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% Introduction and Statement of the Problem

v" High seismicity in Iran and the need for an efficient transportation network for emergency response

v’ Rapid urban expansion and growth of metropolitan areas

v’ Lack of a comprehensive, system-based approach for evaluating risk and interrelations among
parameters

v’ Limited attention to social parameters in previous transportation risk studies

\ Influx of private and emergency vehicles on the streets

[N T =
3 A7 TR
TR SE SR
| A
.

Road blockages caused by debris from roadside structures  poaqd hlockages caused by debris from roadside structures




ﬁ\&. Main Research Objectives

TIIEES

v’ To develop a comprehensive system-based model for evaluating transportation
network risk and enhancing the resilience of urban systems.

v’ To assess the cascading effects of individual parameters on overall system

performance and risk.
v’ To analyze how different parameters affect transportation network risk and goals.

v' To integrate social parameters and human behavioral factors into the transportation

. risk assessment model.

v’ To provide a decision-support tool for authorities to prioritize the most effective risk
reduction interventions.




N Sample of past studies on system approach methods
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Considered

Author Objectives Methodology . Challenges
parameters/metrices

Tang et al. Evaluate long-term Using BNM by combining | 1 -Function Layer (Macro-level) |-Data Limitations

(2020) resilience 1.n urban . graph théow and 2-Quality Layer (Meso-level) -Ignorance of vulnerability of
transportation systems using | probability theory - fransportation infrastructures
a systems-based Bayesian 3-Factor Layer (Micro-level)
Network Model (BNM)

Wang et al. Assess resilience of urban System dynamic model 1-Organization Resilience -The SD model relies on expert

(2024) [10]

transportation systems
(UTS) over the long-term
using a system dynamics
(SD) model

2- Environment Resilience

3- Economic Resilience

4-Infrastructure and equipment

judgments and historical data,
introducing potential biases.
- Complexity of Interdependencies

resilience
Chopra et al. Assess transportation Graph based method Network connectivity metrics -limited real-time data
(2016) [7] network resﬂlenc? using (small-'world propertles, - The study focuses exclusively on
graph-based metrics clustering coefficient, global the metro system
efficiency) and resilience '
measures (redundancy, fracture
coefficient)
Zhang et al. Analyze the impact of Graph based method Connectivity (alpha, beta, -Computational complexity
(2015) network topology on gamma indices), network

transportation resilience

topology (grid, hub-and-spoke,

small-world), disruption
scenarios, recovery strategies.

- The study focuses mainly on
topological features while
neglecting other key parameters




r@&. Existing Challenges in Previous Studies

/IEES

BNM-based studies face uncertainties in expert judgments and require
complementary methods to address these limitations.

Dynamic methods require extensive data, complicated computations, and face
modeling and validation challenges

Graph-based studies also have limitations, as they mainly focus on transportation
topology while neglecting other critical aspects of network risk and resilience.

Several critical components of the transportation network are overlooked in each
study.




r@hase I: Proposed System Model for Transportation Risk Evaluation
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[ ) rr51:ep 3: Urban transportation
Step 1: Development of the Initial system modeling
UTSAH Structure Using AH a) Initial intra-level node
The AH framework was derived from linking
the literature to define the UTSAH | Experts independently identify
hierarchy '| intra-level links
\ y, b) Systematic refinement and
+ weight assignment using
4 ) expert knowledge and
Step 2: UTSAH Construction literature
Finalizing node inclusion using a ~ o
maodified Delphi approach . ¥ .

& )

Step 4: Analyzing UTSAH
Applying graph metrics to
identify influential parameters
and key bridging components

. for risk-reduction prioritization
":::'. \ T 4 \ J
N 1

b) Round 1 of Delphi method

designing questionnaire and
interviewing with experts

!
c) Round 2 of Delphi method
establishing expert panel,
discussing and finalizing
parameters
— -/
I 6

Finalized nodes

a) Preliminary parameters
Identifying initial UTSAH
parameters through literature
review

Identification of Risk
Mitigation interventions




@&_ Main Steps of Developing the System Model
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Step 1- Identifying Urban Transportation System Abstraction Hierarchy (UTSAH)
by forming an expert group

