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India's landscape faces a complex interplay of various threats, from shaking ground to raging waters, with unpredictable
accidents and blasts adding to the mix. Traditional design, focused on individual hazards, falls short in this challenging
environment. We need this new approach of multi-hazard resilient design that considers the Multi-hazard matrix between
these threats and their effects. This approach requires understanding the dynamic ways that different hazards interact
across various regions. From the earthquake-prone mountains to flood-prone coasts, each zone needs a unique set of
mitigation strategies. Multi-hazard engineering acts as a method that combines various design principles, like
earthquake-resistant foundations, flexible materials, and backup systems such that it will ensure structures withstand the
diverse threats. Resilience is not just building strong but selection materials that adapt to different threats, connections
that resist diverse forces, and the systems that work together even when individual elements falter. This necessitates
performance-based design, where structures are designed to withstand varying intensities and combinations of threats.
This document provides practical recommendations, step by step process, Codal recommendations, software’s to be
used for multi-hazard resilient design, targeting infrastructure across India's diverse zones.

landmass is prone to landslides.
1. Introduction
Nestled amidst majestic mountains, vast plains, and sun-drenched

Driven by intensifying hazards, urban growth, and interconnected
societies, multi-hazard resilient design is rising as a critical need
[1]. It protects lives and infrastructure, minimizes economic losses,
fosters well-being, and aligns with sustainability, making it the key
to building safe, adaptable communities in the face of an
unpredictable future [3]. According to World metrological
organization an average of 2500 people die every year due to
natural hazards, Global terrorism database 1, 20,000 die due to
various human induced hazards. In India according to National
disaster management authority (NDMA) average of 60,000 people
die due to natural hazards .A report released by Economic times of
India 277 blasts occurred in 2021 and 284 in the year 2022.

The prevailing paradigm of single-hazard-oriented design codes
and standards, while demonstrably effective in specific contexts,
proves inadequate in addressing the multifaceted challenges of our
multi-hazard environment [3]. These siloed approaches often fail
to capture the intricate interplay and cascading effects of multiple
threats, leaving communities vulnerable to unforeseen scenarios
[24]. Consider, for instance, the limitations of flood-resistant
design in accounting for the increased susceptibility of weakened
structures to wind shear during storms [21]. Earthquakes
triggering floods compromising power grids, and heat waves
accelerating infrastructure deterioration are stark examples of the
intricate web of interconnected risks that necessitate a holistic
response [10].

1.1. Natural -hazard demography of India

coasts, India's geographical tapestry hides a perilous truth of a
multitude of natural hazards [24]. Earthquakes shake the

Himalayas, floods inundate the Ganges delta, cyclones batter the
east coast, and scorching heat waves bake the land [6]. For its 1.3
billion people, this is the reality of a multi-hazard democracy,
where the vibrant pulse of elections coexists with the constant
threat of nature's fury [4].
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According to national disaster management authority (NDMA), Fig. 1. Multi-hazard map of India (ref: Change Climate Risk
India has a 58.6% landmass is prone to earthquakes of moderate to Management Framework for India: Addressing Loss and Damage
very high intensity; 12% land is prone to flood and river erosion; (L&D)) 16 19

out of 7,516 km coastline, 5,700 km is prone to cyclones and
tsunamis; 68% of the cultivable land is vulnerable to drought, hilly
areas are at risk from landslides and avalanches, and 15% of the

1.2.  Human induced-hazard demography of India
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India's diverse landscape harbors a complex reality of blast
hazards, ranging from industrial accidents and natural disasters to
deliberate attacks [5]. Identifying areas at high risk is crucial for
safeguarding lives. Mapping these zones empowers authorities to
prioritize mitigation efforts, implement proactive measures, and
enhance preparedness [8].

Industrial zones and surrounding areas handling hazardous
materials like chemicals and refineries face a heightened risk of
explosions. Data from 2020 reveals over 150 such incidents,
concentrated in states like, Gujarat, and Andhra Pradesh [18].
These blasts have tragically claimed the lives of around 300 people
and left many more injured. Beyond pinpointing the blast zones
themselves, understanding the distribution of vulnerable
populations within these areas is crucial [18]. India's densely
populated cities, with over 50% of the population residing in urban
hubs like Delhi and Mumbai, often overlap with high-risk zone.
This overlap amplifies the potential impact of explosions [15].

Furthermore, the quality of infrastructure and building materials
plays a significant role . Aging infrastructure and buildings
constructed with unreinforced masonry raise concerns about
potential building collapses and widespread damage in high-risk
zones [12].

