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Fuzzy-AHP and AHP-Based Assessment of Seismic Hazard in
Delhi-NCR Region, India
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Abstract

The Delhi-National Capital Region (NCR) lies within Seismic Zones IV and V as per the Indian
Earthquake Code IS:1893 (Part 1) - 2025, indicating a high level of seismic hazard. The region
has experienced frequent small to moderate earthquakes in recent times. Additionally, high
population density, rapid urbanisation, and many vulnerable structures increase the risk of
human and economic loss during an earthquake, making this region more vulnerable. In the
present study, a comparative seismic hazard assessment of the Delhi-NCR was conducted using
geological data and multi-criteria decision-making methods, namely the Analytical Hierarchy
Process (AHP) and Fuzzy-AHP. Findings indicate that 50% of the study region and about 45%
of its population are in high seismic hazard zones, particularly in Panipat, Sonipat, and Rohtak.
Seismic hazard across Delhi varies from low to very high, influenced by the nearby Himalayan
collision zone and active faults such as the Delhi-Haridwar Ridge and Mahendragarh-Dehradun
Fault. Ongoing convergence of the Indian and Eurasian plates generates tectonic stress capable
of reactivating these faults. ROC analysis provided the accuracy values of 0.7880 for AHP and
0.7842 for Fuzzy-AHP, indicating that AHP performs marginally better, although the difference
(0.0038) is minimal. The seismic hazard map developed through this analysis can help with

urban planning, disaster preparedness, and the design of earthquake-resilient infrastructure.

Keywords: Seismic Hazard, Delhi-NCR, Analytical Hierarchy Process, Fuzzy-AHP, Spectral

Acceleration, Receiver-Operator Characteristic (ROC)
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1. Introduction

Earthquakes are among the most devastating natural hazards, often resulting in loss of life,
widespread destruction of infrastructure, and significant socio-economic disruption at both
national and regional levels (Duruel 2023; Polat, 2024). Globalisation, unplanned and rapid
urbanisation, along with industrial growth have led to increased urban population density and
the industrial zones, making them more vulnerable to seismic hazards (Catkin and Toprak
2025). Consequently, the functional performance of urban environments in the aftermath of
disasters is increasingly difficult to sustain. Addressing these challenges requires firsthand
information about seismically hazardous zones, which provides a critical basis for integrating

sustainable development objectives with resilient urban planning.

Over recent decades, rapid population growth in India has significantly reconfigured urban
settlement patterns, with pronounced effects in metropolitan areas such as the Delhi--National
Capital Region (NCR). Delhi’s population has expanded to almost 19 million, driving
accelerated urban sprawl and increased urban density (Kolathayar 2021). This growth has been
facilitated by its strategic location and functional integration with surrounding cities, including
Gurugram (Gurgaon), Faridabad, Sonipat, Noida, and Rohtak, establishing the region as a
critical metropolitan hub. The Delhi-NCR has further consolidated its role as a major centre

for commerce and education, intensifying pressures on the urban environment.

Urban development in the Delhi-NCR is critically challenged by its intraplate seismicity and
proximity to major active Himalayan structures, notably the Main Boundary Thrust (MBT) and
Main Central Thrust (MCT), which amplify the earthquake hazard (Seeber and Armbruster
1981). The Himalayan belt is a globally recognised hotspot of seismic activity, with a well-
documented history of destructive earthquakes, such as the 2015 Gorkha, Nepal earthquake
(Mw~7.8), which caused widespread damage and approximately 9,000 fatalities (Bilham
2019). More recently, the Mw~5.9 earthquake of 3™ October 2023, followed by a Mw~5.2
aftershock, generated strong ground shaking across western Nepal and northern India. Previous
studies indicate that the region is overdue for one or more large-magnitude earthquakes
comparable to the 2015 Gorkha event, highlighting the urgent need for seismic hazard
mitigation in the Delhi-NCR (Bilham 2019).
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The Delhi-NCR has a well-documented history of significant seismic activity, with numerous
earthquakes exceeding a magnitude of 5.0 over several centuries. In recent years, seismic
events on April 12, 2020, May 10, 2020, May 29, 2020, and October 15, 2023, have highlighted
the regional seismic activity. Records from the National Centre for Seismology (NCS), India,
reveal a concentration of seismic activity around Gurgaon (Gurugram), Rohtak, and Delhi.
While the Delhi-NCR has not experienced a major earthquake in recent years, the region
remains highly susceptible to seismic hazards. This risk is further amplified by extensive
urbanisation, industrial expansion, and the area’s socio-political significance, underscoring the

critical importance of accurate seismic hazard mapping.

