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ABSTRACT This research evaluated the seismic vulnerability of non-engineered reinforced concrete (RC) buildings compared with that of engineered RC
structures in the Darchula region of Far-Western Nepal, an area prone to high seismic risk. This study emphasizes the seismic performance of buildings
under various loading conditions by examining construction practices and identifying structural deficiencies in RC buildings in Darchula, Nepal. Linear
elastic and nonlinear pushover analyses are used to assess periods, mass participation, base shear, inter-story drift, capacity curves, nonlinear drift
demand, and fragility curves. Models designed according to national and international standards are compared with non-engineered buildings (S1 - S6)
to highlight the discrepancies in seismic resilience. The study further provides a probabilistic fragility framework to quantify damage likelihood at varying
seismic demand levels. The results show that engineered buildings exhibit significantly greater resistance to seismic forces, with greater flexibility and
higher base shear capacities. In contrast, non-engineered buildings, particularly shorter structures, are more prone to damage under moderate seismic
events. Research indicates that ground floors in non-engineered buildings consistently exhibit the most significant inter-story drift as a result of soft-
story impacts, highlighting them as crucial failure points. Fragility curves derived from spectral displacement values reveal that non-engineered buildings
reach critical damage states at lower levels of seismic demand, indicating greater vulnerability. This research underscores the importance of enforcing
seismic design standards and retrofitting non-engineered buildings to improve their earthquake resilience in seismic hotspots such as Darchula, Nepal.
These findings provide a foundation for future seismic risk reduction strategies and highlight the urgent need for improved building practices to mitigate

earthquake-related damage.
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1 INTRODUCTION

Nepal is situated in the seismically active Himalayan -
Hindukush region, where the convergence of the Indian
and Eurasian tectonic plates results in a high risk of
earthquakes. This area is notable for its intricate seis-
motectonic conditions, regular seismic activity, and ge-
ological instability, with some of the most catastrophic
earthquakes (Chaulagain et al., 2018). The country’s
susceptibility is amplified by various fault systems, in-
cluding the Himalayan megathrust fault, which signif-
icantly shapes its geological and topographical char-
acteristics (Parajuli et al., 2021). Nepal’s seismic past
is marked by severe incidents such as the Nepal-Bihar
earthquake (1934), Gorkha earthquake (2015), and the
Jajarkot earthquake in the western region (Poudel and
Chaulagain, 2024). These disasters have caused ex-
tensive loss of life and widespread damage, exposing
significant shortcomings in structural resilience, espe-
cially in non-engineered and inadequately constructed
buildings (Bhagat et al., 2018).

In Nepal, especially in western areas such as Darchula,
Achham, and Dadeldhura, evaluating seismic risk is es-

sential for protecting lives and shaping policies aimed
at risk reduction and structural resilience. These re-
gions, which are characterized by mountainous terrain
and regular seismic occurrences resulting from the Hi-
malayan megathrust fault, are vulnerable because of
substandard construction practices and poor adherence
to modern building regulations (Bohara, 2023; Poudel
and Chaulagain, 2024). Darchula district lies in a highly
seismically active zone due to its proximity to the main
Himalayan thrust fault system. According to the re-
cent study (Maharjan et al., 2023) and Indian Stan-
dard IS 1893:2016 (Bureau of Indian Standards, 2016),
Darchula falls within Seismic Zone V, which is assigned
a zone factor (Z) of 0.36, the highest seismic classifica-
tion, indicating potential for very severe ground shak-
ing.

Despite Nepal’s high seismic risk, there is a lack
of studies focusing on the seismic vulnerability of
non-engineered reinforced concrete (RC) structures in
Darchula. Limited field-based modeling and fragility
assessments exist for this region, highlighting the need
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for localized seismic analysis to inform risk mitiga-
tion strategies. When both analytical and empirical
methodologies are used to assess seismic vulnerabil-
ity, Nepal might benefit from the use of compara-
ble strategies, including mechanical modeling to an-
alyze its building inventory. Implementing advanced
techniques such as deriving fragility curves through
displacement-based or capacity spectrum methods
could improve the comprehension of structural behav-
ior under seismic forces (Gondaliya et al., 2025).

1.1 Objectives of the Study

The primary objective of this research is to assess the
seismic vulnerability of RC structures in Far-Western
Nepal, with a particular focus on non-engineered and
inadequately designed structures in the Darchula dis-
trict. To achieve this, the study pursues the following
specific objectives:

1. Evaluate the seismic vulnerability of the RC build-
ings in Darchula using nonlinear static analysis
and fragility-based analysis.

2. Develop lognormal fragility curves for different
types of RC building based on design standards and
construction periods.

3. Classify the likelihood of damage in various types
of RC building under seismic loading conditions.

4. Identify high-risk RC building types.

2 METHODOLOGY

The overall methodology adopted in this study is illus-
trated in Figure 1, which outlines the sequential pro-
cess from field survey and model development to seis-
mic analysis and fragility assessment.