Finally, socio-economic factors like poverty and limited access to
healthcare exacerbate the vulnerability of marginalized
communities .Lack of awareness, evacuation resources, and post-
blast medical care disproportionately affect these groups, resulting
in higher fatalities and slower recovery times [11].

Technology plays a crucial role in navigating this complex
landscape. Remote sensing and Geographic Information Systems
(GIS) empower detailed mapping of hazard zones, vulnerable
infrastructure, and escape routes. This data visualization allows
authorities to prioritize mitigation efforts and develop targeted
emergency response plans [17].

Real-time data integration from sensors, weather stations, and
monitoring systems further enhances pre-emptive measures. Early
warning systems for landslides and gas leaks can save lives, while
real-time traffic data can aid in efficient evacuation during
emergencies [20-23].

Public communication and transparency are key aspects of
mitigating blast hazards [4]. Openly sharing hazard maps,
conducting evacuation drills, and providing educational materials
empower communities to prepare for and respond effectively to
explosions [13].

Mapping blast hazard zones in India is an ongoing process that
demands continuous updating and collaboration between
government agencies, researchers, and local communities. By
leveraging data-driven approaches, strengthening infrastructure,
and fostering community preparedness, India can build resilience
against the threat of blast hazards and minimize their devastating
impact on human life [2-7].

2. Importance of present study

In a world with increasing rate of natural and man-made disasters,
multi-hazard resilient design rises as a beacon of hope. This forward-
thinking approach equips buildings and communities to withstand a
spectrum of threats, from earthquakes and floods to explosions and

extreme weather, safeguarding lives and infrastructure [17-23]. By
prioritizing resilience through features like earthquake-resistant
structures, flood mitigation systems, and adaptable design, we can
build safer, more sustainable, and adaptable communities that can
weather the storms of an uncertain future. Let's embrace this crucial
approach and invest in a future where disasters disrupt lives less,
and communities rebuild with greater ease and hope [14].

3. Impact chain approach

Identify the hazard: The first step in any risk assessment is to
identify the hazard that is being assessed. This could be anything
from a natural disaster to a safety hazard in the workplace.
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Fig. 2. Impact chain approach [1-4]

Assess the exposure: Once the hazard has been identified, the next
step is to assess the exposure to the hazard. This means determining
how likely it is that people or property will come into contact with
the hazard.

Assess the vulnerability: The third step is to assess the vulnerability
of the people or property that is exposed to the hazard. This means
determining how likely it is that they will be harmed if they come
into contact with the hazard.

Calculate the risk: Once the hazard, exposure, and vulnerability have
been assessed, the risk can be calculated. The risk is simply the
product of the exposure and the vulnerability.

Evaluate the risk: Once the risk has been calculated, it must be
evaluated to determine if it is acceptable. If the risk is not acceptable,
then steps must be taken to reduce it.

Control the risk: If the risk is not acceptable, there are a number of
ways to control it. These include avoiding the hazard, reducing the
exposure, or reducing the vulnerability.

Monitor and review: Once the risk has been controlled, it is
important to monitor it to ensure that it remains at an acceptable
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level. The risk assessment should also be reviewed periodically to
ensure that it is still accurate.

4. Multi-hazard assessment strategies

4.1. Conquering the Cascade: Multi-Hazard Assessment Strategies for a
Resilient Future

Constructing a world where earthquakes, floods, and wildfires are no
longer isolated threats, but interwoven threads in a tapestry of
disaster [24]. This is the reality we face in the 21st century, where
climate change and interconnected infrastructure amplify the
dangers of multiple hazards striking simultaneously or in quick
succession [13-14]. To navigate this complex landscape, we need
multi-hazard assessment strategies: proactive plans that anticipate
the intertwined threats and build communities' resilience against
their combined wrath [9].

Selection of harards

4.3. Mapping Vulnerability

Not all communities are created equal in the face of disaster. Some,
burdened by poverty or inadequate infrastructure, are like dry tinder
waiting for a spark. Identifying these vulnerable populations and
critical infrastructure is crucial. It's about pinpointing the
communities nestled in floodplains, the hospitals dependent on
fragile power grids, and the schools with limited emergency exits
[17].

Table.1. Step-by-step process to mapping vulnerability
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Fig. 3.Technical framework for optimal assessment of structures under
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4.2. Identifying and Analysing Hazards

The first step understands the hazards. We must catalog the
potential hazards lurking in each region, from the earth-shattering
tremors of earthquakes to the fury of wildfires fanned by scorching
winds. Historical data, scientific models, and the wisdom of local
communities all contribute to this risk map [21].

