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Abstract
Australia has suffered from the loss of life and extreme damage to infrastructure from
natural hazards such as bushfire, flood etc. Floods are Australia’s costliest disasters on bridges,
one of the most important components of highway and railway transportation network.
Therefore, safety and serviceability of bridges have always been a great concern to the practice
and profession of civil engineering. The resilience of critical infrastructures such as roads and
bridges is vital in evacuation support activities for during, before and after disaster response
and recovery. In addition, bridges have a significant impact on the resilience of road
infrastructure and the damage to bridges could significantly increase the vulnerability of the
community served by the transportation infrastructure. Therefore, understanding the factors
which affect the resilience of bridge structures, is extremely important to ensure the design
specifications, as well as maintenance regimes for bridge structures. Furthermore, considering
the resilience and vulnerability of structures is vital during, before and after disasters. Roads
Corporation of Victoria (VicRoads) has identified that older structures consisting of U-slab
decks are vulnerable to flood loading. The proposed project will focus on understanding
damages to U-slab bridges exposed to flood loading.
The vulnerable element of the case study U-slab bridges has been identified using a
simplified analysis using Space-Gass. This analysis indicated that the superstructure of a U slab
structure is quite robust under flood loading and slender piers can be vulnerable. Water flow
pressure on the piers has been studied using Computational Fluid Dynamics (CDF)
methodology to examine the pressure distribution on piers with two different cross-sectional
shapes. This work has demonstrated that the pressure distribution on a bridge pier under flood
loading can be simulated using a uniformly distributed load. Further, it is noted that the
Page 8

magnitude of the flood-induced force is significantly affected by the geometry of the pier crosssection.
Considering the concrete plasticity damage (CPD) modelling, nonlinear analysis has
been conducted to evaluate the damage behaviour of the piers, and a simple damage index based
on energy absorbed, which can be derived from a standard finite element modelling output, has
been introduced. Based on that different damage levels of a bridge pier under flood loading
damage indices have been derived.
Based on the review of practice and the literature review the log or moving object impact
is likely to be occurring during flood loading. Therefore, a comprehensive investigation has
been conducted to understand the structural response of a moving object impact, i.e., log impact.
Using a validated model, the general relationship between different aspects of the structural
response has been studied. Moreover, the bridge damage response during log impact has been
studied, and the numerical results have been compared to provisions of different design
standards. This study has concluded that the current provisions of design standards on the log
or any moving object impact on bridges under flood loading could be unconservative and will
require a systematic study considering the varying mass of impacts and the geometry of bridge
piers.
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LES …………………………………………………………………. Large-Eddy Simulation
MO …………………………………………………………………………… Moving Object
PIV………………………………………………………….…… Particle Image Velocimetry
RC……………………………………………………………………...…. Reinforced Concrete
SDOF……………………………………………………………... Single Degree of Freedom
URANS………...……………...………………. Unsteady-Reynolds-Averaged Navier-Stokes
UDL …….………………………………………………… Uniformly Distributed Static Load
VOF…………………………………...………………………………………. Volume of Fluid
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LIST OF SYMBOLS AND NOMENCLATURE
Notation/Symbol

Definition

p

Pressure

ρ

Fluid density

𝑉𝑓

Fluid velocity

u

The velocity component in the fluid flow direction (x)

t

Time

T

Temperature

k

Thermal conductivity

Φ

Viscous-dissipation function

Q

The vector of conserved variables

F

Vector of fluxes

V

Volume of the control volume element

A

The surface area of the control volume element

Cd

Drag coefficient

fcu

Ultimate compression strength of concrete

fct

Tensile strength of concrete

Ec

The module of elasticity of concrete

𝜈

Poisson ratio

𝑓́𝑐

The compression strength of concrete

fy

Steel yield stress

Es

The module of elasticity of steel

𝑓𝑏0

Initial equibiaxial compressive yield stress
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𝑓𝑐0

Initial axial compressive yield stress

𝛿̃𝑇

Total deformation

̃𝑒
𝛿

Elastic deformation

𝛿̃
𝑇𝑟

Residual deformation

𝛿𝑖

Displacement of the mid-span in loading step 𝑖

𝛿𝑢𝑗

Ultimate deformation of the mid-span in each DL, j (j=1,2,3)

