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Abstract
This paper presents an investigation of the collapse of a 325-year-old multi-tiered heritage 
temple during the 2015 Gorkha earthquake in Kathmandu, Nepal. The research comprises 
a reconnaissance survey followed by a geotechnical investigation and numerical back-anal-
ysis carried out to understand the potential causes of the collapse. The assessment of the 
structural configuration of the temple indicated seismic vulnerability in the design due to 
the presence of discontinuous columns over the height of the temple and age-weakened 
bonding in the masonry walls. The geotechnical investigation revealed the presence of 
competent soil strata at the location, assisting the survey which indicated no differential or 
excessive settlement in the foundation. A series of cyclic triaxial tests were conducted on 
samples recovered during the geotechnical investigation to determine dynamic behaviour 
of the soil. Further, dynamic analysis of the plinth of the temple under the recorded accel-
eration–time history indicated a maximum drift percentage of 1.4% and residual relative 
displacement of 32 mm suggesting the potential reason behind the collapse. The output of 
this research will support seismic rehabilitation of ancient structures within World Herit-
age sites across Nepal and effective action plans to safeguard them against future earth-
quake hazard.

Keywords Nepal earthquake · Heritage structures · Numerical modelling · Soil 
investigation

1 Introduction

Kathmandu, the capital city of Nepal, is located in the Kathmandu Valley and hosts medi-
aeval temples that were built centuries ago and is known for their historical and archaeo-
logical importance. The city is home to seven UNESCO world heritage monument zones 
(three Royal or Durbar Squares, i.e. Kathmandu, Patan, Bhaktapur; two Buddhist Stupas, 
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i.e. Swayambhu and Bauddhanath; and two Hindu temples, i.e. Pashupati and Changu 
Narayan). On 25 April 2015, a very strong earthquake of Mw 7.8 shook the whole of Nepal 
and some neighbouring areas of India and China at 11:56 am local time; the main shock 
was followed by several aftershocks. The epicentre of the earthquake was near Barpak vil-
lage in Gorkha District, 77 km north-west of Kathmandu as shown in Fig. 1a and had an 
estimated focal depth of 15  km. Figure  1b illustrates acceleration–time history recorded 
at the Kantipath recording station in Kathmandu which indicates the maximum peak 

Fig. 1  2015 Gorkha Earthquake: a epicentral location, location of Jaisidewal temple and earthquake record-
ing station, b acceleration–time history and Fourier Spectrum recorded at Kantipath Station in Kathmandu 
(27.71235 N 85.31561 E) (Recorded by United States Geological Survey)
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horizontal acceleration of 0.16 g, the bracketed duration of 36.9 s (duration between first 
and last exceedance from 0.05 g in a recorded motion) and the Fourier Spectrum. The Fou-
rier spectrum indicates predominant periods of 0.44 s, and 5 s, respectively.

The 2015 Gorkha earthquake was the most powerful and devastating earthquakes to hit 
Nepal since the 1934 Bihar Nepal Earthquake (Mw = 8.1). The main shock (Mw = 7.8) was 
followed by two major aftershocks (Mw = 6.6 and 6.7). It killed around 8800 people, dis-
placed 2.8 million people, and destroyed 500,000 homes because of the shallow nature 
of earthquake (Zhao 2016; Gautam and Chaulagain 2016). In addition to the casualties, 
loss of life and an economic damage, Gautam (2017) reported this earthquake as a cultural 
catastrophe damaging 403 monuments within Kathmandu’s historical urban infrastructure. 
Weise et al. (2017) recorded that the earthquake damaged 663 monuments and caused the 
collapse of 190 other vernacular and historical monuments. Over 70 people were killed 
during the collapse of one of Kathmandu’s oldest monument, the Kasthamandap (Chiaro 
et al. 2015; Coningham et al. 2016). Chen et al. (2017) reported the failure of many brick 
masonry structures due to the heavy masonry materials and lesser strength of bonding 
materials. Over the years, conservation of historical structures has drawn both national and 
international concern. The form of many of these structures is symmetrical, having brick 
masonry as the main load-bearing structural system. Such structures have already suffered 
minor and major damages due to previous seismic events. This was a result of their low 
tensile and shear strength as well as brittle failure characteristics in response to seismic 
forces. Assessment of these structures from a seismic standpoint has now become very 
important in order to safeguard them from future earthquakes. Huber and Dragoni (1992) 
suggested to perform a seismic vulnerability study to understand the process of transforma-
tion of the heritage structures of Italy for better understanding of effective action against 
the seismic rehabilitation. Davis et al. (2019) emphasised on development of archaeo-seis-
mological and engineering approaches for identification and classification of the world her-
itage monuments damaged by the 2015 Gorkha Earthquake. They also suggested lessons 
of reconstruction and rehabilitations of heritage structures from future earthquake hazards. 
Kumar et al. (2019) performed reconnaissance surveys within the Pashupati and Changu 
Narayan sites in Kathmandu after the 2015 Gorkha Earthquake and reported that many of 
the survived or partially collapsed heritage structures lacked periodic maintenance.