The implementation of Geographic Information Systems (GIS)-based Analytical Hierarchy
Process (AHP) has been extensively used to understand the seismic hazard in different parts of
the world (Karimzadeh et al. 2014; Abudeif et al. 2017; Wen et al. 2017; Al-Dogom et al. 2018;
D’Alpaos and Valluzzi 2020; Fentahun et al. 2021; Flores et al. 2021; Moustafa et al. 2022;
Ansari et al. 2025; Silahtar et al. 2025; Zakaria and Mahmoud 2025), whereas fuzzy-AHP has
been applied only to a limited extent in seismic hazard assessment (Mokarram et al. 2021;
Zheng et al. 2021; Yildirim et al. 2024). In India, several researchers have also utilised AHP to
map seismic hazards in areas prone to earthquake events (Nath et al. 2015; Bhatt et al. 2019;
Dwivedi et al. 2020; Pudi et al. 2021; Agrawal et al. 2022; Padder et al. 2022; Pancholi et al.
2022; Ellappa Subramani and Velapgy 2025). Fuzzy-AHP has been widely used in landslide,
tsunami, flood, and other environmental hazard studies. However, its use for comprehensive
seismic hazard assessment in India is still limited. In Delhi, Mohanty et al. (2007) employed
AHP to develop a seismic microzonation map using Peak Ground Acceleration (PGA)
contours, soil types at a depth of 6 m, geological conditions, groundwater fluctuations, and
bedrock depth. The results indicated that a substantial portion of the Delhi region is exposed to
high seismic hazard. Subsequently, Sinha et al. (2014) utilised a comprehensive spatial dataset
comprising seismic zones, PGA, soil characteristics, liquefaction potential, geological features,
land use, and proximity to faults and epicentres, to assess seismic hazard in the Delhi region,
identifying the eastern part of the city as relatively more hazard-prone. More recently, Sahdev
et al. (2020) applied an AHP-based framework to evaluate seismic vulnerability using
parameters such as seismic microzonation, lineament density, bedrock depth, groundwater
depth, built-up density, and population density, reporting that 5.40% of the study area falls

within a very high seismic vulnerability zone. However, data availability remains a major
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challenge in seismic hazard mapping. Moreover, most existing studies are concentrated in the

Delhi region and predominantly employ the AHP approach.

Addressing the gaps identified in the existing literature, this study conducts a comparative
evaluation of AHP and Fuzzy-AHP models for seismic hazard mapping in the Delhi-NCR,
India, using publicly available earthquake inventories and geological datasets. The findings
aim to aid governmental authorities and disaster management agencies in developing more
effective seismic hazard mitigation and preparedness strategies in this densely populated

region.
2. Study Area

The Delhi-NCR area is situated within the Delhi-Aravalli Fold Belt, a major Precambrian
tectonic domain extending across northern India and encompassing Delhi and adjoining areas
of Rajasthan, Haryana and Uttar Pradesh (Fig. 1). This west—east trending belt is positioned
between the Delhi-Haridwar Ridge and the Munger-Saharsa Ridge, with the Indo-Gangetic
Plains to the north and the Aravalli Range to the south (Bansal et al., 2021). Due to its tectonic
association with the Himalayan orogenic system, the region is considered highly prone to
seismic activity (Kolathayar, 2021) and falls within seismic Zones IV and V as per IS-1893
Part 1 (2025). Earthquakes in this region are primarily driven by the ongoing collision between
the Indian and Eurasian plates, a process that began during the early Cenozoic era. This
collision gave rise to the Himalayan arc, inducing widespread crustal deformation within the
arc and its foreland, and consequently increasing seismic hazards in the surrounding areas

(Searle 1986).

The Delhi region, situated within the broader Himalayan seismic belt, is traversed by several
major faults, including the Sohna, Mahendragarh-Dehradun, Mathura, Great Boundary and
Moradabad faults, all of which are capable of generating seismic activity. According to
Gahalaut and Kundu (2012), these structures represent reactivated basement faults that predate
the collision between the Indian and Eurasian tectonic plates. Large parts of the region are
mantled by thick sequences of older and younger alluvium, together with unconsolidated
sediments of the Yamuna floodplain, which enhance susceptibility to ground-motion
amplification during events (Srivastava 1988). The Delhi-NCR has experienced repeated
damaging seismic events documented in both historical and instrumental records (Iyengar

2000). Notable earthquakes include an intensity IX event (M~6.5) near Sohna in 1720 (Oldham

5
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1883), followed by moderate to strong earthquakes near Mathura in 1842 (M~5.0), near
Bulandshahr in 1956 (M~6.7) (IMD, 2004) and near Sohna in 1960 (M~6.0) (Srivastava and
Somayajulu 1966). In this century, from 2000 to 2023, the Delhi region recorded 128 seismic
events of magnitude > 3.0, with a maximum of 14 events in 2020. Hence, according to available

data, this region is seismically vulnerable to a sufficient extent.

3. Data Source and Methodology

All the data incorporated in this study were collected from open-access sources. The details on
the active fault were taken from Zelenin et al. (2022). The historical earthquake record for the
study area, spanning 1966-2023, was obtained from the National Centre for Seismology (NCS),
India. The starting period was selected to be 1966 as the 1960s marked the installation of the
World-Wide Standardised Seismic Network, which supported the development and
strengthening of national seismic monitoring systems in India. Peak ground acceleration (PGA)
values were calculated using the ground-motion prediction equation developed by Caprio et al.
(2015), which was selected for its consistency with globally established ground-motion-to-
intensity conversion relationships. Lithological information was sourced from Universitdt
Hamburg (Gleeson et al., 2011). Elevation data with a spatial resolution of 12.5 m were derived
from ALOS PALSAR (ASF DAAC, 2014). Sediment thickness data were obtained from
Pelletier et al. (2016), and the average shear-wave velocity to a depth of 30 m (Vs30) was
retrieved from the USGS. The amplification factor has been derived from the empirical power-
law relationship between Vs30 and the amplification factor. The spatial datasets were classified
using the natural breaks method, and selected layers were resampled to a 12.5 m resolution to
ensure spatial consistency across parameters. Numerous studies have demonstrated the
influence of different thematic criteria on seismic hazard assessment outcomes (Jena et al.
2020; Yariyan et al. 2020). All the mentioned datasets were last accessed and verified in
November 2025. The following section describes the methodology adopted for seismic hazard

mapping in the Delhi-NCR region.
3.1. Multi-Criteria Decision-Making (MCDM) Models

