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ABSTRACT 

 

In recent years, frequencies of flood events in Australia have increased. It is noted that flood 

events cause the most damage to infrastructure compared to any other natural hazards in the 

world.  Road bridges are lifeline structures with a pre and post disaster critical functionality. 

Failure or damage of bridges during an extreme flood event can have severe consequences to 

the community as well as road authorities and emergency services. Currently a major gap in 

knowledge is the ability to evaluate the vulnerability of bridge structures using a 

methodology which captures the variability of the event intensities and the variability of the 

structural capacity. The research presented here addresses this knowledge gap. 

Research commenced with a comprehensive literature review covering review of major 

bridge design codes in the world, literature on flood loading, vulnerability modelling of 

bridges and numerical modelling approaches to simulate bridges under natural hazards. 

Damage indices proposed by researchers to depict the levels of damage to structures are also 

noted. 

A comprehensive analysis of case studies of failure of bridges under flood loading under the 

2011 and 2013 floods in Queensland and Victoria was undertaken to establish the major 

failure mode of bridges under flood loading. This identified that failure of girder and deck of 

concrete girder bridges, which constitute more than 60% of the bridge network, is a common 

case study to investigate. Two bridges were selected for analysis and the outcome was used to 

establish the vulnerability modelling methodology. 

A deterministic analysis of the selected structures was undertaken under variable flood 

loading to establish the analysis methodology using ABAQUS software. The loading 

configuration considered covered flood, log impact and debris impact. This analysis 

demonstrated that Kapernicks Bridge would fail at a flood velocity of 3.71m/s which closely 

agrees with the recorded flood velocity as well. 

Understanding the limitations of the deterministic analysis where the variability of flood 

loading and the variability of structural capacity cannot be accounted for, a probabilistic 

fragility analysis was undertaken to establish the probability of failure of the bridges. 
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Probability distribution was established for flood velocity as well as the structural section 

capacity. Fragility curves were derived for concrete girder bridges using the developed 

methodology. 

The methodology developed is applicable for any bridge structure when the flood loading 

distribution for the location of the bridge can be established.  

Contribution to the existing knowledge from this research has been the methodology 

developed to quantify vulnerability of road infrastructure exposed to flood hazard that would 

assist evaluate damage state for bridge structures. Emergency Management could use this 

damage state to assess evacuation routes while Road Authority could make decisions on 

strengthening the bridge structure.  

A sensitivity analysis was undertaken to explore the effect of span of the bridge and also 

increase in flood frequency on the probability of failure. 

A method to derive damage indices which can be used by bridge engineers for decision 

making has been demonstrated. 
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1 Introduction  

1.1 Research Background 

Every year in Australia, floods cause millions of dollars damage to buildings and critical 

infrastructure, such as roads and railways as well as to agricultural land and crops. They also 

disrupt business and can affect the health of communities. Between 1967 and 2005, the 

average direct annual cost of flooding has been estimated at A$377 million (Department of 

Infrastructure and Regional Developmemnt, 2008). 

Australiaôs variable climate has always been a factor in natural disasters that have had 

significant impact on an evolving road infrastructure and on the communities that rely on the 

roads. Table 1-1(below) shows the average annual cost of natural disasters by state and 

territory between 1967 and 2005. From these data it can be seen that during this period severe 

storms and cyclones inflicted the most economic damage, followed by flooding. The data are 

strongly influenced by three extreme events - Cyclone Tracy in NT (1974), the Newcastle 

earthquake in NSW (1989) and the Sydney hailstorm also NSW (1999), as well as three flood 

events in Queensland (South East Qld, 2001: Western Qld, 2004; and the Sunshine Coast, 

2005). Climate change has increased the risk from extreme events and the update of this table 

that includes data for the years 2007 to 2013 - during which there were extreme climate 

events in Qld, Vic, SA and NSW ï will be of great interest to this research. 
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Table 1-1: Cost of disasters (Emergency Management Australia ï www.ema.gov.au) 

State and 

territory  

Flood Severe 

storms 

Cyclones Earthquakes Bushfires Total 

 Cost ($ million in 2005 Australian dollars)
a 

NSW 172.3 217.1 0.6 145.7 23.9 559.6 

VIC  40.2 23.8 0.0 0.0 36.7 100.6 

QLD 124.5 46.7 99.3 0.0 0.7 271.2 

SA 19.3 16.7 0.0 0.0 13.0 49.0 

WA 4.7 13.0 43.3 3.1 4.6 68.7 

TAS 6.9 1.2 0.0 0.0 11.5 19.5 

NT 9.1 0.4 138.5 0.3 0.0 148.3 

ACT 0.0 0.5 0.0 0.0 9.7 10.2 

Australia 376.9 325.2 281.6 149.1 100.1 1232.9 

Share of total 

(per cent)
c 

30.9 26.7 23.1 12.2 8.2 100.0 

a.    These figures exclude the cost of death and injury 

b.    Figure includes costs associated with a storm involving several eastern states ($216.7million) which has not been              allocated to 
any individual state data in the table. 

c.    Figures may not add to totals due to rounding. 

Source:   BITRE analysis of Emergency Management Australia database <www.ema.gov.au> 

 

Bridge collapse has tremendous consequences in every nationôs transportation system. The 

recent flood events in Queensland, Australia between April 2010 and January 2013 had 

adverse effects on the bridge network of Queensland. Queensland state controlled road 

network included 3337km of roads and 6500 bridges and culverts (IBISWORLD, 2011). 

Itôs reported in the recent literature that due to climate change, frequency of flood events has 

increased as well as they have become more intense. Queensland local governments are 

planning for with 5% increase in rainfall intensity per degree of global warming as the 

climate change factor to be incorporated in the flood studies (QueenslandGovernment, 2010). 

Climate change will not have a huge impact on the infrastructure as the effect due to short-

term impact loads are built into the safety factors in the design process (Kong et al., 2013). 

However, extreme natural disasters will have an impact on the vulnerability as the 

infrastructure may not be designed for such a long-term intense event. 
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1.2 Research Significance 

In 2009 March flood in North West Queensland covered 62% of the state with water leading 

to $234 Million damage to infrastructure (QueenslandGovernment, 2010). Theodore in 

Queensland was flooded 3 times within 12 months in 2010 and it was the first town, which 

had to be completely evacuated in Queensland. 2010-2011 floods in Queensland had a huge 

impact particularly on central and southern Queensland resulting in the state owned 

properties such as 9170 road network, 4748 rail network, 89 severely damaged bridges and 

culverts, 411 schools and 138 national parks (QueenslandGovernment, 2012). Approximately 

18000 residential and commercial properties were significantly affected in Brisbane and 

Ipswich during this time (IBISWORLD, 2011). More than $42 million was paid for 

individuals, families and households while more than $121million in grants has been paid to 

small businesses, primary producers and non-profit organizations and more than $12 million 

in concessional loans to small businesses and primary produces (QueenslandGovernment, 

2012). The Australian and Queensland governments have committed $6.8 billion rebuilding 

the state. The damage to the road work network alone has been estimated to more than $ 7 

billion  (Pritchard, 2013). After 2011/2012 extreme flood events in Queensland, the 

helicopters were required for post disaster operations as well as rigorous inspection of bridges 

prior to re-opening for recovery operation (Pritchard, 2013).  

From December 2010 to January 2011, Western Australia, Victoria, New South Wales and 

Queensland experienced widespread flooding. There was extensive damage to both public 

and private property, towns were evacuated and 37 lives were lost, 35 of those in Queensland. 

Three quarters of Queensland was declared a disaster zone, an area greater than France and 

Germany combined, and the total cost to the Australian economy has been estimated at more 

than $30 billion (UnderstandingFloods, 2011). 

