-
i

Kharazmi University

Journal of Engineering Geology OPEN ACCESS
Journal home page https://jeg.khu.ac.ir Online ISSN
2981-1600

Seismic risk assessment and zoning in urban environments using spatial
multi-criteria analysis: a case study of Manijil, Iran

Manoochehr Mortazavi Chamchali'®, Ghazaleh Mohebbi Tafreshi?, Amin Mohebbi Tafreshi®

1. Department

of Civil
manoochehr.mortazavi@iau.ac.ir

Engineering,

Lahijan Campus, Islamic Azad University, Lahijan, Iran. E-mail:

2. Department of Applied Geology, Faculty of Earth Science, Kharazmi University, Tehran, Iran.
3. Groundwater Consultant, Basic Studies Office of Water Resources, Alborz Regional Water Company, Karaj, Iran.

Article Info

ABSTRACT

Article type:
Research Article

Article history:

Received 8 February 2026

Accepted 26 May 2026

Keywords:

Earthquake risk, Manjil, GIS,

AHP, Fuzzy
Gamma.

logic,

Fuzzy

Situated in northern Iran, Manjil City faces significant seismic risk due to its proximity to
active fault systems and its role as a corridor for critical regional infrastructure. Past
catastrophic events have emphasised the need for robust spatial risk assessment to mitigate
the impact on people, the economy and infrastructure. This study presents a comprehensive
seismic risk assessment and spatial zonation for Manjil, employing an integrated multi-
criteria evaluation approach that couples Geographic Information Systems (GIS), the
Analytic Hierarchy Process (AHP) and fuzzy logic. Risk was modelled as a function of
the interaction between seismic hazard potential and spatial vulnerability. Vulnerability
indicators, including residential density, land use patterns and critical urban infrastructure,
were standardized and weighted using the AHP framework. Our findings suggest that
high-density residential areas primarily contribute to urban vulnerability, whereas critical
infrastructure components play a disproportionately vital role in emergency response
scenarios.. In the hazard assessment, a range of proxies were analyzed, including proximity
to faults, fault density, peak ground acceleration (PGA), active tectonic indices,
topographic slope, and lithological characteristics. These parameters reveal heightened
hazard levels in zones adjacent to active faults. By applying fuzzy membership functions
and a gamma operator (y=0.9), we generated an integrated earthquake risk map, classified
into five vulnerability tiers ranging from ‘very low’ to ‘very high’ Spatial analysis revealed
four distinct high-risk focal zones within the urban footprint, driven by the convergence
of elevated seismic hazards and dense concentrations of residential and critical
infrastructure. This research demonstrates the efficacy of the GIS-AHP—Fuzzy integration
in providing a reliable, data-driven framework for evidence-based urban planning and
proactive seismic risk management in seismically prone areas.

Introduction

framework for risk assessment. The present study
applies a hybrid GIS-AHP-Fuzzy model to evaluate

Earthquakes are among the most destructive natural
hazards worldwide, particularly in tectonically active
regions such as Iran, which lies within the Alpine—
Himalayan seismic belt. In densely populated urban
environments, the consequences of earthquakes extend
beyond physical destruction, triggering severe social
and economic disruptions due to the concentration of
population, infrastructure, and critical urban functions.
Understanding the spatial distribution of seismic risk
and identifying the most vulnerable zones are therefore
essential for disaster management and sustainable
urban  planning. Seismic risk is  generally
conceptualized as the interaction between hazard and
vulnerability. Given the spatial nature of these
components, Geographic Information Systems (GIS)
combined with Multi-Criteria Decision-Making
(MCDM) approaches—such as the Analytic Hierarchy
Process (AHP) and Fuzzy logic—provide a powerful

and map earthquake risk in the city of Manjil, a
seismically active urban area in northern Iran heavily
affected by the 1990 Rudbar—Manjil earthquake.

Materials and Methods

The study employed spatial data layers to represent
both seismic hazard and urban vulnerability. Hazard
indicators included fault buffer and density, peak
ground acceleration (PGA), slope, geological
conditions, and the index of active tectonics (lat).
Vulnerability indicators comprised residential and
population density, critical land-use types (hospitals,
administrative, educational, and military centers), and
lifeline infrastructures (roads, energy pipelines, power
transmission lines, and railways). Each criterion was
standardized and reclassified in ArcGIS 10.8. Relative
weights were assigned using the AHP based on expert
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pairwise comparisons, and the resulting consistency
ratios confirmed the reliability of the weighting
process. All standardized layers were integrated by
applying a fuzzy membership transformation (0-1
scale), followed by the Fuzzy Gamma operator (
v =0.9) to produce the final composite risk map.
Model validation was performed through spatial
comparison with geological, geotechnical and urban
land use data. A sensitivity analysis was also
performed to test model stability under small
variations in weights.

