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Abstract: The sympathetic restoration and conservation of built cultural heritage play a significant
role in the management and preparedness for future climate scenarios by facilitating adaptive
reuse, enhancing cultural resilience, preserving traditional knowledge, and boosting tourism. The
importance of restoring damaged heritage sites after an earthquake drew international attention to
Nepal after the 2015 Gorka Earthquake. UNESCO established an office in Kathmandu to promote
the restoration of tangible and intangible heritage in the area. This included developing structural
analyses of buildings with historical and cultural value that, due to their nature, cannot be intervened
with the same methodology as modern buildings. In this paper, the case study of the earthquake-
damaged Gopinath temple is discussed. First, an initial visual inspection phase and the following
diagnosis of the structure are discussed. Then, the results from a series of static and dynamic
structural analyses performed to determine the safety level of the structure, together with a sensitivity
analysis, are presented. A sympathetic intervention proposal capable of increasing the temple’s
safety level, and based on the addition of timber plates, has resulted in substantial improvements in
the lateral behavior of the structure. The proposed intervention is deemed sustainable and able to
increase the resilience of the temple in the face of future hazards.

Keywords: Nepal heritage conservation; Gorka earthquake; Gopinath temple; structural analysis;
safety-level assessment; sympathetic intervention proposal; sustainability

1. Introduction

The conservation of built cultural heritage is increasingly gaining recognition as a vital
component in the pursuit of sustainable development goals [1-3]. Since 2015, the United
Nations Educational, Scientific, and Cultural Organization (UNESCO) has established the
Sustainable Development Goals (SDGs) to effectively tackle climate change as one of their
aims. The value of the built cultural heritage to achieve sustainable development is specifi-
cally highlighted in SDG 11 and Target 11.4, which calls for stronger efforts to protect and
safeguard the world’s cultural (and natural) heritage [4]. The interplay between cultural
heritage, including historic buildings, monuments, and cultural landscapes, and sustainabil-
ity embodies a profound overlap of social, economic, and environmental dimensions [5-9].
This interconnection offers a rich context for examining the potential contribution of cul-
tural heritage conservation to sustainability and resilience in the face of global challenges,
such as climate change, urbanization, and socio-economic disparities [10-12]. Sympathetic
restoration and conservation studies have the potential to elucidate the significance of
conserving built cultural heritage in the context of sustainable development, underscoring
the potential of these historical assets in achieving key sustainability goals and fostering
resilience within communities. Moreover, thoughtful preservation and adaptive reuse of
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heritage buildings can contribute to environmental sustainability, promote social cohesion,
fuel economic growth, and enhance preparedness for future climate scenarios [13-15].

Particularly, unreinforced historical masonry buildings have demonstrated their vul-
nerability to different environmental and human-induced hazards [16]. Of special interest,
due to the degree of damage caused to built cultural heritage and their frequent repetition,
is the study of earthquakes, which have occurred on many occasions, both in the distant
past and in recent history [17]. Many of the affected assets by this phenomenon are struc-
tures and monuments, possessing cultural values important for society and humanity. To
develop effective seismic risk-mitigation strategies, it is necessary to develop both new
assessment procedures and new retrofit solutions that respect the cultural values and ad-
here to ICOMOS guidelines [18,19], while being sympathetic and sustainable. The analysis
of such buildings is further complicated by uncertainties faced both in terms of material
and modeling properties [20,21]. Another difficulty is the use of advanced numerical tools
and the interpretation of the results, which require experience, knowledge, and under-
standing of the software. To cope with this issue, several numerical strategies have been
developed, tested, and validated by different researchers [22]. Some examples are the so-
called Equivalent Frame Models (EFM) [23,24], the Block-Based Models (BBM) [25,26], the
Geometry-Based Models (GBM) [27-29], and the widely spread and adopted Continuum
Homogeneous Model (CHM) [30-32].