 

Bridge infrastructure plays a pivotal role in post disaster recovery such as evacuation and 

search and rescue operations because bridges are critical transportation infrastructure without 

which the access to the affected areas would be hindered. Lockyer Valley Regional Council 

in Queensland has compiled a comprehensive bridge inspection report for about 47 bridges in 

the region before they opened the bridges for traffic after the flood has receded. The study on 

this report indicated that the damage to bridge structures are complex and requires a detailed 

knowledge of underlying design principals, current classification of roads/bridges as well as 
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construction methods adopted during different periods of design and construction. Critical 

observation of this bridge inspection data that included the photos of the affected bridges 

reveals that the failure of the bridges was primarily due to the impacts on the components of 

bridge such as bridge approaches, relieving slabs, abutments, wing walls and misalignment of 

piers. The report also reveals that some of the bridges were inundated as long as 96 hours and 

the fill under the relieving slab had undermined. The impact load of the huge rocks, shipping 

containers, vehicles and the other unexpected debris that were carried along the flood water 

with high velocity was the primary cause of damage to bridge deck, abutments, wing walls 

and piers.  

Typically bridges are designed for a 100 year service life and more recent structures such as 

Gateway bridges has been designed for a 200 year design life. However, with the increase in 

frequency of extreme events, the probability of failure would increase, resulting in a 

reduction in expected design life. Furthermore the damage to structures will affect the service 

provided to the community. 

Reported literature mostly discusses either a frame work or a computational method to assist 

in the decision making process on interventions after an extreme event so that the decision 

makers can prioritise the rehabilitation process[(Bocchini and Frangopol, 2012), Bertero and 

Bresler (1977), Chen et al. (2009a), Choi et al. (2004)]. A major gap in research is the lack of 

assessment techniques and tools to reduce the vulnerability of road infrastructure to enhance 

both community and structural resilience.  

The research presented here examined the process for quantifying vulnerability of bridges 

and strategies to enhance resilience of bridges to flood hazard. It also aims to understand the 

factors influencing the resilience and vulnerability of bridge structures when exposed to an 

extreme flood event with the longer term goal of feeding in to design specifications of new 

bridge structures and maintenance and management decisions taken on existing structures. 

The outcome of this research will also facilitate predicting the failure of the bridge structure 

under flood hazard which would eventually help road authorities to strengthen the bridge 

structures considering the risk and likelihood. 

 

A Bridge could be damaged in many ways when it is under an extreme flood event. If the 

bridge is completely inundated during the flood, the damage to the bridge depends on the 
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length of time it was submerged as well as the types of debris collected around or passing the 

bridge components. Extra care should be taken to inspect the supports of the bridges, even 

after the flood water recedes. Approaches of a bridge could be damaged due to debris impact, 

settlement or depressions. Debris against substructure and superstructure, bank erosion and 

damage to scour protection will damage the waterways. Bridge substructure could fail due to 

movement of abutments, wing walls, piers, rotation of piers and missing, damaged dislodged 

or poorly seating of the bearings while the superstructure could fail due to the debris on deck, 

rotation of deck, dipping of deck over piers or damage of girders. Pritchard (2013) identified 

that urban debris such as cars; containers etc. and the insufficient bridge span to through that 

debris were the main cause for damaging bridges during the aftermath of 2011/2012 extreme 

flood events in Queensland.  Figure 1.1 (below) depicts some the damaged bridges from 

Lockyer Valley Region in Queensland. 

 

Figure 1.1: Damaged Bridges in Lockyer Valley Region in Queensland  (The Lockyer Creek Flood of January 

2011) 

Analysis of the performance of bridges under 2011/2013 flood in Lockyer Valley Region, 

Queensland indicates that the bridge deck is the most commonly affected component 

followed by the bridge approach, pier/abutment scouring, cracks in the abutment wing walls 

and misalignment of abutment headstock connections to piles. Reinforced or pre-stressed 

concrete girder bridges are a common design configuration used in Australia. During the 

Lockyer Valley floods in 2013, vulnerability of girder bridges was observed by significant 

damage to these structures. The details of some of the bridges obtained from the Lockyer 

Valley Regional Council Bridge Inspection Data report are given in Table 1-2(below). 

Concrete girder bridges are the most recurrent types of bridge in Australia and 25 out of 47 

bridges in the case study region (Lockyer Valley Region) are concrete girder bridges. Hence 
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concrete girder bridges have been selected for case studies in this research to derive structural 

vulnerability models and determine vulnerable structures in the road network. 

 

Table 1-2: Lockyer Valley Regional Council Bridge Data (Lokuge and Setunge, 2013) 

 

Bridge structures have a major impact on resilience of road infrastructure and the damage to 

bridges could increase the vulnerability of the community served by the road infrastructure 

significantly. A systematic method of quantifying vulnerability of bridge structures under 

varying flood loading is currently a significant gap in knowledge.  

Internationally vulnerability of bridge structures has been well examined under earth quake 

loading. Only a few studies [(Greg Rogencamp, 2012) , (Durmus, 2012)] covered the failure 

or damage to bridge structure under flood loading. 

The extensive literature review in this research shows that significant research have been 

carried out on studying the vulnerability of building infrastructure under the influence of 

certain natural hazards such as earthquake, hurricane etc. However, little or no literature have 

been reported on quantifying vulnerability of road infrastructure under flood hazard 

Furthermore, it is noted that no comprehensive approach for structural integrity assessment of 

bridge structures subjected to lateral floodwater forces, were carried out.  
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1.3 Research Aim and Objectives 

Proposed research aims to understand the factors influencing vulnerability and resilience of 

bridges when exposed to extreme flood events so that decisions on maintenance or 

strengthening can be undertaken to enhance the resilience of vulnerable structures. In 

achieving the major aim, the following objectives will be focussed on. 

1. Identify major failure mechanisms of bridge structures under flood loading. 

2. Understand provisions of current bridge design codes. 

3. Numerical modelling of girder bridges to simulate flood loading. 

4. Development of vulnerability models which provide relationship between exposure 

and damage 

1.4 Research gap 

1/ Literature review indicated that there are many publications on vulnerability modelling of 

bridges under seismic loading, yet, the research into understanding of vulnerability modelling 

of bridges under flood loading is limited. 

2/ Road authorities do not have a well-developed method to understand the probability of 

failure of bridges under variable flood loading. 

3/ A method for decision making to enhance resilience of bridges under flood loading is not 

available. 
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1.5 Research Scope 

The scope of the work proposed here focus on understanding vulnerability of concrete girder 

bridge decks under flood and log impact. This is a very common and major failure mode 

identified through the analysis of case studies. Other failure modes are excluded from this 

analysis. 

The contribution to knowledge comes from the understanding of the vulnerability of concrete 

girder bridges as well as the methodology developed for vulnerability modelling of bridges 

under flood. 

1.6 Outline of the Chapters  

The presented thesis consists of eight chapters as outlined below: 

Chapter 1 introduces the background of the research followed by the significance of the 

study and its contribution to the body of knowledge of the discipline. The aims and objectives 

of the research as well as the research scope have been covered in this chapter. 

Chapter 2 presents a critical review of the literature aimed at gathering information and state 

of-the-art knowledge and methods for conducting the research project and interpreting the 

outcomes. This stage begins with reviewing design process of bridges for flood loading in 

accordance with existing bridge design standards and previous research work in published 

literatures. Collapse mechanisms/failure modes and the vulnerability modelling of the bridges 

are then reviewed. Furthermore, the literature review includes quantifying damage to bridges 

under flood for decision making and fragility analysis of bridges. 

Chapter 3 introduces the research methodology adopted in this research. The research 

questions as well as the approach used to address the questions are explained in this chapter. 

Brief introduction about the analysis of case studies in this research is presented here. 

Numerical modelling of the selected case study structures deterministically and as well as 

probabilistically are outlined in this chapter. These are then elaborated in the Chapters 4, 5 

and 6  

Chapter 4 discusses the Analysis of the case studies in this research. An in depth analysis of 

Lockyer Valley Regional Council Bridge Inspection Report is presented here. Focus on 

Concrete Girder bridges and the major failure modes/mechanisms of the affected bridges are 

also presented in this chapter. 



