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Abstract

Historical structures in seismically active regions endure recurrent seismic events, posing significant challenges for their long-term
preservation. Despite high seismic vulnerability, the dynamic properties of brick-mud mortar pagoda structures on soft soil remain
largely unexplored through ambient vibration testing (AVT). This study presents a seismic evaluation of the Bhairabnath temple
through an integrated AVT and nonlinear dynamic analysis framework. AVT identified fundamental frequencies of 1.58 Hz and 2.5 Hz
in predominant directions, revealing inherent directional asymmetry. The identified frequencies were used to calibrate the finite
element model through iterative updating, converging on the masonry material properties. Nine near-fault records with velocity pulses,
spectrally matched to site-specific spectra, were applied in nonlinear time history analyses along both principal directions. Results
revealed pronounced directional vulnerability, with the East-to-West (EW) direction exhibiting larger displacement demand and lower
secant-to-elastic stiffness ratios than the North-to-South (NS) direction. The wide hysteresis loops and nearly twice the cumulative
hysteretic energy dissipation in the EW direction indicate that it absorbed seismic demand primarily through inelastic damage rather
than elastic resistance. Damage patterns confirmed tensile cracking as the dominant mechanism, concentrated mostly at the tapering
upper section due to a disproportionate stiffness-to-mass ratio, at the fifth-floor openings caused by geometric stress concentration,
and at the base corners due to cumulative overturning effects. These findings highlight the directionally asymmetric response of
pagoda-style structures, providing a foundation for retrofitting strategies that prioritize direction-specific vulnerability alongside
heritage conservation guidelines.
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1 Introduction

Historical structures serve as physical embodiments of
past civilizations, and their losses extend far beyond the
economic values [1]. In seismically active regions, the fre-
quent recurrence of earthquakes often threatens the struc-
tural integrity of the historical structures [2]. Without
adequate technical expertise and rigorous maintenance
procedures, the historical structures are at risk of vanish-
ing [3]. A systematic seismic assessment is essential for
the preservation of these historical structures [4]. For that,
a non-destructive test paves the way for determining the
dynamic characteristics of the existing structure, which is
essential for the detailed seismic evaluation of the histor-
ical structure to comprehend the restoration, reconstruc-
tion, and retrofitting efforts.

Considering the construction period of the histori-
cal structure, knowledge regarding the material prop-
erties is often limited. Over time, the degradation of the
material often results in a loss of material strength [5].
Further, acquiring precise material properties of exist-
ing structures is challenging and economically demand-
ing, while in-situ tests are restricted or limited for historic
structures [6, 7]. Conventional visual inspections often
provide a superficial understanding of global structural
behavior, failing to account for the internal complexities
of such masonry structures. Moreover, non-destructive
testing has become the standard approach for character-
izing historical masonry without compromising material
integrity, and a wide range of such techniques have been
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applied to heritage structures, including ambient vibration
testing (AVT), ultrasonic pulse velocity, ground-penetrat-
ing radar, infrared thermography, and impact echo [8].
Despite their non-destructive nature, individual NDT
techniques have inherent limitations when applied to his-
torical masonry because of its heterogeneous, anisotropic,
and composite nature [9]. These limitations highlight the
need for complementary techniques capable of assessing
the global structural response rather than only localized
material characteristics.

Among such techniques, AVT is a widely adopted tech-
nique to determine the dynamic characteristics for condi-
tion assessment and model calibration [1, 10]. For the histori-
cal structures, ambient vibration serves as an indispensable
tool for evaluating the global structural behavior [7].
It facilitates the identification of multi-mode responses
and vital dynamic characteristics, including fundamental
frequencies, mode shapes, and damping ratios. Generally,
short-interval vibration records anticipate the structure’s
dynamic response and ensure structural health by detect-
ing flaws that remain invisible [11, 12]. Gunaydin [13]
evaluated the dynamic characteristics of the fire-exposed
historical structure using the operational modal analy-
sis technique for the reliability of the numerical model.
Similarly, the dynamic behavior of the Chongwen Pagoda
in China was measured through ground pulsation [14].
In Nepal, Jaishi et al. [15] conducted the ambient vibra-
tion test on the historical pagoda structure around the
valley and proposed the relation for the natural period of
the Nepalese historical structure. Later, Fujita et al. [16]
updated the relation through a collective assessment of
the microtremor test on different pagoda structures, along
with some previously conducted tests. Moreover, field and
laboratory tests conducted on the historical structures pro-
vide fundamental knowledge of their dynamic behavior.
Such a test is essential given the inherent uncertainties in
the material properties and construction methodologies,
which are commonly not align with modern engineering
standards. Despite these advantages, NDT results alone
are insufficient for a holistic seismic evaluation. A robust
numerical framework must be integrated with the exper-
iment test result, allowing for a comprehensive seismic
assessment that incorporates all structural components
and their complex interactions.

The integrated framework between experimen-
tal NDT data and numerical modelling is best realized
through Finite Element (FE) model updating. It trans-
forms a numerical model to match the as-built state of

the historical structure through calibration of initial stiff-
ness and boundary conditions, hence capable of predict-
ing damage patterns under various seismic scenarios [17].
Seismic assessment of historical structures relies on vari-
ous computational approaches to achieve accurate numer-
ical simulation [18, 19]. These approaches are essential for
reducing structural vulnerability and identifying effec-
tive strengthening interventions against earthquakes.
However, such an effort is further complicated by inher-
ent uncertainties resulting from the unique construction
procedure, undocumented past modifications, and under-
mining of original material properties. Notably, the aes-
thetically distinctive features of historical structures often
introduce complex load transfer mechanisms, increasing
their seismic vulnerability [20]. An effective way to deal
with these uncertainties is through nonlinear dynamic
analysis. This approach correctly depicts the dynamic
response of the structure by adopting appropriate seis-
mic intensity parameters. Therefore, a multi-scale seismic
evaluation using varying seismic inputs is useful for the
vulnerability assessment of historic structures [21].

Although brick and mud-mortar historic structures
are widely used throughout the Kathmandu Valley, their
dynamic behavior remains largely unexplored. Prior pub-
lished data on the dynamic behavior of Nepalese pago-
da-style temples remain limited, and the influence of the
valley’s deep, soft sedimentary soil layers on the seismic
response of these structures has received even less atten-
tion. This study bridges this gap by investigating the
dynamic properties of the Bhairabnath temple, a historic
pagoda structure situated on the valley’s soft soil, providing
insight essential for its preservation. The field-derived prop-
erties obtained can further support the seismic assessment
of other similar historical structures across the Kathmandu
Valley, in place of generic, code-based assumptions.