Various researchers addressed the topic of retrofitting historical monuments using
traditional and modern techniques while accounting for the above-mentioned difficulties
and limitations. The first group of authors performed shake-table tests on both unretrofitted
and retrofitted specimens. Magenes et al. [33] tested unretrofitted two-story stone-masonry
buildings using both moderate and extensive strengthening. Both interventions improved
the building behavior, but the research also proved that the desired effect can be achieved
using innovative and non-intrusive retrofitting techniques. Guerrini et al. [34] tested both
unstrengthened and strengthened unreinforced stone masonry, considerably improving
the seismic behavior by a non-invasive retrofitting intervention. A similar conclusion
was reached by Vintzileou et al. [35] when performing a shake-table test on a three-leaf
stone-masonry building with wooden floors. Biaxial earthquake motion was applied incre-
mentally, until the occurrence of repairable damages. Then, the specimen was strengthened
by non-invasive interventions, primarily aimed at improving the connections between
floors and walls and injecting the walls. Comparing the behavior of the specimen under
seismic excitations before and after strengthening shows that the intervention techniques
improved the seismic behavior of the structure.

A second group of authors proposed innovative strengthening techniques for retrofitting
cultural heritage buildings, both using numerical and experimental quasi-static meth-
ods. Mininno et al. [36] modeled both the in-plane and out-of-plane performances of
textile-reinforced-mortar (TRM)-strengthened masonry walls. The study showed that the
strengthening by using TRM layers largely improved the performance of the masonry
walls, both in terms of strength and displacement capacity. Arce et al. [37] studied the
improvement of shear capacity on replicas of historical masonry walls through diagonal
tension tests. The authors found an increase of up to 330% in peak shear strength by
reinforcing specimens with two layers of carbon textile on both faces. Other examples of
advanced analysis performed on masonry structures include the study of Sabani et al. [38],
which accounted for the influence of soil-structure interaction of a masonry tower located
in Norway, and the work of Wang and Milani [39] on traditional pagodas by implementing
a 3D distinct element limit analysis approach, which helped to determine the seismic
vulnerability of this structure typology.

The case study presented in this paper is located in Kathmandu, the capital of Nepal,
located in the Himalayan belt. The area is an active seismic zone, whose activity is caused
by the convergent movement of the Indian plate into the Eurasian plate [40]. The interaction
between these tectonic plates has caused major earthquakes that have considerably affected
the country throughout its history [41]. The most recent event of considerable magnitude,
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7.8 Mw, was the 2015 Gorkha Earthquake [42], which was the worst since 1934 [43]. It
damaged over 800,000 buildings [44], including those that are a part of the UNESCO
World Heritage Site of the Kathmandu Valley. The selected building presented in this
paper corresponds to the Gopinath temple situated in Hanuman Dhoka, Kathmandu [45].
The objective was to understand the present state of damage in the temple by inspection
and numerical analysis, followed by the design and numerical analysis of a retrofitting
intervention that respected the temple’s cultural values and practical limitations and
followed a sustainable approach.

The rest of this paper is organized as follows. In Section 2, the followed methodology
for performing the study of the temple’s history, conducting the visual inspection, and
describing the developed numerical modeling, as well as the climate-change considerations
adopted, is presented. In Section 3, the results of the visual inspection, diagnosis, and
structural analyses are highlighted. In addition, the retrofit intervention was selected, and
the safety-level assessment of the temple that was achieved is also discussed in this section.
The retrofitting intervention proposed and the effects on the structure are demonstrated
using advanced numerical tools. Finally, in Section 4, conclusions based on the conducted
work are reported.

2. Methodology
2.1. Historic Research

Historical research in the context of built cultural heritage conservation refers to
the systematic investigation into the history and significance of a heritage building or
site. This includes studying its origins, the purpose for its construction, the architectural
styles and techniques used, changes made over time, and the socio-cultural context of
its era [46]. This is the first activity recommended by the ISCARSAH guidelines on the
analysis, conservation, and structural restoration of architectural heritage [47]. Information
about the temple’s origin, phases of construction, and modifications was obtained from the
local library of the UNESCO office in Kathmandu. The collection included books about
traditional architecture and a report about previous interventions at this temple [48].

2.2. Visual Inspection

Visual inspection refers to the systematic observation and examination of a heritage
building or site to assess its current condition, understand its construction and materials,
and identify any signs of damage or deterioration [49]. The inspection campaign for the
temple took approximately two days, starting from the exterior at the plinth level and
documenting all the structural elements up to the highest level. The information was
collected on paper, and photographs were later used to put together a damage-assessment
set of plans that describe in detail all the pathologies and structural deficiencies affecting
the temple by the time of the visit (July 2017).