MCDM methods provide a structured analytical framework that integrates expert judgment
into complex decision problems (Zavadskas and Turskis 2011). These approaches

systematically explore the problem complexity and enable the comparison and ranking of
6
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multiple alternatives based on carefully defined criteria (Malczewski and Liu 2014). In this
study, the Analytical Hierarchy Process (AHP) and Fuzzy-AHP MCDM models were applied
to map seismic hazard in the Delhi-NCR, and subsequently the results were compared to

determine the suitability of an approach that provides a more robust assessment for the region
(Fig. 2).

3.1.1. Analytical Hierarchy Process (AHP) and Fuzzy-Analytical Hierarchy Process
(Fuzzy-AHP)

The AHP is a commonly used MCDM method that applies pairwise comparison matrices
within a hierarchical framework to derive criterion weights (Saaty 1980). In this approach,
importance values from 1 to 9 are assigned to each criterion based on their relative significance,
typically assigned by expert opinion or existing studies (Table 1). In the present study, the
comparison matrix was derived from the published literature published. The resulting
comparison matrix is then normalised by dividing each entry by the sum of its respective
column, and the final weights are obtained by calculating the average of each row in the

normalised matrix.

The Fuzzy-AHP was developed to address hierarchical decision-making problems and
overcome the key limitations of the AHP, particularly its reliance on precise scores from the
decision-makers (Yaghoobi 2018). Although AHP is widely used as an MCDM approach, it is
not sufficiently robust in handling the uncertainty inherent in data (Watrébski et al. 2018). In
contrast, Fuzzy-AHP effectively incorporates uncertainty through the principles of fuzzy set
theory (Yariyan et al. 2020), enabling a more systematic approach to alternative selection
(Buckley 1985; Chang 1996). This study has adopted Buckley’s Fuzzy-AHP method due to its
relative ease of calculation and its ability to produce a unique solution. In this approach,
alternative weights are derived using a geometric mean formulation in combination with a
trapezoidal membership function. Accordingly, a fuzzy pairwise comparison matrix D = [d;]
is constructed using a triangular fuzzy scale (Table 1), from which the fuzzy geometric mean

value 7, and weight w;, are calculated as follows.

R=(@q*ag*xan)™ and W =T+ +7)7! (1
The resulting fuzzy weights were subsequently defuzzified using the Centre-of-Area (COA)

method using the following expression:
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The consistency of the judgments is then assessed using the Consistency Ratio (CR) in both

the AHP and the Fuzzy-AHP models, as defined by the following equation.

_ (}\max - l’l) — 9
Cl= -0 and CR o 3)

where Amax 1S the principal eigenvalue, # the number of criteria employed, and RI the associated
randomness index (Table 2). For fuzzy-AHP, to assess consistency, the pairwise comparison
matrix was converted into crisp values using the centre-of-area method. When the CR value is
below 0.1, the judgments are considered reliably consistent, allowing for a reliable evaluation

of criterion priorities.
4. Results and Discussions

The AHP and Fuzzy-AHP comparison matrix is tabulated in Table 3, along with the
corresponding weights for each parameter. The analysis of this study indicates that the western
and a portion of the southern parts of Delhi-NCR are located in a highly seismically hazardous
zone. This includes the districts Panipat, Sonipat, Rohtak, Rewari and Alwar. Delhi spans zones
ranging from low to very high seismic hazard. The western and southern parts are
predominantly categorised as high-hazard areas, whereas the eastern part mainly falls within
low to moderate hazard levels (Fig. 3). The numerical values show that both models yield
closely aligned results. According to the AHP model, 49.57% of the region is classified as high
to very high hazard, 25.01% as moderate, 17.70% as low, and 8.25% as very low hazard. In
terms of population distribution, 44.43% of residents live in high to very high hazard zones,
34.02% in moderate zones, 15.93% in low hazard areas, and 5.62% in very low hazard areas.
Similarly, the fuzzy-AHP approach shows that 49.98% of the area falls within the high to very
high hazard category, 27.63% is moderate, 15.55% is low, and 6.84% is classified as very low
hazard. The study area has 45.14% of its inhabitants residing in a highly seismically hazardous
zone, 36.46% in a moderate zone, 13.94% in a low zone, and 4.46% in a very low zone (Table

4).