But simply listing the dangers isn't enough. We need to analyze their
probability and intensity. How likely is a mega flood to engulf the
coastal city, what wind speeds will turn a summer brushfire,
Sophisticated computer models and statistical analysis help us
quantify these risks, creating a clearer picture of the potential threats
[22].

Stage Key Activities Tools and
Techniques
» Catalog potential hazards | « Hazard maps
Identify (natural, technological, | « Risk profiles
Hazards etc.) « Climate  change
» Analyze hazard probability projections
and intensity
« Consider future scenarios
« Map vulnerable | « Vulnerability
Assess populations and critical maps
Vulnerabili infrastructure « Exposure
ty and | ° Evaluate exposure levels to assessments
Exposure different hazards + Social
« Analyze social, economic, vulnerability
and environmental factors indices
« Identify critical | « Network analysis
Analyze infrastructure networks tools
Interdepen » Model cascading effects of | ¢ Scenario planning
dencies and hazard interactions exercises
Cascading » Assess secondary disaster | ¢ Damage
Effects potential estimation models
« Prioritize risk reduction | ¢ Mitigation plans
Develop measures (building codes, |  Early warning
Mitigation land-use planning) systems
and « Invest in early warning | « Emergency
Preparedne systems response protocols
ss « Strengthen emergency
Strategies response and  recovery
plans
5. » Put strategies into action | ¢ Public education
Implement Train communities and campaigns
and stakeholders « Drills and
Monitor * Monitor and evaluate exercises
effectiveness + Performance
» Update plans as needed measurements
+ Risk audits

4.4. Beyond the Sum of its Parts: Unveiling the Cascading Dance

But the true power of multi-hazard assessment lies in understanding
the interconnectedness of these threats [23]. A tremor might trigger
a tsunami, which in turn disrupts power lines, plunging hospitals
into darkness amidst rising floodwaters. This domino effect, known
as cascading impacts, can amplify the devastation far beyond what
any single hazard could inflict [21].

4.5. Building Walls and Bridges

We can craft mitigation and preparedness strategies that are not just
reactive but proactive. Imagine building codes that withstand not
just earthquakes but also the subsequent fires they might spark.
Think early warning systems that not only alert about floods but also
predict their potential cascading effects on power grids and
transportation networks [16].
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Investing in resilience means strengthening infrastructure,
diversifying communication channels, and empowering communities
through education and drills. It's about building not just walls
against individual hazards but bridges of preparedness that connect
communities across the intricate web of potential disasters [9-10].

4.6. Tools of the Trade: Technology for a Resilient Future

In this fight against the forces of nature, we are not alone.
Geographic Information Systems (GIS) allow us to visualize hazards
and vulnerabilities on interactive maps, aiding in planning and
resource allocation. Remote sensing satellites keep a watchful eye
from above, providing real-time data on unfolding disasters and
their aftermath. And risk assessment models crunch the numbers,
predicting the potential impact of different scenarios, helping us
prioritize and prepare [8].

4.7. From Paper to Practice: Real-World Examples of Multi-Hazard
Resilience

The Hyogo Framework for Action and its successor, the Sendai
Framework for Disaster Risk Reduction, are testaments to the
growing international recognition of the importance of multi-hazard
approaches. Cities like Rotterdam in the Netherlands and Kobe in
Japan are pioneers in implementing these frameworks, building
seawalls against floods while simultaneously fortifying infrastructure
against earthquakes [19].

4.8. The Road Ahead: A Resilient Future for All

Multi-hazard assessment is not a one-time endeavor, but a
continuous dance between understanding, adapting, and preparing.
By embracing this holistic approach, we can move beyond the fear of
the unknown and build communities that can weather the storms,
both literal and metaphorical, that the future holds.

Remember, resilience is not just about surviving, but about thriving
in the face of adversity. By working together, sharing knowledge, and
investing in preparedness, we can create a future where communities
stand united, not just against individual hazards, but against the very
symphony of threats that nature might orchestrate [11].

5. Design recommendation for multi hazard resilient building

India's complex landscape exposes structures to a diverse array of
natural and accidental threats. From earthquakes and floods to
cyclones and industrial accidents, buildings and infrastructure face a
high risk of catastrophic failure due to multiple, overlapping hazards.

The current design philosophy, primarily relying on load
combinations for individual hazards, proves insufficient in the face
of this multi-hazard reality. Ageing structures with reduced load-
bearing capacity further complicate the picture. Designing for the
"worst-case" scenario of a single hazard can leave structures
vulnerable to others. For instance, lightweight materials effective
against earthquakes might be disastrous in high winds, while heavy
blast-resistant designs could crumble under seismic forces [18].

