without the shallow
geological structures.

--O-- Without shallow geological structure —@— With shallow geological structure
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Figure 7. Comparison of peak IDRs of each structure in five building clusters, c1 (a), c2 (b), c3 (c),
c4 (d), and c5 (e) for the two cases with and without the shallow geological structures.

Overall, the seismic responses of near-fault building clusters located at different posi-
tions are significantly different. Regardless of whether the influence of shallow geological
structures is considered, building clusters c2—c4 in the rupture-forward area within ~1.5 km
of the fault trace exhibit relatively large seismic responses and all enter the elastoplastic
stage, which could be due to rupture-forward effect of reverse fault, while building clusters
cl and c5 at other positions have relatively small seismic responses and remain in the
elastic stage; the positions where the maximum peak IDRs of structures with elastoplastic
deformation occur are mainly concentrated on the first or second floor. It can also be seen
from Figure 7 that the existence of shallow geological structures may change the position
where the maximum peak IDR occurs, such as structures b4-b7 in building cluster c2.

To further quantitatively analyze the influence of shallow geological structures on
the seismic response of building clusters, Figure 8 shows a comparison of the max peak
IDRs of each structure in all building clusters under two scenarios: with and without
considering shallow geological structures. Simultaneously, the figure also illustrates the
damage degree of each structure in accordance with the China Code for Seismic Design
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of Buildings (GB 50011-2010) [54], which specifies that the IDR can be used for evaluating
structural damage degree. For R/C frame structures: an IDR < 1/550 indicates basic
integrity; an IDR of 1/550-1/250 suggests slight damage; and an IDR of 1/250-1/120
implies moderate damage.

—— Without shallow geological structure

Moderate damage —O— With shallow geological structure
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S
T
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Max peak IDR of each structure / x10

Structures in bulding clusters c1—5

Figure 8. Comparison of max peak IDRs of each structure in building clusters c1-c5 for two cases,
without and with shallow geological structures.

In general, for the case without shallow geological structures, the maximum peak
IDR of one structure in the east of the fault trace is greater than that of the structure in the
west of the fault trace with the same fault-trace distance as the eastern structure. In other
words, these max peak IDRs exhibit the characteristics of the hanging-wall/footwall effects.
However, for the case with shallow geological structures, these hanging-wall/footwall
effects for the max peak IDRs are not observed. It means that the existence of the shallow
geological structures may locally change hanging-wall/footwall effects for seismic response
of near-fault building clusters.

For building cluster c1, the increased percentage in the max peak IDR of each structure
caused by the shallow geological structure ranges from 3.50% to 21.55%; all the structures
remain in the elastic stage and basic integrity. For building cluster c2, the corresponding
increase percentage ranges from 22.95% to 122.91%, all the structures remain in the elasto-
plastic stage, and the structures b1-b5 have progressed from slight damage to moderate
damage. For building cluster c3, the corresponding increase percentage ranges from 8.94%
to 52.68%, all the structures remain in the elastoplastic stage, and the structures b1-b6 and
b10 have progressed from slight damage to moderate damage. For building cluster c4, the
corresponding increase percentage ranges from 3.15% to 41.76%; all the structures remain
in the elastoplastic stage, with slight damage. For building cluster c5, the corresponding
increase percentage ranges from —7.46% to 0.14%; all the structures remain in the elastic
stage and basic integrity.

Among these five building clusters, the seismic responses of building cluster c5,
located outside the ground region of shallow geological structures, are slightly affected
by them. Whereas the seismic responses of building clusters c1—c4 within this region are
significantly affected to different extents: the seismic response of building cluster c2 at the
surface of distinct LVZ M1 is most pronouncedly increased by shallow geological structures
(max increase percentage: 122.91%); that of building cluster ¢3 on the surface of LVZ M2 is
the next most increased (max increase percentage: 52.68%), followed by building cluster c4
on the ground of HVZ M4 (max increase percentage: 41.76%), and building cluster c1 at the
surface of HVZ M3 is minimally impacted (max increase percentage: 21.55%). Naturally,
the seismic responses of individual structures within each building cluster are affected by
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shallow geological structures to varying degrees (e.g., structures b1-b10 in building cluster
c4), which may be related to factors such as the shape and depth of the interfaces within
the heterogeneous media beneath the buildings, as well as the reflection of seismic waves.