Whilst previous research has focused on the study of historical, cultural and artistic 
aspects of Nepalese ancient structures (Hutt 2010), little investigation has been carried out 
to study related structural performances during strong earthquakes. Shakya et  al. (2014) 
developed advanced numerical models to understand the seismic behaviour of Pagoda tem-
ples in Nepal and to produce structural component fragility curves that can be used to study 
the seismic vulnerability of these structures. They reported that damage or degradation in 
the masonry walls reduces the overall stiffness of the temple structure. Jaishi et al. (2003) 
conducted finite element analysis to study ten typical multi-tiered temples in Nepal. They 
reported that the fundamental time period of masonry temples in Nepal is less than 0.6 s. 
Pan et  al. (2018) performed a reconnaissance survey of 68 heritage structures in Kath-
mandu and stated that more than 70% of the structures studied experienced severe dam-
age to complete collapse during 2015 Gorkha earthquake. Ranjitkar (2000) identified the 
key issues in terms of safety of heritage structures in safeguarding them from future earth-
quake damage and also highlighted the weaknesses of these historical temple structures 
and proposed suggestions for seismic strengthening. Coningham et  al. (2019) performed 
a research involving archaeology, geoarchaeology and the civil engineering in Kathmandu 
after the 2015 Gorkha Earthquake and emphasised that interdisciplinary collaboration may 
be able to co-produce and develop a methodology to improve the seismic safety of the 
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world heritage structures. However, investigations of the collapse of these ancient struc-
tures based on thorough structural, geotechnical, architectural and archaeological investiga-
tion followed by engineering numerical simulations have not been previously undertaken.

This study presents an investigation of the causes of the collapse of the Jaisidewal tem-
ple structure by performing a reconnaissance survey, geotechnical investigation of the sub-
soil profile, numerically modelling the temple plinth structure and analysing it under the 
prescribed earthquake acceleration–time history recorded during 2015 Gorkha earthquake. 
In November/December 2017 and May 2018, a team of geotechnical engineers and archae-
ologists from Durham University and structural engineers from Newcastle University, 
in partnership with colleagues from Department of Archaeology, Government of Nepal, 
ICOMOS Nepal and Tribhuvan University, Kathmandu, conducted a reconnaissance sur-
vey and geotechnical investigation at the Jaisidewal site with logistical support from the 
Government of Nepal. To identify potential causes of the collapse, information on the local 
subsoil profile and the temple plinth internal structure was collected and synthesised to 
enable a dynamic analysis of the plinth and subsoil.