𝐷𝐷𝐸𝑖

Damage dissipated energy in loading step 𝑖

𝐷𝐷𝐸𝑢𝑗

Ultimate damage dissipated-energy

As

Streel cross-sectional area

𝜎𝑡

Tensile stress

𝜎𝑐

Compressive stress

𝑑𝑡

Tensile damage variable

𝑑𝑐

Compressive damage variables

𝐸0

Initial module of elasticity

𝜀𝑡

Tensile strain

𝜀𝑐

Compressive strain

𝜀𝑡~𝑝𝑙

Tensile plastic strain

𝜀𝑐~𝑝𝑙

Compressive plastic strain

𝑔

Gravitational acceleration

h

Impactor height

d

Displacement of the hammer

𝜉

Damping ratio
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𝛿𝑛

the nth amplitude of the response curve

m

Number of conservative cycles in the response curve

𝐸𝑡𝑜𝑡𝑎𝑙

Total energy

𝛽

Constant coefficient of total energy

𝜑𝑚

Factor of mass

𝑚ℎ

Mass of the hammer

𝑚𝑏

Mass of the beam

G

Peak acceleration of the impact

Tb

The beam thickness

H

The drop height

Dmax

Maximum deformation

Du

Ultimate deformation

𝐶𝑑

Drag coefficient

𝐴𝑑

The area of the surface facing the flow

𝑉𝑓

Fluid Velocity

𝑣𝑖ℎ

The velocity of the impact

𝑘̂

Effective contact stiffness

𝑚𝑙

The mass of the object

DWT

The dead-weight tonnage of the vessel

S

Stopping distance of the object

𝑣𝜔

The velocity of wave propagation in concrete

𝑙

Wave propagation length

𝑡𝑝

Wave propagation time
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𝐹𝑖𝑝

The peak impact force

𝜑𝑝𝑖

The dimensionless factor of the peak impact forces
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CHAPTER 1
Introduction and Research Background
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1

Introduction and Research Background
Whether from a bushfire, flood, severe storm, earthquake, or even tsunami, Australia

has suffered from the loss of life and extreme damage to infrastructure from natural hazards
and as our communities grow, so does the potential for more significant losses in these areas.
Pritchard (2013) emphasized that the current standards (AS 5100:2004) do not cover extreme
flood loads.
Floods have the highest damage potential of all kinds of natural disaster worldwide and
affect the highest number of people.
Figure 1-1: Average annual cost of natural disasters by state and territory, 1967-2005
(BITRE, 2001b)
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Figure 1-2: Total economic cost of natural disasters, by state, average 2007-2016 ($bn)
(Deloitte Access Economics, (2017). Building resilience to natural disasters in our states and
territories)
Figure 1-1, by BITRE's (Bureau of Infrastructures, Transport and Rational Economics)
research group; represents the average annual cost of natural disasters by states and territory
between 1967 and 2005. These data indicate that during this period, floods are Australia’s the
most costly disaster type, accounting for 29 per cent of total natural disaster costs over the
period 1967–1999 (BITRE, 2001b). Severe storms and cyclones inflicted the most economic
damage, followed by flood. 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 extreme climate events
in QLD, VIC, SA and NSW – will be of great interest to this project. However, Australian
Business Roundtable for Disaster Resilience & Safer Communities prepared Figure 1-2 to
present aggregated costs of various natural hazards. Deloitte Access Economics, (2017) reports
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the amount of loss of urban structures during natural hazards and based on this information, the
loss from the flood is considered especially in Queensland state. These costs are expected to be
doubled by 2030 and to increase to an average of $23 billion per year by 2050, see Figure 1-3.

Figure 1-3: Forecast of the total economic cost of natural disasters 2011-2050, (Deloitte
Access Economics, (2017). Building resilience to natural disasters in our states and territories)
Bridges are important components of highway and railway transportation systems.
Therefore, safety and serviceability of bridges have always been a great concern to the practice
and profession of civil engineering. Experience indicates that bridges are extremely vulnerable
to natural and human-made hazards such as earthquakes, floods, high wind, blast and
vehicle/vessel impact at bridge piers (Prasad Gautham Ganesh, 2011). Damage of bridges due
to such extreme events may cause significant disruption of the normal functionality of
transportation systems, and thus may result in major economic losses to the society and affect
the greatest number of people.
The resilience of critical infrastructures such as roads and bridges is vital in evacuation
support activities for disaster response and recovery (Oh, Deshmukh, & Hastak, 2010). Bridge
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structures have a major impact on the resilience of road infrastructure and the damage to bridges
could increase the vulnerability of the community served by the road infrastructure
significantly. During an emergency event, the community relies on road infrastructure to enable
them to evacuate the area quickly. During the re-building period after a disaster, bridges play a
major role in ensuring access to the affected areas. Therefore, understanding the major factors
which affect the resilience of the bridge structures is extremely important to ensure that the
design specifications, as well as maintenance regimes for bridge structures, consider the
resilience and vulnerability of structures during a disaster.
The major damage due to these events is identified as abutment scouring, failure of the
deck and girders due to the impact of floating items and loss of bridge approaches (Kalendher,
2017). The damage will depend on the structural configuration of the bridge as well as exposure
scenarios. During flood events, authorities are faced with the challenge of making appropriate
decisions regarding traffic control on bridges. Remaining the bridges open during a disaster
plays a vital role in disaster recovery. Nevertheless, considerable casualties and property loss
can happen if bridges are in danger of collapse are not closed in a timely manner (C.-C. Hung
& Yau, 2014), so there is a strong demand for an effective safety evaluation method for bridges
during flood events. Roads Corporation of Victoria (VicRoads) has identified that older
structures such as U-slab bridges are vulnerable during flooding. Hence, to fully understand the
structural damage under different scenarios, the proposed research, is focusing on the
understanding of the vulnerability of the U-Slab bridge structures as a case study when it is
exposed to flood or any impact of a floating object. The methodology proposed in this study,
developed can be used as a generic approach for vulnerability assessment of similar bridges.
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Major failure mechanisms of river bridges have earlier been identified as deck and the
bridge approach, pier abutment scouring, significantly built up of mud and debris on the
structure and approaches, log impact on the piers and bridge deck, cracks in the abutment wing
walls and misalignment of abutment headstock connection to piles (Lebbe, Lokuge, Setunge,
& Zhang, 2014).
Drag and uplift forces and the vortices effect on these forces on the bridge decks have
been studied experimentally and with CFD simulation models (Kerenyi, Sofu, & Guo, 2009).
Numerical simulations show that uplift force can be greater than the weight of the bridge deck
for about 20-30% of the time during a wave period, for the case study of wave load on the
bridge deck of the Biloxi Bay Bridge during Hurricane Katrina, (Xiao, Huang, & Chen, 2010).
Basically, the CFD-based simulations give a reliable perspective about the distribution of floodinduced stress within the structure.
During the extreme flood, bridges are exposed to the debris and log load, which is
considered in design codes in Australia by the ultimate limit state with a 2000-year return
interval design flood. This provision means that most of the bridges over waterways will be
designed for overtopping; therefore, the design flood loads required to be revised. Jempson
(2000), has done further research on debris and flood loads on superstructure according to the
limit state philosophy and presents a series of design charts and tables. Further, he developed a
new methodology for the calculation of overturning moments that accounts for the correct line
of action of the drag and lift forces (Jempson, 2000).
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1.1 Research Aims and Objective
The major aim of the conducted research is to understand the vulnerability of U-slab
bridge structures under flood loading. Figure 1-4 presents a schematic U-slab bridge structure
commonly used in Victoria, Australia.