The pronounced seismic hazard in the Delhi-NCR may be attributed to high active fault density,
historical seismicity, and complex geological features, which collectively enhance earthquake
susceptibility. The Delhi-NCR has experienced both near- and far-field earthquakes, reflecting

its exposure to local and distant seismic sources due to its proximity to the Himalayan arc and

8
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regional tectonics (Abhishek et al. 2024). Several devastating Himalayan earthquakes,
including the recent 2015 Gorkha earthquake (Mw~7.8) and 2023 Nepal earthquake (Mw~5.9),
were felt in Delhi and its vicinity. The regional tectonics indicate that over 150 earthquakes
with a magnitude (M) of 3.0 or greater have occurred in the study area from 1966 to 2023,
according to the available dataset, which includes the March 2012 Bahadurgarh (Haryana-
Delhi border) earthquake with a magnitude of ~5.10 and a maximum intensity of VI. Its
epicentre was 4 km west of the Mahendragarh Dehradun Fault. This earthquake, classified as
a non-Himalayan event, produced maximum intensity in the Jhajjar and Rohtak districts (Gupta
et al. 2013), resulting in casualties, injuries, and extensive structural damage. Seismic records
indicate that between 2001 and 2004, nearly 19 earthquakes with magnitudes above Mw 3.0
occurred within Delhi and the Delhi Fold Belt. Subsequent events on 29 May 2011 (Mw~3.4)
and 1 June 2017 (M,~4.2) occurred to the west of the Mahendragarh-Dehradun Fault (MDF),
at approximate distances of 18 km and 7 km, respectively. In 2020, three earthquakes (Mw
~3.5,~3.4, and ~4.5) impacted Delhi and its adjacent regions on 12 April, 10 May, and 29 May.
The first two events occurred along the eastern borders of the Delhi-NCR, whereas the 29 May
earthquake occurred near Rohtak, in proximity to the MDF. Earthquake records from the past
five decades show that seismicity in the NCR is primarily clustered along major fault systems,
particularly the MDF and the Sohna Fault (Dhali et al. 2023). Increased seismicity has been
recorded along the western and southern borders of Delhi, primarily linked to the MDF and the
Great Boundary Fault, while subsidiary structures, including the north-south-trending Sohna

Fault, further modulate the spatial distribution of earthquakes in the region (Sandhu et al. 2022).

As discussed earlier, this region falls under Seismic Zones V and 1V, corresponding to peak
ground acceleration of 0.50 g and 0.75 g, for a return period of 2475 years (IS-1893 Part 1,
2025). Previous studies also show wide variability in estimated peak ground acceleration
(PGA) for the Delhi-NCR region. Sandhu et al. (2020) reported PGA values of 0.10-0.60 g,
with higher values at Sonipat, Gurugram and Faridabad, whereas strong-motion analysis by
Pandey et al. (2020) indicated a much lower maximum PGA of 0.014 g near Delhi. Probabilistic
assessments by Sreejaya et al. (2022) further reported PGA values ranging from 0.05g to 0.76
g for different return periods, highlighting the strong dependence of PGA estimates on hazard
level. Recent work by Kumar et al. (2024) indicates that spectral acceleration (S.) across the
Delhi—NCR region reaches its maximum at short periods (7' = 0.2 s) for return periods of 475

and 2475 years, with values spanning 0.60-1.18 g, whereas longer-period motion (T = 1.0 s) is
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characterized by lower S, levels of 0.12—0.27 g. A comparable pattern is observed in the
Gurgaon (Gurugram) area, where S, at 0.2 s ranges from 0.61 to 1.19 g and decreases to 0.13-
0.28 g at 1.0 s. Relatively high S, values are also reported for Rohtak (0.43-0.70 g), Faridabad
(0.48-0.97 g) and Noida (0.46-0.95 g), while Baraut (0.20-0.34 g), Sonipat (0.32-0.60 g) and
Rewari (0.39-0.82 g) exhibit comparatively lower seismicity for the same hazard levels. These
results reveal pronounced spatial heterogeneity in seismic response within the Delhi—-NCR

region.

Geological studies categorise the Delhi-NCR region into two distinct lithological units. The
first comprises ancient quartz-bearing rocks that form a ridge in the south-central sector of the
capital, Delhi. The second unit consists of alluvial deposits, whose thickness ranges from
approximately 40 ft to over 980 ft across the Delhi-NCR. These alluvial sediments are primarily
derived from rivers draining the Himalayas, with the Yamuna River contributing
unconsolidated material along the eastern corridor (Sharma et al. 2015). Seismic waves
propagating through such alluvial deposits experience reduced velocity and often increased
amplitude, amplifying ground shaking and potentially inducing soil liquefaction or structural
failure (Sharma et al. 2015). Shallow alluvium is particularly susceptible to liquefaction, while
deeper deposits remain relatively stable. In floodplain zones, unconsolidated sediments can
markedly intensify seismic effects. Therefore, design strategies need to explicitly incorporate

measures to mitigate the life risk, especially when planning multistoried structures.