2  Potential causes of collapse of the Jaisidewal temple

The Jaisidewal temple is located south of Kathmandu’s Hanuman Dhoka Durbar Square 
monument zone and was a three-storied square tiered temple (Tiwari 2009). It is a Shaivite 
temple (one of the major traditions within Hinduism) whose superstructure sat on a seven-
stepped plinth. Traditionally ascribed a construction date of 1688 CE, its name is linked 
to Lakshiminarayan Joshi, an influential minister of King Bhupatendra. Jaisidewal is also 
located within an area thought to contain the early nucleus of Licchavi settlement within 
the Kathmandu Valley (Prushca 2015). During the 2015 earthquake, the area recorded 
the collapse of 12 monuments including the Jaisidewal temple, as shown in Fig. 2a and 
b. The temple was located nearly 80 km from the epicentre of the earthquake. The tem-
ple was recorded as having a height 16.3 m and width 7 m. Figure 3a shows the image of 
temple taken before 25 April 2015. It was made of masonry–timber composite structure, 
resting on the plinth of height 7.2 m made of brick masonry with a soil and sand filling. 
A schematic illustration of the temple is shown in Fig. 3b. The masonry–timber structure 
was primarily composed of two components; load-bearing masonry walls and structural 
members comprised of columns, beams and struts made of timber. The walls were built 
with sun-dried bricks on the interior side, fired brick on the exterior side and the mid-
dle core was filled with mud and rubble. The brick mortar was a mud mortar that is the 
typical traditional mortar for temple structures in this region. The local availability and 
ease of processing mud mortars make it the most energy-efficient building material in the 
region; however, mud mortars are susceptible to weathering and hence present durability 
issues (Rashmi et al. 2014). Other problems associated with mud mortars are lack of cohe-
sion and low compressive strength. The masonry walls had a varying thickness, i.e. greater 
thickness at the plinth level becoming progressively narrower towards the top of the super-
structure. The temple geometry was symmetric, thus minimising loading eccentricities and 
thereby reducing extra moment and shear forces compared to asymmetric construction. 
This subsequently made the temple less vulnerable to earthquake forces. The temple was 
supported on the massive plinth, and this plinth provided a rigid base for the temple struc-
ture which also helped to redistribute the shear forces and partly absorb the earthquake 
energy. Archaeological excavation at the plinth level indicated the presence of a massive 
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Fig. 2  Condition of Hanuman Dhoka Durbar Square region of Kathmandu after 2015 Gorkha Earthquake a 
details of temples condition, b location of Jaisidewal temple (Image prepared by ICOMOS, Nepal)
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masonry mat supporting the whole structure (UNESCO 2013). A conical mass distribution 
resting on a wide base, as shown in Fig. 3a and b, may have helped in distributing shear 
forces. The concentric support structure with interconnected columns may also have redis-
tributed the shear forces and bending moment that arose during the seismic event; however, 
as can be seen from Fig. 3b, structural continuity of the columns is not maintained. This 
reduces the ability of the upper portion of the temple to withstand earthquake lateral forces. 
The heavy weight of the upper columns made of brick masonry and tiles covering the roof 
result in the earthquake, generating large inertia forces that need to be resisted. Further-
more, poor connectivity between the multi-layer brick masonry and the timber composites 
would have further decreased the seismic resistance of the structure. Although this tem-
ple survived the 2011 Sikkim–Nepal earthquake and 1934 Bihar–Nepal earthquake, the 
superstructure portion of the temple having a height equal to 16.3 m collapsed during the 
2015 Gorkha earthquake (Fig. 3c), whilst adjacent reinforced concrete structures suffered 
only minor damage due to the use of modern construction techniques. Similarly, ancient 
one- and two-storey structures nearby suffered minor-to-major damages due to lower iner-
tia or lower out-of-plane forces in the masonry walls. Hence, the lack of structural continu-
ity of the columns, low bending and shear stiffness of the masonry walls, degradation in 
bonding between masonry walls and timbers and insufficient timber joints were the most 
likely primary cause of the collapse of this temple during the 2015 Gorkha Earthquake. 
However, the response of a structure during an earthquake does not solely depend on the 
performance of the structure itself but also on the local geology, foundation parameters and 
earthquake motion characteristics. To obtain the subsurface conditions at the site, during 
December 2017, a geotechnical investigation was carried out adjacent to the temple plinth.

3  Detailed investigation of subsoil profile

3.1  Geotechnical profile and characterisation of soils at Jaisidewal location

Very limited information was available on the geotechnical properties of soils present 
within Kathmandu’s World Heritage Site. Hence, a borehole was drilled by cable percus-
sion drilling after careful recording and removal of archaeological materials present via 
an archaeological trench, located adjacent to temple, excavated to 3.5 m depth, as shown 

Fig. 3  Jaisidewal temple: a schematic representation of the temple (Image: ICOMOS, Nepal) and b photo-
graph before 25 April 2015 (Department of Archaeology, Nepal), c photograph after 25 April 2015 (Recon-
naissance survey)
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in Fig. 4a. The borehole was drilled from the base of the trench for a further 10 m giv-
ing a total depth of investigation of 13.5 m from the ground level. Archaeological exca-
vation was performed to avoid unrecorded destruction of archaeological deposits within 
the World Heritage Site and also to provide evidence of pre-existing subsurface structures. 
During drilling, Standard Penetration Tests (SPT) were conducted in the borehole at 1.5-m 
intervals and soil samples were collected for a program of engineering testing and char-
acterisation. The recorded SPT-N value ranged from 8 to 50 for the full depth of borehole 
(13.5 m) indicating the presence of soft-to-stiff soil. The soil stratigraphy along with the 
SPT-N value can be seen in Fig. 4b. These SPT values rate the soil as a Type C Ground 
Type according to Eurocode 8 (ECN 2003). Beneath the archaeological material, the top 
4 m soil is characterised as blackish soft to medium-stiff clay underlain by dense silty fine 
to very coarse dense sand. A total of 5 disturbed samples and 3 undisturbed samples were 
collected from the site and then transported to Durham, UK, for laboratory testing.