2.1 Modelling of Common Construction Practices for RC
Buildings

Based on the surveyed data, three-story RC buildings,
which are typically constructed in Darchula, are se-
lected. The spacing of the bays, story height, seismic
property, material property, size of the columns, and
story of the buildings were selected based on the obser-
vations of the buildings as shown in Table 1. The plan
and three-dimensional view of the studied buildings
can be seen in Figures 2 and 3. Eight types of models of
RC buildings are used in the study, in which the beam
and column sizes of the buildings are changed based
on the data obtained in the surveys. Table 2 shows the
9 models with different column beams and the area of
rebar used in the columns. Table 2 compares the SMRF
structure of NBC and IS models to the other building
models. Models S1 to S6 are OMRFs, which are gener-
ally noticed in field surveys. The model NBC is designed
based on the Nepal building code, and the IS models
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Figure 2 Plan of the building (dimensions in mm).

are designed based on Indian standards. Other mod-
els are based on non-engineered buildings observed in
Darchula.

The typical characteristics of each building structure
studied are presented in sections 2.2 to 2.5.

2.2 Nepal Building Codes (NBCs)

In 2010, the Department of Urban Development
and Building Construction published further sugges-
tions for earthquake-resistant building construction in
Nepal, with the help of UNDP. This document is based
on the National Building Code (NBC) (Mahal and Kath-
mandu, 2013) and defines the minimum dimensions of
columns needed for structures up to three stories.
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2.3 Newly Revised Building COdes (RUD)

The national building code for Nepal, NBC 205:2024
(DUDBC, 2024), is a RUD guideline for low-rise three-
story buildings made of reinforced concrete without
masonry infill. The primary objective of this RUD
Guideline is to provide practical details and dimen-
sions for various elements in RC-framed and residen-
tial buildings up to three stories tall, typically con-
structed by owner-builders in Nepal, and for popular
non-engineered construction practices to meet the ba-
sic seismic safety requirements.

Figure 3 3D view of the RC buildings.
2.4 Indian Standards (IS)
Table 1. Material properties, loads, and seismic parameters of

the case study buildings The structure was designed by following Indian stan-
Material properties dard codes for seismic zones, specifically Zone V, which
concrete M20 has high earthquake risk. The building’s low height and
Grade steel 415 MPa regularity allowed seismic analysis via the seismic coef-
ficient method (IS 1893-2016) (Bureau of Indian Stan-
Modulus of elasticity zs;irete ;(2)63&;}551 dards, 2016). The columns and beams are designed ac-
Toads cording to IS 13920:1993 (Bureau of Indian Standards,
- > 1993) for ductile detailing. The IS 875 standard was
Lfve load on floor level 3kN/m ) used to calculate the dead and live load, while the IS
Live load on roof level 1.5 kN/m 456-2000 standard was used for the load combinations
Finishing in roof load 1kN/m? as shown in Table 1.
Weight of the wall on each floor 11.2kN/m
Weight of the parapet wall in the roof 4kN/m
Seismic factor 2.5 Common Constructed Buildings (51, S2, S3, S4, S5, S6)
Seismic zone
according to the Indian standard v This sort of structure reflects the prevailing construc-
Zone factor (2) tion techniques in Darchula, Nepal. Buildings are typi-
according to the Indian standard 0.36 cally constructed using low-rise RC frames without ma-
Importance factor for all models (/) 1 sonry infill. As urbanization ins:reases gnf:l land_ pr_ices
Type of soil (assumed) I rise, owners of'Fen add extra stories to existing bu1ld1r}gs
Response reduction factor R (SMRF) s w1.thout.pla.nn1ng for these ad.d1t1o.nal floors or consid-
Response reduction factor 2 (OMRF) . ering seismic safety. As the height increases, high occu-

pancy levels pose a significant risk in urban areas dur-
ing an earthquake.
Table 2. Model information for the case study RC buildings

. . . In this study, non-engineered RC buildings refer to
Size of Rein- Size of

Tie bar RC frame structures constructed without formal struc-
column  forcement . beam . ; .
Models . used in tural design, typically found in rural and urban areas
(mm X used in (mm x s .
mm) column column mm) (]_)archula). These bu1_ld1ngs are not des.lgned or re-
NBC 200 <300 4120 50 250 % 300 v.1ewed by qualified engineers and often fa}ll to meet na-
tional as well as Indian seismic code requirements. The
+4-16 @ .
RUD 350 x 350 8.200 80 250 x 380 models S1 through S6 represent typical field-observed
x ) c x c variations in column cross-sectional dimensions and
8-160 80 250 x 355 reinforcement ratios (see Table 2), based on detailed
IS 300 x 300 8-160 80 250 x 300 surveys conducted in the region. Previous earthquakes
S1 300 x 300 4-120 60 230 x 250 in adjacent regions have highlighted the devastating
S2 300 x 300 4-160 60 230 x 250 repercussions of such structural collapse, resulting in
S3 300 x 300 6-120 60 230 x 250 severe loss of life and extensive property destruction
S4 230 x 230 4-120 60 230 x 230 (Poudel and Chaulagain, 2024). The structural and seis-
S5 230 x 230 6-120Q 60 230 x 250 mic parameters used in this study were derived from
S6 250 x 230 4-16 @ 60 230 x 250 field data, national/international codes, and engineer-