This study experimentally identifies the dynamic
response of the existing structure and highlights the seis-
mic vulnerability of the historical multi-tiered Bhairabnath
temple to quantify its seismic vulnerability. The experi-
mental outcome calibrates the numerical model, which is
then subjected to a nonlinear dynamic analysis performed
in both directions. Further, the structural responses are
evaluated in terms of displacement, drift ratio, accelera-
tion, and damage states under a suite of near-field earth-
quakes matched to site-specific spectra. The findings
provide critical insights into the seismic behavior of pago-
da-type structures and ascertain evidence-based preserva-
tion and reinforcement strategies for future seismic events.



2 Physical description of the structure

The Bhairabnath temple is a seven-story building made of
brick, earth, mortar, and wood. It features a typical pagoda-
style building with its distinctive multi-tiered construc-
tion. The structure has three overhanging roofs located on
the third, fifth, and seventh floors, as presented in Fig. 1.
Unlike other tiered structures that typically adopt a square
plan, this temple possesses a unique rectangular base. The
Bhairabnath temple, located in Bhaktapur Durbar Square,
Nepal, is a typical example of a pagoda-style multi-tiered
architecture with wide overhanging roofs. Following its
complete collapse during the 1934 Nepal-Bihar earthquake
(Mw 8.2), the existing structure was entirely rebuilt [22].
Subsequently, it suffered major structural damage during
the 1988 Udyapur (Mw 6.6) and 2015 Gorkha earthquake
(Mw 7.6), as presented in Fig. 1.

The primary load-bearing components of the structure
are the external walls, which extend vertically in three
distinct sections as shown in Fig. 1. At each roof level,
the external walls of the upper floor are set back inward
by a certain distance, resulting in an irregular vertical
configuration. The inner walls rest on horizontal timber
floors, contributing to a complex structural load trans-
fer mechanism. The tiered roof of the Bhairabnath tem-
ple comprises a complex framework of beams, struts, and
rafters working in conjunction with the exterior walls.
Due to the reduction in exterior wall dimensions at each
tier, three box-type exterior wall sections are formed.
Accordingly, the structure is categorized into Bottom (B),
Middle (M), and Top (T) sections. The external dimen-
sions are 12.60 x 7.70 m (B), 9.80 x 4.84 m (M), and
7.34 x 2.34 m (T), with corresponding wall thicknesses of

Top section

Middle section

Bottom section

Prajapati et al. | 3
Period. Polytech. Civ. Eng.

0.93 m, 0.75 m, and 0.65 m, respectively, as shown in Fig. 1.
The thicker walls at the lower floors compared to the upper
floors represent a typical feature of masonry construction.

The structure incorporates a central wall extending
from the foundation to the sixth floor. The thickness of
the central wall varies depending on the box section of the
structure, measuring 0.93 m and 0.60 m at the bottom and
middle sections, respectively. Notably, the central wall is
not connected properly to the side walls, showing discon-
tinuities at the second, third, and fifth floors.

As the setback configuration reduces the external wall,
those box sections rest on the timber joists on the third
and fifth floors that extend horizontally, connecting the
long external walls. In the structural framework, these
joists are essential for sustaining the entire structural load
above them. Additionally, they serve as flexible floor com-
ponents that are fastened to the exterior using timber pegs.
The Bhairabnath temple highlights the complex construc-
tion techniques employed in traditional Nepalese pagoda
architecture, particularly the structural integration of the
masonry sections.

3 Methodology

The study systematically outlines the experimental pro-
cedure and nonlinear dynamic analysis performed on the
multi-tiered Bhairabnath Temple. Initially, A compre-
hensive literature review of historical records and docu-
mentation on the temple and similar heritage structures
established the research framework. With permission and
collaboration from the local authority, structural mea-
sured drawings and on-site non-destructive measurements
were collected. Subsequently, the dynamic characteristics
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Fig. 1 Physical description of the Bhairabnath temple
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of the structure were determined using the experimen-
tal test results. Later, a detailed finite element model was
developed and calibrated using in-situ test outcomes. The
research methodology integrates experimental and numer-
ical approaches and performs non-linear dynamic analysis.

3.1 Ambient vibration test

In the existing historical structure, a non-destructive
ambient vibration test is the most reliable in-situ test for
the identification of dynamic characteristics, which cap-
tures low-frequency vibration of the structure. Such test-
ing is widely preferred for historical structures to assess
the dynamic behavior because it is non-destructive and
easy to implement, making it particularly suitable for
highly sensitive and vulnerable structures [17]. A three
(X, Y, Z) component velocity sensor, McSEIS-AT, man-
ufactured by OYO Corporation, deployed at the center of
the floors, measures the ambient vibration of the structure.
Three sensors were positioned near the centroid of the top
floor of each section, and one sensor measured free-field
vibration. All the sensors measured low-frequency vibra-
tion simultaneously using built-in GPS at the ground,
third, fifth, and seventh floors of the structure, as shown
in Fig. 2. The simultaneous recording enabled the identifi-
cation of the dynamic parameters of the structure, such as
predominant frequency, mode shapes, and damping ratio.
The raw data were recorded at a sampling frequency of
250 Hz, which was kept undisturbed for 15 min.

Velocity spectrum ( X-direction)

Velocity spectrum ( Y-direction)

Fig. 2(a), 2(b), and 2(c) illustrate the velocity power
spectral density (PSD) derived from ambient vibration
testing (AVT) across the EW-, NS-, and V-directions.
The spectral plots highlight distinct, well-defined peaks,
which correspond to the structure’s predominant natural
frequencies under stochastic excitation such as wind and
microtremors. The horizontal (EW and NS) spectra effec-
tively characterize the lateral translational modes, and the
vertical (V) spectra provide insight into vertical compo-
nents. In the EW spectra, three distinct frequency peaks
are observed at 1.59, 3.15, and 4.75 Hz, while the NS spec-
tra have one distinct frequency peak at 2.50 Hz. The sig-
nificant difference in the frequency in EW and NS spectra
is due to the variation in stiffness caused by directional
variability of the structure.