Chapter 1: Introduction 

 

 

9 

 

Chapter 5 presents the numerical modelling of the case study bridge deterministically using 

ABAQUS Finite Element software. It includes detailed descriptions of the case study bridge 

with its geometry and the reinforcement to model the bridge using ABAQUS software. 

Deriving Flood induced minor axis bending moment on the bridge girder and model 

validation are finally discussed. 

Chapter 6 illustrates the probabilistic modelling of the same case study bridge described in 

chapter 5. The effect of flood intensity and the concrete material are considered here to 

capture their uncertainties. The actual flood velocity distribution to the case study 

geographical location is discussed. Finally using @Risk adds in with MS Excel, failure 

probabilities of the bridges under flood hazard are derived. A parametric study is carried out 

for different span length of the bridge girder with and without log impact and the results are 

finally presented for decision making. 

Chapter 7 presents the damage indices for practical application. It further explains the 

interpretation of these curves and their use for end users and decision makers. 

Chapter 8 summarises the general conclusions drawn from the research, explores possible 

further research in the area and recommends further research. 
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2 Literature Review 

2.1 Introduction  

This Chapter presents a review of flood loading on bridge structures and a detailed review of 

current literature on vulnerability of bridges under flood loading. This included a review of 

bridge design standards to understand the philosophy of design of bridges for resilience to 

flood loading, current published work on vulnerability modelling of bridges, methods of 

quantifying the damages to bridges under flood loading, numerical modelling of bridge 

structures, fragility analysis and the gaps in knowledge base. 

2.2 Understanding floods 

When water inundates land that is normally dry, this is called a flood. Floods can be caused 

by a number of processes, but the dominant cause in Australia is rainfall. Floods are a natural 

process, but mankindôs activities affect flooding. Floods occur at irregular intervals and vary 

in size, area of extent, and duration (QueenslandGovernment, 2013) 

Since the beginning of 2011, floods have led to major devastation and personal tragedy 

around the world. At the same time as the Australian floods, more than 800 people died in 

floodwaters and mudslides in Brazil and South Africa recorded 70 flood related deaths. Many 

lives have also been lost due to flooding in the Philippines, Pakistan and Sri Lanka 

(UnderstandingFloods, 2011). Figure 2.1(below) indicates flood peaks in Eastern Australia 

over the period 26 November 2010 ï 29 January 2011. 

Floods impact on both individuals and communities, and have social, economic, and 

environmental consequences. The consequences of floods, both negative and positive, vary 

greatly depending on the location and extent of flooding, and the vulnerability and value of 

the natural and constructed environments they affect. 
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Figure 2.1: Flood peaks in Eastern Australia over the period 26 November 2010 ï 29 January 2011[van den 

Honert and McAneney (2011a)] 

2.2.1 Estimating the chance of a flood occurring 

Understanding the likelihood and intensity of floods is important for managing flood risk. 

The chance of a flood event can be described using a variety of terms, but the preferred 

method is the Annual Exceedance Probability (AEP). A flood with a one per cent AEP has a 

one in a hundred chance of being exceeded in any year. Currently, the one per cent AEP 

event is designated as having an óacceptableô risk for planning purposes nearly everywhere in 

Australia. However, good planning needs to consider more than just the one per cent AEP 

flood. 

Floods are often defined according to their likelihood of occurring in any given year. The 

most commonly used definition in planning is the ó1 in 100-year floodô. This refers to a flood 

level or a peak that has a one in a hundred, or one per cent, chance of being equalled or 

exceeded in any year. Similarly, a ó1 in 200-year floodô has a one in two hundred, or 0.5 per 

cent, chance of being equalled or exceeded in any one year. 

The best method for calculating the chance of different sized floods occurring is statistical 

analysis of long-term flood records from stream gauging stations. Where a long-term flood 
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record exists, and no significant changes have occurred to the catchment, a statistical 

technique known as flood frequency analysis can be used to determine the likelihood of 

floods of different sizes occurring at a specific site in the future (Figure 2.2 (below)). 

However, Australiaôs flood records do not extend far into the past, and flood events are 

highly variable, meaning there is still a level of uncertainty in defining such flood estimates. 

Climate change may also affect the flood frequency and intensity.  

Where sufficient flood records do not exist, or a very rare flood needs to be estimated, rainfall 

based techniques are used. These use statistical analyses of rainfall records, together with 

computer models based on the geographical characteristics (for example, catchment area, 

waterway length) of the region being studied, to determine the chance of different sized 

floods occurring. These models can be set up to take account of changes that affect runoff, 

such as new dams and urbanisation. However the computer models used to convert rainfall to 

runoff are not perfect, making rainfall techniques generally less reliable than the use of long-

term flood records. 

Both of these techniques result in predictions for peak water flows at key locations in rivers. 

These predictions are translated into flood levels at any point of interest in the floodplain, 

through the use of further computer models known as floodplain hydraulic models. 

 

Figure 2.2: The chances of a flood in any given year (BureauOfMeteorology, 2003) 
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Figure 2.2 (above) presents the chance of floods of different intensities based on flood 

frequency analysis of historical flood records at Bellingen, NSW. There is always a level of 

uncertainty inherent in such analyses. For example, the chance of a flood with a stream flow 

of 2,200 m3 /s (as arrowed, left hand axis) in any year is estimated to be between 1 in 50 

(2%) and 1 in 10 (10%). This is said to be ówithin 90% confidence limitsô, i.e. we are 90% 

sure that it will be in this range ï with a 10% chance we will be wrong, and it will be outside 

this range, higher or lower. The more confidence there is in the data the closer the confidence 

limits (red dashed lines) will be to the estimate (black line).  

2.3 Review of current bridge design standards 

The review of literature commenced with an analysis of the current design standards in the 

globe to understand the design philosophy of bridge structures. These included the Australian 

Standard (AS 5100, 2004), the European standard (Euro code) and the American standard 

(AASHTO).   

2.3.1 AS 5100 

Ultimate Limit state  

AS 5100 Australia (2004) states that ñThe ultimate limit states define the capability of a 

bridge to withstand, without collapse, any flood of a magnitude up to and including that with 

a 2000 year average return interval, whichever produces the most severe effect. It can be 

accepted that scour of the stream bed and considerable damage to approaches and 

embankments may take place, provided that the structural integrity of the bridge is 

maintained.ò 

ñAs the critical design condition may occur at the flood level which just causes overtopping 

of the superstructure, an estimate of the return interval of such a flood shall be made and, if 

appropriate, this condition shall be considered in the design. Where the critical design 

condition occurs at an average return interval of less than 2000 years, the ultimate load 

factor (‎ ) shall be obtained from the following figure (Figure 2.3(below)), but shall be not 

greater than 2.0ò(Australia, 2004). 
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Figure 2.3: Ultimate Load Factor (♬╜╕) 

Serviceability limit states 

The serviceability limit states define the capability of the road and bridge systems to remain 

open during a serviceability design flood or to sustain an overtopping flood without damage 

to bridges, culverts, floodways or embankments within the system. The serviceability design 

flood shall be that with a 20 year average return interval. 

2.3.2 Euro code  

Euro code 1, Part 1.7 Eurocode (2005) considers flood, fire and earthquake as accidental 

effects and has suggested a risk analysis to be undertaken for such events.  It states that 

accidental load will most probably not occur during the working life of the structure. Even if 

the load is present, it normally will take only a short time, varying from a few seconds in the 

case of an explosive accident to some days in the case of a flood accident. Figure 2.4 

Eurocode (2005) shows the typical difference between a variable and an accidental load 

verses time. Figure 2.5 Eurocode (2005) shows a typical probability distribution for the one 

year maximum of the loads. Accidental loads have a probability of 98% per year or more to 

be zero. 
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Figure 2.4: Typical time characteristics of (a) accidental and (b) variable load. Eurocode (2005) 

 

Figure 2.5: Typical probability distribution of (a) accidental and (b) variable loads (Eurocode, 2005). 