ing best practices. A summary of the key parameters
and their justifications is presented in Table 3.
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2.6 Nonlinear Static Analysis Modeling

Nonlinear pushover analysis is a commonly used tech-
nique in seismic vulnerability assessment to analyze
the structure’ s performance under lateral loads, partic-
ularly during earthquake events (Prajwal et al., 2017).
Numerous guidelines and standards, such as Eurocode
8 (2005) (Tenchini et al., 2016), ATC-40 (1996), and
FEMA 356 (2000) (FEMA 356, 2000) emphasize the ne-
cessity to comprehend how structures react beyond
their elastic limit and encourage the use of nonlinear
static processes, such as pushover analysis. Pushover
nonlinear static analysis was used to assess the seismic
capabilities of the nine buildings. For nonlinear analy-
sis in each model, the finite element method software
ETABs (2022) was used.

To assess the seismic performance of the structure,
displacement-control pushover analysis is a sophis-
ticated nonlinear static approach (Chopra and Goel,
2002; Dya and Oretaa, 2015). This analysis in ETABS
entails applying increasing displacement or lateral dis-
placement until the structure achieves the desired dis-
placement. Nonlinear modeling of the columns and
beams was performed. Plastic hinges were assigned
at the ends of the beam and column. ETABS allows
the selection of predefined hinge properties based on
ASCE 41 (ASCE/SEI 41-17, 2017). The analysis is made
simpler by using plastic hinges, which assume that in-
elastic behavior only occurs in these hinges while the
rest of the element stays elastic. These hinges repre-
sent the deformation-controlled behavior (ductile re-
sponse) of the element, allowing for large rotations
without immediate failure. Flexural hinges are as-
signed near the ends of columns and beams to simulate
the inelastic rotation that occurs during seismic events.
For columns, a coupled degree of freedom (P—M —M)
hinge is defined, accounting for the interaction be-
tween axial forces (P) and moments (M) in two direc-
tions. For beams, an uncoupled (M 3) degree of freedom
hinge is used, considering only the moment about the
strong axis (bending in one direction). Beam-column
joints were modeled as rigid connections in ETABS.
The study does not explicitly model joint shear fail-
ure; however, the effects of poor joint detailing, com-
mon in non-engineered RC buildings, were indirectly
accounted for through reduced material strength and
reinforcement assumptions. In ETABS, plastic hinges
can be defined via the auto hinge option, which sim-
plifies the modeling process by automatically assigning
hinge properties based on predefined parameters from
codes such as ASCE/SEI 41-17 (2017).

In this research, a nonlinear static pushover analysis
was carried out using plastic hinges to represent flexu-
ral behavior in line with FEMA-356 guidelines. Checks
on shear capacity were performed to confirm that struc-
tural elements satisfied the minimum shear strength
criteria under lateral forces. Nevertheless, shear fail-
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ure was not explicitly represented in the nonlinear
response due to software limitations and scope con-
straints. This simplification is deemed acceptable for
an initial seismic vulnerability assessment but should
be improved upon in future studies to more accurately

represent potential brittle failure modes.

Table 3. Summary of the modeling parameters and their
corresponding sources

Parameter Value/Range Source/Justification
Used
Column 230 mm x 230 Based on field measure-
size (non- mm to 300 mm ments of existing build-
engineered)  x 300 mm ings in Darchula