2.3. Numerical Modeling

The type of numerical analysis chosen for this study was the finite-element method
(FEM), following a macro-model approach [22]. The numerical analysis was performed
using ANSYS version 17.1. Solid65 (iso-parametric tridimensional 8 node) elements were
chosen to model the masonry walls, as this type of finite element allows for the simulation
of crushing and cracking behavior. Beam elements were chosen to represent the timber
elements of the temple. Finally, roof mud and tile weight were idealized as death weight,
and the corresponding load was applied directly to the masonry walls.

The structural analysis consisted of three main phases. In the first phase, the current
state of the structure with no intervention was analyzed. This phase was meant to indicate
whether the building needed any intervention or if failure was caused, not because of a lack
of capacity but because of the deterioration of materials or another external agent. Once
the source of damage had been determined, the second phase was conducted. It dealt with
the design of a sympathetic retrofit proposal that would increase the safety of the building
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against seismic actions while respecting sustainable principles. The final phase involved
the structural analysis of the building, including the retrofit proposal. The new numerical
model results were validated, and it was verified that the subjacent structural problems of
the temple were resolved by this intervention.

2.4. Climate-Change Considerations

When considering the conservation of built cultural heritage, several environmental
aspects are crucial. Of particular importance for the study case presented in this paper was
the use of sustainable materials and practices, as the use of sustainable, locally sourced
materials and energy-efficient practices in the conservation process can reduce the en-
vironmental impact of the designed retrofit intervention [50]. The proposed retrofitting
techniques are based on the premise of resourcing materials and expertise locally. Avoiding
the transportation of foreign components not only resulted in a high level of acceptance of
the retrofit proposal but also in a CO; savings related to the transport of foreign materials,
tools, and workers.

3. Results and Discussion
3.1. Temple History and Characteristics

The Gopinath temple was donated as a state temple by a royal patron. Based on a
study of the details and stylistics of the carved elements, it is believed that the temple was
built in the Malla period, between 1641 AD and 1674 AD.

Gopinath is a tiered roof temple (approximately 11 m tall) standing upon a raised
square brick plinth (approximately 3 m high). The ground floor is composed of an inner
unreinforced masonry wall constructed with fired clay bricks, with four door openings
and a walkway between it and an outer timber colonnade. The masonry wall provides
the main load-bearing system, whereas timber elements form the main roof structure [51].
The temple’s structure is shown in Figure 1. The brick masonry was constructed with
mud mortar. Following the 1934 destruction, the lowest level was reconstructed with lime
mortar for the ground level, and mud mortar was used for the upper levels.

Thirds Floor
Walls

Second Floor
Walls

First Floor
Interior Walls

First Floor
Exterior Walls

Ground Floor
Walls

Figure 1. Gopinath temple. (a) Plan view layout of ground floor; (b) Cross-section view. Drawings
created based on plans drawn by architect Purushottam Awal.

There is no documentation of the condition or repairs prior to the 1934 Nepal-Bihar
earthquake, which brought the structure to the ground. Our knowledge of the temple
begins after the entire structure collapsed to the plinth level during the Nepal-Bihar 1934
earthquake and was reconstructed two years later [52].
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The lack of resources and urgency to proceed with repair works resulted in a rushed
intervention in 1936, characterized by a not-so-strict adherence to the temple’s previous his-
torical configuration. The following restoration in 2004 attempted to correct the deviances
in the historical repairs performed in 1936. The philosophy of this new intervention was
based on keeping as much of the original historic fabric as possible as well as concealing
any strengthening performed with modern materials. The strengthening strategy focused
greatly on repairing and strengthening the structure’s joints, as these elements were identi-
fied as the weakest in the structural system. Despite efforts to fix the structural deficiencies
in the 2004 intervention [53], the Gopinath temple suffered several damages during the
Gorkha earthquake in 2015 [54].

3.2. Visual Inspection Report

The most severe damage can be seen at the ground-level masonry walls, which have
diagonal cracks, 1 to 30 mm wide, and crushing at the lower corners. Figure 2a shows a
crack at the ground level in the interior wall, Figure 2b shows the same crack extended
up to the exterior face. Furthermore, the exterior masonry leaf at the ground-level wall
separated and moved out-of-plane up to 90 mm.

(@) (b)

Figure 2. Shear cracks at ground level: (a) interior perspective; (b) exterior perspective.