Further, Operational Modal Analysis (OMA) was applied
as a tool to extract the modal parameters such as natural
frequencies and mode shapes from the experimental vibra-
tion results [23]. OMA is performed using the enhanced
frequency domain decomposition technique for the deter-
mination of the dynamic characteristics. The modal param-
eters are determined through peak picking in the singular
value decomposition generated from the spectral density
response [5]. These identified modal parameters provide
a foundation for the subsequent calibration of the Finite
Element (FE) model.

Velocity spectrum ( Z-direction)
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Fig. 2 Velocity power spectrum plot from ambient vibration test (a) EW- direction, (b) NS- direction, and

(c) V- direction along with the sensor locations and orientation



3.2 Numerical modelling

Historical structures are structurally complex and involve
inherent uncertainties, which require advanced com-
putational frameworks for reliable seismic assessment.
The finite element method is employed to explicitly model
major structural components and systematically integrate
structural irregularities. Nonlinear dynamic analysis of
the Bhairabnath temple was conducted using the sophis-
ticated finite element-based Abaqus [24]. The simulation
utilizes an implicit time integration solution technique
to ensure numerical stability and effectively capture the
transient structural response. Robust convergence of the
numerical solution was reliably achieved by applying the
iterative Newton-Raphson method at each time increment.
This rigorous methodology facilitates the precise monitor-
ing of energy dissipation and damage evolution within the
complex structure.

Initially, the numerical model was developed by discret-
izing the structure into individual structural components.
To facilitate computational efficiency with low demand,
a macro modelling approach was adopted to achieve
the research objective [25]. Eight-node linear brick ele-
ments with reduced integration (C3D8R) were assigned
to the major structural masonry walls and timber beams.
The use of the C3D8R elements is a reliable way to cap-
ture the flexural and shear response of the thick masonry
walls [26]. Similarly, two-node beam elements (B31) were
assigned for architectural components, including the roof
truss, windows, and doors. The resulting global model
comprised 119966 elements and 236915 nodes. The mesh
sensitivity analysis yielded a mesh size of 300 mm for
masonry walls and a 100 mm mesh for timber elements
to ensure a high level of accuracy, maintaining numerical
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efficiency. The major load-bearing masonry and the sup-
porting timber framework are the major structural compo-
nents, as shown in Fig. 3. This modeling approach accu-
rately represents the structure’s load-bearing mechanisms
and structural interactions, providing a robust framework
for dynamic analysis.

The structure is modelled in three different sections.
The bottom section is wider in dimension than the con-
secutive upper section. For each section, the exterior
wall-to-wall connections are modelled with kinematic
constraints tied to simulate realistic structural behavior.
Tie constraints allowed the formation of vertical cracks
between connected walls, particularly during out-of-plane
mechanisms. Further, a continuum model simulates a per-
fectly connected system where all the elements behave
as an integrated structure [23]. However, in unreinforced
masonry structures, wall-to-wall connections are typi-
cally formed through a toothing mechanism, which can be
explicitly captured in micro-modelling [27, 28]. Despite
this limitation, macro modelling provides an efficient
approach to global structural analysis while maintaining
computational feasibility. However, the central wall is not
connected to the external wall, that represent some dis-
continuities in the connection. On the second, third, and
fifth floors, the central wall is not connected to either side
of the external wall, as shown in Fig. 4.

All the floors are represented with solid timber ele-
ments, and the layout of the structure is represented in
Fig. 3. Timber beams on the third, fifth, and seventh floors
were tied using kinematic tie constraints with external
masonry walls. Additionally, a base plate is inserted at the
base of each wall section to support the upper masonry
walls, ensuring proper load distribution. Moreover, the

¢) 3D cross section modai

d) timber layout

Fig. 3 Detail representation of the structural components in modelling (a) Whole model, (b) Bottom section, (c) 3D cross section modal,
(d) Timber layout
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Fig. 4 Unconnected region between external wall and central wall (a) Bottom section and (b) Middle section of the structure

beams are embedded in the walls on the intermediate floor.
The three-dimensional solid-in-solid embedded constraint
was adopted, where the masonry walls were assigned as
host elements and timber elements as embedded elements.
This constraint ensures that the degree of freedom of
nodes in the embedded timber elements is tied to the cor-
responding degree of freedom of the host elements. Both
the nodes are effectively coupled during motion, which
resembles the structure representing a semi-flexible floor.
The roofs were modelled with two nodal beam elements
(B31) and assigned MPC constraints.

3.3 Material modelling

Understanding material properties in the existing masonry
structure is challenging due to inherent uncertainties and
constraints [23, 29]. Undoubtedly, the mechanical proper-
ties are influenced by multiple factors, including the min-
eralogical composition of its constituents, which varies
based on the source of extraction [30]. The mixing and
laying process also introduces non-homogeneity, making
masonry anisotropic [3]. Generally, masonry structures
adopt three different modelling strategies: micro-mod-
elling, simplified modelling, and macro-modelling [4].
In micro-modelling, units and mortar joints are modeled
separately with their own constitutive laws and inter-
face behavior, whereas simplified micro-modelling uses
expanded units where joints are lumped into zero-thick-
ness interface elements. This study adopted the mac-
ro-modelling technique for masonry structures, where the
equivalent isotropic continuum idealization represents the
average mechanical response of the unit-mortar assem-
blage. It is an accepted approach for seismic assess-
ment of geometrically complex historical structures, as
it allows the simulation of full-scale elements while still
capturing localized damage. The mechanical proper-
ties of mud mortar brick masonry remain comparatively

under-investigated in the literature. Nonetheless, a few
studies have specifically addressed the mechanical char-
acterization of this masonry type, which is presented in
Table 1. For this study, the essential brick-mud masonry
properties were adopted from the uniaxial compression
and tension experiments performed on a series of brick
masonry specimens [30]. Moreover, the initial material
properties require calibration to be used in the numeri-
cal simulation to resemble the actual dynamic properties.
The calibrated material properties of the structure in the
numerical model are presented in Table 2 [31-33].