A new approach is critical. We need to shift towards site-specific
multi-hazard assessment, considering the frequency, intensity, and
potential interactions of diverse threats. This demands performance-
based design; ensuring structures remain functional and safe
throughout their lifespan under various hazard combinations.

Redundancy and lifecycle considerations become key principles.
Critical systems require backups and multiple functionalities to
minimize single-point failures. Materials and structural elements
must be chosen with their long-term degradation in mind.

Specific hazard combinations demand tailored strategies. Structures
susceptible to both earthquakes and wind can benefit from passive
control devices like dampers or base isolation. Bridges in
earthquake-prone flood zones need revised approaches,
incorporating critical scour depth calculations and treating flood
scouring as an extreme hazard with return period-based calculations
[20].

Beyond earthquakes, industrial accidents and cascading post-blast
fire scenarios warrant specific safety measures and prescriptive
resistance factors to account for material degradation under fire
loads.

Embracing a multi-hazard approach is crucial for India's future
resilience. Site-specific risk assessments, continuous evolution of
design strategies, and building structures that can withstand the
storms, whatever they may be, are key. By doing so, we can protect
valuable infrastructure, safeguard lives, and ensure communities can
weather the challenges of a multi-hazard environment.

Conventional Structural Analysis and Design

Load scenario

s Gravity load Structural design

INITIAL

= Equivalent seismic/ wind/| = Buildings
blast load . Bridgea_
« Combinations FOS = Critical infrastructures,
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= Region, Zone, Climate,
Environment, etc.
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Fig. 4. Schematic to highlight augmentation of multi-hazard analysis
and design in the conventional design approach for structure and
infrastructure systems.

5.1. Designing Against the Double Threat: Earthquakes and Gusty Winds

Earthquakes and gusty winds are often treated as separate entities,
unlikely to strike simultaneously. Yet, this fails to capture the true
risk posed by their potential to inflict sequential or overlapping
damage. Existing design strategies, focusing on individual hazards,
can leave structures vulnerable to the unexpected.

The key lies in a shift towards multi-hazard design, acknowledging
the complex interplay between these threats [17].

Frequency Matching: The first step understands your structure's
modal properties. Structures with fundamental frequencies between
0.25 and 0.5 Hz are particularly susceptible to both earthquakes and
winds. These require special attention during the design process.

Control Device Choice: Passive control devices like dampers and
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base isolation offer valuable support against seismic forces.
However, their effectiveness often wanes under wind loads.
Conversely, stiffening elements like steel bracing excel against wind
but can amplify earthquake response. Choosing the right devices
becomes crucial, ensuring they benefit both scenarios, not just one.

Scenario-Specific Design: Ditch the one-size-fits-all approach.
Analyze the specific multi-hazard combinations likely at your
location. Design critical structures like high-rise buildings and
bridges with these scenarios in mind, tailoring materials,
components, and configurations to withstand the cumulative impact.

Modal Analysis: For dynamically excited structures, a thorough
modal analysis is essential. This helps identify potential resonances
where the combined forces of wind and earthquake could trigger
amplified, catastrophic vibrations. By understanding these
vulnerabilities, we can adjust the design to avoid them.

Performance Verification: Don't assume single-hazard control
devices will perform equally well in multi-hazard scenarios. Verify
their effectiveness under the specific combinations relevant to your
location. This could involve simulations, scaled models, or even full-
scale testing.

5.2. Building Bridges Against the Dual Deluge: Earthquakes and Floods

Bridges are lifelines, arteries pulsating with traffic, crucial for rescue
and recovery in the face of disaster [1-10]. Yet, these very structures
stand vulnerable to a two-headed hydra: earthquakes and floods.
Current design practices, often geared towards individual hazards,
fall short against this double threat. So Flood Scouring as Extreme
Hazard of Ditch the notion of flood scouring as a mere nuisance.
Recognize it as an extreme hazard demanding dedicated design
considerations. Treat it like earthquake forces are not just an
additional load, but a fundamental shift in the bridge's foundation.
Develop region-specific relations between flood discharge return
periods and scour depth calculations. This ensures scour estimation
aligns with the severity of expected flooding.

Critical Scour Depth: Beyond the Average, Don't settle for average
scour depths in your calculations. Introduce the concept of "critical
scour depth" that is the depth beyond which seismic vulnerability
dramatically increases. By incorporating this critical threshold, you
can avoid overly conservative designs for everyday floods while
pinpointing scenarios where earthquakes truly pose a risk.