It is likely that the detachment of the outer masonry layer is a result of incompatibility
between the structural inner layer built with regular bricks, known in the local language as
Ma-Apa, and the outer facade layer named Dachi-Apa (Figure 3). The inner-layer brick type
can be considered as an equivalent of Western-style burnt clay bricks, while the outer bricks
(Dachi-Apa) type is an iconic type of structural component characterized by a trapezoidal
cross section, created with the intention of obtaining the minimum size of the outer joint.
The use of these bricks in the outer fagade can produce an almost nonexistent joint, which
is beneficial in terms of reducing the exposure of the mortar to rain and other eroding
agents. The detachment occurred despite the addition of new interlocking bricks during
the 2004 intervention.
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Figure 3. Dachi-Apa bricks: (a) photo of bricks stacked over each other; (b) cross section of ground-
level masonry wall showing the Dachi-Apa bricks covering the facade.

The exterior wall at the first level shows severe out-of-plane movement at the upper
middle section; the variation of mortar between the lower and upper parts (Figure 4a)
suggests that previous repairs were performed in this section. It is likely the upper wall was
rebuilt after the 2004 intervention due to similar out-of-plane damage as that observed at
the present moment. The present damage is evident by the relative displacement between
the exterior masonry wall and the crown timber beam. The beam was clearly meant to
prevent this movement, but the existing damage proves its inefficiency in fulfilling this
role. The lack of strength in the masonry resulted in the sliding of the upper bricks’ layers,
allowing movement of the biggest portion of the upper wall, while the top layer of bricks
was held in place by the timber plate.

(a) - (b)

Figure 4. Exterior wall damages: (a) evidence of previous repairs; (b) relative out-of-plane displace-
ment between upper timber crown beam and masonry wall.

Timber connections were highly affected and showed a permanent deformation with
big openings at the joints. Timber columns show torsional movement and tilting as well.
The temple has been propped and shored since 2015, as shown in Figure 5.
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Figure 5. Gopinath temple’s current state (2017).

3.3. Finite-Element Model and Structural Analysis

A 3D finite-element model (see Figure 6) was created to study the structural response
of the temple under seismic loads and to evaluate the efficiency of the retrofit intervention
proposed. All simulations were performed using ANSYS®. The geometry of the model was
directly created using the native tools provided in Ansys Workbench and was based on the
detailed information available from architectural plans (see Figure 1).

Figure 6. A 3D view of the finite-element model of the Gopinath temple, including a zoom in of the
timber column base spring connection.

The assumptions adopted to model the masonry material of the temple followed a
macro-model approach. Isoparametric Solid65 eight-node hexahedral elements, with three
degrees of freedom at each node, were used to model the walls. The material model for
masonry is based on the Willam Warnke theory [55] available in ANSYS®, which allows
the masonry to crack and crush. Cracking behavior is handled through two parameters.
The shear transfer coefficient for open cracks represents a shear strength reduction factor
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for those subsequent loads that induce sliding across the crack face while the crack is still
open. Similarly, the shear transfer coefficient for closed cracks penalizes the shear transfer
at the crack location, when the crack has been closed. The values chosen are within the
allowed range (zero and one) and respect the relation of the closed crack coefficient being
greater than the open crack coefficient. On the other hand, crushing is idealized as the
complete deterioration of the structural integrity of the material. Thus, the contribution to
the stiffness of an element at the integration point in question is ignored.

This failure criterion is expressed as a function of the masonry compressive stress, f.
F is a function of the principal stresses, and S represents the spatial failure surface (see
Equation (1)). For a further description of the implementation of the William Warnke theory
within the ANSYS 18.1® software, the software documentation can be consulted [56].

F/f.—S>0, 1)

Although this is a nonlinear constitutive model, its behavior description is not based
on a stress—strain curve but rather on a series of parameters that describe the material-
failure criteria under a multiaxial stress state [57]. This material has been satisfactorily used
to model the nonlinear response of masonry [58-60]. On the other hand, linear elastic beam
finite elements were used to model the timber structural elements of the temple.

The non-structural elements of the roofs were indirectly included in the model as
distributed mass applied to the top of the corresponding story walls, but the limited
stiffness that such elements may contribute to the structural response was neglected. The
self-weight of all structural elements represented in the model was also considered in
the analysis.

The ground floor wall base was modeled as simply supported. The boundary condition
for the timber column was modeled as no lateral displacement combined with a spring
that prevents penetration to the ground but allows uplift. The decision to use springs is
based on the type of connections used in Nepali architecture, where timber columns have
a small wood pin carved at the base and are set in a stone base. This type of connection
prevents lateral displacement but no uplift. The values adopted for the material mechanical
properties are presented in Table 1.