Particle size distribution analysis and Atterberg limit tests were carried out on the col-
lected soil samples as per BS 1377 (2016). Figure 5 illustrates the gradation curve for the 
soil samples collected at different depths and shows a uniformly graded shape for all sands. 
Table  1 shows the details of the percentage of gravel, sand, fines content and Atterberg 
limits for the site. From Table 1, it can be seen that the clay layer is highly plastic and is 
underlain by sands with medium-to-low plastic fines soil at deeper depth.

3.2  Seismic liquefaction feature of soils based on compositional criteria

Seismic liquefaction features of the collected samples were also studied based on the par-
ticle size distribution and plasticity characteristics. Figure  5 shows grain size boundary 
curves indicating the range in which soils are most susceptible to liquefaction as defined 
by (Tsuchida and Hayashi 1971). From Fig. 5, it can be seen that almost all the curves for 
the soil samples recovered fall within the range of most liquefiable to potentially liquefia-
ble. Further, the clays (Liquid limit = 54 and Plasticity index = 22) present between 3.5 and 

Fig. 4  Jaisidewal: a ongoing drilling operation, b SPT profile and material type
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7.5 m are placed in Zone C of the Atterberg limit charts proposed by Seed et al. (2003). 
This indicates that they are susceptible to strength degradation under the earthquake excita-
tion. In spite of this, evidence of liquefaction at the site was not observed during site visits 
and has not been reported by other researchers. Neither rotation nor differential settlement 
of the plinth was observed. This may be due to the absence of groundwater at shallow 
depth when the earthquake occurred in April 2015. This was the beginning of the summer 
season in Kathmandu, and groundwater abstraction may have been responsible for artifi-
cially lowering the water levels as well as being just before the monsoon.

Fig. 5  Particle size distribution and enveloping curve (Modified after Tsuchida and Hayashi (1971) for 
Jaisidewal soils

Table 1  Results from gradation curve and Atterberg limits for the soil samples

Cu Uniformity coefficient, Cc coefficient of curvature, LL liquid limit, PI plasticity index

Sample no. Sample depth (m) Test results

% (gravel, sand, fines) Cu, Cc LL, PI

S1 4.70 0.4, 5.3, 94.3 – 54, 22
S2 8.70 0.1, 78.4, 21.5 5, 1.4 37, 7
S3 11.70 0, 61.6, 38.4 17, 2.4 38, 8
S4 12.70 0.4, 72.9, 26.8 11, 1.4 32, 6
S5 13.70 0.3, 54.3, 45.4 40, 3.4 33, 10
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3.3  Cyclic triaxial tests on Jaisidewal clay

During an earthquake event, soil is subjected to cyclic loading and stress reversal which 
may cause the degradation of its shear strength. To understand this response, labora-
tory Cyclic Triaxial Tests (CTX) were carried out on the clay sample retrieved from 
the depth of 4.7 m from ground level during the boring process as per ASTM D3999 
(2011). Three specimens were then recovered from the intact sample for testing. This 
test evaluates the dynamic characteristics such as shear modulus and damping ratio at 
high strain level which is essential for back-analysing the cyclic response of soil. Shear 
modulus represents the stiffness of soil, and damping ratio represents the percentage of 
energy lost per cycle of vibration. This test was carried out using an electro-mechanical 
dynamic triaxial apparatus at Geotechnics laboratory in Durham University.