Column size

>300mm x 300
mm (NBC), 320

Nepal National Building
Code (NBC 205:2024),

(engineered) mm x 320 mm and Indian standard IS
(RUD) 456:2016

Remforcg— 0.7% to 1.2% Field data and. code

ment ratios recommendations

230 mm x 300 Common practices
Beam size mm to 300 mm observed and code

x 450 mm minimums
Seismic zone ZoneV Indian Standard IS 1893

Medium to soft

Based on site reconnais-

Soil type soil sance

Load combi- As per IS 456 Standard code-based
nations guidelines design practice

Selsmlp Linear gtatlc As per the code and
analysis and nonlinear L

method pushover guidelines

3 RESULTS AND DISCUSSION

3.1 Analysis of Survey Data on Building Practices and
Seismic Vulnerability

Most of the buildings in rural areas, such as Darchula,
fall under the non-engineered category, including
adobe, stone, block, and mud structures. These ar-
eas are highly vulnerable to seismic events, such as
the 2015 Gorkha earthquake (Varum et al., 2018) and
the Jajarkot earthquake (Poudel and Chaulagain, 2024),
which severely impacted traditionally built homes.
However, a large portion of the population continues
to rely on non-engineered buildings, especially in re-
mote and economically disadvantaged areas. Buildings
with more than 1,000 sq. ft. The plinth area has more
than three stories and a structural span greater than
4.5 m, must follow NBC 101 to NBC 114 and NBC 206
to NBC 207 (DUDBC, 1994). Smaller buildings, under
1,000 sq. ft., fewer than three stories, and spans un-
der 4.5 meters, follow thumb rules in NBC 201, 202, and
205, which provide provisions for beam and column di-
mensions and structural detailing (DUDBC, 2024).

To increase the earthquake resistance of buildings, NBC
205:2070 introduced revisions, including a recommen-
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dation that the column’s minimum size should be 300
mm x 300 mm for structures up to three stories, with
column-to-column spans of less than 4.5 meters. Re-
cently, the new Ready to Use (RUD) code NBC 205: 2024
was introduced for low-rise reinforced concrete build-
ings for up to 3-story regular buildings. This code in-
troduced a new column size of 320 x 320 mm (min-
imum Size) and 4-16 @+4-12 @ minimum number of
reinforcements in the buildings (DUDBC, 2024). De-
spite clear guidelines, compliance remains low. The
public views the permit process as costly and time-
consuming due to fees and taxes. A study of column
sizes in 238 buildings revealed that only 43% of the
structures followed the recommended column size of
300 mm x 300 mm, whereas approximately 48% of fea-
tured columns are smaller than this standard, and 18%
of buildings that are taller than two stories have un-
dersized columns, which is due to a lack of awareness
of building laws as shown in Figure 4. A survey revealed
that many buildings were unregistered or built in com-
pliance with established codes and bylaws during the
last six years, highlighting gaps in public knowledge
and enforcement.

100 A
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Percentage of buildings
i
S

S

one storey 2 storey 3 storey 4 storey 5 storey
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Figure 4 Relationship between the (a) Percentage of RC build-
ing data and the number of stories, (b) cross-section of columns
based on the number of stories.
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0

-~o% N

0

In RC buildings, the connection between beams and
columns is the most critical part of the design, espe-
cially in earthquake-prone areas (Bohara et al., 2025).
If these joints are not properly designed to be strong
and flexible, the entire building could collapse dur-
ing a quake. In the 2015 Gorkha earthquake, column-
beam joint failure was observed, which was due to in-
sufficient transverse reinforcement and detail (Gau-
tam et al., 2016). In the Mahakali Municipality, many
buildings have poorly constructed column-beam joints,
where the column and beam joints are not cast to-
gether, which weakens the connection.

Journal of the Civil Engineering Forum

The data reveals that some buildings consist of small
column sections (230 mm x 230 mm) with less than
a minimum of 0.8% rebar and almost the same beam
section, violating the code rule. This problem is ob-
served in old and new buildings of up to 5 stories, in
which some columns are too small and contain less
steel than required by the building codes. Insufficient
stirrup spacing and weak confinement of the RC section
are also observed in the RC buildings in the Mahakali
municipality. The beams and columns lack the proper
reinforcement during observation and against the MRT
Nepal building codes. The detailed requirements for
lap-splice, beam, and columns, and the number of main
reinforcements are under the requirements. As per the
code, the number of longitudinal rebars is limited to
more than 16 mm diameter bars ranging from 4 - 8 bars,
but it is observed that 10 mm and 12 mm bars are only
provided in columns, as shown in Figure 5. Moreover, 6
mm diameter bars are used as a stirrup with a spacing
of 0.15 m or more. Some step-back buildings, build-
ings with open lower stories and infilled brick masonry
wall upper stories, resulted in soft stories as shown in
Figures 6(a) and (b). About 11% are soft-story build-
ings, and during several earthquakes, soft-story failure
causes building collapse (Gautam et al., 2015; Bohara
et al., 2022). The soft-story building’s columns are 230
mm x 230 mm and 230 mm x 300 mm in size, having
a minimum amount of steel, indicating that the struc-
tures are seismically dangerous. In beams, columns,
and eventually foundations, the lateral load is not effi-
ciently transferred due to the discontinuity of the load
path during earthquakes shown in Figures 6(c) and (d).

Figure 5 (a) No proper anchorage in column-beam joints and
stirrup spacing (b), (c), and (d) poor column-beam joint spacing.

289



Journal of the Civil Engineering Forum

Vol. 11 No. 3 (September 2025)

Figure 6 (a) Poor column-beam joints, a soft story; (b) poor beam
column, soft story, floating columns; (c) Load accumulation in
the upper floor; (d) floating columns.