Table 1 Mechanical properties for the historical mud mortar masonry

structure

Material properties Ref.
B )
Brick mud masonry 150 1800
Brick mud masonry 400 1800 [20]
Sal wood 12500 800
Brick masonry 280-485 0.25 1800-2000 B31]
Timber 12500 0.12 900
Brick masonry 160 1800
Timber 10000 900 =
Brick Masonry 274 0.21 1800
Timber 12500 0.3 800 B3]

Table 2 Elastic material properties of masonry wall and timber

E 7 (kg/ £ f, Ref

Material N 1pa) “m3) T (MPa) (MPa)

Mud mortar-brick masonry

Initial 180 1630 0.25 1 0.045 [30]
Calibrated 150 1800

Timber 12500 800 0.2 - - [20]

E = Young’s modulus , y = Density, #= Poisson’s ratio, f, = compressive
strength and f, = tensile strength
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Fig. 5 Elastic and inelastic properties of brick masonry having mud
mortar in compression and tension zone

The widely used Concrete Damage Plasticity (CDP)
model accounts for the material inelastic-plastic behav-
ior [34]. The CDP model was developed for monotonic
loading for concrete analysis [35], which was later mod-
ified [36] to accommodate cyclic and dynamic loading.
However, its application in masonry structure analysis
has yielded good results [37]. The failure mechanism for
the continuum-based damage plasticity model assumes
tension cracking and compression crushing. The plastic
zone develops beyond the yield limit, which is character-
ized by strain softening and stress hardening in compres-
sion. It allows the model to simulate the progressive deg-
radation of masonry under different loading conditions.
The adopted brick-mud masonry properties under elastic
and inelastic behavior under compression and tension are
shown in Fig. 5.

The constitutive plasticity flow model for the nonlinear
analysis accounts for elastic and plastic stiffness degra-
dation [35]. It uses isotropic damaged elasticity combined
with no associated multi-hardening plasticity to repre-
sent the irreversible damage that occurs during fractur-
ing. The damage criteria initiate the degradation of stiff-
ness, commonly called compression and tension damage.
When damage is triggered, the scalar damage variable
reduces the elastic modulus (E) under uniaxial conditions,
as shown in Eq. (1).

E=(1-d)E, M

where, d is the damage reduction variable, and E|; is the
undamaged elastic modulus

Based on the theory of Plasticity, the strain tensor ¢
decomposes into elastic ¢ and plastic part ¢”’ The damage
occurs only in the softening zone, representing the stiff-
ness reduction. The stress-strain relations under uniaxial
tension and compression are represented by Eq. (2).

o, =(1-d,)Ey (&, ~&/") @)
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where, d' and d° represent scalar damage variables in ten-
sion and compression, ranging from 0 to 1.

For the CDP yield function, under compression and
tension, the strength evolution was developed by [36], as
shown in Eq. (3).

F(&,é’”) - g(67—3o“5+ﬂ(§1’[)<§m> —y(—émux>)
-5(&")=0 ©
Where

p is the effective hydrostatic pressure,

g is the Von Mises equivalent of effective stress,

& max Maximum principal stress,

0,,/0., Tatio of equiaxial compressive yield stress to
uniaxial compressive yield stress,

K_ ratio of second stress invariant,

c. (éfl)and G, (5[’1 ) Effective compressive and tensile
cohesion stress,

a is the ratio between the initial equi-biaxial and uniax-

ial compressive yield stresses 0, /g, (Eq. (4)).

B (O'bO/CTCO)*l

== 9/ " 0.<a<05 4
Z(Gbo/dco)—l’ “ @

5} (5 P l) is a function of the effective cohesion stresses,

(Eq. (5)).

o (&7
(&)

A
(&)

K, is the ratio of the second stress invariant on the ten-

(e = (1-a)-(1+a) 5)

sile meridian ¢g(TM) to that on the compressive meridian
q(CM), at the same hydrostatic pressure p, evaluated at
initial yield (Eq. (6)).

q(T™)
=2 205<K. <10 6
° q(cm) ¢ ©

y is a function of K _(Eq. (7)).

. 3(1-K,) )
2K, -1

In homogeneous continuum masonry, the plastic
parameters, such as dilation angle and viscosity param-
eter, significantly influence the post-elastic response of
masonry. However, variations in the elastic yield sur-
face due to changes in the dilation angle do not affect the
elastic yield surface, while increased viscosity parame-
ters induce fictitious overstrength due to high dilatancy.
This study follows the calibrated macro-model range of
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Rainone et al. [37] for a dilation angle ( = 35°) and an
optimized viscosity parameter (¢ = 0.0001) in the CDP
model, selected to limit artificial overstrength while main-
taining numerical stability. Other parameters like eccen-
tricity(e), o, /o, (ratio of initial equi-biaxial to initial uni-
axial compressive yield stress), and K (the ratio of the
second stress invariant) on the tensile meridian were set to
0.1, 1.16, 0.667, and 0.0001, respectively [24, 37].

3.4 Selection of time history data

For the nonlinear dynamic analysis, the selection of
ground motion data is crucial, particularly for the histori-
cal structure. Due to the inherent low mechanical strength
and limited ductility, historical structures are acutely
sensitive to cumulative energy dissipation, which facil-
itates progressive structural degradation and stiffness
loss. However, the dominating pulse nature of near-fault
motion generates substantial energy within a short dura-
tion, producing high instantaneous seismic demand on
the structure [38]. Numerous studies have demonstrated
that the earthquake having velocity pulses, typically near-
fault earthquakes, produces severely damage to structures
[39, 40]. Bilgin [41] investigated the masonry structure
using near- and far- fault earthquakes and demonstrated
that near-fault earthquakes exert greater damage to the
masonry structure than the far-fault earthquakes. In this
study, nine earthquakes with distinct pulses in the seis-
mic waveform are selected from the PEER database [42],
which are presented in Table 3, following the guidelines
of ASCE/SEI (7-10) [43].
motion records used in the nonlinear dynamic analysis

The nine near-fault ground

were selected considering Rupture distance (Rrup) less
than 15 km and Moment magnitude (Mw) ranging from
5 to 8. Additionally, a different range of fault mechanisms,
such as strike-slip (Ss), normal fault (N), reverse fault (R),
and reverse oblique fault (Ro), are considered in order to

Table 3 Selected ground motions for the nonlinear dynamic analysis

Sn  Earthquake  Year = Mw  Fault Rrup(km) PGA (g)
1 Coyote 1979 5.74 Ss 3.11 0.42
2 Irpnia 1980 6.9 N 8.18 0.19
3 Morgan Hill 1984  6.19 N 9.87 0.29
4 Northridge 1994 6.69 R 592 0.43
5 Koceli_I161 1999  7.51 Ss 10.92 0.26
6  Koceli_1165 1999  7.51 SS 7.21 0.23
7 ChiChi 1999  7.62 Ro 2.74 0.34
8 Laquila 2009 6.3 N 5.38 0.36
9 Duzce 1999 714 Ss 2.65 0.30

represent the variability expected in near-fault ground
motion characteristics. All selected records correspond
to stations on bedrock, defined here as sites with a time-
averaged shear-wave velocity over the upper 30 m (Vs30)
greater than 700 m/s. The selected ground motions were
matched with the target spectra generated by Prajapati and
Zhao [44] for the site, as shown in Fig. 6.