Unified Load Approach: Bridge the gap between individual hazard
assessments and a holistic multi-hazard approach. Move beyond
simply combining individual load calculations. Develop limit-state-
based methodologies specifically tailored for the interplay of flood
scour and earthquake forces. This unified approach will provide a
more accurate picture of the bridge's overall resilience in the face of
both threats.

By embracing these recommendations, we can transform bridges
from vulnerable lifelines into fortresses against the dual onslaught of
earthquakes and floods. Remember, a bridge resilient against both is
a bridge that keeps hope afloat, connecting communities even when
disaster strikes.

5.3. Triple Resilience: Building for Earthquake, Flood, and Wind

India's coastal regions, from Andhra Pradesh to Pondicherry, face a
trifecta of natural peril: earthquakes, floods, and howling winds.
While their simultaneous occurrence might be rare, designing

buildings and critical infrastructure for this "triple threat" scenario is
crucial. Here is some steps build resilience against this potent combo
[19-23]:

Storm Surges: Beyond Gusty Winds: Don't underestimate the fury of
storm surges. These giant swells, accompanying cyclones, pose a
serious threat beyond high winds. Integrate their impact into coastal
design considerations, alongside gusty wind calculations.

Holistic Design Strategies: Siloed design for individual hazards won't
stand. Instead, weave together the threads of earthquake, flood, and
wind resistance into a holistic design tapestry. Use the combined
strategies outlined earlier - multi-hazard assessment, performance-
based design, redundancy, and lifecycle considerations - to craft
structures that weather the storm, whatever its form.

Site-Specific Solutions: No one-size-fits-all approach works for this
diverse coastline. Each location demands a customized blend of
design solutions. Analyze the specific hazard combinations prevalent
in your area, understanding their frequency, intensity, and potential
interactions. Tailor your design materials, components, and
configurations to withstand this unique "triple threat."

By embracing this multi-hazard design philosophy, we can transform
India's coastal regions from vulnerable landscapes to bastions of
resilience. Remember, preparedness against earthquake, flood, and
wind isn't just about individual storms or tremors; it's about building
a future where communities thrive, come rain, shine, or raging wind.

5.4. Design Recommendations for Cascading Explosions and Blazes

The specter of terrorism demands structures fortified against not just
explosions, but the fiery aftermath — post-blast fire (PBF). This
cascading threat can cripple everything from bridges to civilian
buildings, leaving a trail of devastation.

Current design codes fall short, treating blast and fire as isolated
events. We need a new paradigm: cascading multi-hazard design.
Here's how we can build resilience against the explosive-fire combo:

Prescriptive PBF Resistance Factors: Ditch the one-size-fits-all
approach. Introduce prescriptive PBF resistance factors specific to
materials and structural systems. These factors account for initial
blast-induced damage, reducing the capacity of structural members
to withstand the subsequent fire load. The factor should be intensity-
dependent, reflecting the severity of the blast and its impact on fire
resistance [13].

Demand and Capacity Interdependence: Recognize the intricate
dance between demand and capacity in PBF scenarios. Develop
separate load factors for both blast demand and the fire load that
follows, each influenced by the prior blast's intensity. For example, a
blast-weakened structure will experience heightened fire demand
due to increased flammability or compromised fireproofing.

Tailored Design Solutions: Forget cookie-cutter solutions. Site-
specific analysis is crucial. Understand the specific blast-fire threat
profiles unique to your location, considering frequency, intensity,
and potential interactions. Tailor your design materials,
configurations, and fire protection systems to withstand this specific,
localized threat.

Real-world Examples: Learn from existing case studies. The
Kosciuszko Bridge's blast and fire-resistant design offers valuable
insights for critical infrastructure. Research on RC wall panels
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exposed to PBF scenarios provides data for informed material
selection and reinforcement strategies.

5.5. Codal recommendations for multi hazard resilient design
a. General Multi-Hazard Design:

IS 4855: Guidelines for Earthquake Resistant Design of
Structures: Covers principles and practices for earthquake-resistant
design, applicable to other hazards with modifications.

IS 4855 Design Code Book: Guidelines for Multi-Hazard Analysis
and Design for Structures and Infrastructure Systems in the Indian
Context: Provides in-depth recommendations for analyzing and
designing structures considering multiple hazards like earthquakes,
floods, and cyclones.

b.  Guidelines for MultiHazard Analysis and Design Book

National Building Code of India (NBC): Offers general principles and
guidelines for multi-hazard resilient design, including site selection,
risk assessment, and load combinations.

c. Earthquake-Wind:

IS 1893 (Part 1): Criteria for Earthquake Resistant Design of
Structures: Defines seismic design requirements for various building

types.