With rapid, unplanned urbanisation and population growth in the Delhi-NCR, the region has
emerged as a critical driver of increasing stress on resources, including groundwater. Tiwari et
al. (2021) proposed that non-tectonic forces, whether caused by natural processes or human
activities, can affect seismic activity rates in both plate-boundary zones and tectonically stable
continental interiors. According to their findings, seismic activity within the Aravalli-Delhi
Fold Belt may be affected by human-induced groundwater extraction, which can destabilise
faults through non-tectonic processes, as well as by seasonal hydrological unloading of the
alluvial aquifer. Nonetheless, the primary faulting mechanism remains controlled by tectonic

forces.
4.1. Validation of the models

Receiver Operating Characteristic (ROC) analysis was employed to validate and compare the

performance of the proposed seismic hazard models for Delhi-NCR. Since ROC analysis relies
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on probabilistic inputs to assess binary classification performance, the seismic hazard map was
converted into probability values (Fawcett 2006). Model performance was quantified using the
Area Under the Curve (AUC), with the diagonal line representing a random classifier as a
baseline. The AHP model achieved an AUC of 0.7880, corresponding to an accuracy of 78.80%
(Fig. 4), whereas the Fuzzy-AHP model yielded an AUC of 0.7842 (78.42%). These results
indicate that the AHP-based approach marginally outperforms the Fuzzy-AHP model in
seismic hazard prediction. The reason is attributed to the fact that the weights are derived from
established literature rather than subjective expert judgments, which may result in low
uncertainty, as the added fuzzification may not significantly improve outcomes. However,
Fuzzy-AHP is more advantageous mainly when vagueness and linguistic ambiguity dominate
expert evaluations (Buckley, 1985; Chang, 1996). Nevertheless, further improvements in
hazard assessment can be achieved by incorporating higher-resolution datasets. Potential
limitations of the adopted framework include computational complexity, data inconsistencies,
challenges in assigning criterion weights, and scalability issues, that should draw the path for

future research.
5. Conclusions

Geospatial technologies have significantly advanced the assessment of disaster-prone zones,
including seismic hazard, by enabling the acquisition, analysis, and visualisation of high-
resolution spatial data. These tools enhance the characterisation of seismic hazards and inform
evidence-based decision-making for earthquake hazard management and disaster mitigation.
In this paper, a comparative study was conducted in which AHP and Fuzzy-AHP MCDM
frameworks were applied to evaluate seismic hazard in the Delhi-NCR. Situated in Seismic
Zones IV and V, Delhi-NCR faces high earthquake risk due to Himalayan tectonics. The region
is intersected by several major faults, including the Sohna, Mahendragarh—Dehradun, Mathura,
Great Boundary, and Moradabad faults, which, together with ongoing Himalayan seismic

activity, contribute to the study area's overall seismic hazard.

Regarding hazardous areas, both models show a similar pattern, with the western and southern
parts of the Delhi-NCR located in a highly seismically hazardous zone, which includes the
districts of Panipat, Sonipat, Rohtak, Rewari and Alwar. Delhi remains in the shadow of
multiple seismic hazard zones: the west and south are largely in high-hazard areas, while the
east falls in low to moderate hazard zones. The numerical value also shows a similar result in

which the AHP model indicates that 49.57% of the study area and 44.43% of its total inhabitants
11
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reside in the highly seismic hazard zone. The application of the fuzzy-AHP indicates that
49.98% of the study area and 45.14% of its inhabitants residing in a highly seismically
hazardous zone. Validation through the ROC curve on the basis of AUC estimates, it is
observed that the AHP-based approach marginally outperforms the Fuzzy-AHP model in
seismic hazard prediction in the study area due to a strong data-centric support rather than
relying on subjective expert judgment, thereby reducing uncertainty and limiting the added
benefit from fuzzification. The findings from this study can primarily aid planning and disaster
mitigation organisations in identifying earthquake-prone areas, managing land-use planning,

risk-reduction initiatives, and enhancing preparedness for seismic events.
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Figure 1: Location of the study area. The active faults, earthquake locations (1956-2025) and land use and land cover information (Sentinel 2)
have been provided for reference.
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Figure 5: Seismic hazard map of the study area using the AHP model and Fuzzy-AHP.
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27



1,00

0'76

0.25 _
Method
== AHP (AUC = 0.8086)
= Fuzzy AHP (AUC = 0.8083)
0.00
. 7/
0.00 025 0.50 078
False Positive Rate (1 - Specificity)

1.00

28




(b)

0.00

- AHP (AUC = 0.7993)
e Fuzzy AHP (AUC = 0.7993)

0.00 0.26 0.75

rmommmn-spmw

1.00

29




Figure 7: ROC curve showing the accuracy of seismic hazard in the study area using AHP and fuzzy-AHP using (a) the entire declustered dataset
(1956-2025) and (b) 2024 and 2025 events. The dotted black line represents a random classifier
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comparison of each criterion

Table 1: Scale used for AHP (Saaty, 1980) and fuzzy AHP (Kannan et al., 2013) for pairwise

Relative Importance Score Triangular
fuzzy scale
Equal 1 (1,1,1)
Moderate 3 (2,3,4)
Strong 5 (4,5,6)
Very Strong 7 (6,7,8)
Extreme 9 (9,9,9)
Intermediate Values 2,4,6,8 (1,2,3), (3.4,5),
(5,6,7), (7,8,9)
Values for reverse Reciprocals Reciprocals

comparison

Table 2: Random Index (RI) values corresponding to various matrix sizes (n), as proposed by

Saaty (1980) for a consistency check in AHP

n 1 2 3 4 5
RI 0.00 0.00 0.58 0.90 1.12
n 6 7 8 9 10
RI 1.24 1.32 1.41 1.45 1.49
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Table 3: Seismic hazard parameters with their uncertainties for the study area