Accidental actions on structures, that are in general more complex, are usually represented as 

static loads and structural response is usually performed using linear elastic analysis. 
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2.3.3 American standards 

(AASHTO, 2012) states that the extreme event limit state shall be taken to ensure the 

structural survival of a bridge during a major flood, or when collided by a vessel, vehicle, or 

ice flow, possibly under scoured conditions. 

Gosain et al. (1977) asserts that ñthe design flood should at least be equivalent to the flood 

having a 1 percent chance of being equaled or exceeded in any given year (i.e., the base flood 

or 100-year flood, which served as the load basis in ASCE 7-95). In some instances, the 

design flood may exceed the base flood in elevation or spatial extent; this excess will occur 

where a community has designated a greater flood (lower frequency, higher return period) as 

the flood to which the community will regulate new construction.ò 

 

2.4 Design process of bridges for flood loading according to the current 

standards 

Jempson (2000) conducted an extensive experimental study to investigate the forces and 

moments coefficients on bridge superstructures. The effect of debris on the coefficients was 

also studies. The main aim of the study was to establish a more reliable design methodologies 

and coefficients than those proposed in Austroad'92 (1992). The research by Denson (1982) 

introduced the lift forces and moments to the hydrodynamic effect on the bridge structure. 

The study made a clear distinction between the buoyancy and lift forces in the vertical 

hydrodynamic action. The plots of the drag, lift and moment coefficients were developed at 

different velocity and inundation depth values. The authors stated that moment was not 

significant. The drag coefficients obtained for the AASHTO bridges were compared with a 

previous study.  

2.4.1 Design loads & load combinations  

2.4.1.1 AS 5100 

AS 5100 Bridge Design code (Section 15 of AS 5100.2-2004) Australia (2004) requires that 

bridges over waterways be designed for flood loadings. Equations are provided for 

determining the drag and lift forces on the superstructure for a serviceability limit state and 

an ultimate limit state. The serviceability design flood is to be associated with a 20 year 

return interval. The ultimate limit state design flood is to be associated with a 2000 year 

return interval. 
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The code recommends Equation 2-1 and Equation 2-2 for calculating the drag force and lift 

force on the superstructure respectively. 

In the absence of more exact analysis, the code recommends a drag coefficient of 2.2. This is 

based on the research undertaken up to the time of publication of the code. The previous 

code, the 1976 NAASRA Bridge Design Specification, recommended a # of 1.4. 

The current code suggests that lift force may act on the superstructure when the flood stage 

height is significantly higher than the superstructure and the deck is inclined by super 

elevation.  

# is provided as a function of the aspect ratio b/d, where b is the overall width of bridge 

between outer faces of the parapets, and d is the depth of solid superstructure. 

 

 

 

 
&ᶻ πȢυ#6! 

 
Equation 2-1 

where:  

#  is the drag coefficient read from the chart given in the code; 

V is the mean velocity of water flow (flood); 

As is the wetted area of the superstructure, including any railings or parapets, projected on a 

plane normal to the water flow. 

 

 
&ᶻ πȢυ#6!  

 
Equation 2-2 

where:  

# is the lift coefficient read from the chart given in the code; 

V is the mean velocity of water flow (flood); 

!  is the Plan deck area of the superstructure. 
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Moment on superstructure 

According to AS 5100 (Australia, 2004), drag and lift forces generate a moment about the 

longitudinal axis of the superstructure. The resulting moment at the soffit level at the centre 

line of the superstructure shall be calculated as follows: 

 
- πȢυ#6!Ä  

 
Equation 2-3 

where: 

#  is the moment coefficient and varies from 1.5 to 5 depending on the relative submergence 

of the superstructure. 

Ä ύὩὸὸὩὨ ὨὩὴὸὬ έὪ ὸὬὩ ίόὴὩὶίὸὶόὧὸόὶὩ ὴὶέὮὩὧὸὩὨ έὲ ὥ ὴὰὥὲὩ ὲέὶάὥὰ ὸέ ὸὬὩ ύὥὸὩὶ Ὢὰέύ 

Forces due to debris 

Debris load acting on superstructures is given by the code as, 

 & πȢυ#6!  Equation 2-4 

where:  

#  is the drag coefficient read from the chart given in the code; 

V is the mean velocity of water flow (flood); 

!  is the projected area of the debris mat described in the code. 

Forces due to moving objects  

According to AS 5100 Australia (2004), where floating logs or large objects are a possible 

hazard, the drag forces exerted by such logs directly hitting bridge girder (superstructure)  

shall be calculated on the assumptions that a log with a minimum mass of 2 tons will be 

stopped in a distance of 75 millimetres for such solid girder (superstructure). A draft revision 

of the AS 5100 Australia (2004) suggests consideration of the ñlarge item impactò in urban 

areas, where large floating items such as pontoons, pleasure craft, shipping containers etc. 

can impact the bridge structure. However, the code suggests that forces due to log impact or 

large item impact debris shall not be applied concurrently on the structure.  

Flog shall thus be given by the following equation. 
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 &
Í6

ςÄ
 Equation 2-5 

   

 

where:     

m is the mass of the log or the impacting object;  

d is the stopping distance specified by the code (eg. 0.075m for solid concrete piers);  

V is the velocity of the water (m/s). 

2.4.1.2 Euro codes 

Euro code 1 , Part 1.7 Eurocode (2005) considers flood, fire and earthquake as accidental 

effects and has suggested a risk analysis to be undertaken for such events. Following 

introduces some forces affecting bridges due to an event of flood.  

Forces due to water flow  

Euro code 1, Part 2.6 Alampalli et al. (1997) considers actions due to water during execution 

into two categories: static pressures and hydrodynamic effects.  The magnitude of lateral 

water force to bridges is given by Equation 2-6 (Figure 2.6(below)) 

 
Ὂ Ὧ” Ὤὦὺ  

 
Equation 2-6 

where: 

ὺ  is the mean speed of the water, averaged over the depth, in m/s; 

”  is the density of water in kg/m3 ; 

h is the water depth, but not including, where relevant, local scour depth in meters; 

b is the width of the object in meters; 

k is the shape factor: 

 k = 0.72 for an object of square or rectangular horizontal cross-section, 

 k = 0.35 for an object of circular horizontal cross-section. 
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Figure 2.6: Pressure and Force due to currents on bridge piers (Alampalli et al., 1997) 

Interestingly, Euro code 1, Part 1.6 Chen and Lui (2005) introduces the above formula with a 

minor difference, multiplying 0.5 to the formula, as follows (Equation 2-7) (Figure 

2.7(below)): 

 
Ὂ πȢυὯ” Ὤὦὺ  

 
Equation 2-7 

 

 

Figure 2.7: Pressure and Force due to currents (Chen and Lui, 2005) 
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However, the values of shape factor (k) have been doubled accordingly, which will result the 

same water force, as follows: 

k = 1.44 for an object of square or rectangular horizontal cross-section, 

k = 0.7 for an object of circular horizontal cross-section. 

Euro code 1 Chen and Lui (2005) also notes that a more refined formulation can be used to 

determine the water force for individual projects.  

Forces due to debris 

According to Euro code 1 Chen and Lui (2005), debris force Ὂ  should be calculated using 

the following formula (Equation 2-8): 

 
Ὂ Ὧ ὃ ὺ  

 
Equation 2-8 

where: 

Ὧ  is a debris density parameter, in kg/m
3 
(recommended value is 666 kg/m

3
)
 
;
 

ὺ  is the mean speed of the water average over the depth, in m/s; 

ὃ  is the area of obstruction presented by the trapped debris and false work, in m
2
. 