IS 4326 (Part 1): Code of Practice for Wind Loads on Buildings and
Structures: Specifies wind load calculations and design
considerations.

IS: 15800: Wind and Seismic Load Combination for Buildings and
Structures: Guides on combining wind and earthquake loads for
design.

d. Earthquake-Flood:

IS 13935: Guidelines for Retrofitting Seismic Vulnerability of
Buildings: Offers retrofitting strategies for earthquake-prone
buildings.

1S 13935 Design Code Book: Central Water Commission (CWC) flood
management manuals: Provide flood hazard zoning and design
criteria for structures in flood-prone areas.

IS 6484: Code of Practice for Design and Construction of Water
Retaining Structures: Sets out standards for floodwalls, dikes, and
other water-retaining structures.

e. Triple Threat (Earthquake-Flood-Wind):

Indian Standard for Probabilistic Risk Assessment (PRA) of Civil
Infrastructure Systems: Introduces probabilistic approaches for
considering multiple hazards simultaneously.

IS 11798: Guidelines for Design and Construction of Foundations for
Offshore Structures: Offers guidance for structures exposed to
combined hazards in coastal areas.

Bureau of Indian Standards (BIS): publications on specific hazards:
Explore relevant codes for fire, blast, and other potential threats in
your location.

f Blast Loading:

IS 4991: Code of Practice for Blast Resistant Design of
Structures: Provides design principles and methods for structures
subjected to blast loads.

IS 4991 Design Code Book: DRDO guidelines for blast-resistant
design: The Defence Research and Development Organisation

(DRDO) publishes specific guidelines for military and high-security

structures exposed to blast threats.

Table.2. Codal Recommendations for various hazards

Hazard | Focus Area Codal Recommendations
Combi
nation
Frequency Design for modal frequencies in
Matching 0.25-0.5 Hz range
Control Device |Utilize dual-function devices
Choice effective against both wind and
earthquakes
E:li lfq Scenario- Analyze worst-case combined
Wind Specific Design scenarios for critical structures
Modal Analysis Identify potential resonance
points under combined
vibrations
Performance Validate device effectiveness
Verification under multi-hazard scenarios
Flood Scouring |Treat flood scouring as a distinct
as Extreme |design load, not just an
Earthq Hazard additional force
uake- Critical ~ Scour |Introduce "critical scour depth"
Flood Depth concept for seismic vulnerability
assessment
Unified Load |Move beyond individual load
Approach calculations
Triple Storm Surges Integrate storm surge impact
Threat alongside 'wind calculations in
(Earth coastal design
quake- Holistic Design | Weave earthquake, flood, and
Fl(.)Od' Strategies wind resistance into a unified
Wind) design approach
Prescriptive PBF | Introduce intensity-dependent
Resistance factors accounting for blast-
Factors induced damage and reduced
Cascad fire resistance
glf losi Demand and | Employ separate load factors for
ons Capacity blast and subsequent fire,
and Interdependence | considering blast-weakened
Blazes structural capacity
Tailored Design | Conduct site-specific analysis to
Solutions understand unique blast-fire
threat profiles

5.6. Software Tools for Multi-Hazard Resilient Design:

Multi-hazard resilient design demands sophisticated software tools
to analyze complex interactions between diverse threats and assess
the effectiveness of proposed mitigation strategies. Here's a glimpse
into some widely used software and their functionalities :

a) Open-Source Tools:
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Risk Changes: This cloud-based tool assists in multi-hazard risk
assessment, particularly at the local level. Its user-friendly interface
allows easy data input, vulnerability analysis, and risk reduction
evaluation.

Fast flood: Rapidly generates flood hazard maps based on user-
defined parameters like terrain, rainfall intensity, and drainage
networks. This open-source software helps visualize potential flood
extents and inform emergency preparedness.

Open Quake: A powerful platform for simulating earthquake ground
motion, accounting for fault geometry, rupture scenarios, and wave
propagation. Open Quake aids in seismic hazard assessment and
informs earthquake-resistant design.

b)  Commercial Software:

SAP2000: A versatile structural analysis software that can model
various building types and analyze their behavior under diverse
loads, including earthquakes, wind, and floods. SAP2000 helps
optimize structural design for multi-hazard resilience.

ETABS: Similar to SAP2000, ETABS is popular structural analysis
software capable of handling complex 3D models and analyzing their
response to multi-hazard scenarios. Its advanced features allow for
performance-based design and optimization of structural elements.