Table 1. Mechanical properties used in the FEM model.

Property Masonry Timber
Density (kg/ m?) 1800.00 800.0
Young’s modulus (MPa) 250.00 12,500.0
Poisson’s ratio (—) 0.24 0.3
Uniaxial compressive strength (MPa) 1.00 -
Uniaxial tensile Strength (MPa) 0.05 -
Shear transfer coefficient for open cracks 0.30 -
Shear transfer coefficient for closed cracks 0.80

Finally, different meshing controls were applied to the model based on the element
type (i.e., solid, or linear). The high geometrical complexity of the model with all the
linear elements and their correspondent connections, along with the relatively small finite-
element size selected for wall meshing (5 cm), resulted in a relatively large model with over
400 thousand nodes. The average finite-element quality value obtained was 0.609. This
metric can vary between zero and one, with one being a perfect cube or square element,
while zero represents a zero- or negative-element volume value.
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3.3.1. Modal Analysis and Calibration of the Model

For this study, the numerical model was calibrated using as a reference the natural
frequencies measured in situ by Japanese researchers from the Tokyo National Research
Institute for Cultural Properties [48], herby known as TNRICP, and the experimental
values measured in a similar temple (Radha Krishna temple in Patan, Kathmandu). The
calibration process adopted followed a trial-and-error approach informed by engineering
judgment and considering the experimentally found natural frequencies and did not require
the use of modal assurance criteria, as normally conducted in practice by conservation
professionals [61].

As recommended by Jaishi et al. in 2003 [54] and further supported by Shakya [62],
the modulus of elasticity of mud masonry was initially estimated at 800 MPa, with a
Poisson’s ratio of 0.12. The experimental frequencies reported for the first, second, and
third natural frequencies of the building correspond to 2.0 Hz, 4.5 Hz, and 7.4 Hz (see
Table 2 and Figure 7). The computer model’s estimated frequencies are reported in the
same table. However, upon comparison with the experimental results from the 2015 micro-
tremor measurements conducted on site (considered as the benchmark values), it became
evident that the disparity between the experimental and computer-model values exceeded
100%. This discrepancy prompted a refinement of the model to better reflect the actual
behavior of the Gopinath Temple. Consequently, adjustments were made to the modulus
of elasticity values until a closer correlation between the experimental and the computer-
model results was achieved. The recalibrated modal frequencies are detailed in Table 2,
with the discrepancy now reduced to less than 5%.

Table 2. Modal frequencies for the Gopinath temple: experimental results and numerical model
results before and after calibration.

Natural Micro Tremor Computer Model Difference in Computer Model Difference in
Frequency Results before Calibration Percentage after Calibration Percentage
Mode 1 2.00 4.63 131.50% 2.00 0.00%
Mode 2 4.50 9.51 111.33% 4.27 5.11%
Mode 3 7.40 -* -* 7.31 1.22%

* The third natural frequency of the uncalibrated model is not reported in the table, as its mode shape was different
from the one found in the calibrated model.

(b) (c)

Figure 7. Modal shapes obtained from the calibrated Gopinath temple model: (a) first mode;
(b) second mode; (c) third mode.
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The calibration process was guided by the premise that the actual material properties
of mud masonry should fall within the range of values reported by Parajuli (2012) [51]
and the findings of the UNESCO testing campaign on mud masonry conducted in 2017.
Parajuli suggested a modulus of elasticity for mud masonry around 274 MPa, while the
UNESCO campaign indicated a range between 87-150 MPa. Gavrilovich’s research on
similar mud-mortar clay-brick masonry walls reported a range of modulus of elasticity
between 120 and 220 MPa [49]. Notably, the results from the destructive tests conducted by
UNESCO yielded lower values compared to those reported by other researchers. Given
that the lower levels of the Gopinath Temple have experienced more damage than the
upper levels, it is inferred that the damaged floors exhibit a lower modulus of elasticity.

Various combinations of modulus of elasticity were iteratively tested in the computer
model until the deviation between the experimental (Japanese results) and the computer-
reported values fell below 5%. The finalized values of the modulus of elasticity, resulting
in the minimal difference between the experimental and the computer-model results, are
summarized in Table 2. Additionally, a Poisson’s ratio of 0.24 was uniformly selected for
the masonry at all levels, while a value of 0.3 was chosen for timber. By comparing the
modulus of elasticity values obtained after calibration for each floor to the standard value
of sound masonry (250 MPa), a quantification of damage was obtained.