2.4.1.3 American Standards 

AASHTO (2012) categorises the water loads (WA) into 4 categories: static pressure, 

buoyancy, stream pressure and wave load. Similarly, Gosain et al. (1977) categorises the 

water loads into hydrostatic and hydrodynamic loads in where, wave loads are categorised  as 

a special type of hydrodynamic loads. ASCE also mentions the Impact loads result from 

objects transported by floodwaters striking against structures and their components. The 

stream pressure has been further categorised into: longitudinal and lateral in (AASHTO, 

2012).  

1. Hydrostatic loads 

ASCE defines hydrostatic loads as the ones caused by water either above or below the ground 

level, which is either still or moves at velocities less than 1.52 m/s. These loads are equal to 

the product of the water pressure multiplied by the surface area on which the pressure acts 

(Gosain et al., 1977). These loads are further divided into vertical downward, upward and 
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lateral loads depending on the geometry of the surfaces and the distribution of hydrostatic 

pressure.  

Longitudinal forces 

The longitudinal forces on substructures which are similar to the drag forces mentioned in 

Australian standards are calculated as follows (Equation 2-9): 

 
ὴ
ὅὠ

ρȟπππ
 

 

Equation 2-9 

where, 

p is the pressure of flowing water (ksf); 

CD is the drag coefficient for piers, which can be read from Table 2-1(below) 

V is the design velocity for the design flood in strength and service limit states and for the 

check flood in the extreme event limit state (ft. /s). 

 

 

 

Table 2-1: Drag coefficients (AASHTO, 2012) 

Type 

 

╒╓ 

Semicircular-nosed pier 0.7 

Square-ended pier 1.4 

Debris lodged against the pier 1.4 

Wedge-nosed pier with nose angle 90 degrees or less 0.8 

 

However, AASHTO (2012) also refers to the theoretically correct formulation for calculation 

of the drag force as follows (Equation 2-10):  

 ὴ
ὅύὠ

ςὫ
 Equation 2-10 
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where, 

w is the specific weight of water (kcf); 

CD is the gravitational acceleration constant 32.2 (ft. /s
2
); 

V is the velocity of water (ft. /s). 

AASHTO (2012) asserts that the floating logs, roots, and other debris which may accumulate 

at piers and, by blocking parts of the waterway, need to be considered and provides a New 

Zealand Highway Bridge Design Specification provision as a design guidance.  

Lateral forces 

(AASHTO, 2012) also introduces the lateral forces which are uniformly distributed pressure 

on substructures due to water flowing at an angle, ɗ, to the longitudinal axis of the pier Figure 

2.8(below) (Equation 2-11) 

 ὴ
ὅὠ

ρȟπππ
 Equation 2-11 

where, 

p is the lateral pressure (ksf); 

CL is the lateral drag coefficient, which depends on the angle ɗ as shown in Figure 2.8(below) 

and Table 2-2(below).  

 

Figure 2.8: Plan View of Pier (AASHTO, 2012) 

Table 2-2: Lateral Drag Coefficient (AASHTO, 2012) 

Angle,—, between direction of flow and longitudinal axis of the pier 

 
╒╛ 

0 degrees 0.0 

5 degrees 0.5 

10 degrees 0.7 
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15 degrees 0.9 

Ó30 degrees 1.0 

 

Flood velocity 

As estimation of flood velocities includes a variety of epistemic uncertainties, FEMA Gosain 

et al. (1977) suggests a lower and upper bound for the estimation of flood velocities in design 

in coastal areas (Figure 2.9(below)), which are given as follows: 

ὠ    Lower bound 

ὠ ὫὨ Ȣ Upper bound 

where, 

V is the flood velocity (m/s) 

ds is the Stillwater flood depth (m) 

t is 1 second 

g is the gravitational constant (9.81 m/s
2
)  

 

Figure 2.9: Design Flood Velocity 

Impact loads 

Gosain et al. (1977) categorizes the impact loads into 3 categories: normal impact loads, 

special impact loads and extreme impact loads which are depending on the frequency and the 
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size of the object impacting the structure. ASCE suggests that ñgiven the short-duration, 

impulsive loads generated by flood-borne debris, a dynamic analysis of the affected building 

or structure may be appropriate. However, in some cases (e.g., when the natural period of 

the building is much greater than 0.03 s), design professionals may wish to treat the impact 

load as a static load applied to the building or structure.ò(Gosain et al., 1977).  

Therefore, the following formula has been suggested by (Gosain et al., 1977) for estimation 

of the force. 

 
Ὂ
“ὡὠὅὅὅὅὙ

ςὫῳ
 

 

Equation 2-12 

 

Where, 

F= Impact force, in lb. (N) 

W= Debris weight in lb. (N) 

ὠ= Velocity of object (assume equal to velocity of water, V) in ft/s (m/s) 

g= Acceleration due to gravity, = 32.2ft/ί (9.81m/ί) 

ɝ  Impact duration (time to reduce object velocity to zero), in s 

ὅ= Importance coefficient  

ὅ= Orientation coefficient 

ὅ= Depth coefficient, = 0.8 

ὅ= Blockage coefficient 

Ὑ = Maximum response ratio for impulsive load 

Table 2-3(below) summarizes comparisons for the design loads of the three standards 

discussed above. 

Table 2-3: Comparisons of the design loads of the three standards 

Design standards Formulae for design flood load 

╕▀(Drag force) ╕╛(Lift force)  ╕▀▄╫ἎἭἪἺἱἻ ἮἷἺἫἭ 
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Euro code Ὂ πȢυὯ” Ὤὦὺ  

 

- Ὂ Ὧ ὃ ὺ  

 

AASHTO 
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2.4.2 Structural analysis of bridges  

2.4.2.1 Bridges  

Australia (2004) states that ñanalysis for all limit states shall be based on linear elastic 

assumptions except where nonlinear methods are specifically implied elsewhere in the 

standard or approved by the relevant authorityò. 

AASHTO (2012) accepts any method of analysis which can satisfy the requirements of 

equilibrium and compatibility and utilizes stress-strain relationships for the proposed 

materials. 

2.4.2.2 Types of bridges and usage in Australia 

There are many diǟerent types of bridges which are usually constructed of concrete, steel or 

timber. The main types of bridges are beam bridges, truss bridges, arch bridges, cable stayed 

and suspension bridges. 

2.4.2.3 Concrete bridges 

Beam bridges are the most common type of bridge built throughout Queensland and 

Australia. These bridges can be built out of timber, steel and concrete, but concrete is the 

most commonly used material. Beam bridges are usually the most cost eǟective bridge 

structure hence why they are used most often. A beam bridge can be; simply supported where 

the deck is supported only between two columns; a cantilever beam; and a continuous beam 

where the deck is one continuous unit. These types are illustrated in Figure 2.10(below). 
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Figure 2.10: Types of Beam Bridges (DepartmentOfMainRoads, 2006) 

For a concrete beam bridge, the beams that run along the length of the bridge are I or T 

shaped and can be hollow with circular or rectangular (box) voids (Department of Main 

Roads, 2006). Pre-stressed concrete deck units are used on small span bridges in Queensland 

usually around 8 to 22 m. For larger span bridges, pre-stressed concrete girders in the form of 

an I beam are used. These are used for 26 to 32 m spans. The deck is cast in-situ with the 

girders as shown in Figure 2.11(below).  

 

Figure 2.11: Girder (I beam) cast in-situ with deck (DepartmentOfMainRoads, 2006) 

Super tee girders are also used for longer spans from 26 to 35 m. The T girders have a void in 

the centre to reduce weight and are also cast in-situ with the deck as shown in Figure 

2.12(below). Pre-stressed concrete box girders are used for even longer spans for up to 260m 
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in Queensland. The girder usually features one or two rectangular voids. A box girder bridge 

being constructed is illustrated in Figure 2.13(below). 