Seismic | Number of M. Mmax (Observed) Mmax (Kijko) Aok B*op b value b value (Reyes a
Zones Events (Mw (Kijko 2004) | and Wiemer, | value
=>2.0) 2019)

Zone 1 42 3.1 4.8 5.30+0.01 0.260+0.097 | 2.33+0.56 1.01+£0.24 0.97+0.34 4.106
Zone 2 27 2.8 3.6 4.10+0.31 0.502+0.188 | 3.45+0.05 1.50+0.02 1.55+0.42 5.445
Zone 3 66 2.7 6.7 7.20+0.01 0.428+0.133 | 2.16+0.34 0.94+0.15 0.84+0.23 3.732
Zone 4 138 2.1 5.2 5.70+£0.36 2.050+0.545 1.43+0.09 0.62+0.04 0.61+0.05 3.364
Zone 5 118 2.0 4.8 5.30+0.51 1.789+0.477 | 1.79+0.12 0.78+0.05 0.74+0.07 3.562
Zone 6 82 2.2 3.8 4.30+0.10 1.359+0.374 | 1.66+0.12 0.72+0.05 0.73£0.06 3.484
Zone 7 85 2.2 4.0 4.50+0.14 2.570£0.710 | 1.62+0.12 0.70+0.05 0.71£0.06 3414
Zone 8 298 2.3 5.1 5.60+0.22 3.878£1.004 | 1.73+0.08 0.75+0.03 0.73+0.04 4.012
Zone 9 63 2.7 4.5 5.00+0.01 0.998+0.311 | 3.22+0.45 1.40+0.19 1.28+0.26 4915
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Table 4: Weight calculation of seismic hazard-mapping parameters.

34

1 3 4 5 6 7 8 9
1 1 2 2 3 3 4 4 5 6
2 0.5 1 2 2 3 3 4 4 5
3 0.5 0.5 1 2 2 3 3 4 4
4 0.33 0.5 0.5 1 2 2 3 3 4
S 0.33 0.33 0.5 0.5 1 2 2 3 3
6 0.25 0.33 0.33 0.5 0.5 1 2 2 3
7 0.25 0.25 0.33 0.33 0.5 0.5 1 2 3
8 0.2 0.25 0.25 0.33 0.33 0.5 0.5 1 2
9 0.17 0.2 0.25 0.25 0.33 0.33 0.33 0.5 1
1 2 3 4 5 6 7 8 9
1) (LD (1,2,3) (1,2,3) (2.3.4) (2.3.4) (3.4.5) (3.4.5) 4.5.6) | (56,7
2| (1/3,1/2,1) (1,1,1) (1,2,3) (1,2,3) (2,3,4) (2,3,4) (3,4,5) (3.4,5) | (4,5,6)
30 (13,12,1) | (1/3,1/2,1) (1,1,1) (1,2,3) (1,2,3) (2,3,4) (2,3,4) (3.4,5) | (34,5
4 [ (14,173,12) | (173,12,1) | (1/3,1/2,1) (1,1,1) (1,2,3) (1,2,3) (2,3,4) (23,4 | (345
5| (1/4,1/3,12) | (1/4,1/3,12) | (173,1/2,1) | (1/3,1/2,1) (1,1,1) (1,2,3) (1,2,3) (23,4 | (2349
6 | (1/5,1/4,13) | (1/4,1/3,172) | (1/4,1/3,1/2) | (1/3,1/2,1) | (1/3,1/2,1) (1,1,1) (1,2,3) (12,3) | (23,4
71 (1/5,1/4,1/3) | (1/5,1/4,1/3) | (1/4,1/3,172) | (1/4,1/3,172) | (1/3,1/2,1) | (1/3,1/2,1) (1,1,1) (123) | (234
8 | (1/6,1/5,1/4) | (1/5,1/4,1/3) | (1/5,1/4,1/3) | (1/4,1/3,12) | (1/4,1/3,172) | (1/3,1/2,1) | (1/3,1/2,1) | (LL,1) |(1,2,3)
9 [ (1/7,1/6,1/5) | (1/6,1/5,1/4) | (1/5,1/4,1/3) | (1/5,1/4,1/3) | (1/4,1/3,1/2) | (1/4,1/3,1/2) | (1/4,1/3,1/2) | (1/3,1/2,1) | (1,1,1)
SI. No. Selected Layers AHP Weight Fuvzvze);gz?ll;IP
Distance from Faults (km) 25.80% 24.90%
Distance from Epicentres
(km) 19.50% 19.40%
3 Seismic Density
(Earthquakes/km?) 15.10% 15.10%
4 V30 (m/sec) 11.60% 12.00%
5 Peak Ground Acceleration
(cm/sec?) 8.90% 9.10%
6 Amplification Factor 6.80% 6.90%
7 Sediment Thickness (m) 5.50% 5.40%
8 Lithology 3.90% 4.00%
9 Elevation (m) 2.90% 3.10%
Principal Eigen Value 9.311 9.719
Consistency Ratio (CR) 0.027 0.062




Table 5: Seismic hazard exposure of area and population in Delhi-NCR

Seismic Hazard Classes Area (%) Population (%)

AHP Very low 9.66 4.55
Low 18.02 15.13

Moderate 26.99 26.26

High 27.39 39.15

Very high 17.95 14.91
Fuzzy AHP Very low 9.84 4.51
Low 17.94 15.21

Moderate 26.72 25.96

High 27.49 39.39

Very high 18.01 14.93

Table 6: Comparison of PGA values reported in various studies.