Level 1:
High level purposes of

transportation network The purposes of developing an urban transportation network

Level 2:

Essential criteria for achieving transportation network goals
Values & priority measures

\ Level 3:
Transportation network Risk-related subsystems of the transportation network
Sub-systems

Level 4:

Sub-system modules The modules that each subsystem is composed of

Level 5:
Module components The components that each module is composed of
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Level 1:
High level purposes
of transportation
network

Level 2:
Values & priority
measures

Level 3:
Transportation
0 network Sub-
' systems

Level 4:
Sub-system
\ modules
A (19 modules)

Level 5: Module
components (80
parameters)

Urban accessibility

Acceptable level

Travel safety and

) Social Well-being
security

Travel mobility

Economic
Development

Structural : Accessibility to .
of safety of Acceptable level . Public . y , Routing
. ) connectivity and different service s
transportation of service ] optimization
. centrality awareness centers
infrastructure
Transportation Response Functional Social Governance .
infrastruct capacit capabilit and polic Economy Environment
infrastructure pacity P Y vulnerability poficy
r
Main-road Road-related Roadside Roadside Emergenc-y Tools and
- - - transportation Preparedness .
infrastructure infrastructure infrastructure structures equipment
network
e Public Population | Human Safety Dlre.ct/mdlrect
and network | Availability of ITS . Management| Insurance | environmental
transportation d . -
. topology ensity and Security effect
. Trenches & Percentage of .
Bridges Tunnels slopes Power poles | Buildings debris g Road width

Network
accessibility

Infrastructure
quality control

—

Network
efficiency

Periodic
infrastructure
L health inspections

fatalities

Network
topology

Evacuation

. Insurance
planning

GDP per capita

training programs
for emergency
teams

+66 More
parameters

Experiences &
knowledge of
managers
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UTSAH: The Urban Transportation System Abstraction Hierarchy

LEVEL 1: GOALS
Abstract societal purposes

LEVEL 2: CRITERIA
Normative benchmarks

LEVEL 3: SUBSYSTEMS
7 dimensions of risk—the primary diagnostic layer

LEVEL 4: MODULES
Functional component groups

LEVEL 5: PARAMETERS
78 quantifiable, localized data points

131 parameters
interlocked in a
directed graph.

Damage at the
base (Level 5)
does not exist in
Isolation; it
bubbles up
through the
system'’s
hierarchy.
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G Main Steps of Developing the System Model

Step 3. Constructing inter-level adjacency matrices with expert-assigned weights and

mapping the system to visualize critical pathways and interdependencies.

Level 1: . . .
X ) o s Travel safety Urban Comfort s . Economic Urban Risk . Environmental Travel
};f:p:;:l Accessibility Human Mobility and Security & Livability Social Equity Development Management Public Health Sustainability Affordability
- =
Level 2: Safety of essibility of Structural .———~—P|‘ﬂiﬁffp Public Acceptable Level Equity in
Key performance Infrastructure Service Centers Conns 3 Transportation Awareness of Air/ Noise Disaster
criteria entrality Convivence Pollution Response
p—
Fiscal
Sustainability
-
e
Level 3: Tl s —
Tl_'nnspo ration Vulnerab lllt“:' of Response Functional Social Governance and .
Network Risk Transportation i i . Environment
i Capacity Capability Policy
| Subsystems | Infrastructure
—
—_— ___/-'
— ———
Leve_l 4: Pl;;)ll]a:l]?]l . El:o‘no:{:(‘: _. ;ra{ﬁc—Relatel:: Organization &
Sub-system ensity ustainability nvironmenta Management
modules systems Impacts
/4
/
/
J
/
/
i
— 74;
Level 5: Module ) Gas & Water 2d Blockage Cuntmllll.lg Prep:.lredness of essibility of Noise & Air
components Bridge § . Systems in Maintenance Emergency Pollution
Networks (dehris) E i
Mergency ds Teams Response Centers
- Network Tral?ﬁc ] Dlv.ersu:_v Of_ Population Percentage of Evacuation +60 more
Road Width . . Equipment and Public Transit k ‘s Insurance . parameters
Connectivity Density on Road Fatalities Planning
Infrastructure Modes 1 0