It is shown that the existence of LVZs may significantly amplify the seismic response
of structures located on their ground surface and cause more severe structural damage,
whereas the existence of HVZs may increase the seismic response of structures on their
ground surface to a relatively lesser extent compared with the case of LVZs.

4.2.2. The Influence of the Shallow Geological Structure on Near-Fault Ground Motion

To study the influence of the shallow geological structure on ground motion, the
horizontal PGAs are calculated at the 21 ground receivers P1-P21 with 400 m equidistant
intervals in the range of fault-trace distance of 4.0 km for the two cases with and without
shallow geological structures. For the case with shallow geological structures, as shown
near the horizontal axis in Figure 9, receivers P1-P3 are located on M3'’s surface (P1: ~540 m
from its western edge); P4-P6 on western M2’s surface (P4: ~150 m from its western edge);
P7-P10 on M1’s surface (P7: ~300 m from its western edge); P11-P12 on eastern M2’s
surface (P11: ~150 m from its western edge); P13-P18 on M4’s surface (P13: ~350 m from its
western edge); and P19-P21 on eastern M5’s surface (P19: ~200 m from M4’s eastern edge).
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Figure 9. Comparison of the horizontal PGAs at receivers P1-P21, distributed equally with a 400 m
interval, for two cases with and without shallow geological structures. The percentages represent
the increase in percentage in PGAs at the corresponding receivers with shallow geological structures
compared to the case without shallow geological structures. M1/M3/M4: the ground surface region
of M1/M3/M4. M2 W: the ground surface region of the western part of M2. M2 E/M5 E: the ground
surface region of the eastern part of M2/M5.

Figure 9 shows a comparison of the horizontal PGAs with and without shallow
geological structures. Overall, whether or not shallow geological structures are considered,
the PGA values at the receivers (P7-P15) within the 1.6 km fault-trace distance in rupture
forward are significantly higher than those at other receivers. For the case without shallow
geological structures, the horizontal PGAs at most of the receivers (excluding P18) on
hanging wall are greater than ones (excluding P4) on footwall with equal fault-trace distance
to the corresponding hanging-wall receivers; that is to say, most PGA values exhibit the
characteristic of hanging-wall/footwall effect, but this effect is not very significant, this may
be due to large fault dip angle. For the cases with shallow geological structures, the PGA
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values do not have the characteristic of the hanging-wall/footwall effect. This means that
the presence of shallow geological structures has locally changed the effect of PGA values.

Compared to the case without shallow geological structures, the increased percentages
of PGA values for the case with shallow geological structures are —37.5% (P21) and-56.9%
(P5). The increased percentages of the PGAs at most receivers (excluding P2) situated on
the surface of HVZs M3 and M4 are below 25.0%. The increased percentages of the PGAs
at most receivers (excluding P5) situated on the surface of LVZs M1 and M2 exceed 25.0%.
This indicates that the amplification effect of LVZs on PGA values is overall significantly
stronger than that of HVZs.

4.2.3. The Influence of Structural Nonlinearity on Seismic Responses of Near-Fault
Building Clusters

To investigate the influence of structural nonlinearity on the seismic response of near-
fault building clusters, using the computational model with shallow geological structures,
two cases for linearly elastic and elastoplastic structures are considered to compare their
structural seismic responses. Figure 10 shows a comparison of the first-floor inter-story
drift time-history curves for structure b1 in each building cluster, accounting for elastic and
elastoplastic structures.

Linear elastic structure Elasto-plastic structure
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Figure 10. Comparison of the first-floor inter-story drifts of each structure b1 in building clusters
c1-c5 between elastic and elastoplastic structures. PID: peak inter-story drift. FRID: final residual
inter-story drift. The unit of PIDs and FRIDs is the same as that of the vertical axis.