In hilly areas such as Darchula, there are notable diffi-
culties concerning the quality and accessibility of con-
struction materials, which frequently result in substan-
dard building practices. Whereas excessive filler mate-
rials such as sand are incorporated because of the use
of incorrectly shaped and oversized coarse aggregates,
generally ranging from 40 mm to 70 mm, as illustrated
in Figures 7(a) and (b). Additionally, improper mixing
techniques, unsuitable water-cement ratios, and inade-
quate vibration during the construction process lead to
problems such as segregation and bleeding of concrete,
especially in columns, further jeopardizing structural
stability shown in Figures 7(c) and (d). As a result of the
honeycombing effects observed in the beams, columns,
and slabs, the primary reinforcements are easily visible,
which leads to corrosion. Improper covers are observed
in the columns, and owing to this visible patching, plas-
ter is applied to the columns to cover them. As seen in
Figure 7(c), nearly all of the column’s height (more than
1.5 m) is cast in a single stage, causing various types of
defects in the columns. As seen in Figure 7(c), the ce-
ment used in construction is three months old, demon-
strating the inferior quality of the materials.

3.2 Numerical Analysis

3.2.1 Model Mass Participation Ratio, Periods, and
Design Base Shear

Table 4 shows the key seismic parameters across mul-
tiple models (S1 to S6) compared with codes such as
Nepal’s NBC, RUD, and IS 1893. According to Indian
Standard 1893 (Part I): 2016, the data derived from lin-

290

Figure 7 (a) and (b) An improper aggregate size is used. (c) Ce-
ment outflow from the lowest section of the formwork. (d) A
cement lump has been found at the site.

ear elastic analysis establishes seismic design forces.
A structure’s global seismic requirements are deter-
mined by its fundamental period, mode shape, and de-
sign base shear (Bohara, 2021). The first mode periods
range from 0.602 to 1.144 sec across different models,
showing variability based on structural characteristics
such as the height, stiffness, and mass distribution of
the structures. Buildings with periods of approximately
0.75 sec - 0.79 sec (NBC, RUD, and IS) might represent
typically designed or engineered buildings. Whereas
models with longer periods (S4 at 1.144 sec) could indi-
cate non-engineered buildings and more flexible struc-
tures, it is due to their low stiffness, resulting from
small column sections, poor reinforcement detailing,
absence of infill walls. Buildings with longer periods,
such as models S4-S6, might require more robust lat-
eral reinforcement to control deflection. Table 4 also
shows that all the models achieve high mass partici-
pation ratios close to 0.88-0.90 in the first and second
modes, which is favorable per IS 1893. For seismic de-
sign, IS 1893 recommends ensuring mass participation
ratios above 0.85 in the first few modes to capture an
adequate dynamic response under seismic loading. The
high mass participation values here indicate efficient
dynamic response and resonance control in the mod-
els. The base shear values were high in models S1, S2,
and S3, whereas lower values were observed in models
NBC and IS. In linear analysis, it is difficult to under-
stand the strength capacity of buildings. While linear
analysis is suitable for preliminary design and compli-
ance with basic code requirements, pushover analysis
provides a detailed understanding of the inelastic be-
havior and true strength of the structure.
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Table 4. Summary of the modeling parameters and their corresponding sources

Journal of the Civil Engineering Forum

Seismic parameters Mode/axis NBC RUD IS S1 S2 S3 S4 S5 S6
Periods of the building models Istmode 0.750 0.600 0.757 0.790 0.790 0.790 1.140 1.130 1.020
(in Seconds) 2nd mode 0.755 0.601 0.755 0.787 0.787 0.787 1.139 1.131 0.853
3rd mode 0.665 0.528 0.665 0.700 0.700 0.700 0.999 0.989 0.849
Mass participation ratio Istmode 089 0.88 089 0.88 088 0.88 090 0.90 0.90
2ndmode 0.89 0.88 089 0.88 0.88 0.88 090 090 0.89
Base shear (kN) of the building X-axis 245.8 319.8 245.8 384.1 384.1 384.1 258.2 261.7 291.5
models Y-axis 246.5 320.8 246.5 386.1 386.1 386.1 259.2 262.6 35.8
Ratio of base shear to seismic weight ~ X-axis 0.065 0.081 0.065 0.103 0.103 0.103 0.071 0.072 0.079
(dead load + reduced live load) (kN) Y-axis 0.065 0.081 0.065 0.104 0.104 0.104 0.072 0.072 0.096