Figure 1-4: U-Slab Bridge Located in Victoria, Australia
These older structures have slender bridge piers at close intervals. The research
objectives cover three major areas.
1) Understanding the effect of the distributions of hydrodynamic flood force on bridge
piers.
2) Understanding the effect of floating moving object impact on bridge piers.
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3) Understanding the effect of the mass of the objects on the impact forces and damage to
bridge piers.
At the beginning of the research, a preliminary analysis was undertaken to understand
the most vulnerable part of the structure under flood loading. Outcomes of this combined with
extensive consultation with the road cooperation of Victoria narrowed the scope down to the
vulnerability of the U-slab bridge piers under flood and object impact.
Subsequently, a computational fluid dynamics analysis was conducted to understand the
force distribution on piers under flood loading. This was followed by the static failure element
analysis to understand the effect of the flood loading on the U-slab piers damage behaviour.
Finally, the impact of objects on the U-slab piers was analysed using dynamic analysis
of impact.
The outcome develops an understanding of the behaviour of U-slab piers under flood
loading and the impact of floating objects, also it develops a generic methodology for
vulnerability analysis of bridge structures under varying flood loading and impact of objects of
varying mass.

1.2 Significance of Research
The research presented here develops a method to understand the effect of flood and
object impact on bridge piers.
The work develops an understanding of the failure modes of bridge piers under flood
and moving object impact and develops a method to estimate the damages.
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Outcomes are valuable in identifying the vulnerability of the structures under flood
loading and levels of damages.

1.3 Research Questions
The research presented here has addressed the following questions.
1) What are the failure modes of a U-Slab Bridge exposed to flood?
2) What are the typical loadings to be considered in analyses of the effect of the flood on
bridges?
3) How can we create a numerical model to analyse the effect of flood loading on U-Slab
bridges?
4) How can we establish damage models for the bridge under flood and log impact
loading?
5) What are the failure criteria for concrete elements under fluid pressure and log impact?
6) What parameters influence the failure of piers under flood loading?

1.4 Research Gap
1) Current Australian standards do not comprehensively cover extreme flood loading due
to rapid changes in intervals of hazards caused by climate change.
2) Managing authorities need to understand the damage behaviour of bridges under flood
loading.
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3) Literature does not cover comprehensive damage responses for bridges under different
flood conditions and different parameters.

4) The impact loading from a log and other objects are not comprehensively covered with
different codes such as AS5100, and it is assumed as a quasi-static loading. However,
the dynamic behaviour of an object impact on the structure needs to be understood to
quantify the likelihood of failure.

5) The equivalent static impact force proposed by AASHTO is currently independent of
pier geometry. This needs to be further explored.
6) Hydrodynamic forces generated by floodwater flow needs to be considered for
understanding the response of structures.
Research scope developed to address the gaps identified from practical literature and
review, are addressed as,
1) Investigate the vulnerability and the instability behaviour of U-slab bridge as a case
study under extreme flood, and the dynamic effect of a moving object (MO) impact
during exposure to extreme flood events, on the piers and the deck.
2) Study into the recognition of the failure modes and likely mechanisms of failure. Also,
the vulnerable components and factors influencing failure.
3) Develop a numerical model for the piers, deck and simulation of the moving object
impact.
4) Calculate dynamic and static forces on bridges structures due to different flood
velocities.
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5) Present an overall methodology as a generic method for damage response and make a
decision in enhancing the resilience of U-slab bridges, exposed to flood loading, for
wider application.