For each structure b1 in both building clusters c1 and c5, the inter-story drift time-
history curves are identical for both elastic and elastoplastic structures. This is mainly
because each elastoplastic structure bl in these two clusters still behaves elastically, as
shown in Figure 8. For each structure b1 in three building clusters c2—c4, the first-floor
inter-story drift time-history curve for an elastoplastic structure is different from that
for an elastic structure. This is mainly because each elastoplastic structure bl in these
three clusters has entered the elastoplastic stage. Among those three clusters, c2—c4, the
PID of each structure b1 in clusters c2 and c3 for the elastoplastic case is larger than that
for the elastic case, whereas the PID of structure bl in clusters c4 for the elastoplastic
case is less than that for the elastic case. On the one hand, the structural elastoplastic
behavior significantly produces an amplification effect on inter-story drift, which is caused
by structural damage. On the other hand, the structural elastoplasticity has the energy-
dissipating “seismic mitigation” effect on inter-story drift. When the amplification effect
dominates, the PID for the elastoplastic case could be greater than that for the elastic
case. When the energy-dissipating “seismic mitigation” effect dominates, the PID for the
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elastoplastic case could be less than that for the elastic case. None of these phenomena can
be captured by elastic-model-based structural seismic response analyses.

In clusters c2—c4, the elastic structures’ first-floor FRIDs are equal to zero (i.e., no
permanent deformation), but the elastoplastic structures have non-zero first-floor FRIDs
(e.g., 0.499 x 102 m for structure b1 in cluster c2). It is shown that structural elastoplastic
deformation could directly result in a non-zero FRID, yet this key damage feature cannot
be reflected by the structural linear-elastic hypothesis.

To study near-fault seismic response characteristics of building clusters with structural
nonlinearity, a comparative analysis is conducted on the horizontal motion displacements
at the first-floor ground and the second-floor slab of structure b1l in building cluster c2
using structure models with linear elastic and elastoplastic deformations, as illustrated
in Figures 11a and 11b, respectively. The following engineering demand parameters are
studied for near-fault structural seismic response and ground motion: (1) permanent
structural motion displacement (PSMD), is defined as the displacement relative to the
initial undeformed equilibrium position of the structure; (2) permanent ground motion
displacement (PGMD), which is the unrecoverable permanent displacement of the ground
after earthquake excitation, relative to its initial position before the ground motion; final
structural residual displacement (FSRD), which refers to the permanent, irrecoverable
displacement of the superstructure after ground motion excitation, measured relative to
one of its own initial equilibrium positions (e.g., the ground floor slab of the structure).

15
g10 |
o 5 PSMD: 3.126
2o PGMD: 3.126
%_ 5 — On the structural ground
—— At the second-floor slab (a
_10 e b e by e b e e o e by b by b by b by oy
15 o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
g10
o 5 PSMD: 3.625
Z 0 PGMD: 3.126
%_5 L On the structural ground
—— At the second-floor slab (b)
_10 PR AN NI NI AT IR TN AN AT NI ST A NI NI S ST BRI S S
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Time /sec

Figure 11. Comparison of ground and second-floor slab horizontal displacements considering
structural elastic deformation (a) and elastoplastic deformation (b) for building b1 in building
cluster c2. HD: horizontal displacement. The unit of PSMDs and PGMDs is the same as that of the
vertical axis.

For the elastic structure shown in Figure 11a, PSMD at the second-floor slab is identical
with PGMD because the near-fault elastic structure has no non-zero FSRD relative to
the ground. For the elastoplastic-deforming structure shown in Figure 11b, the PSMD
at the second-floor slab is 3.625 x 1072 m and the corresponding near-fault PGMD is
3.126 x 1072 m. That is to say, the PSMD at the second-floor slab exceeds the corresponding
PGMD by 0.499 x 102 m, which is FSRD relative to the supporting ground (for the second-
floor slab, it is just equal to the first-floor FRID shown in Figure 10). This implies that
the PSMD for the near-fault structure undergoing elastoplastic deformation includes both
non-zero PGMD and non-zero FSRD relative to the ground.
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Although the above conclusions are derived from the elastoplastic-deforming multi-
story structures near fault, these characteristics of ground motion effects on structures,
PSMD, PGMD, FSRD, and their relationship, remain qualitatively valid for the elastoplastic-
deforming high-rise buildings. Only their distribution and magnitude require quantitative
adjustment according to structural dynamic properties.

The observed structure and ground seismic response characteristics mentioned above
are dominated by two key mechanisms. First, the near-fault rupture directivity and per-
manent ground displacement provide a strong long-period impulse input, which causes
significant inelastic deformation and large residual displacement in the structural system.
Second, the shallow low-velocity geological structure traps and amplifies seismic waves,
leading to enhanced ground-motion intensity and increased inter-story drift. The combined
effect of these two factors is the fundamental reason for the distinct response distribution
and the partially reversed hanging-wall/footwall effect observed in the simulations of
structural seismic responses and ground motion.