 

Figure 2.12: Girder (T beam) cast in-situ with deck (DepartmentOfMainRoads, 2006) 

 

 

Figure 2.13: Box Girder Bridge under construction (DepartmentOfMainRoads, 2006) 

 

An arch bridge is another form of bridge that can be constructed with concrete. An arch 

transmits its load to the supports by compression. This makes it ideal for concrete as it is 

weak in tension (Austroad'92, 1992). Pre-cast segments are usually used for the construction 

of an arch and during construction they must be supported by false work. False work is used 

to temporarily support a structure, such as an arch, until the structure is able to support itself. 

The last form of concrete bridge is a cable stayed bridge. This type of bridge involves cables 

supporting the bridge deck from the top of one or two piers as shown in Figure 2.14(below). A 

cable stayed bridge oǟers a reduced superstructure depth and mass and has a good level of 

redundancy due to the ease of replacing a damaged cable. For a single plane of cables, where 
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the deck is supported by one line of cables down the centre, a pre-stressed concrete box 

girder is used. If two planes are used, where the cables hold the deck on both sides, then two 

girders are used to support the deck (Austroad'92, 1992). A cable stayed bridge can have 

spans up to 600m or more. 

 

Figure 2.14: Example of a cable stayed bridge (Levy, 2011) 

2.4.2.4 U-slab bridge 

Roads Corporation of Victoria (VicRoads) has identified U-slab bridges as the old and most 

vulnerable structure during flood loading. This kind of bridges is under maintenance but 

because of its vulnerability, it is not recommended to be constructed. Figure 2.15(below) shows 

a typical U-slab bridge section constructed in Victoria 
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Figure 2.15: A typical U-slab bridge section constructed in Victoria (Nasim et al., 2017) 

 

2.4.2.5 Steel bridges 

The common form of a steel bridge is the beam and girder type. Figure 2.16(below) depicts the 

type of steel girder bridges. The through girder features two girders with the deck supported 

by cross beams aligned with the bottom of the þange. The deck girder type is similar to the 

through girder except the cross beams are aligned with the top of the þange on the main 

girders. The I-beam bridge type consists of several girders that support the bridge deck. They 

can handle spans up to 20 m. The plate girders are similar to I-beam, although they are larger 

and can handle spans up to 50m. The trough girders have an open top section and can have 

spans up to 60 m. Finally the steel box girders are similar to the pre-stressed concrete ones 

and can have spans up to 80m. All of these girder type bridges have reinforced concrete 

decks. 

Steel bridges can also come in the form of a truss. The earliest type of metallic truss bridge 

used in Australia was made from wrought iron and the members were manufactured in 

England and imported to Australia. During the 20th Century steel truss bridges came into 

construction. A truss was used if a longer span steel bridge was needed. The common 
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Figure 2.16: Types of steel girder bridges (Austroad'92, 1992) 

conýgurations of a truss bridge are shown in Figure 2.17(below). The members steel members 

of a truss bridge are connected by pins. In an idealised truss the members are only subjected 

to axial forces, either compression or tension. A truss bridge doesnôt have any member 

redundancy as the whole structure relies on each member performing. If a member fails then 

the triangulation of forces is lost (Austroad'92, 1992). Some notable steel truss bridges in 

Queensland are the Story Bridge in Brisbane and the Burdekin River Bridge pictured in 

(Figure 2.18(below)) located near Ayr. Steel truss bridges are no longer used in Queensland as 

there are more economical solutions available (Department of Main Roads, 2006) 

 

Figure 2.17: Truss Configurations. (Austroad'92, 1992) 
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Figure 2.18: Burdekin River Bridge, Ayr, Queensland (Burdekin Shire Council, 2012) 

A suspension bridge is the last main type of steel bridge. They are not common in Australia 

as they are only economical for very large spans up to a maximum of 2 km (Department of 

Main Roads, 2006). The suspension bridge features elements that are only in tension. A 

suspension bridge works by having two cables suspended between two pylons in a curved 

shape. The bridge deck is supported by the two cables by vertical hangers that are vertically 

attached to the main two cables. The main cables are usually anchored to ground at both ends 

of the bridge (Corus Construction Services & Development, 2007). Westgate is a cable 

stayed bridge in Melbourne, Australia. 

2.4.2.6 Timber bridges 

Timber bridges were the ýrst type of bridge used throughout Australia since early settlements 

in the middle of the twentieth century. Between 1926 and 1975 Main Roads Queensland built 

approximately 1300 timber bridges (Eyre et al., 2012). There is only less than 450 timber 

bridges still in service and have an average age of 60 years. As vehicular loads get higher and 

the timber bridges start to age they will have to be gradually replaced, except for those that 

are heritage listed. The most common type of timber bridges in Australia was the girder 

bridge. Similar to the other types of girder bridges it features longitudinal round timber 

girders that support the deck. The girders are supported by timber piles or piers. A simple 

girder bridge used throughout Queensland is shown in Figure 2.19(below). A timber bridge 

can also be in the form of a truss. This was used when longer spans were required as the 

girder type was unsuitable as many had been washed away in þoods (Austroad'92, 1992). The 

timber truss was popular in New South Wales in the late 1800s to early 1900s. 
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Figure 2.19: New Country Creek bridge near Kilcoy, timber girder bridge (Eyre et al., 2012) 

2.4.3 Design procedure 

2.4.3.1 Bridges 

Australian standard Australia (2004) measures a 100 year design life for bridges. Therefore, 

the bridge structure and its elements shall satisfy all limit states during the design life. Limit 

states are categorised in two categories: 1. Ultimate limit state and 2. Serviceability limit 

state.  

According to Australian standard Australia (2004) the ultimate limit states include the 

following: 

ñ(a) Stability limit state, which is the loss of static equilibrium by sliding, overturning or 

uplift of a part, or the whole of the structure. 

(b) Strength limit state, which is an elastic, inelastic or buckling state in which the collapse 

condition is reached at one or more sections of the structure. Plastic or buckling 

redistribution of actions and resistance shall only be considered if data on the associated 

deformation characteristics of the structure from theory and tests is available. 

(c) Failure or deformation of any foundation material causing excessive movement in the 

structure or failure of significant parts of the structure. 

(d) Deterioration of strength occurring as a result of corrosion or fatigue, or both, such that 

the collapse strength of the damaged section is reached. Consideration shall be given to the 

implications of damage or any other local failure in relation to the available load paths. 
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(e) Brittle fracture failure of one or more sections of the structure of sufficient magnitude 

such that the structure is unfit for use.ò  

Australian standard Australia (2004) defines the serviceability limit states to include the 

following: 

ñ(a) Deformation of foundation material or a major load-carrying element of sufficient 

magnitude that the structure has limitation on its use, or is of public concern. 

(b) Permanent damage due to corrosion, cracking or fatigue, which significantly reduces the 

structural strength or useful service life of the structure. 

(c) Vibration leading to structural damage or justifiable public concern. 

(d) Flooding of the road or railway network, surrounding land and scour damage to the 

channel bed, banks and embankments.ò 

2.5 A review of previous research on design of bridges for flood loading 

Apelt (1986) presented a thorough literature review for flood forces on bridges, which 

essentially pointed out the lack of studies on the subject. Experiments were carried out on two 

models of a 5-girder bridge with the scales of 1:100 and 1:25. Results of those experiments 

agreed with previous works, and average drag coefficients of 1.94 and 1.99 were measured 

when the water surface levels were at the bottom of the girders and on top of the bridge 

models, respectively.  

Wellwood and Fenwick (1990) proposed a drag coefficient of 2.2 as a measure for a safer 

design of multi-girder bridge structures. Furthermore, a floodwater velocity higher than 2 m/s 

(6.56 ft. /s) was considered ñmedium to high.ò The authors recommended further research for 

confirmation of the drag coefficient.  