1.5 Preliminary work
A preliminary study was conducted to understand the vulnerability of the U-slab deck
under flood loading. This preliminary work included an analysis of the flood and object impact
on the U-slab deck of the case study bridge. Figure 1-5 presents the case study structure and the
configurations.
The outcome of the analysis demonstrated that the U-slab deck is less vulnerable to
lateral flood and floating object impact compared to the I-girder deck reported by (Lebbe et al.,
2014). Further, it was clear that the slender piers of the structure would be more vulnerable
under flood and object impact. Therefore, a decision was made to focus the research on the
piers of the U-slab bridge structure.
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(A)

(C)
(B)

Figure 1-5: (A) Typical U-slab Bridge in Melbourne, (B) the bridge section and (C) the
deck elements cross-sectional detail

1.6 Thesis outline
Based on the Study rationales, the thesis is categorized into four principal chapters.
Chapter 2 provides a comprehensive study on the nature of the hydro-dynamic, and hydro-static
loading exerted from the flood on bridge piers. In design standards, a simplified analysis method
is adopted where researchers consider the effect of the flood on a distributed load. In this
chapter, a detailed analysis is undertaken to ascertain the loading applied and the effect of the
geometry of the pier on the applied load using a computational fluid dynamics approach. The
study explored the effect of flood velocity on the load applied on the piers. This study has been
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published in Structure and Infrastructure Engineering (Nasim, Setunge, Mohseni, & Zhou,
2018).
Chapter 3 focuses on damage to the bridge piers under flood loading. This commenced
with the estimation of the damage induced on a reinforced concrete structural element utilising
a finite element methodology to calculate the structural damage and response when it is under
incremental flood pressure. An incremental static analysis, employing ABAQUS/Standard is
conducted to compare the deflection-based method and the dissipated-damage-energy method,
to calculate and predict structural damage. The influence of the degree-of-freedom of the
structure is investigated on the failure scenario of the system. This study is submitted to
Advances in Structural Engineering in Nov 2019 and is under review.
Chapter 4 is an introduction to Chapter 5, which is a preamble to establish the
methodology of impact modelling. The methodology of numerical simulation is presented and
validated with some experimental results from the literature. The dynamic behaviour of a
reinforced concrete beam with similar geometry of our study is modelled and analysed by
conducting ABAQUS/Explicit package, and the effect of the mass of the impactor is studied to
fully understand the structural responses. The results validated our methodology, and the work
has been submitted to Archives of Civil and Mechanical Engineering in Nov 2019 and is under
review.
Chapter 5 provides a very comprehensive parametric study on the influence of the mass
and velocity of a moving object, to examine the structural dynamic responses in terms of
maximum impact forces resulting from the impact of the moving object. In this chapter, the
maximum design impact forces are compared with provisions of design standards such as
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AS5100 and AASHTO. The results have shown the necessity of considering moving object impact
in the design procedure. The result of this work will be submitted to a journal for publishing.

The flowchart presented in next page describe the research methodology and outline different
steps carried out in this study.
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Sensitivity and parametric study of Piers under flood and log impact loading to
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CHAPTER 2
An Investigation of Water-Flow Pressure Distribution on
Bridge Piers under Flood Loading
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2

An investigation of water-flow pressure distribution on bridge piers
under flood loading

Synopsis
In order to quantify the vulnerability of bridge piers under flood loading, it is essential
to understand the types of loading applied on bridge piers under flood. A review of the literature
indicated that there is a gap in knowledge in this space with most studies assuming a simplified
uniformly distributed static load (UDL) on a bridge pier. In this research, ANSYS-FLUENT is
employed to carry out a computational fluid dynamic analysis. This analysis indicated that the
assumption of a UDL is appropriate for representing flood loading. However, the shape of the
pier affected the magnitude of the load applied.

Abstract
This study simulates the flood effect on piers using a finite volume method in the ANSYSFLUENT package. The pier is modelled as a non-structural column with a rectangular and a
circular cross-section. To simplify the methodology, the pier, as well as the bed and sidewalls,
is assumed to be non-slip boundaries for the fluid domain. A crucial feature of this investigation
is the consideration of the effect of water while it is flowing around an object like a bridge pier
and the distribution of pressure along with the pier height. A numerical model is proposed to
explore the influence of variation of velocity on the hydrodynamic force and pressure
distribution exerted on piers. A significant finding is that the shape of the pier cross-section has
a significant effect on the fluid pressure exerted on bridge piers under flood loading. It is noted
that the AS5100 method is appropriate for a conservative estimation of the pressure on
Page 40

rectangular piers, whereas the technique will have a risky safety margin for bridge piers with a
circular cross-section and need to be used with caution.

Keywords: Flood loading; Computational fluid dynamics; Finite volume methods; Bridge
piers; Shape effect; Hydraulics; Hydrodynamics; Flood hazard