5. Discussion

This study establishes an integrated numerical method for nonlinear seismic response
analysis of near-fault building clusters, which couples the fault-rupture process, viscoelastic
wave propagation, structural nonlinear seismic responses, and SCI. The method is verified
by a shaking table test and then applied to Xichang City under a hypothetical M,6.8 reverse
earthquake within the Anninghe Fault. Results indicate that building clusters within
~1.5 km in the rupture-forward zone enter the elastoplastic state regardless of shallow
geological structures, while those outside this region remain elastic. The maximum IDRs are
mainly concentrated on the first and second floors. Shallow geological structures, especially
LVZs, significantly amplify structural seismic responses and PGAs within these zones,
potentially causing more severe damage to the overlying buildings and locally reversing
conventional hanging-wall/footwall effects. For elastoplastic near-fault structures, the
PSMD consists of both PGMD and FSRD with respect to the supporting ground.

5.1. Engineering Implications

The reversal of hanging-wall/footwall effects induced by shallow geological structures
demonstrates that traditional seismic hazard zoning, which relies solely on fault location, is
inadequate for near-fault regions. Local geological conditions, particularly the distribution
of low-velocity and high-velocity zones, should be fully incorporated into seismic risk
evaluation. Buildings situated above low-velocity zones usually experience amplified
seismic responses and more severe damage, and thus need higher seismic fortification
levels. The observation that maximum inter-story drift ratios are mainly concentrated on
the first and second floors implies that the seismic performance of lower stories should
be emphatically improved in the seismic design of near-fault buildings. In addition, the
permanent displacement mechanism (PSMD = PGMD + FSRD relative to the supporting
ground) offers an important theoretical basis for post-earthquake damage assessment,
structural rehabilitation, and urban seismic resilience evaluation. The proposed method
can provide a valuable reference for scientific site selection, seismic design optimization,
and disaster-prevention planning of building clusters in near-fault mountainous cities.

5.2. Research Uncertainties
5.2.1. Structural Parameter Uncertainties

The structural parameters involved in this study have certain uncertainties, including
the elastoplastic stiffness coefficient, the Rayleigh damping coefficients, and the elastic
limit inter-story drift ratio. These parameters directly affect the judgment of the structural
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elastoplastic state, the evolution of hysteretic behavior, and the calculation results of inter-
story drift and residual displacement.

To mitigate the uncertainty of structural parameters, systematic parameter sensitivity
analysis should be carried out to clarify the influence weight of each parameter on nonlinear
seismic responses. Meanwhile, parameters should be calibrated based on experimental
data and code-suggested values as much as possible, and reasonable value ranges should
be determined to ensure the rationality of structural modeling.

In the present study, all parameters are determined strictly according to the current
seismic design code and commonly adopted values in the literature [55-57], which ensures
the rationality of parameter selection. For the sensitivity of the structural response to the
post-yield stiffness ratio for a 5-story structure, referring to Figure 8a in the literature [71],
the ductility factor (i.e., Au; max/Auj) shows a weak sensitivity to the post-yield stiffness
ratio of 0.05-0.1, with maximum relative deviation (the 4th story) up to ~14.5% in all stories.

5.2.2. Geomedia Parameter Uncertainties

The geomedia parameters with uncertainties mainly include P-wave/S-wave quality
factors, wave velocities, mass density, the geometric dimensions, and material distribution
of LVZs and HVZs. These parameters control the propagation and attenuation of seismic
waves as well as the amplification effects of shallow geological structures, thereby directly
affecting ground-motion characteristics and structural input excitations.

Parameter sensitivity analysis is particularly critical for identifying key influential
parameters and quantifying their impacts on numerical results. To reduce the uncertainty of
geomedia parameters, high-resolution field surveys and geophysical detection data should
be adopted to optimize the geological model. Meanwhile, parameter sensitivity analysis
and interval analysis can be jointly used to evaluate the influence of parameter fluctuations
on simulation results, so as to verify the robustness and reliability of key conclusions.

In this study, geomedia parameters are taken from high-resolution field surveys and
geophysical data in published literature [34,67,68]. Systematic sensitivity analysis is not
conducted here, but will be included in future work to verify the robustness of the results.