Spectral matching to the target design spectrum was
performed in SeismoMatch using a two-step adjustment
procedure [45]. The first step is to match the spectrum over
the 0.05 to 2 s period range to align the selected earthquake
spectra with the target spectra, followed by a refinement
pass extending the matching period up to 4 s to reduce
local residual misfit while preserving the non-stationary
amplitude, phase, and near-fault pulse characteristics of
the original records. Goodness-of-fit was quantified via
mean square error over the matching period range, with
records accepted if less than 0.3. Fig. 6 shows the resulting
spectral compatibility of the nine matched records with
the target spectrum.

4 Experimental results and FEM calibration

The experimental test setup on the Bhairabnath temple
was described in Section 3.1. With the limited instru-
ments installed, the dynamic characteristics of the struc-
ture were identified through OMA techniques. OMA is
a widely used tool to determine the modal frequencies
and shapes from the experimental vibration data. All the
AVT sensors were installed at the geometric center of the
plan at the ground floor and at three instrumented levels,
recording translational accelerations in the two horizontal
orthogonal directions (EW and NS) and the vertical direc-
tion. Table 4 shows the experimentally identified frequen-
cies of the structure.
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Fig. 6 Spectral acceleration of each earthquake matched with the
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The numerical model accounts for different uncertain-
ties, which are subject to the interaction between the
walls and the timber joints, the mechanical properties of
the wall, and timber. However, a perfect model cannot be
expected for the historical structure. This work is done for
the minimization of the uncertainties to ensure the reli-
ability of the model. The uncertinities remains on the geo-
metric dimensions are therefore adjusted through the field
survey. Moreover, the difficulty in adopting the material
properties of the existing masonry structure is minimized
using the AVT on the structure. The test ascertains the
global behavior of the structure rather than local behavior.

The elastic modulus of the brick mud mortar masonry
was determined through an iterative finite element model
updating procedure using the AVT. The calibrated mechan-
ical properties are tabulated in Table 4. Initially, the elastic
modulus of the structure was adopted from the wall-based
experimental test result conducted by Endo et al. [30].
Then, the elastic modulus was incrementally adjusted,
and the frequency modal analysis was performed until the
numerically computed natural frequencies converged with
the corresponding AVT-derived experimental frequencies,
with a frequency discrepancy of less than 5%. Later, the
calibrated mode shapes were also matched with the MAC
value for further confirmation. The resulting calibrated
properties, elastic modulus (£ = 150 MPa) with an associ-
ated density (p = 1800 kg/m?), were subsequently verified
against published material properties for brick mud mor-
tar masonry in comparable Nepalese historical structures,
presented in Table 1. It falls within the reported range of
150-800 MPa for a masonry configuration of similar con-
struction and mortar composition. This confirms that the
calibrated value is not only numerically convergent but
also physically representative of the material class under
study. The discrepancies may involve homogenization of
material, generalized dimensions, connection constraints,

Table 4 Comparison of calibrated frequency with experimentally
obtained frequency and mass participation ratio of numerical modal at
different modes

Mode 1 2 3 4 5 6
AVT frequency (Hz) 1.59  2.50 - 315 475  6.00
Calibrated 158 239 325 329 486 622
numerical (Hz)

Error (%) 0.63 443 - 444 233 3.66
Ratio of effective mass to total mass

EW - direction (%)  58.09 0.00 0.25 2394 0.00 0.00
NS - direction (%) 0.00 7123 0.00 0.00 28.69 0.00
V - direction (%) 0.000 0.00 0.00 0.00 000 99.86
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and other unknown factors. The calibration ensures the
replication of the actual dynamic behavior of the structure
in numerical form.

As the numerical model computes all vibration modes
of the full three-dimensional structure, some modes iden-
tified numerically could not be recovered experimentally.
In the case of Mode 3, as reported in Table 4, there is no
calibrated experimental frequency. This mode distribution
is consistent with a torsion dominated by rotation about
the vertical axis rather than translation. The effective
modal mass participation ratios computed numerically
show that Mode 3 mobilizes only 0.25% of the mass in
the EW direction and 0.00% in both the NS and vertical
directions. Since the AVT sensors were positioned at the
plan centroid, where the translational response to a purely
torsional mode is theoretically minimal, this mode could
not be excited to a measurable level and was therefore not
detected in the ambient vibration records. Consequently,
the modal calibration was based on the modes exhibit-
ing significant effective mass participation in the princi-
pal directions. These govern the global dynamic response
measured experimentally. Hence, Mode 3 was excluded
from the calibration criteria given its negligible contribu-
tion to the global translational and vertical response, how-
ever, the calibrated frequency of 3.25 Hz is reported in
Table 4 for completeness rather than as a calibration target.

Operational modal analysis was used to determine the
mode shapes of the existing structure, with each mode
normalized to unity to obtain the corresponding mode
shape vectors. The results indicate that the first two modes
correspond to translation in the EW and NS directions,
respectively, while the fourth and fifth modes repre-
sent higher-order bending in the EW and NS directions,
respectively. The mode sixth is vertical translation mode,
as shown in Table 4, which has the highest effective mass
ratio in the vertical direction. Fig. 7 compares the fre-
quencies and mode shapes from the numerical model with
those from the experimental ambient vibration testing
(AVT). The first mode exhibits excellent agreement, while
the remaining modes show acceptable deviations within
5%. Furthermore, the close alignment between the AVT
results and the calibrated finite element model confirms
the adequacy of the adjusted material parameters and the
overall reliability of the numerical model for the accurate
representation of the dynamic behavior of the structure.