Urban Transportation Network Abstraction Hierarchy (UTSAH)

Strategic Purposes / \ System Values
Levels 1 & 2: e ‘ Thriving Economic ~_,, . Social
Top-Down Strategic Pestonmance (£og)) i / (el | = =
Goals & Resilience 4 4l ]
Level 3:
Prioritized Risk

° 0

Risk Reduction:
Emergency Networks

Environmental |

Context
\

Modst effgctive: ~
Dedicated emergency s
transportation network -,

_improves system connectivityJ

P =
fiis) o
4.5%
Risk Reduction:
Levels 4 &5: Demand Management
The Data Foundation : wlLll
Breaks subsystems into O/ i ——
measurable data points 4 ® 8 /0 Risk Reductloq.
(e.g., bridge health, Governance & Quality G
population density). s A4
Improves access:
Discouraging unnecessary
private vehicle use
gi%niﬁcantly lowers vulnerability: _Post-disaster.
n

anced construction supervision
& periodic inepections
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System Model of Transportation Network Parameters
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/IEES GRAPH-BASED ANALYSIS

Step 4: Two centrality measures, two system roles

Eigenvector Centrality (EC) Betweenness Centrality (BC)

A node is more influential if it connects to other Measures how often a parameter lies on the shortest

influential nodes — capturing recursive, system-wide paths connecting other parameters — a transmission

reinforcement. intermediary.

e Qutgoing EC - dominant risk drivers (where e High-BC parameters govern how risk spreads, not
disruption originates) where it originates

e Incoming EC - convergence points (where e Their failure fragments the network and disrupts
influence accumulates) coordination

Shortest paths through

Citlg) = (@) B )] » Gt weighted influence links
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o @ RESULTS — OUTGOING EC

Outgoing eigenvector centrality: dominant risk drivers

1
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Fig. 5 — Outgoing EC of model parameters (levels 2-4)

e Level 2: acceptable level of service, infrastructure safety, and route redundancy
e Level 3: transportation infrastructure, governance and policy, functional capability

e Level 4: organization & management and main-road infrastructure score highest — key sources of risk
propagation 14




ees @ ReEsuLTs — INcOMING EC

Incoming eigenvector centrality: convergence points

Urban Comfort and Livability I Provide an acceptable level of service

Responsa capacity —-{ Emergency Transportation network |
Urban risk management to hazards I Amessihi]]ty of different service centers | Social vulnerability | —-l Road geometry and network topology |
0.5 01
|-'| Economic Development | |—-| Efficient Transportation Management |
1 0s

Incoming EC

Fig. 6 — Incoming EC of model para

Social equity and environmental sustainability are the purposes
lowest incoming EC.
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(c) (d)

meters (levels 1-4)

urban comfort and livability and urban risk management to hazard are the purposes with highest incoming EC

(for developing transportation network) with
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L @ resuLTs — BETWEENNESS CENTRALITY

Critical transmission chokepoints
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Fig. 7 — Betweenness centrality of model parameters (levels 2-4)

e Emergency transportation network, organization & management, and road topology are key structural chokepoints
e Their disruption can fragment coordination and constrain alternative routing system
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IIEES VALIDATION
Monte Carlo sensitivity analysis (N = 100)

Link weights were perturbed within bounded limits; robustness was quantified via Spearman's rank correlation (p).

Values shown as median (P5—P95).

Level Node Incggmg Incoming | Incoming | Outgoing | Outgoing Outgoing BC BC BC
Number (Med) EC (PS) EC (P95) | EC (Med) | EC (PS) EC (P95) (Med) (PS) (P9S)
1 10 0.85 0.66 0.95 - - - - - -
2 13 0.67 0.51 0.89 0.83 0.68 0.93 0.32 -0.12 0.60
3 7 0.93 0.86 0.96 0.86 0.75 0.96 0.96 0.89 1.00
| 4 23 0.82 0.70 0.89 0.79 0.67 0.87 0.88 0.84 0.97
| s 78 - - - 0.61 0.48 0.71 - - -

Rankings are not very sensitive to moderate weight perturbation — centrality structure is primarily governed by
hierarchical topology, not exact expert weights.