3.2.2 Capacity Curve and Inter-Story Drift (ISD)

The building capacity curve or pushover curve is an es-
sential tool in seismic analysis, offering insight into
how a building responds to lateral loads, particularly
in an earthquake scenario. It is essentially a force-
displacement plot, where the building’ s resistance to
lateral loads is plotted against a characteristic lateral
displacement, usually the displacement of the roof or
other significant points on the structure (Ali and Sang-
hai, 2021; Bohara and Saha, 2022). This curve typically
passes through several key stages, Elastic Range: Ini-
tially, the structure behaves elastically, meaning that
the deformation is directly proportional to the applied
force. Yield Point: At this point, the structure begins to
exhibit nonlinear behavior, with some elements, such
as beams and columns, forming plastic hinges. Post-
yield behavior: After yielding, the structure still re-
sists additional loads, but its stiffness gradually de-
creases as more plastic hinges form and deformation
localizes in certain structural elements. Ultimate ca-
pacity: This is the maximum strength the structure can
achieve before experiencing significant degradation in
load-carrying capacity, possibly leading to structural
failure. By transforming the base shear into spectral
acceleration (S,) and the roof displacement into spec-
tral displacement (S;), the base shear and displacement
are converted into spectral coordinates. These changes
make it possible to compare the capacity curve and the
earthquake response spectrum directly, giving an indi-
cation of the seismic demand on the structure at vari-
ous intensities.

For each X and Y loading direction, the findings of the
nonlinear pushover analysis for the examined build-
ing models can be seen in Figure 8. In this study, the
base shear force of the model RUD building was greater
than that of the other models in both the X and Y di-
rections of loading. The results show that the capacity
strengths of the RUD and IS models were greater than
those of the NBC model. Compared with engineered
buildings, other non-engineered buildings have lower
strength capacities. The graph illustrates the inter-
story drift (ISD%) across different story levels for mul-

tiple building models. All the models consistently ex-
hibit a greater ISD at the ground story than at the up-
per levels, indicating that the ground floor experiences
the most lateral deformation under seismic loads, likely
due to increased flexibility or a soft story effect. The
IS drift rate of change is regular and consistent across
the upper stories for all the models, suggesting a uni-
form distribution of stiffness and controlled deforma-
tion throughout the structures above ground level. This
consistency across models indicates that all buildings
maintain a similar drift pattern, although specific ISD
values vary by model, as shown in Figure 9.
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Figure 8 Capacity curves of models in the (a) X-direction and (b)
Y-direction) and (b) An improper aggregate size is used. (c) Ce-
ment outflow from the lowest section of the formwork. (d) A
cement lump has been found at the site.
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Figure 9 Inter-story drift curves of the models in the (a) X-
direction and (b) Y-direction.

3.3 Fragility Analysis

In an earthquake, fragility curves show the likelihood
that a building may reach or surpass specific damage
levels according to its capacity and seismic demand
(Gautam et al., 2021; Chapagain and Chaulagain, 2024).
These curves are derived via probabilistic models that
consider both the variability in the building capacity
and the intensity of ground shaking (Ahmad et al.,
2018). The risk-UE methodology provides a standard-
ized approach for generating fragility curves based on
extensive empirical and analytical data. HAZUS FEMA
(2020) classifies damage into four categories: slight
damage, minor cracking, and little or no permanent de-
formation. Moderate damage involves cracking and mi-
nor yielding; extensive damage includes plastic hinge
formation and element failure; complete damage indi-
cates collapse or imminent failure of critical compo-
nents. The damage state thresholds are determined
as a function of the spectral displacement (S;) yield-
ing and ultimate values of the pushover curve after be-
ing transformed into acceleration and displacement re-
sponse spectra (ADRSs).

Sa1 = 0.7 Sy, 6]
Sa2 = Say 2)
Sas = Say +0.25 (Sgu — Say) (3)
Sas = Sau 4)
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where Sz, and Sy, represent the yielding and ultimate
spectral displacement of the idealized capacity curve,
respectively. Fragility curves are created by connect-
ing seismic demand (such as PGA or S;) with structural
capacity derived from the capacity curve. The fragility
curve is expressed by the following equation:

P[DS > DSi|D] = & <1 In (Sd» 5)
Bi Sa

where P [DS > DS;|D] is the probability that the dam-
age state D.S; is exceeded for a given demand D. D is
the seismic demand (typically represented by displace-
ment or drift). S; is the median capacity of the build-
ing corresponding to damage state DS;. where 3; is
the dispersion parameter (standard deviation), which
represents the uncertainty in the building’s capacity
and demand and & is the normal distribution function.
Each fragility curve corresponds to a different damage
state (slight, moderate, extensive, and complete), and
the fragility function calculates the likelihood that a
building will surpass a specific damage condition given
a specific seismic demand. The standard deviation (o)
for each damage state was calculated by fitting a normal
cumulative distribution function (CDF) to the proba-
bilities provided in Barbat (Barbat et al., 2008). Table
5 displays spectral displacement values (Sd;-Sd,) that
indicate average points for various damage states. An
optimization process reduced squared errors by com-
paring observed probabilities to normal CDF values,
adjusting o iteratively while keeping means constant,
for each structure and damage state separately.