Studies Return periods | PGA (g)
(years)
Sharma et al. (2003) 475 0.00-0.34
Iyvenger and Ghosh (2004) 2475 0.00-0.23
Nath and Thingbaijam (2012) 475 0.00-0.24
Sitharam and Kolathayar (2013) | 475 0.00-0.16
2475 0.00-0.43
Sitharam et al. (2015) 475 0.00-0.27
2475 0.00-0.51
Sreejavya et al. (2022) 73 0.00-0.05
475 0.00-0.18
2475 0.00-0.41
Kumar et al. (2024) 73 0.01-0.10
475 0.03-0.26
2475 0.05-0.48
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Table 7: Normalised AHP comparison matrix along with final preferences and all possible
6k,i,j Values

1 2 3 4 5 6 7 8 9 Pi

1 {0.073]0.073 | 0.042 | 0.035| 0.021 [ 0.017 | 0.011 | 0.008 | 0.006 | 0.286

2 [0.037]0.036|0.042 | 0.023 | 0.021 | 0.012 | 0.011 | 0.007 | 0.005 | 0.194

3 10.037]0.018 |0.021 { 0.023 | 0.014 | 0.012 | 0.008 | 0.007 | 0.004 | 0.144

4 10.024 | 0.018 | 0.011 { 0.012 | 0.014 | 0.008 | 0.008 | 0.005 | 0.004 | 0.104

5 10.024 | 0.012 | 0.011 | 0.006 | 0.007 | 0.008 | 0.006 | 0.005 | 0.003 | 0.081

6 [ 0.018]0.012]0.007 | 0.006 | 0.003 | 0.004 | 0.006 | 0.003 | 0.003 | 0.062

7 10.018 | 0.009 | 0.007 | 0.004 | 0.003 | 0.002 | 0.003 | 0.003 | 0.003 | 0.053

8 [ 0.015]0.009 | 0.005 | 0.004 | 0.002 | 0.002 | 0.001 | 0.002 | 0.002 | 0.042

9 [0.012]0.007 | 0.005 ]| 0.003 | 0.002 | 0.001 | 0.001|0.001|0.001 | 0.034
Pair of 1 2 3 4 5 6 7 8 9
Alternatives
Al-A2 N/F N/F N/F N/F N/F N/F N/F N/F N/F
Al1-A3 N/F N/F N/F N/F N/F N/F N/F N/F N/F
Al-A4 N/F N/F N/F N/F N/F N/F N/F N/F N/F
Al-A5 N/F N/F N/F N/F N/F N/F N/F N/F N/F
Al-A6 N/F N/F N/F N/F N/F N/F N/F N/F N/F
Al1-A7 N/F N/F N/F N/F N/F N/F N/F N/F N/F
Al1-A8 N/F N/F N/F N/F N/F N/F N/F N/F N/F
Al1-A9 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A2-A3 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A2-A4 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A2-A5 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A2-A6 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A2-A7 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A2-A8 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A2-A9 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A3-Ad4 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A3-AS5 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A3-A6 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A3-A7 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A3-A8 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A3-A9 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A4-A5 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A4-A6 N/F N/F N/F N/F N/F N/F N/F N/F N/F
Ad4-A7 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A4-A8 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A4-A9 N/F N/F N/F N/F N/F N/F N/F N/F N/F
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A5-A6 N/F | N/F |N/F N/F N/F | N/F N/F | N/F N/F
AS5-A7 N/F | N/F |N/F N/F N/F | N/F N/F | N/F N/F
AS-A8 N/F | N/F | N/F N/F |NF |NF |NF |NF |NF
AS-A9 N/F | N/F | N/F N/F |NF |NF |NF |NF |NF
A6-A7 N/F | N/F | N/F N/F |NF |NF |NF |NF |NF
A6-A8 N/F | N/F | N/F N/F |NF |NF |NF |NF |NF
A6-A9 N/F | N/F | N/F N/F |NF |NF |NF |NF |NF
AT7-A8 N/F | N/F | N/F N/F |NF |NF |NF |NF |NF
AT7-A9 N/F | N/F |N/F N/F N/F | N/F N/F | N/F N/F
A8-A9 N/F | N/F |N/F N/F N/F | N/F N/F | N/F N/F

Al: Distance from Faults; 42: Distance from Epicentres; 43: Seismic Density; 44: Vs3o; AS:
Peak Ground Acceleration; 46: Amplification Factor; A7: Sediment Thickness; 48: Lithology;
A9: Elevation

N/F stands for non-feasible.