2.1 Introduction and Literature Review
Resistance to flood and debris loading are critical parameters affecting the design of bridges
under flood loading. The increase in flood intensity during the past decades because of global
warming has led researchers to revise bridge design codes. Flow around a cylinder is a topic of
numerous experimental and numerical studies. Water flow is a very complex phenomenon and
still needs to be considered in future research. A comprehensive survey of the behaviour of
fluid flow around piers is essential for the prediction of water flow distribution and the
evaluation of a bridge’s response. Using a computational fluid dynamics (CFD) method, in this
study, the water flow distribution is demonstrated in comparison with the equation proposed in
the standards.
Bridges under flood loading have been studied in numerous literature. The design and
research on riverine bridges have various aspects of being investigated. Some researchers
consider the structural behaviour and focus on structural modelling, ignoring the water flow
dynamic behaviour. On the other hand, other researchers have focused on the water flow
dynamic aspects, including drag forces, different parameters of fluids such as drag coefficients,
Reynolds numbers and various methodologies of computational modelling. Although fluid
behaviour is entirely complicated and needs more study, the fluid-structure interaction (FSI) is
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another factor which has been studied by different researchers. Moreover, the scouring effect
and fluid-soil interactions are other areas of CFDs taken into consideration by engineers.
The following literature review covered various aspects of fluid dynamics, and it was noted
there is a lack of research addressing the effect of fluid load on a fixed object such as a bridge
pier. Simulating the fluid pressure on a bridge pier and understanding the methods of numerical
modelling to investigate structural behaviour are the main objectives of the research.
2.1.1

Bridge Damage History

Historical data show that two types of the most costly natural disasters in Australia from 1967
to 1999 are riverine flooding (approximately $314 million per annum ) and severe storm
damage (roughly $284.2 million per annum) reported by (Melbourne & Water, 2005). Over the
last 30 years, numerous bridges around the world have been damaged by flooding. For example,
the Schoharie Creek Bridge (Storey, Chris, Delatte, & Norbert, 2003) in New York was
destroyed in 1987, the Hatchie Bridge (M. Cao, Liu, & Meng, 2009) in Tennessee was
demolished in April 1989, and the Hintze Ribeiro Bridge (Sousa & Bastos, 2013) in Portugal
was damaged in 2001, all due to floods. The Walnut Street Bridge in the United States collapsed
in 1996 because of flood intensity (Lee & Sternberg, 2008). The CPR Bonnybrook Bridge in
Canada failed due to water flow pressure and scouring, which exceeded the bridge’s structural
instability in a flood event in 2014 (Ebrahimi et al., 2016). The damage to these bridges was
entirely or partially attributed to damage to the piers caused by unexpected flood loading on the
structure or scouring.
However, in order to investigate a bridge pier’s failure, understanding of the water flow
distribution is essential. Water flow force on the piers in a significant majority of bridges built
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across rivers is calculated using the methods specified in design codes. Although scouring, as
a result of a flood, is one of the most critical phenomena which cause bridges to lose their
stability, water flow pressure as well as debris and log impacts, can cause structural damage
and failure. Therefore, the distribution of water flow pressure is the focus of this study. To
understand this further, the effect of water pressure beyond the effects of other phenomena
during flood loading is investigated.
2.1.2

A Review of Fluid-Structure Interaction (FSI) Studies

Previous studies of the effects of floods on bridge piers have mainly focused on fluid loadings
as a result of the fluid-structure interaction (FSI). The concept of FSI considers the stability of
oscillatory interaction of some deformable or floating structures with an internal or surrounding
fluid flow. It is one of the crucial considerations in the design of many engineering systems,
e.g. bridges and aircraft. Several studies concentrate on the effect of hydrodynamic pressure on
the seismic response of bridge piers (Arnold et al., 1977; Gao & Zhu, 2006; F. Li, Chen, &
Wang, 2008; Y.-c. Li, 1990; Xue-kui, Xi, & Hui, 2006; Yoshihiro & Robert, 1988). Wang,
Zou, Xu, & Luo (2015) investigated the water current around piers and the coupling effects
between solid and fluid interfaces using FSI methods. Einstein & El-Samni, (1949) measured
the dynamic loadings on a rough wall and found that even in the case of an extremely high
relative roughness, the drag force on protrusions can be determined based on the logarithmic
friction formula, which is a logarithmic function of roughness, fluid velocity and its geometrical
parameters.
Ataei & Padgett (2015) investigated the vulnerability of a coastal bridge under hurricane
conditions and determined how the different factors in modelling of the fluid-structure
influenced the bridge’s response. Aghaee & Hakimzadeh, (2010) simulated the turbulent flow
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around a vertical circular pier with consideration of the coupling of pressure and velocity, and
the vortexes around the pier were investigated using the Reynolds-averaged Navier-Stokes
equation and the space-averaged Navier-Stokes equations.
2.1.3

A Review of Scouring and Fluid-Soil Interaction Studies

In relation to the study of fluid interactions with soil, some researchers have studied the fluid
around piers to calculate and observe the scouring behaviour of the soil around piers (see
(Gaudio, Tafarojnoruz, & Calomino, 2012) and (Ferraro, Tafarojnoruz, Gaudio, & Cardoso,
2013) ). For a long time, due to the complexity of the fluid and structures involved, this issue
has been studied experimentally. In an experimental investigation of the velocity around a pier,
the response to the forward and backward flow was investigated to predict the local scour
(Beheshti & Ataie-Ashtiani, 2009). Ghodsi & Beheshti (2018) developed a methodology to
optimise the scour depth around a complex bridge pier. Tubaldi et al. (2017) developed a novel
probabilistic framework for the computation of the vulnerability of bridge-pier during scouring
using a Markovian approach to account for memory effects in scouring development. Kerenyi
et al., (2009) conducted an analysis of sediment transport and its influence on scouring with
consideration of shape optimisation of piers, with the aim of minimising scour and pier erosion,
and concluded that the evaluation of active or passive counter-measures could mitigate further
damage. Numerical simulation of rectangular and circular piers to understand the vortex around
a pier and the scour response has been carried out for different cylinder heights (Ou Zhiliang,
2007).
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2.1.4