5.2.3. Fault Source Parameter Uncertainties

The kinematic fault model adopted in this study involves uncertain parameters such as
fault slip displacement, rise time, and rupture velocity. Although this model can effectively
characterize rupture directivity and permanent ground displacement, it differs from the
dynamic fault model in describing complete fault dynamic behavior, which could bring
mild uncertainty to ground motion simulation.

To improve the reliability of fault-related simulations, parameters could be further
referenced from typical geological and seismological results of the Anninghe Fault Zone.

In this study, all fault parameters are determined by using empirical formulas from
global fault earthquake statistics [33,65,69,70]. In future work, comparisons between kine-
matic and dynamic fault models will be conducted to further clarify their applicable ranges.

5.3. Research Limitations and Future Work

This study adopts a two-dimensional plane-strain assumption, which may not fully
represent three-dimensional dynamic interactions between soil and building clusters. Fu-
ture research may gradually introduce three-dimensional modeling for more comprehen-
sive analysis.

The building clusters are simplified as identical regular 5-story RC frames, which
differ from real urban buildings with varied heights, irregular plans, and mixed structural
systems. These real urban building clusters may lead to rocking or torsional responses,
inconsistent dynamic characteristics, and uneven deformations [15-18]. These effects can
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change the amplitude and distribution of structural seismic responses, thereby affecting the
applicability of the conclusions. More realistic building configurations could be considered
in future work to improve simulation fidelity.

Only one earthquake scenario (M,6.8 reverse fault) is discussed in this study. For
broader applicability, the same research thinking and approach may be extended to other
fault mechanisms, earthquake magnitudes, and geological conditions in subsequent studies.

In addition, the adopted bilinear hysteretic model captures the dominant nonlinear
behavior but does not consider stiffness degradation, strength deterioration, or cyclic
cumulative damage. These effects could be integrated into advanced constitutive models
in future studies to better characterize structural nonlinearity.

Nevertheless, we emphasize that despite the above limitations, the proposed model
is reasonable and efficient for revealing the global seismic response patterns of building
clusters under near-fault ground motions. Within the scope of the adopted assumptions,
the core findings regarding displacement characteristics, dynamic amplification effects, and
inter-story response trends remain robust.

6. Conclusions

A new type of integrated numerical method is developed to obtain the nonlinear
seismic response of near-fault building clusters due to the fault rupture by considering
structural elastoplastic deformation. A numerical example is performed to verify the va-
lidity and correctness in dealing with dynamic SCI by comparing the numerical results
of the developed method with the results of a table shaking test. By using the developed
method, the near-fault structural seismic response and ground motion at different moun-
tainous locations in Xichang City are simulated during an M,6.8 hypothetical earthquake
in the Anninghe Fault Zone. This study focuses on three influences: shallow geological
structures affecting the seismic response of near-fault building clusters; shallow geological
structures affecting near-fault ground motion; and structural nonlinearity affecting the
seismic response of near-fault building clusters. The main conclusions are as follows:

(1) Dominated by the rupture-forward effect, the building clusters in the rupture-forward
area within the fault-trace distance of ~1.5 km exhibit significant seismic responses
and enter the elastoplastic stage regardless of shallow geological structure influences,
while the clusters outside this area remain elastic with minor responses. This reveals
that the rupture-forward effect is a key contributor to the seismic vulnerability of
near-fault building clusters.

(2) The maximum peak IDRs of elastoplastically deformed structures are mainly concen-
trated on the first or second floor, providing direct guidance for the seismic design
and retrofitting prioritization of near-fault building clusters.

(3) The existence of shallow geological structures may locally reverse the hanging-
wall/footwall effects of the seismic response of near-fault building clusters and
ground motion.

(4) The existence of LVZs significantly amplifies the seismic response of their superstruc-
tures, which may result in more severe structural damage, while the amplification
effect of HVZs on their surface structures is notably weaker than that of LVZs. The
amplification effect of LVZs on their surface PGA values is generally significantly
stronger than that of HVZs.

(5) For near-fault structures with elastoplastic deformation, the PSMD at the slab of a spe-
cific floor comprises both non-zero PGMD and non-zero FSRD relative to the ground.