17
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‘ HAZARD PROPAGATION — SCENARIO 1

Bridge degradation cascades upward through the hierarchy

Travel Affordability
Public Health

Environmental Sustainability

Urban risk management to hazards
Economic Development
Social Equity
Urban Comfort and Livability
Travel safety and security
Human mobility

Accessibility

e Level 4: main-road infrastructure -32.84%; emergency transportation network -8.14%

0 0.5

15

Efficient Transportation Management

Fiscal Sustainability

Equity in Disaster Response

Public awareness

Environmental criteria

Public transportation convivence
Redundancy and resilience of critical
Structural connectivity and centrality
Accessibility of different service
Social equity in access

Provide an acceptable level of service

Acceptable levels of safety of infrastructure

Intermodal Integration

Percentage in incomin EC change of Level 1 parameters

.
.
.
.
.
.
.
.
.

Percentage in incomin EC change of Level 2 parameters

Environment

Economy

Governance and policy

Social vulnerability

Functional capability

Response capacity

Transportation infrastructure

-5 0 5 10 15 20 25

Percentage in incomin EC change of Level 3 parameters

30

Traffic-Related Environmental
Economic sustainability

Accessibility and operational capacity
Finance and Resource Management
Human Resources

Organization and Management

Social cohesion

Human Life Safety and Security
Percentage of vulnerable people
Population density

Awareness and preparedness of people
Public transportation

Diversity of traffic control equipments
Road geometry and network topology
Availability of ITS

ICT & Energy infrastructures
Emergency transportation network
Tools and equipment

Preparedness

Roadside structure
Roadside infrastructure

Road-related infrastructure
Main-road infrastructure

-34 .32 .30 -28 26 -24-22 2018 -16-14-12-10 8 6 4 2 0 2

Fig. 8 — Impact of reducing bridge weight (near-zero) across levels 1-4

Percentage in incomin EC change of Leve 4 parameters

e Level 3: transportation-infrastructure vulnerability -4.54%, economy -3.50%, response capacity -2.71%

e Level 1 purposes shift only gradually — buffered by multiple parallel support pathways

18
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HEES @) HAZARD PROPAGATION — SCENARIO 1
Visualizing the cascade of bridge degradation

High Level Purposes

‘ Key Performance Criteria
(O Transportation Network Risk Sub-systems

(O Sub-system Module
O Module Components

Fig. 9 — (a) Baseline configuration (b) cascading effects of bridge degradation, highlighted in red
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JIEES Q RISK MITIGATION
From centrality metrics to candidate strategic interventions

Define Mitigation Objectives

Prevent Widespread Maintain System Strengthen Vulnerable
Cascading Effects Connectivity High-Level Goals

Target high Target high BC Identify low
Outgoing EC nodes nodes Incoming EC goals
e.g., Organization & Management, e.g., Emergency Transportation e.g., Social Equity — trace
Key Physical Infrastructure Network, Road Topology unique upstream pathways

Strengthen Critical Improve Emergency Network Targeted Strengthening
Infrastructure & Governance & Topological Resilience of Feeder Nodes

' Seismic.: retrofitting of bridges & tunnels ® Secure emergency route availability ¢ Expand spatial coverage of emergency services
* Enforcing emergency traffic management ® Increase redundancy & alternative links ® Improve access to hospitals & fire stations

eCpylasons ; ; * Diversify routes to reduce single-point failure e Reinforce limited upstream links
e Enforce construction quality standards

Fig. 11 — Graph-based framework for identifying risk-mitigation interventions

| Reduce cascading effects Il Preserve connectivity Il Strengthen weak goals
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JIEES (@) RISK MITIGATION

Three strategic intervention priorities

O Category |
Reduce cascading effects

e Seismic retrofitting of
vulnerable bridges & tunnels

e Strengthen organization &
management capacity

e Regularinfrastructure
inspections & quality control

° Category Il
Preserve connectivity

e Control systems & signage on
emergency roads

e Publicawareness of
emergency-route priority

e Increase route redundancy and
network topology

Category Il
Strengthen weak goals
e Add emergency service centers

in underserved zones

e Upgrade access roads to critical
service centers

e Designate multi-purpose
secondary emergency hubs

21



Phase II: Risk Quantification

Implementing the UTSAH Framework for Seismic Risk Assessment

131 5 7 22

Model Parameters Hierarchical Levels Risk Subsystems Interventions Evaluated

Building on EC & BC analysis - Quantifying zone-level seismic risk = Prioritizing interventions