SAFE: Focused on fire dynamics and structural fire resistance, SAFE
simulates fire spread within buildings and assesses the thermal
behavior of structural elements. This software helps ensure
structures maintain stability and functionality during fire events.

CFX: This computational fluid dynamics (CFD) software simulates
fluid flow and pressure, making it valuable for analyzing storm
surge, flood inundation, and wind effects on structures. CFX assists
in designing coastal infrastructure and buildings to withstand
extreme weather events.

¢) Specialized Tools:

HAZUS-MH: Developed by the Federal Emergency Management
Agency (FEMA), HAZUS-MH is a risk assessment tool focusing on
natural hazards like earthquakes, floods, and hurricanes. It estimates
potential losses and aids in community preparedness and mitigation
planning.

XSTORM: This software specializes in analyzing tsunami impact on
coastal  structures and infrastructure.It simulates wave
propagation, run-up, and inundation, supporting the design of
tsunami-resilient coastal communities.

6. Evolution of design codes: probability-based multi-hazard
engineering

The way we design structures in India has undergone a fascinating
evolution, transitioning from rigid deterministic approaches to the
burgeoning realm of probabilistic multi-hazard engineering. This
journey reflects a growing appreciation for the inherent uncertainties
in loads, materials, and the very nature of hazards themselves [16-
19].

6.1. Early Days: Working Stress Method (WSM) and its Limitations

The Working Stress Method (WSM) formed the bedrock of early
structural design. It focused on limiting stresses within structures
under the worst-case combination of loads. However, WSM's
Achilles' heel lay in its disregard for uncertainties. This meant the

desired factor of safety (FOS) might not always be achieved,
potentially compromising structural integrity.

6.2. Limit State Method (LSM): A More Rational Approach

LSM ushered in a paradigm shift. It acknowledged the probabilistic
nature of loads and resistance, employing partial safety factors for
both. This resulted in a more rational and scientific design
procedure, addressing both strength and serviceability limit states.

6.3. Performance-Based Design (PBD): Tailoring Performance to Needs

With rising client expectations, PBD emerged as the next frontier. It
accounts for the probability of hazard occurrence, structural
behavior under varying intensities, and material/geometric
uncertainties to estimate structural vulnerability and associated risk.
This allows tailoring performance levels to specific needs. For
instance, a school might prioritize minimal damage, while a military
structure might aim for near-zero damage under anticipated design
forces.

6.4. Multi-Hazard Design: Beyond the Single Threat

While these advancements catered to single hazards, reality paints a
more complex picture. The probability of exceeding a limit state
under multiple hazards can be significantly higher than for a single
one. Studies have highlighted the need for joint probability of failure
analysis to accurately assess multi-hazard scenarios, such as
earthquake-wind combinations.

7. Conclusions

The tapestry of disaster in the 21st century is no longer woven with
single threads of earthquakes or floods, but with intricate knots of
interconnected hazards. To navigate this complex reality, multi-
hazard resilient design emerges as a beacon of hope. It transcends
siloed approaches, meticulously considering the intricate dance of
cascading threats and their cumulative impact on communities.

Moving beyond the limitations of deterministic design methods,
probabilistic multi-hazard engineering embraces the inherent
uncertainties lurking within loads, materials, and the very nature of
hazards themselves. This evolution paves the way for Performance-
Based Design (PBD), where structures are tailored to withstand
varying intensities of diverse threats, ensuring not just strength, but
adaptability and community resilience.

From earthquake-triggered tsunamis disrupting power grids to
industrial blasts igniting cascading infernos, multi-hazard
assessment becomes the cornerstone of proactive resilience. By
mapping vulnerabilities, analyzing critical infrastructure networks,
and modeling the domino effect of hazard interactions, we can
anticipate the symphony of disaster and build communities that can
weather the storm, both literal and metaphorical.

This is not just about fortifying buildings; it's about empowering
people. Through public education, drills, and accessible early
warning systems, we can foster a culture of preparedness that stands
united against the unpredictable forces of nature. By embracing
multi-hazard resilient design, we can rewrite the narrative of
disaster, transforming vulnerable communities into bastions of hope,
ready to rebuild not just infrastructure, but lives, with each passing
storm.



Evaluating the State-of-the-Art: A Review of Design Methodologies of Multi-Hazard Resistance
building

8. Reference

1 Vilas, Karen R., and Thomas J. Mander. "Building design and selection for
protection of critical assets." Process Safety Progress 42.3 (2023): 505-515.
2. Gu, Meng, et al. "Experimental and Numerical Study on Deflagration

Characteristics of Large-Scale Propane—Air Mixture." ACS Omega (2023).