This study provides an effective numerical analysis tool for nonlinear seismic re-
sponses of near-fault building clusters by considering structural elastoplastic behavior. It
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could contribute to seismic damage assessment, site selection, and structural optimization
design of near-fault building clusters.
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Nomenclatures and Abbreviations

Symbols Meaning

L Total number of building stories

I The Ith inter-story segment, [ = 1,.. L

f1/f1411 Lower/upper endpoint of the Ith segment

Cf1q Centroid of structural investigated lump f;;

ug, Horizontal displacement at the point f; of connecting investigated lump f;
wy, Vertical displacement at the point f; of connecting investigated lump f;

o, Angular displacement at the point f; of connecting investigated lump f;

ug,,, Horizontal displacement at the point f;; of structural investigated lump f;, ¢
Wy, Vertical displacement at the point f;,; of structural investigated lump f; 4
I Angular displacement at the point f; 1 of structural investigated lump f; 1
uct,, Horizontal displacement at the centroid Cf;,q of structural investigated lump f;,
wey,,, Vertical displacement at the centroid Cf;, of structural investigated lump f; 4
Oct,,, Angular displacement at the centroid Cf;,q of structural investigated lump f;,
(EA); Equivalent axial stiffness of the /th segment

(EI); Equivalent bending stiffness of the Ith segment

(GAs); Equivalent shear stiffness of the /th segment

Vi Shear force acting on the mid-section of the /th segment

N Axial force acting on the mid-section of the /th segment

M Bending moment acting on the mid-section of the /th segment

B1 Mass damping coefficient for Rayleigh damping

B2 Stiffness damping coefficient for Rayleigh damping

w; ith circular natural frequency (subscript i denotes the mode order)

Ci ith modal damping ratio (subscript i denotes the mode order)

SSI Site-structure interaction

SSSI Structure-site-structure interaction

SCI Site-city interaction

GZB Generalized Zener body

RMSE Root mean square error

Lvz Low-velocity zone

HVZ High-velocity zone

IDR Inter-story drift ratio

PGA Peak ground acceleration

PID Peak inter-story drift

FRID Final residual inter-story drift

PSMD Permanent structural motion displacement

https:/ /doi.org/10.3390/buildings16091769


https://doi.org/10.3390/buildings16091769

Buildings 2026, 16, 1769

23 of 28

PDMD Permanent ground motion displacement
FSRD Final structural residual displacement

Appendix A

Following the research work [72], the original P- and S-wave relaxation functions,
Equation (A5) in Robertsson et al. (1994) [73] and Equation (25) in Jousset et al. (2004) [74],
omitted the term 1/L before the summation symbol. In this Appendix, the P- and S-wave
relaxation function-based GZB viscoelastic constitutive equation with memory variables
is re-derived after rectifying the omission of 1/L (which is replaced by 1/N hereinafter).
In comparison with our previous studies [33,34], on the one hand, this type of viscoelastic
constitutive equation permits us to define Qp and Qg independently; on the other hand,
it enables the direct derivation of the parameters for P-waves and S-waves, as well as the
relaxation frequencies from the constants Qp and Qs.

For a linear viscoelastic material, the relationship between the stress-tensor compo-
nents 0;; and the strain-tensor components ¢y is [75]

ij = Gijir * &1 = Giju * € (A1)

where the dot above the variable represents a derivative with respect to time and * the time
convolution. The G is a component form of a fourth-order tensor G which is called the
relaxation function.

For an isotropic homogeneous material, G collapses into two independent functions:
the relaxation function A (analogous to the first Lamé constant A in the elastic case) and the
shear relaxation function M (analogous to the second Lamé constant or the shear modulus
# in an elastic case). The component form of the isotropic fourth-order tensor G is given
by [75]

Gijt = N6ijdx + M(6ixSj1 + didjk) (A2)
where §;; is the Kronecker delta.