Table 5. Probabilities for each fragility curve to fit the data
(Barbat, Pujades and Lantada, 2008)

Condition Pﬁ(l) Pﬁ (2) Pﬁ (3) P,g (4)

Ps(1) 0.500 0.119 0.012 0.000
Ps(2) 0.896 0.500 0.135 0.008
Ps(3) 0.992 0.866 0.500 0.104
Ps(4) 1.000 0.988 0.881 0.500

Fragility curves are constructed and presented in Figure
10 for all the damage states and structures. The means
and standard deviations of the structures are summa-
rized in Table 6.

3.3.1 Discussion and Results of the Fragility Assessment

Table 6 displays the mean and standard deviation val-
ues for each damage state, reflecting spectral displace-
ments with a 50% exceedance probability. Increased
mean values imply enhanced seismic resistance, act-
ing as vital measures of structural sensitivity among
the buildings assessed (Liu et al., 2023; Rc et al., 2025).
The fragility curves in Figure 10, combined with the
data from Table 6, highlight the significant differences
in seismic performance between buildings designed
according to modern codes (NBC, RUD, IS) and non-
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engineered structures (S1 - S6). Structures designed
according to standards (NBC, RUD, and IS) present sig-
nificantly higher mean values across all damage states
than non-engineered buildings do (S1 - S6). For exam-
ple, for the complete damage state, the mean values for
NBC, RUD, and IS are 61.5, 63.1, and 72.1, respectively,
whereas for noncompliant structures, the values range
between 42.08 (S1) and 55.5 (S5). This highlights the
enhanced seismic resilience of engineered buildings,
which are better able to withstand seismic demands
before sustaining significant damage (Anggraini et al.,
2025; Fauzan et al., 2025).

Structures such as S1 and S2 present lower mean values
across all damage states, indicating greater fragility.
For example, the means for moderate damage are 10.5

Journal of the Civil Engineering Forum

for S1 and 17.64 mm for S2, which are significantly
lower than those of structures such as S5 and S6. This is
primarily due to their reduced flexibility, which makes
them more susceptible to higher acceleration demands
during seismic events. Buildings, such as S5 and S6,
show slightly improved performance, particularly for
higher damage states. For example, the mean values
for complete damage are 55.5 (S5) and 50.19 (S6), which
are greater than those of shorter structures such as S1
(42.08). This improvement is attributed to the greater
flexibility of buildings, allowing them to dissipate seis-
mic energy more effectively. However, they remain sig-
nificantly more fragile than engineered buildings are,
primarily because of inadequate detailing and insuffi-
cient lateral resistance.

Table 6. Means and standard deviations of each damage state for all the buildings

Slight Moderate Extensive Complete
Structure mean std mean std mean std mean std
NBC 14.420 0.007404 20.60 0.008528 30.8250 0.009339 61.50 0.022362
RUD 14.480 0.004912 26.40 0.006613 35.5750 0.008894 63.10 0.022062
IS 21.700 0.006297 31.00 0.007439 41.2750 0.008291 72.10 0.019949
S1 7.350 0.002499 10.50 0.002806 18.3950 0.006522 42.08 0.016883
S2 12.348 0.004196 17.64 0.005499 25.5275 0.006950 49.19 0.017053
S3 10.297 0.003506 14.71 0.004780 22.4075 0.006663 45.50 0.016601
S4 11.172 0.003802 15.96 0.005192 24.9025 0.007668 51.73 0.019247
S5 15.561 0.005306 22.23 0.006483 30.5475 0.007474 55.50 0.018056
Sé6 13.096 0.004458 18.67 0.005704 26.5500 0.007000 50.19 0.017058
Slight Damage Moderate Damage
% 0 a | g, b
g 0.6 § 06
& — NBC | & — NBC
5 — RID |5 —— RUD
2044 — IS 204 — 1S
z — 51 |3 — 51
S — 2 | 3 — 52
g 0.2 — S3 g 0.2 — S3
S4 sS4
55 — 55
0.0 56 0.0 S6
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Figure 10 Fragility curves of the studied structures via the RISK-UE LM2 method: a) slight damage, b) moderate damage, c) extensive

damage, and d) complete damage.
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The standard deviation provides insight into the vari-
ability of the damage states. Structures with lower
standard deviations (e.g., S1: 0.006522 for extensive
damage) show less dispersion in their fragility behav-
ior, suggesting a more consistent response under seis-
mic loading. Conversely, higher standard deviations
(e.g.,1S:0.008291 for extensive damage) reflect greater
uncertainty, potentially due to differences in design
assumptions and construction practices. For all the
structures, the mean values increase progressively from
slight to complete damage, reflecting the expected in-
crease in the spectral displacement required to reach
higher damage states. However, non-engineered build-
ings consistently present lower mean values for each
damage state than their engineered counterparts do
(Gautam et al., 2021). This underscores their vulnera-
bility, as they reach critical damage thresholds at much
lower levels of seismic demand.