Jempson and Apelt (1992) continued their research with experiments using a 1:25 bridge 

superstructure model consisting of five Type IV girder, a deck and edge curbs. They 

recommended a drag coefficient of 2.0 for Type III and Type IV girder bridges and deck unit 

bridges. Equation 2-13 presents the formula that was used to evaluate the drag coefficient:  

 #
&

πȢυʍ6!
 Equation 2-13 

where,  
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                 # = Drag coefficient 

                 & = Drag force in the direction of flow 

               ɟ       Fluid Density 

              V = Fluid Velocity 

              A = Projected superstructure area normal to the flow 

In 1995, FHWA  recommended the use of Equation 2-14 for the calculation of lateral 

hydrodynamic drag forces for fully or partially submerged bridge superstructures. 

Recommended drag coefficient values were between 2.0 and 2.2. 

 &  Ãʍ(                                           Equation 2-14 

Where, 

& = Drag force per unit length of bridge, N/m 

Ã = Drag coefficient 

ʍ = Density of water, 1000kg/ά  

H = Depth of submerge, m 

V = Velocity of flow, m/s 

Jempson (2000) did further experiments with six different scaled bridge superstructure 

models. This yielded design recommendations for loadings on bridge superstructures with 

improved charts for drag and moment coefficients. The formula expressed in Equation 2-15 

was recommended for calculation of moment acting on bridge superstructures, allowing for 

eccentricity of drag and lift forces. The maximum velocity condition for bridge 

superstructures was 1.201 m/s. 

 - - & , Equation 2-15 

Where, 

-  = Moment generated at the point of fixity, kNm 

-  = Moment generated at the girder soffit, kNm 
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&  = Usual drag force, kN 

, = Length of the lever arm from the point of fixity to the girder soffit, m 

Plate experiments were done by NCHRP Parola (2000). A rational model for calculation of 

forces for complete range of blockage ratios was presented. Using ñaverage contracted flow 

as reference velocity,ò Equation 2-16 was recommended for the calculation of drag force. In 

this approach, the drag force was the difference between ñhydrostatic forceò and ñwater 

pressure force.ò 

 & & &  Equation 2-16 

Where, 

&  = Drag Force, kN 

& = Water pressure force on the plate in the stream wise direction that is due to stream flow, 

N 

&  = Hydrostatic force attributed to average stream wise pressure gradients, N  

 

Malavasi and Guadagnini (2003) performed laboratory experiments to quantify 

hydrodynamic loads on a bridge deck with a rectangular cross-section. They argued that a 

drag coefficient of 3.40 would be the upper bound limit for bridges where the bridge length 

(l) to bridge thickness (s) ratio was greater than three. The l/s ratio certainly represented a 

ñminimumò for real scale cases. However, they also concluded that FHWAôs recommended 

formula (Equation 2-14) generally overestimated the drag forces. 

FHWA Kerenyi et al. (2009) developed ñfitting equationsò and design charts for different 

types of bridges, which were outcomes of physical experimentation and CFD simulation 

models. The drag coefficient (# ) fitting equation for three and six-girder bridges, lift 

coefficient (#) fitting equation for three and six-girder bridges and moment coefficient (CM) 

fitting equation for all bridge types are provided in Equation 2-17, Equation 2-18 and 

Equation 2-19: 

  

 #  !Å
ᶻ
  "Å

ᶻ
  Á Equation 2-17 
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 #  Â Å
ᶻ
  Å

ᶻ Ȣ
 Equation 2-18 

 

 #   ÄÈᶻ  Å
ᶻ
  Ç Equation 2-19 

 

Coefficients A, B, a, b, c, d, f, g and Ŭ for 6-girder and 3-girder bridges were provided as well 

as the corresponding Èᶻ  for each # ,#, and #  value. The report also included the same 

variables for streamlined bridges ñdesigned to reduce the force load during inundation.ò  

Results of 6-girder bridge deck analysis showed that a major drop in the drag coefficient for 

an inundation ratio (h*) of 0.5-0.8. However, as the bridge became more inundated (h* > 

1.5), the drag coefficient values were levelled off to around 2. It was also observed that the 

lift coefficients were all negative, which meant a pull-down force, and they rapidly became 

more negative as h* roughly equalled 0.65. The peak moment coefficient was observed when 

the bridge was roughly halfway inundated. Results of the 3-girder bridge deck analysis were 

somehow similar to the 6-girder bridge deck analysis results. However, the approach 

velocities ranged from 0.25 m/s to 0.50 m/s. Critical drag coefficients 2.15, 1.95 and ~1.1 

were recommended for 6-girder, 3-girder and streamlined bridges, respectively  (Kerenyi et 

al., 2009). The 6-girder bridge model developed in this study was used by Azadbakht and 

Yim (2014). 

Chen et al. (2009a) made a hydrodynamic investigation of a bridge collapse during Hurricane 

Katrina by two numerical models for US-90 Highway bridge across Biloxi Bay, Mississippi. 

It was concluded that ñthe bridge failure was caused by the wind waves accompanied by the 

storm surge generated by Hurricane Katrina.ò It was also found that bridge decks with lower 

low chord elevation (i.e. bottom of girder elevation) than the critical elevation were subjected 

to ñfatal wave impact.ò This study demonstrated the importance of the height of a bridge with 

respect to acting hydrodynamic effects during a weather related event. 

Guo (2010)  investigated hydraulic forces on bridge decks. A well-written literature review 

was also a part of their report and significance of hydrodynamic loading generated by 

floodwater flow was emphasized, mentioning that it might cause overturning of the bridge 

deck and a possible failure of the superstructure. Their study was concerned with CFD and 
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reduced scale experiments. The minimum drag coefficient (found to be 0.5-0.8) was found to 

occur ñperhapsò as the water reached the top of girders which was a transition to overtopping 

of the bridge deck.  

FEMA Jones (2001) recommended the use of Equation 2-20 for the calculation of lateral 

hydrodynamic drag forces for all flow velocities: 

 &   
ρ

ς
 #ʍ6! Equation 2-20 

 

Where, 

&  = Horizontal drag force (lb) acting at the still water mid-depth (halfway between the still 

water elevation and the eroded ground surface) 

# = Drag Coefficient 

ɟ = Mass density of fluid 

V = Velocity of water 

A = Surface area of obstruction normal to flow (Ὢὸ) 

For Equation 2-20, mass density was assumed as 1.94 slugs/ft3 for fresh water and 1.99 

slugs/ft3 for saltwater. Recommended values for drag coefficient were 2.0 for 

square/rectangular piles and 1.2 for round piles. For other types of piles or ñobstructions,ò 

FEMA recommended a range of drag coefficients (Jones, 2001) 

Lwin et al. (2013) demonstrated how the performance of observed bridges was affected due 

to storm surge, wind, and debris and barges. The study looked into wave forces on bridge 

decks, followed by a recommendation for estimation method and countermeasures to restore 

the functionality of transportation systems. They recommended estimated wave-induced 

vertical and horizontal load components, as given in Equation 2-21 through Equation 2-24: 

 & # &ᶻ Equation 2-21 

 

 &  ρ # . ρ Ã &ᶻ Equation 2-22 
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 &ᶻ ɾɝ: !  Equation 2-23 

 

 &ᶻ ɾɝ: !  Equation 2-24 

 

Where, 

& = Estimated vertical wave-induced load component (uplift) 

#  = Empirical coefficient for the vertical varying load 

&ᶻ = Reference vertical load 

& = Estimated horizontal wave-induced load component (lateral) 

# = Reduction coefficient for horizontal load from the blockage by the leading external 

girders. 

N = Number of girders supporting the bridge span deck 

Ã  = Empirical coefficient for horizontal varying load 

&ᶻ = Reference horizontal load 

ɔ = Unit weight of water (10078 N/ά for salt water) 

æ: = Difference between the elevation of the crest of the maximum wave and the elevation 

of the underside of the bridge deck  

!  = Area of the bridge contributing to vertical uplift, i.e., the projection of the bridge deck 

onto horizontal plane 

æ: = Difference between the elevation of the crest of the maximum wave and the elevation 

of the centroid of !  