Numerical and Experimental Studies of Water Flow Characteristics

Numerous studies of 3-D simulations and experimental investigations of bridge pier
underflow have been conducted to simulate water flow velocity. However, in the last few
decades, the numerical modelling of the flow around piers has been a growing field of
investigation. Catalano et al. (2003) performed a large-eddy simulation (LES) of the flow
around a circular cylinder at high Reynolds numbers. The methodology’s accuracy is typical
for high Reynolds numbers considering a very complex turbulent flow. Kuroda et al. 2007)
studied the flow around a rectangular cylinder using LES and then compared the results with
particle image velocimetry (PIV) data. A 3-D LES of the turbulent flow around a cylindrical
pier is presented in (Wei & Huhe, 2006). Advances in the use of LES to study flow around
bodies are reviewed in (Z. Yang, 2015). Darg and up-lift loadings, together with their vortex
effects on bridge decks, have been studied experimentally and numerically (Kerenyi et al.,
2009). The drag coefficient is the other research area which researchers have focused on
recently, and the experimental studies conducted and discussed to reduce the drag coefficient
is by (Hamed, Vega, Liu, & Chamorro, 2017).
Rezaeiha et al., (2017) performed an extensive set of unsteady-Reynolds-averaged NavierStokes (URANS) simulations to study the impact of the cylinder, serving as different
aerodynamic parameters and Reynolds number. Malizia et al. (2016) performed several CFD
simulation of a cylinder at low Reynolds (3,900) and sub-critical Reynolds numbers (140,000).
They found the best agreement at low Reynolds numbers for (URANS) k-ω, based on gridsensitivity analysis and validation with wind tunnel measurements available in the literature for
two Reynolds numbers. The drag coefficient of flow around rectangular, semi-circular-nosed,
and 90-degree wedged-nosed and circular piers has been calculated numerically using the finite

Page 45

element method (Almasri & Moqbel, 2017). These researchers recommended that the
AASHTO drag coefficient values should be revised for different circumstances, especially
under severe conditions. Yuce and Kareem, (2016) numerically studied the fluid flow around
bluff bodies such as circular and square cross-sectional bodies for different Reynolds numbers
and examined the drag forces using a k-ω turbulence closure model.
In the present study, the k-ω turbulence concept is used to model a non-structured model
underwater flow. This concept gives a reasonable response in comparison with some
experimental data of Yuce and Kareem (2016).
2.1.5

A Review of Computational Fluid Mechanics (CFD)

Fluid mechanics use numerical analysis to solve fluid problems. CFD is used for a wide range
of calculations of fluid to determine its characteristics, considering the fluid boundary
conditions. CFD-based simulation can be used for a wide range of hydraulic problems,
including the assessment of drag force for bridge piers, for shape optimisation and the
evaluation of active or passive countermeasures for damage mitigation (Kerenyi et al., 2009).
Such simulations based on CFD are reliable and have distinct advantages. CFD can assist in the
assessment of lift and drag loading on flooded decks to calculate pressure as a function of
velocity.
The complex fluid-soil interactions under the effects of floods are governed by the Navier–
Stokes equations in which the conservation of mass, momentum and energy are taken into
account. Numerical methods, such as the finite-volume method (FVM), the finite-difference
method (FDM), and the finite element method (FEM), have been developed to effectively
discretise and solve these equations (Mattiussi, 1997, 2000). The classical FDM approach to
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the discretisation of field problems is based on the use of finite difference formulae to
approximate locally the derivatives entering the expression of differential operators. A
structured grid of points is defined first usually a very regular one, and a local field quantity are
attached to each point. Then, for each of these points, the differential operators appearing in the
problem’s equations are given a discrete expression using the above-mentioned finite difference
formula. FVM is a numerical method to discretise the field equations of a problem by
subdividing the problem domain into cells and compiling the field equations in the integral form
of these cells (Calomino, Tafarojnoruz, De Marchis, Gaudio, & Napoli, 2015).
On the other hand, the FEM is an analytical tool for solid mechanics, and its first formulation
was based on a direct physical approach (Burnett, 1987; Fletcher, 1984). Given its flexibility
concerning FD methods, and the good results produced, the FE approach was applied to many
other fields, with variations required by the nature of the new problems (Mattiussi, 2000). For
example, Hung and Wang (1987) used FDM to calculate the distribution of non-linear
hydrodynamic pressures on the vertical and inclined surfaces of dams. The FVM combines the
advantages of FEM for geometric flexibility and FDM for simple discrete computation (C.
Chen, Liu, & Beardsley, 2003). As FVM uses less computational memory and provides high
calculation efficiency, it is especially suitable for the turbulent flows featured with
high Reynolds numbers, and source term dominates flows (Patankar, 1980). Using the Volume
of