3. Jia-pei, X. U., S. U. Qiong, and W. U. Hao. "Performance of uhpc-fst pier
column under near-range explosion." L& /)% 40 (2022): 1-1

4. Lu, Jianming, and Elizabeth M. Lutostansky. "Simplified approach for
making risk decisions in a fastClpaced business environment." Process
Safety Progress 41.4 (2022): 702-707.

5. Attia, Fatma, and Hamed Salem. "Applied element method[Obased blast[(]
resistant design of facade columns with limited standoff
distance." Structural Concrete 22.6 (2021): 3255-3271..

6. Vithal, Sushen, Susan Y Guo, and Sanjay Ganjam. "Location of temporary
buildings at LNG site based on quantitative studies." Process Safety
Progress 41.1 (2022): 36-51.

7. Yussof, Mustafasanie M., et al. "Numerical evaluation of dynamic
responses of steel frame structures with different types of haunch
connection under blast load." Applied Sciences 10.5 (2020): 1815.

8. Grounds, Cheryl, Mike Moosemiller, and James Kelly Thomas. "Historical
overview of facility siting." Process Safety Progress 39.3 (2020): e12185.

9. Lin, Kaiqi, et al. "Experimental study of a novel multi-hazard resistant
prefabricated concrete frame structure." Soil Dynamics and Earthquake
Engineering 119 (2019): 390-407.

10.  Roostaie, S., N. Nawari, and C. J. Kibert. "Integrated sustainability and
resilience assessment framework: From theory to practice." Journal of
Cleaner Production 232 (2019): 1158-1166.

11. Das, Sutapa, and Parthasarathi Mukhopadhyay. "Multi-hazard disaster
resilient housing with bamboo-based system." Procedia engineering 212
(2018): 937-945.

12.  Gerasimidis, S., et al. "Resilience of tall steel moment resisting frame
buildings with multi-hazard post-event fire." Journal of constructional
steel research 139 (2017): 202-219.

13.  "Numerical assessment of vibration control systems for multi-hazard
design and mitigation of glass curtain walls." Journal of Building
Engineering 15 (2018): 1-13.

14. Shahtaheri, Yasaman, Jesus M. de la Garza, and Madeleine M. Flint.
"Modular Preference Function Development Strategy for the Design of
Multi-Hazard Resilient and Sustainable Buildings." Congress on Technical
Advancement 2017

15. Quiel, Spencer E., Shalva M. Marjanishvili, and Brian P. Katz.
"Performance-based framework for quantifying structural resilience to
blast-induced damage." Journal of Structural Engineering 142.8 (2016):
C4015004.

16.  McKay, Aldo E., et al. "Multi-hazard design of facades: important
considerations of wind and seismic interaction with blast
requirements." Structures Congress 2015. 2015.

17. Biondini, Fabio, Elena Camnasio, and Andrea Titi. "Seismic resilience of
concrete structures under corrosion.” Earthquake Engineering &
Structural Dynamics 44.14 (2015): 2445-2466.

18.  Kameshwar, Sabarethinam, and Jamie E. Padgett. "Multi-hazard risk
assessment of highway bridges subjected to earthquake and hurricane
hazards." Engineering Structures 78 (2014): 154-166.

19. Echevarria, Alicia E., et al. The seismic, blast and fire resilience of
concrete-filled FRP tube (CFFT) bridge columns. Taylor & Francis Group,
2014.

20. Fouché, Pierre, et al. "Blast and earthquake resistant bridge pier concept:
retrofit and alternative design options." Structures Congress 2013:
Bridging Your Passion with Your Profession. 2013.

21. Li, Yue, Aakash Ahuja, and Jamie E. Padgett. "Review of methods to
assess, design for, and mitigate multiple hazards." Journal of Performance
of Constructed Facilities 26.1 (2012): 104-117.

22, Yankelevsky, David Z., Stephan Schwarz, and Yuri Karinski. "Theory and
practice in reducing the vulnerability of residential buildings subjected to
extreme loads-a multi hazard perspective." Applied Mechanics and
Materials 82 (2011): 3-14.

23.  Fujikura, Shuichi, and Michel Bruneau. "Experimental investigation of
seismically resistant bridge piers under blast loading." Journal of Bridge
Engineering 16.1 (2011): 63-71.

24.  Cimellaro, Gian Paolo, et al. "L’Aquila earthquake of April 6th, 2009 in
Ttaly: rebuilding a resilient city to multiple hazard." MCEER Technical
Rep.—MCEER-10 10 (2010).