Results and Discussion

The results suggest that residential density makes the
greatest contribution to overall vulnerability (weight =
0.425), followed by critical land uses and energy
corridors. In the hazard component, proximity to
active faults, high PGA zones and soft alluvial deposits
significantly increases seismic risk. The final risk map
categorises the city into five risk levels, ranging from
very low to very high. Four major high-risk zones were
identified in the central and older urban districts where
high population density, narrow streets and aged or
weak structures coincide with faults and critical
infrastructure. The clustered pattern of risk observed in
Manjil is explained by spatial overlap between hazard
and vulnerability. Qualitative validation confirms that
high-risk areas correspond well with seismically

fragile geological formations and densely populated
areas. Sensitivity analysis showed that the model is not
greatly affected by minor weight alterations, ensuring
consistency with previous studies and robustness.

Conclusions

This research demonstrates that integrating
geographic information systems (GIS), analytic
hierarchy process (AHP) and fuzzy logic constitutes an
effective multi-criteria framework for urban seismic
risk assessment. The findings show that the earthquake
risk in Manjil arises from a combination of geological
conditions and the spatial distribution of urban
vulnerability. The resulting risk map highlights spatial
asymmetry in hazard exposure and emphasises the
need for targeted mitigation policies. Priority actions
include retrofitting old residential buildings, protecting
vital infrastructure and access routes, and revising
emergency response plans based on the identified
high-risk zones. Despite limitations arising from the
use of static socio-demographic data and the absence
of detailed geotechnical information, the proposed
model offers municipal planners and disaster managers
a valuable spatial decision-support tool. Future work
should integrate higher-resolution geotechnical and
demographic data, dynamic population models and
advanced machine learning algorithms to improve the
accuracy of predictions and assessments of urban
resilience against future seismic events.
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Fig. 2. Hierarchical structure used to determine earthquake risk in urban areas
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Table 1. Pairwise comparisons of the main criteria of the vulnerability component

. .. . Power
Vulnerability Resfld Critical OI! anq gas transmission Railways | Roads | Weight
ential land uses pipelines .

lines
Residential 1 3 3 5 5 7 0.425
Critical land uses 1/3 1 1 3 3 5 0.191
Oil and gas pipelines 1/3 1 1 3 3 5 0.191
Power transmission lines 1/5 1/3 1/3 1 1 3 0.78
Railways 1/5 1/3 1/3 1 1 3 0.78
Roads 1/7 1/5 1/5 1/3 1/3 1 0.037
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Table 2. Pairwise comparisons of sub-criteria of the road main criterion

Road Freeway | Highway | Grade 1 artery | Grade 2 artery | Weight
Freeway 1 3 5 7 0.565
Highway 1/3 1 3 5 0.262

Grade 1 artery 1/5 1/3 1 3 0.118
Grade 2 artery 1/7 1/5 1/3 1 0.055
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Table 3. Pairwise comparisons of sub-criteria of the residential density main criterion

residential density | High density | Medium density | Low density | Weight
High density 1 5 7 0.649
Medium density 1/5 1 3 0.279
Low 1/7 1/3 1 0.072
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Fig. 5. Combining the main criteria and generating the quantitative vulnerability component map
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Table 4. Values of measured indicators and level of tectonic activity in the study area

Basin no. Hi R Bh = Dd Aa SL lat lat class
6 0.07230 0 30.044 0.57820 2.19752 0 142.621 3 4
12 0.14926 0 59.939 0.35800 6.23406 0 157.883 3 4
17 0.09950 0 40.595 0.94159 3.49270 0 145.507 3 4
22 0.41471 2.50 163.467 0.98606 3.12216 0 268.738 2.57 4
23 1.00000 0.71 391.367 0.24276 7.43771 1.21 278.973 2 3
26 0.19423 0 77.406 0.09845 13.48214 0 154.806 2.71 4
46 0.09489 0 38.801 0.90064 1.54474 0 135.839 3 4
58 0.24738 0.40 98.071 0.26983 4.80597 0.36 169.714 2.86 4
64 0.41845 0.21 164.701 0.23976 6.73261 0.37 210.382 2.57 4
65 0.17454 0.33 69.76 0.67234 4.27883 0.25 162.749 3 4
66 0.07921 0 32.72 0.55511 4.02361 0 146.562 3 4
67 0.10743 0 43.676 0.58427 6.39053 0 151.538 3 4
83 0.15211 0.75 61.088 0.30698 6.27951 0.38 171.881 2.86 4
85 0.11897 0 48.183 0.33517 3.77475 0 162.801 3 4
86 0.10360 0 42.203 0.41517 4.85071 0 156.788 3 4
93 0.09444 0 38.664 0.27583 4.50504 0 162.257 2.86 4
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