Substituting A = IT — 2M [74] into Equation (A2), and taking a time derivative of
Gijki, the following equation is obtained

Gt = (TT = 2M) &6 + M(6adjs + 6ud) (A3)

where I is the tension-compression relaxation function, which is analogous to A + 2y in an
elastic case.
Substituting (A3) into (Al) gives

Uij = (H - 2M)51] * Epp + 2M * 81']' (A4)

In this study, the GZB (also named as the general standard linear solid with N mech-
anisms) is used for representing viscoelastic characteristics of the material. The tension-
compression relaxation function Il and shear relaxation function M are respectively ex-
pressed as ,

R N —wpt
=7 (14 55}, xpee ") H(E) (A5)

1 —wW,
M = iR (14 Y xsee ) H(E) (A6)

where xp, is the viscoelastic parameter for P wave and xp, = Tgl,’1 /Ton — 1, Xgn is the
viscoelastic parameter for S wave and xg, = Tfn/ Trn — 1, wy is the stress relaxation
frequency and wy, = 1/7¢». The 15, and Tgsn are respectively strain relaxation times for P
wave and S wave. The T,, is the stress relaxation time. The 8 and yR are the relaxed
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modulus (elastic modulus, 7R = A +2u, uR = p). H(t) is Heaviside function. The
introduction of the relaxation IT allows us to define Qp and Qg independently through the
parameters xp, (P-waves) and xs, (5-waves).

Using the time derivative of the relaxation functions I1 and M, we can obtain

. 1 «—N _ 1 N -
I1=nR1+ Nznzl xpne “m)o(t) — nRNanl wn)xppe “" H(t) (A7)

. 1 N _ 1 N _
M=uR(1+ Nznzlmne wnty§(t) — VRNZn:l wWpxsne U1 H() (A8)

where J(t) is Dirac delta function.
Substituting IT and M into Equation (A4), we can give the following expressions

1 N
oij = (= 2u") Sene + 20t e + Nznzl Rijn (A9)

Rijn = —wn (7t xpue™ " — 2R xsne™ " YH(1)5jj e — 2uR wnxsne " H(t) x &5 (A10)

where the R;j, is named as memory variable. The 7 and uY are the unrelaxed modulus.
They are given as follows

1 «—N 1 N
7.[U = nR(l + Nznzl XPn)rI’lu = ]’lR(l + Nznzl XSH) (All)

Taking a time derivative of the memory viable, we can obtain
Rl-jn = —wnRjj, — W (R xpn — ZyRXSH)Ji]-skk - ZﬂanXSnEij (A12)

in the Equations (A9), (A10) and (A12), for the 3-D problem, i, j, k = x,y, z; for the plane
strain problem in coordinate system xoz in this study, 7, j, k = x, z.

According to Equations (A9) and (A12) and rearranging them, the GZB viscoelastic
constitutive equations with memory variables for the plane strain problem are written

as follows 3% B -
Ge = (P04 90) %0 SN Rew (A13)
02 n”(% + %’) - 2;1“% + NEL Rez (A14)
g = ) %) L LYY R (A15)
Ruxn = —WnRxn — annXPn(g% + %J) + ZManXsn%%) (A16)
Rzzp = —wWyRazn — ﬂanXpn(% + ?TZZU) + ZVanXSn% (A17)

ow
)

Using backward difference method, the stress components oyy, 0z, and oy, at time

. Jou
Ryzn = —wnRyzn — VanXSn(g + (A18)

t + At can be obtained as follows

ou Jw Jw
U';_;At _ nll[(g)t-i—At + (g)t-&-At] 2]/11,1( az t+At + = Zn . Ri—;—ﬁt (A19)

ou ow ou 1N
U';;At — NU[(g)H’Af + (g)H»At] _ Z‘uU($>t+At 4 72 R;;/[At (AZO)

ou dw 1 N
At U A A A
o = [(E)Mr f+ (g)ﬂr 1+ NZ” RELY (A21)
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ou Jw ow
R?;ﬁt = CnRgcxn - ”RXPncﬂwﬂAt[(a)HAt + (E)HN] + ZVRXSnCanAt(g)HAt (A22)
Ju Jw Ju
RUM = 0 RLy — ¥ xpncneon(50)" 0 4+ (S04 4 208 pcponit (5 A (A23)
Ju Jw
R?zr;?t = Canczn - VRXSnannAt[(E)HN + (g)ﬂrm] (A24)

where ¢, = 1/(1 4+ w,At). The spatial derivatives of displacement for the triangular grid
can be obtained from the literature [61]. The parameters xp, for P-waves and yxg, for
S-waves as well as stress relaxation frequency wj can be evaluated directly from the known
constant quality factors Qp and Qg through least squares technique [76].
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