Methodology Overview

-

-

Local data Step 1: Parameter quantification & normalization Level 5
field , fficient
: e 2 Collect and normalize Level 5 parameters (0.2-1.0 scale) coetticien
fragility curves) vector X 1,5
: %
: Hi i i Subsyst
USies Step 2: Hierarchical aggregation ubsystem
: . g : performance
B-matrices B-matrix propagation from Level 5 upward through hierarchy i dicators
i y i
SSF;)IIU%Z:? Step 3: Risk Index computation Zone-level
— - . . . Risk Ind
(all coefficients % deviation of computed SPI from ideal configuration I;SI Z'};‘;x
: =1.0) -
' * N
Step 4: Model implementation in study area Spatial risk
Case study data
maps
i y i
Shirvani . e e s - Spearman p
Harandi et al. Step 5: Model verification & sensitivity analysis ol A
(2024) model Compare with established model; Spearman p and RI reduction Robustness
X results evidence
i * N
. e e . Prioritized
Zone Rl values Step 6: Intervention prioritization risk reduction
Objectives Rank 23 interventions by average Rl reduction across study area strategy
(Table 3) )

Shirvani Harandi et al. | UTSAH Risk Assessment

|:| Methodology |:| Prioritization |:| Case study
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Step 1 (phase Il): Parameter Quantification & Normalization

Each parameter evaluated using a criterion reflecting local conditions

Normalization Scheme (for bridges as
example)

“

1 (worst) 0.2
2 04
3 0.6
4 0.8
5 (best) 1.0

Shirvani Harandi et al. | UTSAH Risk Assessment

Bridge Vulnerability Pavement Damage Population Density
on Roads

Method:
Fragility curves
(Avsar et al.; HAZUS)

Metric:
No. of collapsed /
damaged bridges per zone

Method:
Syner-G fragility curves

Metric:
% road length in extensive
damage state per zone

Method:
Occupancy model
(Coburn et al.)

Metric:
People per hectare
at time of earthquake

Method:
Questionnaire-based
survey (Delphi-validated)

Metric:
Qualitative scale:
Very high - Low

Method:
GIS-based model
(Mansouri et al.)

Metric:
% completely blocked
roads per zone

Social Cohesion Road Blockage Evacuation Facilities

Method:
Coverage radius
index (CRI)

Metric:
Available open space
per person (m?)

. Physical Infrastructure
. Social Vulnerability

. Response Capacity
. Governance & Policy

. Functional Capability
. Economy & Environment

24




Step 1 (phase Il): Parameter Quantification Criteria (Sample)

Each parameter assigned weight-reduction coefficients based on local conditions

Bridges No. collapsed/damaged bridges — fragility 0 1 ) 3 53
curves [1,2,3]
% road length in extensive damage state —
< 0, P 0, | 0, >1 0,
Pavement HAZUS & Syner-G [4,5] 0 5% 5-10% 10-15% 5%
Evacuation facilities Available open space per person (m?) [9] >3.5 3-3.5 2.5-3 2-2.5 <2
ER team preparedness Questionnaire-based survey Very high High Moderate Low Very low
Road width % roads <9m width / total road length [9] 0 0-10% 10-20% 20-30% >30%
Network connectivity Node degree [10] >2.6 2.45-2.6 2.3-2.45 2.15-2.3 2-2.15
Population density on roads People/hectare at time of EQ — occupancy <10 10-20 20-35 35-50 >50
model [15]
Evacuation planning Existence, qualltY & efl_‘ectlveness . CORISLSRElY Structured Basic Limited Emerging
questionnaire e
GDP per capita Nominal USD [38] >$50,000 $25-50k $10-25k $2.5-10k <$2,500
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Step 2: Hierarchical Aggregation via B-Matrices

Damage at Level 5 propagates upward through the hierarchy

Aggregation Formula
Level 1: High-Level Goals

i+1
B-matrix
Xl,i = ‘ ‘ Bk,k—l Xl,5 L= 1, 2, 3,4-
Level 2: Priority Criteria _5

f B-matrix XI,5 = Level 5 coefficient vector (reduction weights from Step 1)

B(k,k-1) = B-matrix encoding interdependencies between adjacent levels
Level 3: 7 Risk Subsystems X, ; = aggregated performance vector at Level i

B-matrix

&, Why B-matrices?
Level 4: 23 Modules
Unlike simple aggregation, B-matrices preserve the cascading structure:

B-matrix * damage at Level 5 propagates step-by-step, maintaining subsystem traceability.