!  = Area of the projection of the bridge deck onto the vertical plane 

Based on their study, Lwin et al. (2013) recommended a # value of 0.4. Despite the fact that 

their study is conservative and simple to apply, their approach was recommended for the 

estimation of wave loads on elevated bridges decks as ñinterim guidance.ò 
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Yim et al. (2014) pointed out that even though many bridges survived the 2011 Great East 

Japan Earthquake, many of them were completely destroyed by the tsunami. According to 

Yim et al. (2014) this was purely an indicator of the fact that seismic design codes do not 

necessarily embrace the loads generated by tsunami waves. They further concluded that even 

though it is normally not applicable to tsunamis due to their ñmuch longer time and length 

scales,ò they were still able to compare their study results (i.e. horizontal drag force) with the 

American Association of State Highway and Transportation Officials (AASHTO, 2012) 

formula (Equation 2-25), since their tsunami model was relatively steady: 

 Ὂ ὅὃ
”

ς

Ὗ

ρπππ
 Equation 2-25 

Where, 

&  = Horizontal drag force 

# = Drag coefficient (taken as 2.5) 

A = Projected area of superstructure per unit length 

5 = Current speed 

 

Azadbakht and Yim (2014) thoroughly reviewed the literature and estimated tsunami loads 

on bridges. They conducted experimental and numerical techniques for five bridges in two 

different scenarios: (i) initial impact and overtopping, and (ii) full inundation. They used a 6- 

girder bridge model to assess wave impacts. They developed formulas for maximum 

horizontal force, downward maximum force and maximum uplift force, as given in Equation 

2-26, Equation 2-27 and Equation 2-28: 

 

 
         &  &ͺ & 

             πȢυʍÇςÈ , , πȢυ#ʍ6, 
Equation 2-26 

 

 
& #  &ͺ &ͺ  

              #  ʍÇÈ , 4 , πȢυ# ʍ6, ] 
Equation 2-27 
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& # & &  

        # ʍÇ6πȢυ#ʍ6,   
Equation 2-28 

Where, 

&   = Maximum horizontal force 

&ͺ    = Hydrostatic horizontal force 

&       = Drag force 

ɟ         = Density of water 

g        = Acceleration of gravity 

È      = Difference between the tsunami water free-surface elevation and low chord of the 

bridge 

, = Height of the bridge superstructure 

# = Drag coefficient 

V = Tsunami flow velocity 

&  = Downward vertical force 

#  = Empirical downward vertical force coefficient 

&ͺ  = Hydrostatic downward vertical force 

&  ͅ = Slamming vertical force 

, = Height of the bridge girder 

4 = Thickness of the bridge deck 

, = Width of the bridge superstructure 

#  = Slamming coefficient in the vertical direction 

,  = Effective length of the bridge deck for a vertical slamming; 4.,  

&  = Maximum uplift force 
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#  = Empirical uplift force 

& = Buoyancy force 

& = Lift force 

V = Volume of the bridge per unit length 

# = Lift coefficient 

2.6 Bridge collapse under natural hazards  

Throughout history, bridge collapses due to various reasons are reported. This section 

classifies the main reasons for bridge collapse into two broad categories, namely, natural 

factors and human factors. Since this research assesses bridge failure under flood which is a 

natural hazard, only the literatures pertaining to natural factors are described in detail. 

According to an investigation by Wardhana and Hadipriono (2003) during the period between 

1989 and 2000, a total of 503 bridge collapses were reported in the United States with the 

distribution of causes of these bridge collapses shown in Figure 2.20(below). From Figure 

2.20, it can be observed that flood and scour together account for nearly half of the bridge 

collapses. 

 

Figure 2.20: Distribution of causes of the 503 reported bridge collapses in US (Wardhana and Hadipriono, 2003) 



Chapter 2: Literature Review 

 

43 

 

2.6.1 Natural factors 

Natural disasters, e.g., flood, scour, earthquake, landslide, debris flow, hurricane, and 

typhoon, are often unavoidable and can cause serious damages to bridges. The mechanisms 

of action on bridge structures by different natural factors vary significantly and are 

summarized in the following sections. 

2.6.1.1 Flood  

Heavy precipitation usually leads to flooding, which may induce phenomena such as scour, 

erosion, river convergence, insufficient embedment depth, protection works-induced overfall 

or hydraulic jump, softened bedrock, sand mining, debris impact or abrasion on bridge 

foundations, etc. [(Witzany et al., 2008);(Hong et al., 2011);(Wang et al., 2014)]. One or a 

combination of these causes can result in dramatic reductions in the strength and stability of 

bridge key components and can even cause bridge failures, as shown in Figure 2.21(below). 

 

Figure 2.21: Collapse of the Schoharie Creek Bridge due to flood in 1987 (reprinted from USGS 2012) 
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2.6.1.2 Scour  

Scour is a phenomenon in which the level of the riverbed becomes lower under the effect of 

water erosion, leading to the exposure of bridge foundations (AASHTO, 1998). With an 

increase in scour depth, the lateral resistance of the soil supporting the foundation is 

significantly reduced, thus increasing the lateral deflection of the foundation head (Daniels et 

al., 2007);(Lin et al., 2010). Furthermore, when the critical scour depth is reached, bending 

buckling of the foundation may occur under the combined effect of the dead load of bridge 

superstructures and the traffic load (Walton et al., 1982); (Hughes et al., 2007). 

2.6.1.3 Earthquake  

Earthquakes lead to vertical and horizontal ground motions that can result in the failure of 

bridge substructures (Yang et al., 2015); (Wang et al., 2014). The vertical ground motion 

causes significant fluctuating axial forces in bridge columns or piers, which may induce 

outward buckling or crushing of the columns or piers (Kunnath et al., 2008);(Kim et al., 

2010). Moreover, the vertical ground motion can result in significant amplification of the 

bending moment at the bridge mid-span, which may lead to the bending failure of the bridge 

deck (Veletzos et al., 2006); (Kunnath et al., 2008). Unlike the vertical ground motion, the 

horizontal ground motion mainly contributes to the shear failure of bridge columns or piers 

Priestley et al. (1994); Sun et al. (2012). In addition, both the vertical and horizontal ground 

motions may cause the liquefaction of the soil at the bridge foundations, which can greatly 

reduce the load-carrying capacity of the foundations and even directly lead to bridge collapse  

(Hashimoto and Chouw, 2003); (Wang et al., 2014). 

2.6.1.4 Landslide  

The occurrence of a landslide is mainly due to water saturation, earthquake, or volcanic 

eruption, and it may result in the downward and outward movement of slope-forming 

materials including rock, soil, artificial fill, or a combination of these materials (Iverson, 

2000);(Varnes, 1984). These moving slope-forming materials, when hitting the bridge, will 

lead to severe damage or even collapse of the bridge, as shown in Figure 2.22(below). 
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Figure 2.22: Collapse of a bridge due to landslide (image courtesy of (Zhong et al., 2013)) 

2.6.1.5 Debris flow 

A debris flow is usually translated from a landslide when water is incorporated into the 

landslide debris as it is jostled and remoulded during the downslope movement. Remoulding 

and incorporation of water reduce the strength of the debris and make it behave like a fluid, 

causing it to flow rather than slide (Hampton, 1972); (Takahashi, 1978). A debris flow exerts 

tremendous impact forces on the obstacles in its way, especially when large stones are 

transported. Moreover, a growing debris flow has severely erosive effects. Therefore, when a 

large-scale debris flow passes the site of a bridge, the damage to the bridge could be 

devastating (Takahashi, 1978). 

2.6.1.6 Hurricane and typhoon 

Hurricanes and typhoons are tropical cyclones that refer to low pressure systems that 

generally form in the tropics. They travel with wind waves accompanied by storm surges, 

which raise the water level to an elevation that is able to strike the superstructure of bridges 

along the coast. Bridge decks may be knocked off the pile caps by the impulsive vertical and 

horizontal forces generated by the storm waves riding on high surges (Robertson et al., 2007); 


































































































































































































































































































