The apparatus consists of a 10-kN-capacity load frame fitted with a dynamic actua-
tor having a double-amplitude displacement of 20 mm and operational frequency range 
of 0.1–5  Hz. The facility can test soil specimens of dimensions 70  mm diameter and 
140  mm height. In order to fit in the cell, the undisturbed samples recovered during 
drilling works (collected in 80 mm diameter sample tubes) were reduced to 70 mm in 
diameter by extruding them into a thin-walled 70-mm sample tube. The in situ density 
(1.86 Mg/m3) and moisture content (31.15%) of the natural state samples were obtained. 
A total of 5 CTX tests were performed, in which three tests were performed on recov-
ered undisturbed samples and two on reconstituted soil specimen of the same density 
and moisture content as obtained in  situ. The samples were saturated by maintaining 
constant difference of 5 kPa between cell pressure and back-pressure for the B-value of 
0.96. Thereafter, all the samples were isotopically consolidated to a pressure of 100 kPa 
by increasing cell pressure and maintaining a constant back-pressure. This state of con-
solidation pressure was selected to simulate the state of the soil at shallow depth and 
its response under the cyclic loading. Figure 6a and b shows the change in excess pore 
pressure measured at the base of the sample and change in volume of an undisturbed 
sample under the confining pressure of 100 kPa during the consolidation stage of test-
ing. The volume change was measured at the top of the sample by back-pressure con-
troller. Following consolidation, each sample was then sheared at shear strain ampli-
tudes of 0.015%, 0.15%, 0.3%, 0.65% and 1% whilst maintaining a constant frequency 
of 1 Hz in all cases. Each specimen was subjected to 40 cycles of strain-controlled load-
ing. Figure 7a illustrates the peak axial strain (εa = 2%, equivalent to shear strain, γ of 
1%) response of an undisturbed soil sample when subjected to cycles after consolida-
tion to 100 kPa. Figure 7b represents the exponential decay in the deviator stress with 
an increase in the number of cycles and subsequent generation of excess pore water 
pressure. This indicates the degradation in the strength of soil during cyclic loading. 
Figure 7c indicates the gradual increase in the excess pore water pressure ratio, ru (ratio 
of excess pore pressure induced during shearing to the effective confining pressure, 
100  kPa) during the cyclic loading where ru reaches to a value of 0.85 at the end of 
40 cycles of loading (an ru value of unity would imply liquefaction). Figure  7d indi-
cates the variation of deviator stress with respect to axial strain, i.e. hysteresis loop that 
depicts the degradation of the stiffness of soil with an increase in the number of cycles 
under cyclic loading.
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3.3.1  Evaluation of dynamic properties

The dynamic properties of soil can be mathematically evaluated considering one hys-
teresis loop obtained from particular loading cycle as applied during an experimental 
investigation. Several researchers have indicated the use of different loading cycles to 
evaluate the dynamic properties of the soils, i.e. tenth cycle, fifth cycle, third cycle 
and first cycle. This study uses the first cycle of the hysteresis loop for obtaining the 
dynamic properties of soil (Lanzo et al. 1997; Vucetic et al. 1998). Figure 8 illustrates 
the typical hysteresis loop indicating the conventional way to determine the dynamic 
properties of the soil. This method evaluates the dynamic shear modulus (G) of soil 
from secant Young’s modulus (Esec) obtained by the slope of the line joining the peak 
of compressive and tensile stress–strain whilst the damping ratio is evaluated from the 

Fig. 6  Consolidation test result at confining pressure of 100  kPa a excess pore pressure dissipation with 
time, b volume change with time
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stored strain energy by a triangle in the first quadrant (considering a symmetrical cyclic 
for entire loading case).

Figure 9a illustrates the reduction in the shear modulus (G) of soil with an increase 
in the number of loading cycles (N) and shear strain (γ). This is mainly because of the 
hysteresis effect of the soil with increasing strain level, thereby dampening the exciting 
frequency. A modulus reduction curve obtained from CTX was used to represent the 
degradation of shear modulus of soil with shear strain (γ) in terms of reduction in shear 
modulus ratio (G/Gmax). Gmax is the maximum shear modulus of soil exhibited at very 
low shear strain (γ ≤ 5 × 10−6). Since the SPT test was conducted at the site, the maxi-
mum shear modulus (Gmax) is estimated by back-calculating the shear wave velocity of 
soil from SPT-N obtained at the site and using the equation given below:

where ρ is the density of soil in Mg/m3 and Vs is the shear wave velocity of soil in m/sec. 
The shear wave velocity is derived using the co-relation reported by Seed and Idriss (1982) 
given below:

(1)G
max

= �V2

s

Fig. 7  Cyclic triaxial test results at axial strain, εa = 2%, f = 1 Hz, σ3ʹ = 100 kPa a axial strain versus N, b 
deviator stress versus N, c PWP ratio, ru versus N, d deviator stress versus axial strain
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The shear wave velocity of the clay layer is obtained as 317 m/sec considering the aver-
age SPT-N value of the clay layer as 27. Again this ranks the site as a Type C Ground 
Type according to Eurocode 8 (ECN 2003). The maximum shear modulus, Gmax, is then 
calculated as 187 MPa. Figure 10b and c shows the modulus reduction curve and damping 
ratio curves with increasing shear strain level. It can be observed that obtained curves are 
closely matching with the results reported by Vucetic and Dobry (1991) for clay of PI = 22.