3.3.2. Pushover Analysis

The structural response is evaluated through its acceleration—displacement curve,
which represents the value of the applied horizontal action in relation to the displacement
of the control point. The top point of the structure was chosen as the control point. While
showing a high degree of symmetry, there is an additional opening in the south wall on
the first floor, which results in slightly less stiffness in the east-west direction. Thus, the
pushover analysis was performed in the east-west direction, as this is the more critical
direction and corresponds with the displacement direction of the first mode shape of the
temple. Figure 8 shows that, at approximately 0.09 g, the increment of displacement starts
to become non-linear, and above 0.17 g, the displacement approaches the collapse condition
and is used as an indicator of the structure capacity. The Ghorka earthquake from 2015
had a peak ground acceleration of 0.16 g and, as expected, resulted in heavy damage to
the structure. Figure 9 shows the total equivalent strain as a measure of crack opening
and compares it to the crack patterns found in the damage-assessment phase (damage
produced by the Ghorka earthquake). The model shows a good correlation, even though
the pushover analysis cannot fully replicate the complex load scenario that generated this
type of damage [63].

0.20

o
'_l
n

Acceleration, (g)
o o
o =
w o

0 50 100 150 200 250 300 350 400
Displacement, (mm)

Figure 8. Pushover curve for the Gopinath temple without retrofit.
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B: Pushover

Maximum Principal Elastic Strain
Type: Maximurn Principal Elastic Strain
Unit: mm/mm
Time: 1.5
1/9/2018 416 PM

0.057073 Max
0.0169%4
0.014847
0.012699
0.010552
0.0084052
0.0062581
0.004111
0.0019639
-0.00018322Min

(b)

(a)

Figure 9. Comparison of (a) total strain as a measure of crack development and (b) real crack damage.

The structure features two timber beams on each face, facilitating horizontal load
transfer between the interior and exterior walls at the first-floor level. However, the load
transfer capacity of this connection appears inadequate due to a highly concentrated load
path. This stress concentration is evident and resulted in elevated tensile and compression
stresses at the beam ends (see Figure 10). Evidence of this issue manifests in the form of
crushed or broken bricks and peg connectors, as illustrated in Figure 11.

B: Pushover
Minimurn Principal Stress 3
Type: Minimum Principal Stress

Unit: MPa 1

Time: 15 g

1/16/201812:13 PM #

1

0.032414 Max ==
x g5
-0.0016792 ‘,,; i
-0.035773 ;’;1 H Y
-0.069867 ﬁgf 1
-0.1039 4{;{ H
-0.13805 :’ﬁé ;,’.
017215 g% 532
-0.20624 <
024033
-0.99351 Min

#
g
5

ANNNRRARRARE

0.00 1500.00 3000.00 (mm) z

750.00 2250.00 1

Figure 10. Concentration of stress in timber beam connectors between inner and outer wall at

first-floor level.
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Figure 11. Broken bricks in contact area between peg and masonry wall at first-floor level.

Clear evidence of repair work on the upper section of the exterior wall on the first floor
is observed, where previous interventions utilized a mortar type differing from the original
(as discussed in Section 3.2). A numerical model was constructed to simulate a scenario
devoid of connectors between the interior and exterior walls, representing a situation where
these connectors either failed or were absent altogether. Analysis of this model (as depicted
in Figure 12) reveals the appearance of cracks at the corners, suggesting the potential for
detachment at the wall’s apex and consequent out-of-plane damage, akin to the findings of
the damage assessment reported in the visual inspection report in Section 3.2.

0.030408 Max
00034519
00030247
00025976
00021705
00017434
00013162
000046199
0000034865 Min

Figure 12. Total strain as an indicator of damage to the exterior wall at the first-floor level.