Fluid

(VOF)-based

method

in FLOW-3D

(a

general

CFD software ),

numerical model simulations were conducted for bridge constructions using four different
types of bridge openings located in a compound channel and it was discovered that the ability
and performance of the model are affected by various bridge configurations and shapes
(Kocaman, Seckin, & Erduran, 2010).
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Computational methods for solving the Navier-Stokes equations are primarily classified into
two categories: density-based methods and pressure-based methods, depending on whether the
fluid is compressible or incompressible, Miettinen and Siikonen, (2015) addressed the full
application of both approaches. Many existing techniques (Pulliam & Steger, 1980) solve the
continuity equation for the density (as a primary variable) and then specify the pressure (as a
secondary variable) using the equation of state. Therefore, they are called density-based
methods. However, a pressure-based method, where the pressure is used as a primary variable,
has no restrictions associated with specific flow regimes (Hirt, Amsden, & Cook, 1974). The
present pressure-based method is an extension of the procedure of (Rhie & Chow, 1983), which
was originally developed to solve incompressible Navier-Stokes equations. The FLUENT
package is able to consider both methods, and in our study, incompressible fluid is assumed for
analysis; therefore, the present study uses a pressure-based approach.

2.2 Methodology
The methodology of this paper adopts a CFD approach. This work was carried out to
determine how the total water flow pressure can change during fluid velocity alterations. The
two models represented rectangular and circular cylinders and were developed numerically to
understand the change in fluid pressure and its distribution when there is an increase in fluid
velocity. In this study, an FVM is used to determine the distribution of pressure on the piers of
the cuboid and cylindrical shapes for a wide range of flood velocities. Conservation laws apply
to an infinitesimally small control volume or to an infinitesimal fluid system to analyse fluid
motion. There are three basic differential equations of fluid motion, summarised as follows:

2-1: Continuity:

𝜕𝑝
𝜕𝑡

+ ∇. (𝜌𝑉𝑓 ) = 0
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𝑑𝑉

𝜌 𝑑𝑡 = 𝜌𝑔 − ∇𝑝 + ∇. 𝜏𝑖𝑗

2-2: Momentum (Navier-Stoke𝑠):

̂
𝑑𝑢

𝜌 𝑑𝑡 + 𝑝(∇. 𝑉) = ∇. (𝑘∇𝑇) + Φ

2-3: Energy:

where p is the pressure, ρ is the fluid density, Vf represents the fluid velocity, 𝜏𝑖𝑗 is shear
stress, t is time, T is temperature, k is thermal conductivity, and Φ is a viscous-dissipation
function derived from:
𝜕𝑢

𝜕𝑣

𝜕𝑤

𝜕𝑣

𝜕𝑢

𝜕𝑤

𝜕𝑣

𝜕𝑢

2-4: Φ = 𝜇 [2(𝜕𝑥 )2 + 2(𝜕𝑦)2 + 2( 𝜕𝑧 )2 + (𝜕𝑥 + 𝜕𝑦)2 + ( 𝜕𝑦 + 𝜕𝑧 )2 + ( 𝜕𝑧 +

𝜕𝑤 2
) ]
𝜕𝑥

where, µ is the dynamic viscosity coefficient, u, v, z are the velocity component in the fluid
flow directions (x, y, z), (White, 2011).
Numerical FVM analysis is the most appropriate modern approach. In this method, to solve
differential equations, equations are written in a conservative form before solving over the
discrete control volumes. One of the most significant advantages of such discretisation is the
guarantee of flux conservation using a particular control volume, as shown below:

2-5:

𝝏
𝝏𝒕

∭ 𝑸 𝒅𝑽 + ∬ 𝑭 𝒅𝑨 = 𝟎

where Q is the vector of conserved variables, F is the vector of fluxes, V is the volume
of the control volume element, and A is the surface area of the control volume element
(Patankar, 1980).
Depending on the flow conditions, hydrostatic and hydrodynamic loads are generally applied
to bridges (Coulbourne, 2011). These loads depend on the flow velocity, and hydrodynamic
load can be transferred to hydrostatic load for simplification when the speed is less than 10 m/s,

Page 49

according to the ASCE standard (ASCE, 1994). However, AS 5100 does not have such
restrictions.
Two major hydrodynamic loads of fluid flow proceeding over an object can split into drag
(horizontal load or aligned with the fluid streamlines) and uplift forces (vertical load or
perpendicular to the fluid streamlines) as shown in Figure 2-1. The active and most critical
hydrodynamic loads on a pier as a cylinder are drag and lateral loadings.

(a)

(b)

Figure 2-1: Hydrodynamic forces on the submerged subject (a) drag and uplift forces on the
submerged subject, (b) drag forces on the cylindrical subject.
Equivalent static loads can be adopted instead of a dynamic load, to simplify the current
methodology, Different standards’ techniques, such as EUROCODE, AS5100, ASCE, for the
definition of drag load are similar while the difference is raising from the drag coefficient
calculations. The equivalent static drag load is determined by the following equation, according
to AS5100 (Standards Australian, 2017):
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𝟏