3.4  Monotonic triaxial test

Monotonic consolidated undrained tests were conducted on the undisturbed samples 
recovered during the drilling operation. The samples were reduced to 38 mm in diameter 
and 76  mm in height by extruding them into a thin-walled sample tube. The tests were 
conducted as per the procedure established in BS: 1377: 2016 at confining pressures of 
100 kPa, 200 kPa and 300 kPa to obtain the shear strength parameters of the soil. Figure 10 
illustrates the deviator stress–strain response of the soil at different confining pressures. 
It is observed that the peak deviator stress is dependent on the level of confining pressure 
and attains peak stress at the axial strain of 5%. Figure 11 illustrates the representation of 
stresses on p′ − q space where p′ is mean effective stress (p′ = σ1′ + 2σ3′/3) and q is the devi-
ator stress, σ1 − σ3. The response of the soil at different mean effective stresses indicates a 
normally consolidated soil response. The representation of response of soil in p′ − q space 
was then used to obtain the critical state parameter, M which is the slope of p′ and q. The 
critical state friction angle is then obtained by using the expression:

(2)V
s
= 61N

0.5

Fig. 8  A typical hysteresis loop obtained during cyclic triaxial test
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Fig. 9  Cyclic triaxial test results 
a G variation with N, b G/Gmax 
with shear strain γ (%) and c 
damping ratio with shear strain 
γ (%) (After Vucetic and Dobry 
1991)
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Fig. 10  Deviator stress–strain response of Jaisidewal clay at different confining pressures

Fig. 11  Stress path and critical state envelope for Jaisidewal clay
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where ϕcs is the critical state friction angle which is the inherent property of the soil. The 
critical strength friction angle for Jaisidewal clay is  330. It was observed that the shear 
strength parameter obtained for Jaisidewal clay was comparable with the shear strength 
parameters corresponding to SPT values (SPT-N: 27) of the Jaisidewal clay recorded 
during drilling operation as per Tomlinson (1994). Hence, the shear strength parameters 
required for conducting the numerical simulation explained in the next section are assumed 
based on the results of SPT-N values obtained during the drilling operation as per Tomlin-
son (1994).

(3)M =

6 sin�
cs

3 − sin�
cs

Fig. 12  View of the developed two-dimensional soil-plinth model in Plaxis2D
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4  Dynamic behaviour of the Jaisidewal temple plinth

4.1  Details of the numerical modelling and input parameters under static loading

The assessment of the dynamic behaviour of the Jaisidewal temple was carried out 
under actual acceleration–time history recorded at Kantipath recording station in Kath-
mandu by USGS. This was done by developing a two-dimensional finite element model 
(FEM) with the help of a commercial computer program Plaxis2D (Plaxis 2015), as 
shown in Fig. 12. Plaxis2D can simulate a nonlinear dissipative response of soil sub-
jected to dynamic loading. Owing to the difficulty in the estimation of the mechanical 
properties of the temple structural components, lack of established research on tradi-
tional masonry construction and to simplify the numerical analysis procedure, a lumped 
mass modelling approach was adopted to model the superstructure of the temple. The 
subsoil primary comprised clay, medium silty sand and then dense sand extending to 
13 m depth. In the absence of boring data beyond this depth, this study assumed dense 
sand extending to 40  m depth to attain the requirement of numerical modelling. The 
conventional Mohr–Coulomb elastic-perfectly plastic constitutive relationship was 
adapted to model the soils, whilst linear elastic model was adopted for the lumped mass 
and brick masonry. Whilst the Mohr–Coulomb model cannot simulate the cyclic soften-
ing or liquefaction of soil subjected to dynamic loading, Mohr–Coulomb model was 
felt to be appropriate in the present study to model all the soils as it can capture plastic 
strains during the cyclic loading. Table 2 shows the model parameters and unit weight 
of soil and masonry chosen in this study. The geotechnical parameters for the soils of 
the plinths were adopted from Tomlinson (1994) and Bowles (1997) and for the brick 
masonry from Pejatovik et al. (2019). The soils were assumed to be in a drained state, 
and cohesion of 0 kPa was assumed. The model uses 15-noded triangular elements, and 
meshes in Plaxis are automatically generated using a triangulation technique. A mesh 
optimisation study was carried out to decide the extents of model boundaries which 
helped in reducing the computational effort. The lateral extent of four times the size of 
the plinth and the vertical extent of twice the width of the plinth was adopted to avoid 
any undesirable boundary effect. The lateral boundaries were fixed horizontally, and the 
base was fixed horizontally and vertically.