Further, the mode shape correlation was validated using
the Modal Assurance Criterion (MAC) to quantify the
agreement between the experimentally and numerically
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Mode AVT FEM with roof Error (%)
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Fig. 7 Comparison of experimentally identified mode shapes and

numerically obtained mode shapes.

obtained mode shapes. MAC was computed using the
mode shape ordinates at the three instrumented floor loca-
tions, with numerical mode shapes extracted at nodes
coincident with the physical sensor positions. Both numer-
ical and experimental shapes are normalized to unit ampli-
tude at the reference DOF before comparison. The com-
plete MAC matrix for the five experimentally identifiable
modes is presented in Table 5. The diagonal terms range
from 0.786 to 0.996, indicating overall mode shape cor-
relation, though not uniformly excellent across all modes.
Modes 1, 2, and 6, which mobilize the dominant share of
the structure’s effective mass in a principal direction, as
presented in Table 5. High diagonal MAC values show the
strongest correlation, confirming that the modes govern-
ing the global dynamic response are well represented by
the calibrated model. However, Mode 4 shows a compar-
atively lower MAC value of 0.786, the weakest among the
retained modes. This is attributed to its low effective mass
participation around 22.48% in the EW direction. The cor-
responding off-diagonal MAC between numerical Mode 4
and experimental Mode 5 indicates that, when reduced to
the three available measurement DOFs, these two modes
exhibit similar translational amplitude distributions, con-
sistent with the coupling between closely spaced modes.
This result should therefore be interpreted as acceptable
rather than excellent agreement for Mode 4, reflecting both
the physical mode behavior of the structure and the limited
spatial resolution of the three-point sensor array, rather

Table 5 MAC values of experimental and numerically identified

mode shapes

Num \ Exp 1 2 4 5 6

1 0.996 0.9996 0.002 0.147 0.624
2 0.983 0.992 0.001 0.101 0.648
4 0.278 0.237 0.786 0.781 0.040
5 0.291 0.253 0.710 0.983 0.035
6 0.576 0.645 0.027 0.030 0.958

than a modeling deficiency. Overall, the MAC results sup-
port the calibration procedure adopted, while highlight-
ing that correlation confidence should be weighted by each
mode’s effective mass contribution rather than treated uni-
formly across all modes.

5 Nonlinear dynamic performance assessments

For the existing historical masonry structure, nonlin-
ear dynamic analysis is a widely adopted computational
methodology to ensure a realistic seismic assessment that
accounts for the structure’s nonlinearity [5]. A complex
structural simulation was carried out using the finite ele-
ment-based Abaqus on a high-performance computing
system equipped with a NVIDIA GeForce RTX 3060 and
64GB RAM. Due to the rectangular plan configuration,
the vulnerability assessment was performed in both princi-
pal directions. Seven central nodes are assigned floor-wise
to evaluate the dynamic responses in terms of displace-
ment, drift, and acceleration. The outcome contributes to
a deeper understanding of the structural vulnerabilities of
the Bhairabnath temple under varying seismic excitations.

5.1 Dynamic responses of the structure

The structure’s nonlinear dynamic response exhibits pro-
nounced directionality dependency, as presented in Table 6.
Similarly, the floor-wise responses are illustrated in Fig. 8,
which shows a nonuniform distribution of responses caused
by the vertical irregularities.

5.1.1 Horizontal displacement

The peak relative roof displacements in the EW direction
are larger than in the NS direction, indicating a flexible
response in the EW direction. In the EW direction, the aver-
age peak relative displacement reaches 158.38 mm, and is
constrained in the NS direction with an average value of
69.04 mm. This discrepancy is primarily governed by the
rectangular base configuration and setback configuration
at each section along the vertical direction that consecu-
tively reduces the exterior dimension and wall thickness at
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Table 6 Individual dynamic response of the historical pagoda structure

Maximum relative displacement (mm)

Maximum top absolute acceleration (g)

Maximum base shear (kN)

Earthquake
EW-direction NS-direction EW-direction NS-direction EW-direction NS-direction
Coyote 150 131.33 68.13 1.47 2.23 2822.41 3792.11
Irpnia_285 147.25 75.32 1.51 2.64 2625.05 3453.79
MorganHill 459 174.57 86.31 1.41 2.01 2448.69 3487.30
Northridge 1013 119.28 54.52 1.51 2.06 2616.87 3024.95
Koceli_1161 177.54 62.08 1.49 2.29 2403.25 3878.65
Koceli_1165 149.88 73.4 1.33 2.66 2595.08 4032.65
ChiChi_1511 168.46 80.58 1.51 2.21 2521.37 3795.27
LaqAila 4483 166.25 54.59 1.39 2.23 2688.19 4004.20
Duazce 8164 190.86 66.47 1.33 2.71 2486.07 3515.55
Average 158.38 69.04 1.44 2.34 2822.41 3664.94
Minimum 131.33 54.52 1.33 2.01 2822.41 3024.95
Maximum 190.86 86.31 1.51 2.71 2822.41 4032.65
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Fig. 8 Floor-wise dynamic response of the structure, (a) relative displacement vs height, (b) absolute acceleration vs height of the structure

the upper floor, which results in a higher flexibility along
the shorter dimension. The graphical plots of floor-wise
displacement response are illustrated in Fig. 8(a).

Due to the setback configuration of the masonry pagoda
structure, the upper section typically has thinner walls,
more openings, and lighter structural framing. This conse-
quently reduces significant mass and stiffness in the upper
sections.

Despite the reduction in floor mass toward the upper
tiers, the observed displacement amplification indicates
that the vertical stiffness irregularity arising from the pro-
gressive tapering of wall thickness tends to dominate the
dynamic response over the mitigating effect of reduced

mass. As shown in Fig 8(a), the variation of the deforma-
tion in height for the fixed base structure is consistent and
has linear growth up to the fourth floor in the EW direc-
tion. Meanwhile, the large opening and unconnected middle
wall section to the exterior wall experience higher nonlinear
behavior at the fifth floor and eventually extend above.

