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Abstract 

Floods pose a significant threat to human life, infrastructure, and economic stability in developing 

nations like Pakistan, where a 1% increase in floods correlates with a 0.44% decrease in livelihood and 

a 1.947% rise in poverty levels. With approximately 20% of its land area and 40 million people exposed 

to flood risks annually, there is an urgent need for robust flood risk assessment tools. Effective flood 

vulnerability functions are essential for formulating data-driven disaster management policies and 

enhancing the flood resistance of buildings. However, existing global models fail to capture Pakistan’s 

unique flood dynamics, necessitating the development of localized models. This study synthesizes global 

methodologies and integrates secondary data to create reliable tailored flood vulnerability functions. 

The research reveals a non-linear relationship between flood depth and damage across various building 

materials, with mud structures experiencing 82.5% damage at 0.5 meters and complete failure at 1.5 

meters, while concrete structures show only 3.5% damage at 0.5 meters and a maximum of 65.9% at 3 

meters. Additionally, the study highlights that prolonged flooding increases damage by 30-50%. 

Recommendations include prioritizing reinforced concrete in construction and implementing 

comprehensive flood risk management plans to enhance structural resilience and community safety in 

flood-prone regions. 

Keywords: Environmental Impacts; Hydroponic system; LCA; Sustainability; Water Supply; 

Water Reuse.

1. Introduction 

Floods pose a significant threat to human 

life, infrastructure, and economic stability, 

particularly in developing nations like Pakistan [1]. 

1% increase in floods leads to a 0.44% decrease in 

livelihood and 0.31% decrease in economic status, 

resulting in a 1.947% increase in poverty level [2]. 

With approximately 20% of its land area and 40 

million people exposed to flood risks annually, 

Pakistan faces an urgent need for robust flood risk 

assessment tools [3]. Effective flood vulnerability 

functions are critical for several reasons: they 

support the formulation of data-driven disaster 

management policies, quantify potential damage to 

prioritize resource allocation for flood-prone 

regions, and enhance the flood resistance of 

buildings and infrastructure through targeted 

interventions [4]. However, current global 

vulnerability functions, while well-established, fail 

to capture Pakistan’s unique flood dynamics, 

construction practices, and socio-economic 

conditions. Therefore, developing localized models 

is essential to directly address these gaps and 

improve the country’s resilience to flooding [5]. 

Flood vulnerability assessments play a 

crucial role in quantifying the potential damage 

inflicted by floods on buildings, infrastructure, and 

human settlements [6], [7]. These assessments 

typically express damage as a percentage of the 

total structural or economic value of an asset, 

considering various flood parameters such as depth, 

duration, and velocity. While vulnerability 

functions are widely utilized in developed 

countries, their application in developing regions 

like Pakistan is limited due to several constraints. 

One significant challenge is the heterogeneous 

construction practices across rural and urban areas, 

which vary greatly in building materials and 

structural designs. Additionally, Pakistan's 

monsoon-driven flooding leads to prolonged and 

widespread inundation, resulting in unique impacts 

that differ from the flash floods or storm surges 

experienced in other regions [8]. Compounding 

these issues is the lack of comprehensive historical 

flood damage data in Pakistan, which complicates 

the development of empirical models. To address 

these challenges, this study synthesizes global 

methodologies, adjusts them for Pakistan’s local 

context, and integrates secondary data to develop 

reliable vulnerability functions tailored to the 

country's specific needs [9], [10]. 

The development of flood vulnerability 

functions has evolved significantly over the 
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decades, beginning with early models that primarily 

focused on depth-damage relationships [11]. 

Pioneering work by the U.S. Army Corps of 

Engineers [12] and the Federal Emergency 

Management Agency [13] laid the groundwork for 

these models, which provided standard depth-

damage curves for residential, commercial, and 

industrial buildings in the United States. Since then, 

global advancements have led to the emergence of 

more sophisticated approaches, including multi-

parameter models that incorporate variables such as 

flood velocity, duration, and contamination, 

thereby offering a more nuanced understanding of 

flood impacts [14]. Additionally, countries like 

India and Malaysia have developed region-specific 

models that reflect their unique building practices 

and flood characteristics, as evidenced by studies 

conducted by [15] and [16]. Despite these 

advancements, Pakistan remains underrepresented 

in flood vulnerability research, highlighting a 

critical gap in the literature. This study aims to 

address this gap by combining insights from 

established global models with necessary region-

specific adjustments, ultimately contributing to a 

more comprehensive understanding of flood 

vulnerability in Pakistan. 