* This directly connects the EC/BC analysis to quantifiable zone-level risk.
Level 5: 78 Parameters € Input i / E <

* The B-matrices are derived from the same weighted adjacency matrices.

XI5 Example: Bridge damage (L5, coeff=0.2) - Main road infra. degraded (L4) >
Infrastructure subsystem weakened (L3) - System performance

Shirvani Harandi et al. | UTSAH Risk Assessment



Level 1: g q q

. ) - - Travel safety Urban Comfort . . Economic Urban Risk . Environmental Travel
};:fr];:;:l Accessibility Human Mobility and Security & Livability Social Equity Development Management Public Health Sustainability Affordability

S i ——_—T"_-'__;i; — e e A —
_—— -
b e —— ¥ =
ays _,_._-—-—'—'_'_'_._._ Tl - A =
Level 2: Safety of ycressibility of Structural M ublic Public Acceptable Level Equity in
Key performance Infrastructure Service Centers || Connectivity & | TM Transportation Awareness of Air/ Noise Disaster
criteria _._,—Gmtﬁiﬁt?__——' Convivence Pollution Response
.
Level 3:
Transportation - - .
Network Risk Transportation . ]_*'um:l:u:.-r.la] . 50[2]:-1]. . Gor erna‘nce and Economy Environment
) Capacity Capability Vulnerability Policy
i Infrastructure
- — : — — - e e
- ! — T
e ————— T e
Leve_lei: II\fIam—Rﬂ:ﬂd | Pl;f-u]a‘tn:m . Ecu‘nu:l;(f .- ;ra{ﬂc—RelatET G

Sub-system nfrastructur, ensity ustainability nvironmental Rl e—

modules systems Impacts
|
Roadside Roadside +8 more Jr/
Infrastructure Structure parameters /
J‘Jr;f

i :_____::':;Z.;H_:_:___

Noise & Air

Level 5: Module . Controlling Preparedness of essibility of
Gas & Water . . c
cOmponents ) Systems in Maintenance Emergency Pollution
Networks i
Emergency ds Teams Response Centers
i
i
iL
Road Width Network rT:rafﬁc cof tm; pD;FrSIlq o Population Percentage of Insurance Lt ~00 more
Connectivity quipment an ublic Aransit Density on Road Fatalities Planning parameters
Infrastructure Modes




-1 0
- 0 o - 0 O
System Performance

Level 5:
Transportation Transportation Response Functional Social Governance and .
network Sub- ] e . . Economy Environment

Infrastructure Capacity Capability Vulnerability Policy
systems - v -
N =
P e v _
Level 4: Main-Road Road-Rela Preparedness Road Geome ailability of Population Economic Traffic-Related Organization &
Sub-system Infrastructuy Infrastruct arid Network TS Density Sustainability Environmental Management
modules systems Topology Impacts
Roadside Roadside Pabli Human Safety +8 more /
Infrastructure Structure ansportatior \w parameters f,r"
— - — "rf;
~ T— T Te— /!
—— A = —/
- —Z e
Level 5: Module Trenche Gas & Water Road Blockage Controlling Preparedness of Accessibility of Noise & Air
components pes Networks (debris) Systems in Maintenance Emergency Pollution
Emergency Roads Teams Response Centers
F
| /
1 v
Telecommunication Road Width Network Traffic Control Diversity of Population Percentage of Insurance +60 more
Systems Connectivity Equipment and Public Transit Density on Road Fatalities parameters
Infrastructure Modes
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Step 3: Risk Index Computation

% deviation from ideal system performance

System Performance Index (SPI)

4
SPIZ = W1X7 X ‘ ‘ Bk,k—l Xl,5
k=5
1X7—
w - [Wvul Wies W func Wecon Wso_vul Wgov Wenviron]
Weighted aggregation of 7 subsystem indicators.