5.1.2 Horizontal acceleration

Similarly, the absolute floor-wise acceleration is illus-
trated in Fig. 8(b). The higher acceleration demand on the
top floor indicates significant dynamic amplification lead-
ing to higher inertial forces despite the relatively lower
floor mass of the top floor compared to the bottom section.
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In the EW direction, the top acceleration is amplified up to
three times, and six times in the NS direction. The exces-
sive amplification at the top is due to the whip effects,
which occurred mostly in the vertical irregularities and
disproportionate mass distribution of the pagoda struc-
ture. The whip effects on the dynamic performance of the
pagoda structure studied by Wu et al. [46] observed the
acceleration amplification at the top of the pagoda struc-
ture to be nine times and the displacement amplification to
be eight to ten times.

The directional disparity between displacement and
acceleration demand indicates larger relative displacement
but lower spectral acceleration in the EW direction, and
the reverse in the NS direction, as presented in Table 6.
The EW direction exhibits greater period elongation due
to more pronounced stiffness loss, shifting its response
into the displacement-sensitive region of the near-fault
spectra, while the NS direction retains stiffness closer to
its elastic state, keeping its response in acceleration-sen-
sitive regions. This directional asymmetry likely reflects
underlying plan irregularity in wall thickness and open-
ing distribution between the two orthogonal axes of the
pagoda structure.

5.1.3 Inter-storey drift

As the structure exceeds the linear state, the EW direc-
tion profiles exhibit significant dispersion, particularly at
the upper floor levels. The plot highlights the sensitivity
of the low-strength masonry structure to the characteris-
tics of the ground motion. Moreover, for an unreinforced
masonry structure characterized by low tensile strength
and brittle failure modes, displacement alone is not a suf-
ficient performance index. The inter-storey drift ratio,
which correlates more directly with localized masonry
cracking and shear failure, must be evaluated to quantify
the true degree of vulnerability.

Unlike the displacement response, the inter-storey drift
highlights the concentration of seismic demand at specific
floors as presented in Fig. 9. In the EW direction, the seis-
mic demand is notably severe, with peak drifts consecu-
tively occurring at the upper floors. The three limit states
for unreinforced historical masonry structures are classi-
fied as Limited Damage level (LD), Controlled Damage
level (CD), and Collapse Prevention level (CP) with criti-
cal limit values of H/333 (0.3%), H/142 (0.7%), and H/100
(1%), respectively [47]. In Fig. 9, the blue line represents the
limit state considered in the study. It represents the suite of
earthquakes that exhibits a high degree of dispersion, with
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Fig. 9 Floor wise response of the structure in terms of Inter-storey drift

several individual records exceeding the CP drift thresh-
old at the top floor in the EW direction. On the other hand,
the NS direction maintains a much stiffer response, with
most records remaining within the CD drift limit.

The bulging of the drift response at the fifth floor in both
directions identifies a critical region of stiffness disconti-
nuity due to the wide openings in the structure. Above the
fifth floor, the drift limit exceeds the CP limit in the EW
direction, however, the NS direction drift remains within
the CD limit. Moreover, the lower section of the structure
remains within the CD range. The localization of defor-
mation indicates that the inter-storey drift response is cru-
cial for pinpointing the precise weakness in the masonry
structure, even while displacement presents a wide view
of structural flexibility.

Comparing the dynamic responses of the structure, the
structure is relatively stable at the bottom section, whereas
it is highly vulnerable in the middle and top sections. This
is due to the whip effects in the pagoda structure caused
when the relative mass and stiffness in the structure are
irregular throughout the vertical direction.

5.1.4 Stiffness degradation and hysteresis energy
dissipation

The nonlinear time-history response of the pagoda struc-
ture is presented in terms of base shear versus peak rela-
tive displacement hysteresis loops, as illustrated in Fig. 10.
Stiffness degradation and hysteretic energy dissipation,
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considered as two structural performance measures, were
derived. Stiffness degradation is quantified through the
ratio of secant-to-elastic stiffness (Keﬁ,/KO), and hysteretic
energy dissipation is quantified through the area enclosed
by each loop.

The initial elastic stiffness (K)) was obtained from the
AVT-calibrated FE model and represents the theoretical
linear-elastic backbone response, from Table 4, prior to the
onset of masonry cracking, shown as the dashed reference
line in each subplot. The secant stiffness at peak response,
K, was computed as the slope of the line connecting
the origin to the peak coordinate for each ground motion
record and is superimposed on the corresponding loop
(red line). Throughout the input ground motions, Kef./,/K0
ranged from 0.221 to 0.297 in the EW-direction and from
0.257 to 0.345 in the NS- direction, indicating that the
structure retained only 22 to 29% of its initial elastic stiff-
ness at peak demand in the EW-direction, compared to 25
to 34% in the NS- direction. The effective-to-initial stiff-
ness in both directions is presented in Table 7. This direc-
tional disparity is consistently observed across the suite of
independent ground motion records. The obtained behav-
ior is interpreted as a structural characteristic rather than
a record-dependent artifact, and is attributed to unequal
masonry wall thickness and opening distribution between
the two orthogonal axes of the pagoda plan.

The shape of the hysteresis loops provides additional
physical insight beyond the secant stiffness ratio alone.
In the EW-direction, the loops exhibit a wide, irregular
envelope dominated by a single large excursion corre-
sponding to the governing near-fault velocity pulse, super-
imposed with numerous smaller, pinched loops clustered

near the origin during excitations. The pronounced pinch-
ing, a marked reduction in loop width, and consequently
in tangent stiffness, as the response passes through zero
force, is characteristic of the cracks in the masonry wall
piers during excitation, and reflects a loss of stiffness deg-
radation. In contrast, the NS-direction loops are narrow
and spindle-shaped, remaining close to the elastic stiffness
line throughout the response history, with limited separa-
tion between loading and unloading branches, consistent
with a predominantly elastic response and comparatively
minor masonry damage.

The area enclosed by a force—displacement loop cor-
responds to the hysteretic energy dissipated by the struc-
ture. The qualitative difference in loop geometry between
the two directions corresponds to a substantial differ-
ence in cumulative energy dissipation. The wide, pinched
loops in the EW direction, despite lower peak base shear
than the NS direction, enclose a visibly larger cumulative
area and therefore dissipate more hysteretic energy, con-
sistent with their lower Keﬂ./K0 ratio. This indicates that
the EW-direction accommodated seismic demand primar-
ily through inelastic damage mechanisms, through wall
cracking, whereas the NS-direction walls resisted demand
largely within their elastic capacity, attracting higher
force but undergoing comparatively limited damage.
Cumulative hysteretic energy dissipation for each record
and corresponding direction is reported in Table 7, which
represents the irrecoverable energy dissipated through
inelastic material response.