Table 2  Geotechnical properties of soil and plinth model considered in this study (Tomlinson 1994; Bowles 
1997; Pejatovik et al. 2019)

LE Linear elastic, MC Mohr–Coulomb

Sr. no. Material type Unit weight 
(γ, kN/m3)

Young’s 
modulus (E, 
kPa)

Poisson’s 
ratio (ν)

Effective 
cohesion c′ 
(kPa)

Effective 
friction angle 
(ϕ′)

Consti-
tutive 
model

1 Lumped mass 125 300,0000 0.2 – – LE
2 Soil filling 18 50,000 0.33 0 32 MC
3 Sand filling 20 80,000 0.33 0 35 MC
4 Brick masonry 22 120,000 0.25 0 40 LE
5 Clay 18 28,000 0.40 0 30 MC
6 Silty sand 18 15,000 0.33 0 32 MC
7 Dense sand 20 100,000 0.30 0 40 MC
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The initial stresses were generated for the soil layers by using the Ko procedure available 
in Plaxis to make the model in equilibrium. Thereafter, the plinth was activated by plastic 
calculations to capture the response and to simulate the construction procedure. This was 
followed by analysing the model under lumped mass condition. All the components were 
activated simultaneously with the assumption that the temple would be constructed, fol-
lowing the ‘bottom-up’ method. Similar methodology was adopted by Kumar et al. (2017). 
The unit weight of the lumped mass was estimated using the schematic diagram of the 
temple received from ICOMOS Nepal. The total weight of the temple structure was esti-
mated as 1270 kN assuming the uniform unit weight of the material as 20 kN/m3 as per 
Sarhosis and Sheng (2014). The settlement of the temple under static loading condition 
was obtained as 40 mm, as can be seen from Fig. 13.

4.2  Details of dynamic modelling

Dynamic properties of soil were defined in the model as the behaviour of soil is primarily 
governed by its dynamic properties. An earthquake generates cycles of loading and unload-
ing, forming a hysteresis loop which subsequently dissipates energy by the soil’s damping 
characteristics. The role of damping in numerical analysis is to reproduce energy losses 
under dynamic loading. Geotechnical problems can be idealised by assuming the regions 
remote from the zone of interest extend to infinity, where dynamic wave can propagate 
in all directions. To model an infinite medium, a numerical model truncates the model 
boundaries to a finite size with the use of artificial boundaries. Plaxis2D provides vis-
cous boundaries that contain dampers in the normal and shear directions to absorb any 
undue reflections of seismic waves. In the present study, the viscous boundary condition 
was assigned to the vertical boundaries and a complaint base condition was applied to the 

Fig. 13  Deformation contours under static loads of the temple obtained in Plaxis2D
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Fig. 14  Jaisidewal temple plinth 
a input motion applied at the 
base of the soil model, b spectral 
acceleration response, c accelera-
tion response and d displacement 
and rotation response, e drift and 
relative displacement repose with 
the dynamic time
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bottom to absorb the incident base. The accuracy of the finite element analysis is depend-
ent on the size of the model and its meshing distribution along the zone of interest. For the 
convergence of dynamic analysis, the size of elements in the developed model needs to be 
chosen considering the input motion characteristics and shear wave velocity of the soil. 
The element size chosen was one-eighth of the wavelength of the shear wave (λs = Vs/f) 
(Kuhlemeyer and Lysmer 1973). To achieve the required level of accuracy in the dynamic 
calculation, the time step was chosen such that the input wave should not cross more than 
one element per time step. The dynamic loading in the form of acceleration–time his-
tory was applied after the achievement of equilibrium under the static loading condition. 
The recorded seismic acceleration–time history was of 300 s duration, and to obtain the 
response of numerical model under such time history would be computationally expensive. 
Hence, the acceleration–time history for the bracketed duration (duration between the first 
and last exceedance of ground acceleration ± 0.05 g), which is of 36.9 s, was obtained from 
the recorded motion to reduce the computational time, as shown in Fig. 14a. The accelera-
tion–time history was then applied at the base of the soil model, and the response of the 
plinth in form of spectral acceleration, acceleration and displacements was monitored at 
three locations.