Flood damage parameters are critical in 

understanding the extent of destruction caused by 

flooding events. Among these, flood depth is 

recognized as the most significant determinant of 

damage severity [8], [17]. Numerous studies have 

established a non-linear relationship between flood 

depth and damage, indicating that structures made 

of mud and brick experience exponential increases 

in damage when depths exceed 1 meter [13], [18]. 

In addition to depth, the duration of flood exposure 

plays a crucial role in exacerbating damage. 

Prolonged exposure to floodwaters leads to material 

degradation, particularly in mud and brick 

structures. Damage percentages can increase by 30-

50% for floods lasting more than 10 days compared 

to shorter events, underscoring the importance of 

duration in flood impact assessments [19]. 

Furthermore, flood velocity introduces additional 

inertial forces on structures, significantly increasing 

the likelihood of collapse [20]–[22]. Research by 

the Ontario Ministry of Natural Resources (OMNR, 

1997) established that masonry buildings face 

considerable risks when flood velocities exceed 1.5 

m/s, particularly when combined with high water 

depths [23]. 

The type of building materials used in 

construction significantly influences a structure's 

vulnerability to flooding. Mud buildings, which are 

prevalent in rural Pakistan, are particularly 

susceptible to complete structural failure even at 

shallow flood depths of less than 1 meter [24]. [25] 

attributed this vulnerability to the lack of 

reinforcement and the inherent water-absorbent 

properties of mud, which compromise structural 

integrity. In contrast, brick structures exhibit 

moderate resilience; however, they are not immune 

to damage [26]. Prolonged exposure to floodwaters 

can lead to mortar degradation, necessitating 

improved mortar compositions to enhance flood 

resistance [27]–[29]. Concrete, while recognized as 

the most resilient building material, is not without 

its vulnerabilities. Concrete structures can suffer 

long-term damage from prolonged exposure to 

floodwaters or poor drainage conditions, leading to 

risks of cracking and structural weakening due to 

trapped moisture [30]–[33]. Collectively, these 

studies underscore the importance of considering 

both flood damage parameters and building 

materials in assessing flood vulnerability and 

developing effective mitigation strategies. 

Existing flood vulnerability models, such as 

those developed by the U.S. Army Corps of 

Engineers (USACE) and the Federal Emergency 

Management Agency (FEMA), are inadequate for 

Pakistan due to several key limitations. Firstly, 

these models often focus on materials that are 

uncommon in the region, such as wood and steel, 

neglecting the prevalent use of mud and brick. 

Secondly, they fail to integrate local conditions, 

such as prolonged monsoonal flooding and the lack 

of effective flood defenses. Additionally, most 

studies lack empirical validation within Pakistan, 

reducing their reliability for local applications. This 

study addresses these gaps by developing flood 

vulnerability functions specifically tailored to 

Pakistan, utilizing locally relevant materials and 

conditions to enhance the accuracy of flood risk 

assessments. 

2. Methodology  

The methodology for this study was 

structured into several systematic phases, beginning 

with comprehensive data collection from diverse 

sources to inform the development of flood 

vulnerability functions. Secondary data were 

sourced from established global models, including 

those developed by the Federal Emergency 

Management Agency [13] and the U.S. Army 

Corps of Engineers [12], as well as European depth-

damage functions that provide foundational 

insights into flood impacts. Additionally, regional 

studies from India and Malaysia, which have been 

adapted to South Asian contexts [15], [16], were 

incorporated to enhance the contextual relevance of 

the models. Local data sources included historical 

flood records, construction typologies, and socio-
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economic data obtained from various Pakistani 

government agencies, ensuring a robust dataset 

reflective of the local environment. 

In the parameter selection phase, four critical 

parameters were identified for analysis: depth, 

which was quantified on a scale ranging from 0 to 

3 meters; duration, categorized into short (<10 

days) and long (>10 days) flood events; velocity, 

measured in meters per second (m/s) with 

thresholds established as low (<0.8 m/s), moderate 

(0.8–1.5 m/s), and high (>1.5 m/s); and building 

materials, focusing on mud, brick, and concrete, 

which collectively represent over 90% of the 

structures in Pakistan. 

The development of vulnerability functions 

involved a multi-step approach. Depth-damage 

relationships were derived empirically for each 

identified material type through statistical analysis of 

historical damage data, allowing for the 

establishment of damage curves that reflect the 

unique characteristics of local construction practices. 