The fragility curves (Figure 10) illustrate a signifi-
cant difference in seismic behavior between engineered
(NBC, RUD, IS) and non-engineered (S1 - S6) rein-
forced concrete buildings. Engineered structures dis-
play higher spectral displacement thresholds across
all damage levels, with the IS model demonstrating
the highest degree of resilience. On the other hand,
non-engineered buildings, especially S1 and S3, ex-
hibit the lowest thresholds for catastrophic damage due
to inadequate construction practices and poor detail-
ing. Taller non-engineered structures (S5, S6) perform
somewhat better owing to their increased flexibility.
These findings underscore the vital impact of construc-
tion quality, detailing, and adherence to codes, high-
lighting the pressing necessity for retrofitting and strict
regulation in Darchula, Nepal.

Although fragility curves were developed using a log-
normal distribution fitted to spectral displacement
values from pushover analysis, this approach simpli-
fies the representation of uncertainty (Nemutlu et al.,
2023). The dispersion parameter (3) alone does not
fully account for variability in real building perfor-
mance. Several sources of uncertainty influence the re-
sults. First, due to the lack of site-specific ground mo-
tion records for Darchula, generalized spectral shapes
were used, introducing epistemic uncertainty in seis-
mic input. Second, field observations revealed consid-
erable variability in concrete quality, reinforcement de-
tailing, and column sizes, especially in non-engineered
buildings. These contribute to aleatoric uncertainty
that is not easily quantifiable. Third, modelling simpli-
fications such as idealized plastic hinges and symmet-
ric layouts do not fully capture the complex behavior
of actual buildings. Finally, fitting cumulative distribu-
tion functions to damage states assumes smooth tran-
sitions that may not reflect observed fragility trends (Rc
et al., 2025).

Future studies could improve the reliability of fragility
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analysis by employing incremental dynamic analysis
(IDA), probabilistic Monte Carlo simulations, and sen-
sitivity analyses to better capture input variability and
modeling uncertainty.

4 CONCLUSION

The survey and analysis of building practices in ru-
ral areas of Darchula, Nepal, reveal significant seis-
mic vulnerabilities in residential and public structures.
Most buildings, including recently constructed ones,
fail to comply with Nepal’s NBC requirements. Key de-
ficiencies include undersized columns, inadequate re-
inforcement, poor-quality materials, improper beam-
column joint construction, and widespread use of non-
engineered practices. The analysis of seismic per-
formance for buildings designed according to various
standards (NBC, RUD, IS) and non-engineered struc-
tures (S1 - S6) reveals significant differences in their
vulnerability. Both linear and nonlinear pushover anal-
yses indicate that structures with natural periods be-
tween 0.75 and 0.79 seconds exhibit appropriate en-
gineering practices, whereas those with extended pe-
riods, like 1.144 seconds for model S4, demonstrate
increased flexibility and a demand for enhanced lat-
eral support. Non-engineered models S1, S2, and S3
recorded higher base shear values, while engineered
models such as NBC and IS showed comparatively lower
values. The nonlinear pushover outcomes indicated
that RUD and IS models achieved the greatest base
shear capacities, confirming that structures built in
compliance with codes exhibit superior strength and
resilience in comparison to non-engineered buildings,
which are more vulnerable during seismic events. An
analysis of inter-story drift (ISD%) revealed that the
ground floors consistently undergo the highest lev-
els of deformation due to potential soft-story impacts,
while upper floors displayed a more consistent distri-
bution of stiffness. The fragility assessment further
highlighted those non-engineered buildings (S1 - S6)
are considerably more prone to damage, particularly
shorter structures like S1, because of their limited flex-
ibility and insufficient energy dissipation. Addition-
ally, non-engineered models (S5, S6) showed consider-
able fragility primarily due to inadequate seismic de-
tailing. Conversely, engineered buildings (NBC, RUD,
IS) exhibited greater resilience, which can be attributed
to improved ductility, lateral strength, and timely rein-
forcement detailing as required by contemporary seis-
mic codes.

4.1 Recommendation

The findings highlight the urgent necessity of adher-
ing to seismic design regulations and upgrading build-
ings that do not meet these standards to reduce risks
and improve safety in areas susceptible to earthquakes.
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Structures that comply with current codes should act as
models for enhancing the seismic resilience of future
developments. Considering the results, we suggest im-
plementing compulsory seismic evaluations, reinforc-
ing at-risk buildings, ensuring adherence to building
codes, offering training for local contractors, and incor-
porating seismic risk considerations into city planning.
These actionable steps are vital for bolstering resilience
and minimizing losses associated with earthquakes, es-
pecially in high-risk regions like Darchula, where in-
adequate structural conditions significantly endanger
lives and infrastructure.
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