Table 8: Normalised Fuzzy-AHP comparison matrix along with final preferences and all
possible & ; ; Values

1 2 3 4 5 6 7 8 9 Pi

(0.348, | (0.268, | (0.219, | (0.314, | (0.245, | (0.275, | (0.221, | (0.231, | (0.217, | (0.140,
0.283, |0.373, | 0.279, | 0.302, | 0.237, | 0.245, | 0.202, | 0.204, | 0.194, | 0.289,
0.196) | 0.379) | 0.281) | 0.279) | 0.222) | 0.222) | 0.189) | 0.188) | 0.180) | 0.512)

(0.116, | (0.268, | (0.219, | (0.157, | (0.245, | (0.183, | (0.221, | (0.231, | (0.174, | (0.097,
0.142, |0.186, |0.279, |0.202, | 0.237, | 0.184, | 0.202, | 0.204, | 0.161, | 0.197,
0.196) | 0.126) | 0.281) | 0.209) | 0.222) | 0.178) | 0.189) | 0.188) | 0.154) | 0.391)

(0.116, | (0.089, | (0.219, | (0.157, | (0.123, | (0.183, | (0.147, | (0.173, | (0.130, | (0.070,
0.142, |0.093, |0.140, | 0.202, |0.158, | 0.184, | 0.151, | 0.163, |0.129, |0.127,
0.196) | 0.126) | 0.094) | 0.209) | 0.167) | 0.178) | 0.151) | 0.156) | 0.128) | 0.225)

(0.087, | (0.089, | (0.073, | (0.157, | (0.123, | (0.092, | (0.147, | (0.115, | (0.130, | (0.062,
0.094, |0.093, |0.070, |0.101, |0.158, | 0.123, | 0.151, | 0.122, | 0.129, | 0.104,
0.098) | 0.126) | 0.094) | 0.070) | 0.167) | 0.133) | 0.151) | 0.125) | 0.128) | 0.174)

(0.087, | (0.067, | (0.073, | (0.052, | (0.123, | (0.092, | (0.074, | (0.115, | (0.087, | (0.042,
0.094, |0.062, | 0.070, | 0.050, |0.079, | 0.123, |0.101, |0.122, |0.097, | 0.073,
0.098) | 0.063) | 0.094) | 0.070) | 0.056) | 0.133) | 0.113) | 0.125) | 0.103) | 0.120)

(0.070, | (0.067, | (0.055, | (0.052, | (0.041, | (0.092, | (0.074, | (0.058, | (0.087, | (0.029,
0.071, |0.062, | 0.047, | 0.050, |0.040, | 0.123, | 0.101, |0.082, |0.097, | 0.054,
0.065) | 0.063) | 0.047) | 0.070) | 0.056) | 0.133) | 0.113) | 0.094) | 0.103) | 0.086)

(0.070, | (0.054, | (0.055, | (0.052, | (0.041, | (0.031, | (0.074, | (0.058, | (0.087, | (0.026,
0.071, | 0.047, |0.047, |0.050, | 0.040, | 0.031, | 0.050, | 0.082, | 0.097, | 0.048,
0.065) | 0.042) | 0.047) | 0.070) | 0.056) | 0.044) | 0.038) | 0.094) | 0.103) | 0.078)

(0.058, | (0.054, | (0.044, | (0.039, | (0.031, | (0.031, | (0.025, | (0.058, | (0.044, | (0.017,
0.057, | 0.047, | 0.035, | 0.034, | 0.026, | 0.031, | 0.025, | 0.041, |0.065, | 0.033,
0.049) | 0.042) | 0.031) | 0.035) | 0.028) | 0.044) | 0.038) | 0.031) | 0.077) | 0.055)

(0.050, | (0.045, | (0.044, | (0.031, | (0.031, | (0.023, | (0.025, | (0.019, | (0.044, | (0.012,
0.047, | 0.037, |0.035, |0.025, |0.026, | 0.020, | 0.025, |0.020, | 0.032, | 0.022,
0.039) | 0.032) | 0.031) | 0.023) | 0.028) | 0.022) | 0.038) | 0.031) | 0.026) | 0.034)
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Pair of 1 2 3 4 5 6 7 8 9
Alternatives

Al1-A2 N/F N/F N/F N/F N/F N/F N/F N/F N/F
Al1-A3 N/F N/F N/F N/F N/F N/F N/F N/F N/F
Al-A4 N/F N/F N/F N/F N/F N/F N/F N/F N/F
Al1-AS N/F N/F N/F N/F N/F N/F N/F N/F N/F
Al1-A6 N/F N/F N/F N/F N/F N/F N/F N/F N/F
Al1-A7 N/F N/F N/F N/F N/F N/F N/F N/F N/F
Al1-A8 N/F N/F N/F N/F N/F N/F N/F N/F N/F
Al1-A9 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A2-A3 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A2-A4 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A2-AS N/F N/F N/F N/F N/F N/F N/F N/F N/F
A2-A6 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A2-A7 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A2-A8 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A2-A9 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A3-A4 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A3-A5 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A3-A6 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A3-A7 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A3-A8 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A3-A9 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A4-AS N/F N/F N/F N/F N/F N/F N/F N/F N/F
A4-A6 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A4-A7 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A4-AS8 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A4-A9 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A5-A6 N/F N/F N/F N/F N/F N/F N/F N/F N/F
AS5-A7 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A5-A8 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A5-A9 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A6-A7 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A6-A8 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A6-A9 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A7-A8 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A7-A9 N/F N/F N/F N/F N/F N/F N/F N/F N/F
A8-A9 N/F N/F N/F N/F N/F N/F N/F N/F N/F
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N/F stands for non-feasible.
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