Weights derived from the same Delphi expert process used to build UTSAH
adjacency matrices.

Risk Index (RI)

_ SPligeal = SPI,

RI
‘ SPIideaI

X 100

SPI_ideal: all Level 5 coefficients = 1.0 (full performance)

Larger Rl - greater departure from optimal - higher seismic risk
Standardized, comparable metric across zones & scenarios.

Level 1 = abstract societal purposes | Level 2 = normative criteria — neither directly quantifiable from earthquake damage data.

Level 3 subsystems are the highest practically measurable tier - directly linked to SPI.

29
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step 4: Implementing model in study area (District 4 of Qom city)




Location of Qom city and study area
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Step 4: Implementing Model in the Study Area (District 4 of Qom city)

Considered scenarios

To implement the model in the study area, an earthquake scenario with a return period of 475
years was considered for three different time periods:

02:00 a.m.

o)}

S
©

=

)]\

R\l

Low traffic

Ave

Moderate traffic

I\ g

Rl

L m) [ m D1 = Y Je w Y]

ITE@maC e

Peak traffic hours
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Step 4: Implementing Model in the Study Area

Estimation and Evaluation of Module Components (Level-5 Parameters) in the Study Area

Parameter Criterion Weight Reduction Coefficient
1 0.8 0.6 0.4 0.2
Number of collapsed/extensively damaged bridges at each
Bridges zone 0 1 2 3 3<
Tunnels Number of extensively damaged tunnels at each zone 0 1 2 3 3<
Ratio of the length of road segments in extensive or
complete damage state, to the total length of roads at
Pavement each zone using HAZUS fragility curves 0 5 5-10 10-15 15<
Ratio of the length of road segments alongside the
extensively or completely damaged retaining walls, to the <10 10-20% 20-30% 30-40
Retaining walls total length of roads at each zone 0
Gas networks Number of rupture points in gas pipelines at each zone 0 3> 3-6 6-9 9-12
Water and wastewater Number of rupture points in water and wastewater 0 3> 3-6 6-9 9-12
networks pipelines at each zone
Preparedness of maintenance |Questionnaire-based survey Very high High Moderate Low Very low
teams
Preparedness of traffic control |Questionnaire-based survey Very high High Moderate Low Very low
police
Preparedness of emergency |Questionnaire-based survey Very high High Moderate Low Very low
response teams
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Step 4: Implementing Model in the Study Area

Estimation of risk subsystems (level-3 parameters)

40 60

50
9 Vulnerability Sub-System gg Response Capacity Sub-System 4 Functional Capacity Sub-system
57
g 38 2 56 40
- = 55 =
=37 = 54 2 3
- =83 ]
E 36 g gi E a0
& 3 w50 g s
En 2 40 Y
- R 5
g 2
E 33 ?: 46 g 15
& » T 45 g 1
| Ay 44 o
I 31 43 = 5
Il 42
|III 30 . . 35 0
i ' : ’ : 1 2 3 4 5 € ! z 3 4 ; 8
IIIII Zone Number Zone Number Zone Number
| 5 . - 100 40
39 Social Vulnerability Sub-system gg Environment Sub-system gg Economy Sub-system
S 57 = % i
'2 ) L 73 g g(z)
= 2
= 55 2 & 8
- Z 60 - 26
[ g = z 24
Qs 2 50 a n
= sn 45 o 20
= £ 4 218
= 51 = 35 = 16
= ) g u
g £ 25 g 1
= 49 > &
z = 1 z 10
~ 10 - 8
47 5 6
0 }
45 1 2 3 4 5 6 0
1 2 3 4 5 6 Zone Number 1 2 3 a 5 6
Zone Number el

Percentage change of each subsystem in each zone relative to the ideal condition 34



Step 4: Implementing Model in the Study Area

Estimation of risk in each zone

Legend Legend

Legend

Zone Boundary ~——— Zone Boundary e '
Risk Index (%) Risk Index (%) oy nZdoenxe(g;))undar}
[183-85 [ 83-85 8385
[187-89 (b) [187-89 il
[189-91 [189-91 B 99-91
- -5 mm91-94
el i 9% I 94-96
I %6-1 B 96-1 g

Zone-level Risk Index across District 4 of Qom under three earthquake scenarios: (a)
6:00 p.m. (peak traffic), (b) 12:00 p.m. (moderate traffic), and (c¢) 2:00 a.m. (low traffic).
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Risk Index
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Step 5: Model Verification
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Step 6: identifying and prioritizing mitigation interventions:

How Were Interventions Selected?