Furthermore, the integration of duration and velocity 

parameters was accomplished using multi-variable 

regression models, which facilitated the examination 

of their combined effects on structural damage. This 

approach enabled the identification of interaction 

effects between the parameters, providing a more 

nuanced understanding of flood vulnerability. 

3. Result and Discussion 

The study revealed a non-linear relationship 

between flood depth and damage percentage across 

different building materials: 

3.1.1  Mud Structures 

• At 0.5 meters, 82.5% of structural damage was 

observed as shown in Fig. 1, increasing sharply 

to 95% at 1 meter [34]–[36]. 

• Complete structural failure (100% damage) 

occurred at a depth of 1.5 meters, indicating 

extreme vulnerability to shallow flooding [37]–

[39]. 

3.1.2 Brick Structures 

• Moderate resilience was noted up to 1 meter 

(58% damage) [40]–[42], but damage escalated 

to 83% at 2 meters and 95% at 3 meters as 

shown in Fig. 2. 

• Beyond 3 meters, damage plateaued, with 

almost all structures sustaining near-total 

damage. 

 

Fig. 1: Flood damage function for Pakistan based on 

Mud 

 

Fig. 2: Flood damage function for Pakistan based 

on bricks 

3.1.3  Concrete Structures 

• At 0.5 meters, only 3.5% damage was recorded 

[43]–[45]. 

• At 2 meters, damage rose to 32.5%, 

significantly lower than mud or brick buildings 

under similar conditions as shown in Fig. 3 

[46]. 

• Maximum damage of 65.9% was observed at 3 

meters, suggesting that reinforced concrete 

buildings maintain partial functionality even 

during severe flooding. 

 

Fig. 3: Flood damage function for Pakistan based 

on concrete 
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3.2 Duration Impacts 

Flood duration amplified damage across all 

building materials, with prolonged inundation (>10 

days) resulting in substantial increases as shown in 

Fig. 4: 

• Mud Structures: Damage surged to 100% at 

depths as shallow as 0.25 meters, compared to 

82.5% in short-duration floods [47]. 

• Brick Structures: Prolonged flooding increased 

damage by an average of 20%, with total 

structural compromise occurring at 2.5 meters 

[48]–[50]. 

• Concrete Structures: While generally resilient, 

prolonged exposure led to micro-cracking, 

water seepage, and eventual reinforcement 

degradation. Damage increased from 32.5% to 

44.5% at 2 meters during extended flooding 

[51]–[53]. 

 

Fig. 4: Flood Damage Functions for Pakistan based 

on Duration for Mud, Bricks and Concrete 

3.3 Velocity-Damage Relationships 

Flood velocity was a critical factor in 

structural damage, particularly for mud and brick 

buildings as shown in Fig. 5: 

3.3.1  Mud Structures 

• At velocities exceeding 1 m/s, 90% damage 

was recorded, even at shallow depths [54]. 

• Collapse occurred at velocities >1.5 m/s due to 

loss of cohesion in the mud [55]. 

3.3.2  Brick Structures 

• High-velocity floods caused significant 

scouring at the foundations, leading to 100% 

damage at depths exceeding 1 meter when 

combined with velocities >1.5 m/s [56]–[58]. 

3.3.3  Concrete Structures 

• While more resilient, structural issues such as 

foundation scouring and lateral displacement 

were observed at velocities >1.5 m/s. However, 

collapse was not recorded in any case, 

indicating superior durability [59]–[61]. 

 

Fig. 5: Flood damage functions based on velocity 

and no. of stories 

4. Discussion 

The results confirm that flood depth is the 

primary determinant of damage severity, aligning 

with global studies [18]. Mud structures exhibited 

exponential damage escalation at shallow depths, 

with 100% damage occurring at 1.5 meters. This 

highlights the inadequacy of mud as a primary 

construction material in flood-prone regions. 

Brick structures followed a more linear 

damage progression, but their reliance on mortar 

joints for structural integrity made them susceptible 

to degradation with increasing depth. Concrete 

structures, in contrast, demonstrated a non-linear 

but slower damage progression, emphasizing their 

utility in mitigating flood risks. 

The implications are clear: construction 

practices in Pakistan must shift from vulnerable 

materials (mud, brick) to more resilient options 

(reinforced concrete) in flood-prone areas. 

4.1 Role of Duration in Amplifying 
Damage 

Flood duration exacerbated damage across 

all building materials [62], but the extent varied: 

4.1.1  Mud Structures 

• Completely failed under prolonged exposure, 

even at shallow depths. This vulnerability 

arises from the hydrophilic nature of mud, 

which dissolves and loses cohesion when 

saturated [63]. 