Collectively, these results demonstrate that stiffness
degradation (K, ﬁ./KO) and hysteretic energy dissipation
are complementary, physically consistent indicators of

Table 7 Stiffness reduction and hysteretic energy dissipation of the structure

Earthquake K, /K, Cumulative hysteretic energy dissipation (kJ)
EW NS EW NS
Coyote_150 0.261 0.282 62.48 50.02
Irpnia_285 0.225 0.266 213.68 54.59
MorganHill 459 0.221 0.276 146.71 73.02
Northridge 1013 0.297 0.285 89.07 17.56
Koceli_1161 0.247 0.345 138.78 86.23
Koceli_1165 0.232 0.269 138.59 80.09
ChiChi_1511 0.237 0.292 115.95 70.25
LaqAila_4483 0.230 0.257 154.74 87.64
Duazce_8164 0.263 0.299 131.16 30.99
Average 0.246 0.286 132.35 68.194
Minimum 0.221 0.257 62.48 17.56
Maximum 0.297 0.345 213.68 87.64




directional damage asymmetry in the pagoda structure,
with the EW direction exhibiting behavior indicative of
significant masonry damage and the NS direction retain-
ing near-elastic performance under the same suite of near-
fault ground motions.

5.5.5 Damage detection

Figs. 11 and 12 illustrate the progression of compressive
and tensile damage in the Bhairabnath temple under the
Northridge and Morgan Hill earthquakes. This damage
pattern was concentrated at the upper tiers, fifth-floor
openings, and base corners, and was consistent with the
interstory drift and stiffness degradation trends observed
across the full nine-record suite.

The damage distribution reveals two distinct mechanisms
operating at markedly different severities. Considering the
low shear strength of masonry structures, tensile damage is
more significant than compression damage. The tensile dam-
age initiates more rapidly and propagates more extensively,
as shown in Figs. 11 and 12. Tensile damage (DAMAGET),
reaching a peak value of 0.948, indicates near-complete
degradation of tensile stiffness at the most affected loca-
tions and reflects progressive cracking under excitations.
Tensile damage is the dominant failure mechanism in this

EW-direction
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(Avg: 75%)
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+2.984¢-01
+2.713e-01
+2.4416-01
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Fig. 11 Structural damage under nonlinear time history analysis under

Northridge earthquake (a,b) compression damage in the EW- and NS-

direction respectively (DAMAGEC) , (c,d) tensile damage in EW- and
NS- direction (DAMAGET)

Prajapati et al. | /I 5
Period. Polytech. Civ. Eng.

structure. Compression damage (DAMAGEC), reaching
only 0.326, remains secondary and spatially confined to
the base-story corners, consistent with localized crush-
ing under the compressive component of the overturning
moment. This pattern of damage lines up with what the
drift and stiffness results already suggested. Due to the
setback configuration, the upper section reduces its exte-
rior dimensions and wall thickness, generating a whipping
effect through the height of the structure. The fifth-floor
wide openings act as geometric stress concentrators, redis-
tributing load around the corners of an opening, and initi-
ate cracking, as illustrated in Fig. 11 and 12.

The substantially greater extent and intensity of ten-
sile damage in the EW direction relative to NS is consis-
tent with its lower fundamental frequency and larger dis-
placement demand. As a result, it activates and propagates
a greater number of tensile crack surfaces throughout
the structure. Furthermore, directional vulnerability was
compared between the principal directions. For the input
motions, the structure exhibits greater susceptibility to
damage in the EW direction. The outcomes are attributed
to the stiffness variation and low shear strength inherent to
the masonry structure.
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Fig. 12 Structural damage under nonlinear time history analysis under

MorganHill earthquake (a,b) compression damage in the EW- and NS-

direction respectively (DAMAGEC) , (c,d) tensile damage in EW- and
NS- direction (DAMAGET)
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6 Conclusions

The study presents a comprehensive seismic performance

evaluation of the multi-tiered Bhairabnath temple car-

ried out through an experimentally conducted ambient
vibration test combined with nonlinear dynamic analysis
under near-fault earthquakes. The developed finite element
model was calibrated against the AVT results to assess the
reliability of the results. The study highlights the vulner-
ability of historical structures in terms of displacement,
acceleration, inter-storey drift, and damage state. Hence,
the findings yield essential insights for recommending
appropriate strengthening techniques to preserve and con-
serve the historical structures. The following conclusions
were generated from the nonlinear dynamic analysis of the

Bhairabnath temple:

1. Ambient vibration testing identified the fundamental
natural frequencies of the pagoda structure as 1.59 Hz
in the EW direction and 2.50 Hz in the NS direction,
revealing an inherent directional asymmetry in the
structure’s dynamic behavior, and the FE model was
subsequently calibrated through iterative model updat-
ing against these AVT-measured frequencies.

2. The masonry pagoda structure exhibits a highly direc-
tion-dependent dynamic response. The stiffer NS
direction generates higher acceleration and base shear
at the expense of smaller displacement. Conversely, the
relatively flexible EW direction produces a larger dis-
placement under lower force demand.

3. The EW- direction exhibited wide, pinched hysteresis
loops characteristic of earthquake excitations, dissipat-
ing more cumulative hysteretic energy than the stiffer,
near-elastic NS direction, despite carrying a lower
peak base shear demand.

4. CDP results confirmed tensile cracking as the dominant
failure mechanism, with compressive damage remain-
ing secondary. Damage concentrated at the tapering
upper section owing to disproportionate stiffness and
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mass, at the fifth-floor openings due to geometric stress
concentration, and at the base corners due to cumula-
tive overturning effects, consistent with the observed
stiffness degradation trends.

5. The consistency across modal properties, hysteretic
response, and damage indices shows that directional
stiffness irregularity, rather than ground motion vari-
ability alone, governs the seismic vulnerability of
pagoda-style masonry temples, highlighting the need
for direction-specific retrofit strategies targeting the
weaker direction.

Future studies could extend the present framework by
incorporating experimental validation, probabilistic seis-
mic assessment approaches, and the influence of structural
irregularities, further enhancing the reliability and gener-
alizability of seismic vulnerability predictions for histori-
cal masonry structures.
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