EC & BC analysis from companion study = four intervention objectives

Prevent Cascading Effects

Basis: High OUTGOING EC parameters

-> Bridge strengthening, slope stabilization, pipeline resilience, roadside structure reinforcement, financial
capacity

Keep System Connected

Basis: High BC parameters

-> Developing an efficient emergency transportation network, road widening, infrastructure quality control &
periodic inspections

Graph-Based
Analysis

Strengthen Weak High-Level Goals = social equity
Basis: Low INCOMING EC parameters

EC + BC
of 131 parameters

-> Improved access to emergency response centers

Address Identified Weaknesses

Basis: Zone-level risk results (Section 3)

-» Public education & demand management, evacuation planning, network topology improvement, training
programs

Shirvani Harandi et al. | UTSAH Risk Assessment



Step 5: identifying and prioritizing mitigation interventions:

22 interventions ranked by average Risk Index reduction across study area

1. Emergency transportation network

11.4%

2. Public education & demand management 8%

3.Slope stabilization (Zones 4 & 5)

6.6%

4. Network topology improvement 5% Intervention Objective
5. Infrastructure quality control _ 4.8% . Strengthening Weak High-Level Goals
6. Emergency response centers access _ 4% Addressing Identified Network Weaknesses

7. Roadside structure reinforcement = Cascading Effects

4.16%

- Connectivity
8. Road widening

3%

9. Pipeline resilience (Zones 1,3,4,5) 3.3%

'% Evacuation planning development 2.6% 38

Shirvani Harandi et al. | UTSAH Risk Assessment



Key Conclusions

@ Traceable Risk Index

B-matrix formulation preserves cascading
structure across 5 hierarchical levels - zone-
level Rl is directly traceable to Level 5 parameter
conditions.

Outgoing EC - cascading interventions.

High BC - connectivity.

Low incoming EC - weak high-level goals. Zone
results - targeted weaknesses.

Infrastructure vulnerability (55%) and response
capacity (48%) dominate seismic risk.
Emergency transportation network absence =
largest single intervention impact (11.4%).

@ Decision-Support Tool

22 prioritized interventions across 4 graph-
grounded objectives provide a reproducible,
model-grounded basis for seismic risk
reduction.

Shirvani Harandl, V., Ghafory-Ashtiany, M., Komendantova, N. | Scientific Reports (under review)
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Results of limited model (by removing low centrality parameters))

Z.one Risk
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   𝑿  𝒍 , 𝒊 =  (   ∏  𝒌 = 𝟓  𝒊 + 𝟏   𝑩  𝒌 , 𝒌 − 𝟏 )  𝑿  𝒍 , 𝟓                                                     𝒊 = 𝟏 ,   𝟐 ,   𝟑 ,   𝟒


   𝑿  𝒍 , 𝒊  


   𝒙  𝒍 𝟓


    S P I Z =  W  1 × 7 ×  (   ∏  k = 5 4   B  k , k − 1 )  X  l , 5  


   𝑾  𝟏 × 𝟕


   𝒘  𝒗 𝒖 𝒍    𝒘  𝒓 𝒆 𝒔     𝒘    𝒇 𝒖 𝒏 𝒄    𝒘  𝒆 𝒄 𝒐 𝒏    𝒘  𝒔 𝒐 _ 𝒗 𝒖 𝒍    𝒘  𝒈 𝒐 𝒗    𝒘  𝒆 𝒏 𝒗 𝒊 𝒓 𝒐 𝒏 ]


  R  I z =   S P  I  ideal − S P  I z  S P  I  ideal × 100