4.1.2  Brick Structures 

• Suffered moderate increases in damage due to 

mortar degradation and water ingress. 

Prolonged flooding significantly impacted the 
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structural integrity of walls and foundations 

[64], [65]. 

• Using hydraulic lime or water-resistant mortars 

can mitigate such vulnerabilities. 

4.1.3  Concrete Structures 

• The relatively minor impact of duration 

highlights the superiority of concrete. 

However, issues like water seepage and 

reinforcement corrosion under long-duration 

floods require attention, particularly in areas 

with poor drainage [66]–[68]. 

4.2 Velocity as a Secondary but 
Critical Factor 

Velocity impacts structural stability through 

hydrodynamic forces, which can lead to scouring, 

lateral displacement, and collapse. The study 

revealed that: 

• Mud Structures: Even low velocities (1 m/s) 

caused extensive damage due to erosion and 

foundation instability [69]. 

• Brick Structures: Moderate velocities (>1.2 

m/s) scoured unreinforced foundations, leading 

to collapse when coupled with higher depths 

[70]. 

• Concrete Structures: Resisted collapse but 

required reinforcement at foundations to 

counter high-velocity impacts. 

The findings underscore the importance of 

site-specific measures, such as embankments and 

riprap, to reduce velocity-related risks. 

5. Conclusion 

The study highlights the critical relationship 

between flood depth, duration, and velocity in 

determining structural damage across various 

building materials in flood-prone regions of 

Pakistan. The findings indicate that mud structures 

are particularly vulnerable, exhibiting rapid damage 

escalation with 82.5% damage at a flood depth of 

0.5 meters, increasing sharply to 95% at 1 meter, 

and reaching complete failure (100% damage) at 

just 1.5 meters. Brick structures, while somewhat 

more resilient, show moderate damage of 58% at 1 

meter, escalating to 83% at 2 meters and 95% at 3 

meters, indicating significant susceptibility to 

deeper flooding. In contrast, concrete structures 

demonstrate a slower, non-linear progression of 

damage, with only 3.5% damage at 0.5 meters, 

rising to 32.5% at 2 meters, and a maximum of 

65.9% at 3 meters, underscoring their superior 

resilience in flood conditions. 

Moreover, the duration of flooding 

exacerbates damage across all materials. For mud 

structures, damage surged to 100% at depths as 

shallow as 0.25 meters during prolonged exposure, 

compared to 82.5% in short-duration floods. Brick 

structures experienced an average damage increase 

of 20% due to prolonged flooding, with total 

structural compromise occurring at 2.5 meters. 

Concrete structures, while generally resilient, saw 

damage increase from 32.5% to 44.5% at 2 meters 

during extended flooding, highlighting the need for 

ongoing maintenance and reinforcement. 

Velocity also plays a crucial role, 

particularly for mud and brick buildings. At 

velocities exceeding 1 m/s, mud structures recorded 

90% damage, even at shallow depths, while brick 

structures experienced 100% damage at depths 

exceeding 1 meter when combined with velocities 

greater than 1.5 m/s. Although concrete structures 

showed resilience, issues such as foundation 

scouring and lateral displacement were observed at 

velocities above 1.5 m/s, necessitating 

reinforcement at foundations to counter high-

velocity impacts. 

6. Recommendations 

To enhance structural resilience in flood-

prone areas of Pakistan, several key 

recommendations should be implemented. First, 

reinforced concrete should be prioritized as the 

primary construction material due to its superior 

performance, with only 3.5% damage at 0.5 meters 

and a maximum of 65.9% at 3 meters. For brick 

structures, using hydraulic lime or water-resistant 

mortars can improve durability against water 

ingress. Additionally, all new structures should be 

elevated above expected flood levels, particularly 

in historically flood-prone areas. 

Reinforcing foundations is crucial to prevent 

scouring and lateral displacement during high-

velocity floods, and regular maintenance protocols 

should be established to address issues like water 

seepage and reinforcement corrosion. Local 

governments must develop comprehensive flood 

risk management plans that include zoning 

regulations and community awareness programs to 

minimize construction in high-risk areas. 

1. Investing in flood mitigation infrastructure, 

such as drainage systems and levees, is vital for 

managing floodwaters effectively. Community 

education programs focused on flood 

preparedness should also be implemented. 

Finally, ongoing research into innovative 

building materials and techniques, as well as 

the long-term impacts of climate change on 
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flood patterns, should be supported. By 

adopting these recommendations, stakeholders 

can significantly improve structural resilience 

and enhance community safety during flood 

events. 
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