Fig. 14  (continued)
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Figure 14b illustrates the spectral acceleration response obtained at different levels 
of the plinth. It can be seen that the maximum spectral acceleration lies in the range of 
1–1.7 s, whereas the maximum spectral acceleration responses 0.4 g, 0.3 g and 0.15 g 
were obtained at the plinth top, plinth centre and its base. It is to be noted that Jaishi 
et al. (2003) reported the predominant period less than 0.6 s for the temples in Nepal 
without considering the influence of local subsoil condition. Considering the local sub-
soil condition, the fundamental period of site is subjected to period elongation as can be 
seen from the present study. Figure 14c indicates the acceleration response which indi-
cated the maximum response of 0.15 g at the plinth top with decreasing response along 
the plinth base. It is to be noted that the plinth of the temple structure was subjected to 
a maximum displacement of 300 mm during the motion, and residual displacement of 
100 mm was calculated. The residual displacement of 100 mm is very high consider-
ing the seismic demand of masonry structures. The rotation of the plinth with respect 
to dynamic time (ratio of difference in the vertical settlement of two extreme edges of 
the plinth to the plinth width) is obtained which shows negligible residual inclination 
at the end of dynamic time, as shown in Fig. 14d. Further, the relative displacement is 
calculated as the difference of displacement obtained between the plinth top and plinth 
base showing 32 mm of relative displacement, as shown in Fig. 14e. The drift is also 
obtained by dividing relative displacement with the height of the plinth, i.e. 7.2 m and 
expressed as percentage. The maximum percentage drift is recorded as 1.4% which may 
have caused the collapse of the temple structure. This is in line with the guideline given 
by Uniform Building Code (1991) limiting the inter-storey drift of 0.4% under seismic 
condition for the building having time period more than or equal to 0.7 s.

5  Conclusions

This paper presents the results of series of investigations involving reconnaissance sur-
vey, laboratory testing and numerical modelling carried out to understand the plausible 
causes of the collapse of the Jaisidewal temple in Kathmandu during the 2015 Gorkha 
earthquake. The following conclusions can be drawn from the study:

1. The construction of the temple from the seismic standpoint, i.e. symmetrical geometric 
configuration to avoid eccentricity, massive plinth to reduce the influence of soft soil 
underneath, box type structure and conical mass distribution, was beneficial to withstand 
the seismic forces.

2. The inherent structural configuration in terms of column discontinuity, lesser bending 
and shear stiffness of the masonry walls, degradation in the bonding between composite 
structures and insufficient joint strength of the timber may have provided a weak zone 
to induce the collapse.

3. The preliminary reconnaissance survey ruled out the possibility of seismic soil liquefac-
tion having occurred at the site in spite of the geotechnical investigation indicating the 
presence of liquefiable soil strata at the site. This is because of the absence of evidence 
of rotation and differential settlement in the temple’s plinth and adjacent buildings. This 
is also confirmed by the response of rotation obtained by performing dynamic numerical 
analysis of the temple plinth.
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4. The results of monotonic triaxial and cyclic triaxial testing provide the details of the 
strength parameters and dynamic properties of the Jaisidewal clay. This would further 
help in strengthening the base for the ground response analysis.

5. The numerical analysis result indicates the residual relative lateral displacement of 
32 mm and maximum drift of 1.4% which may have been responsible for collapse of 
the temple superstructure.

Hence, an engineering intervention and monitoring system must be employed to safe-
guard other similar structures existing in Kathmandu from future earthquake hazard, espe-
cially interventions and systems sympathetic to the authenticity and traditions of the his-
torical infrastructure of the Kathmandu Valley and the Outstanding Universal Values of 
the World Heritage Property. Such a thorough investigation in terms of geotechnical and 
structural performances is pivotal for understanding the mechanism through which dam-
age has occurred and assisting local stakeholders in determining types of strengthening 
measures which could be adopted to protect these heritage structures from future possible 
earthquake hazards.
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