3.3.3. Retrofit Proposal

Due to the high seismic activity in the Kathmandu Valley, the Nepalese building
code imposes high requirements for seismic design. The temple is required to prevent
full collapse against earthquakes, with peak ground accelerations up to 0.30 g [64]. The
traditional way of reinforcing masonry structures in Nepal is based on the addition of
timber plates. These plates are timber elements embedded in masonry walls (a line of
bricks is removed, and the timber plate is installed in its place) to create rings. The timber
rings (also known in the literature as timber laces) provide shear capacity and improve
the box behavior of the building. Therefore, the presented proposal of repair is based on
this traditional construction technique, which consists of adding three wall plates at the
ground level and four at the first level (see Figure 13b). The timber plates were modeled in
ANSYS® as beam elements using the BEAM188 finite-element type, and their connection
to the masonry walls was implemented using bonded contact, thus, matching the degree
of freedom of these elements with those of the masonry walls. The retrofit proposal also
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suggested an increase in masonry capacity from the current value of 1 MPa in compression
to 2 MPa by reconstructing the ground- and first-floor masonry walls using a stronger
lime-based mortar compatible with the existing fire clay units.

(a) (b)

Figure 13. Retrofit proposals for the Gopinath temple: (a) original; (b) timber and steel.

Figure 14 shows the acceleration-displacement curves for the temple in its damaged
(original) and retrofitted state. As can be seen in the case of the unreinforced model, failure
initiates at a seismic coefficient of 0.17 g. In the case of the reinforced model, as seen in the
acceleration—-displacement curves in Figure 14, the reinforcement has proven to be effective,
with failure initiation approximately around 0.3 g. This increase in the seismic coefficient
in comparison to that for the unreinforced model is significant. The pushover analysis
proves the intervention proposals to be effective, improving the building resistance to the
horizontal forces, without a significant loss of ductility. By comparing the displacement that
both the original and the retrofitted models would experience under a similar peak ground
acceleration as the one recorded under the Ghorka earthquake, which was 0.16 g, it can be
observed that the retrofitted model would be 350% stiffer than the original unreinforced
temple. This observation proves the effectiveness of the strengthening strategy suggested.
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Figure 14. Acceleration-displacement curves for the Gopinath temple before and after retrofit.

Furthermore, by improving the compressive strength of the masonry walls on the
ground- and first-floor levels, which is where the higher levels of load are concentrated,
along with the enhanced load transfer effect of the newly incorporated timber rings along
the walls” perimeter, the concentration of stresses (see Figure 10) and the consequently
induced strains (as presented in Figure 12) would be reduced to acceptable values without
fundamentally affecting the structural configuration of the temple. This ensures the sympa-
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thetic nature of the intervention proposed, which is respectful of the local materials and
construction techniques in Nepalese culture.

In contrast with Western society where maximum conservation of the original fabric is
a key consideration, some Eastern cultures allow for the dismantling and reconstruction
of building parts to repair or strengthen an important structure. In this proposal, the
ground floor would have to be rebuilt, the bricks are to be salvaged and reused and even
the recovered mud mortar can be put to use again. The reutilization of local materials,
the introduction of local timber reinforcing elements, and the minimum addition of steel
components result in an intervention that is agreeable to the community and drastically
decreases the environmental impact associated with the transportation of foreign materials.

4. Conclusions

This paper dealt with the seismic response of Gopinath temple in Kathmandu, Nepal.
First, analyses were performed on a damaged and un-retrofitted structure to understand
the remaining seismic capacity of the structure. The modal analysis allowed for calibrating
the material properties for the FEM analysis by the selected modulus of elasticity, which
allows for a good correlation between the experimental and modeled modal frequencies
and also shows a good correlation with the material test results. A retrofit proposal was
modeled, and a pushover analysis was executed. The analysis showed how the addition of
timber plates can substantially improve the lateral behavior of the structure while adhering
to sustainable practices by using locally available materials and craftsmanship. Thus, it is
concluded that the Gopinath temple structure can be provided with a high level of safety
by relying on traditional Nepali construction techniques and locally sourced materials.

In conclusion, the structural analysis of the Gopinath Temple in Kathmandu, Nepal,
has proven to be instrumental in guiding its sympathetic restoration and conservation.
The study has illuminated the intricate details of the temple’s architectural design, the
materials used, and the traditional construction techniques employed, all of which hold
significant cultural value. It has also shed light on the structural vulnerabilities of the
temple, enabling the development of targeted restoration strategies to retrofit the structure
without compromising its historical integrity.

In recent years, the field of built cultural heritage conservation has suffered a radical
transformation towards digitalization of the activities conducted to ensure adequate preser-
vation of such valuable assets. These changes are particularly fostered by international
policies and strategies, such as the novel Industry 5.0 paradigm adopted by the Euro-
pean Union [65]. Thus, avenues for future research could be focused on determining how
Industry 5.0 principles and enabling technologies could enhance conservation practice.
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