2-6: 𝑭𝑫𝒓𝒂𝒈= 𝟐 𝑪𝒅 𝝆𝑽𝒇 𝟐 𝑨𝒅
where, Cd is the drag coefficient, depending upon different parameters such as pier
shape and flow factors, see (Apelt & Issac, 1968; BS, 2005; Parola, Apelt, & Jempson, 2000;
Standards Australian, 2017), and ρ and Vf are the fluid density and velocity, respectively. The
area of the surface facing the flow is represented as Ad. In addition, the effect of water flow on
piers can be calculated as a function of second-degree parabolic velocity distribution multiplied
by a constant (AASHTO, 2002). The constant is a function of drag coefficient which is assumed
1.4 for all piers subjected to drift build-up and square-ended piers, 0.7 for circular piers, and
0.5 for angle-ended piers where the angle is 30 degrees or less. Although international standards
use a similar method for calculation of the drag force, they have different coefficients. In this
study, AS5100 is selected to compare the numerical approach with the equations proposed by
standards. The vertical uplift force and the forces resulting from the impacts of debris and logs
should also be considered in addition to water pressure.
2.2.1

Fluid Domain Simulation

In this study a numerical simulation has been developed for rectangular and circular
cylinders, representing bridge piers, to investigate the pressure distribution on piers and explore
the provisions of the current design standards for bridges in AS5100 (2017). In this study, a 3D finite-volume incompressible Navier-Stokes model is set up for each rectangular and circular
cylinder, and analysed using the ANSYS FLUENT software (FLUENT, 2009). This
investigation is focused on the water, as running fluid, around the pier, as a solid and nonstructural object, to quantify the total pressure on the submerged pier caused by water flow.
The set-up conditions for both models of rectangular and circular piers were the same, and a
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wide range of fluid velocities of nearly still water to flash flooding was examined to derive the
pressure variations. As the behaviour of the structure in this step was not considerable, the piers
were modelled as a non-structured model, as a cylindrical cavity, which means the pier’s
boundaries were assumed to be non-slip walls, as was the channel walls boundary condition.
The piers of the bridge case study shown in Figure 2-2 (a) were modelled during these
exercises. This is a typical ageing structural configuration in Australia identified as a U-slab
structure. The circular cylinder with the same diameter is comparable to a rectangular model.

(a)

(b)

Figure 2-2: (a) A typical U-slab bridge section constructed in Victoria, (b) The U-slab pier
cross-section
Previous researchers have recommended the use of a width equal to 14D for cuboids, where
D is the width of the object exposed to the fluid. For example, (Zhang, 2017) simulated a
cylinder exposed to flow to examine the Reynolds number and noted that 14D width is
appropriate Based on the above recommendations, in this research a fluid flow domain
confined in a cuboid with the size of 5×7×3.5 (m) in x, y and z directions as shown in Figure
2-3, has been used.
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Figure 2-3: Water Flow Domain and Rectangular Cylinder, 5×7×3.5 (m3) X, Y, Z
To design bridge structures, it is recommended to assume the piers which are entirely
submerged when considering the critical flood condition (Standards Australian, 2017). In this
case, the selected model was a case study of a U-slab bridge pier with a rectangular crosssection (0.355×0.355 m2) and circular cross-section (0.355 m diameter), and the bridge height
was assumed to be 3.5m. As shown in Figure 2-4, the model was developed in FLUENT, and
the adaptive mesh was generated in the simulation to save computational time by conducting
some mesh sensitivity analysis. A standard k-omega (k-ω) turbulence model was employed to
reflect the turbulence boundary conditions. The k-ω model was implemented in the Navier–
Stokes flow solver, which was developed for algebraic turbulence models (J. Kok, Boerstoel,
Kassies, Spekreijse, 1996) and is usually used for problems of solid/fluid interactions (J. C.
Kok, Spekreijse, 2000).
The drag coefficient was selected based on the AS5100:2 (2017) suggestion for rectangular
and circular cross-sections varying in the range of 1.3-3.3.
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Figure 2-4: Discretised Model in Adaptive Mesh for both Rectangular and Circular Piers

2.3 Results and Discussion
AS5100:2 (2017) proposes full submergence of the bridge as the critical flood height
(Fletcher, 1984). Various velocities were applied to the domain in the range of 0.5-10 m/s with
0.5-1 m/s increments. Figure 2-5 shows the flow domain with a pier surrounded by flood
domain and depicts the domain velocity streams over the rectangular pier.

Figure 2-5: Velocity streamlines around a rectangular pier.
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Figure 2-6 presents the pressure contours and their distribution on rectangular and circular
piers when the water flow velocity is around 5 m/s, and it can be seen that the distribution of
the pressure is nearly uniform with minimal depression at the top and bottom of the pier.

(b)

(a)

Figure 2-6: Pressure contours on rectangular (a) and circular (b) pier when inlet velocity is 5
m/s
Figure 2-7 (a) and (b) display the velocity contours and streams on the circular pier and the
two imaginary perpendicular plates and the velocity variation around the pier. The responses
are compared with the experimental data gathered by (Van Dyke, 1982) in Figure 2-7 (c).
The water flow speed increases around the pier’s edges, and as expected, it decreases near the
domain margin and the non-slip walls.

(a)

(b)

(c)

Figure 2-7: (a) Velocity distribution (b) Streams around circular pier; (c) Experimental study
of streams around the cylinder (Van Dyke, 1982)
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In order to validate the research methodology, the model’s results were compared with the
results of (Yuce, Kareem, 2016). The bar charts in Figure 2-8 and Figure 2-9 compare the
pressure on the circular and rectangular models for the velocities 1m/s, 1.5 m/s, 2 m/s and 4
m/s. As expected, the values for lower speeds are very close, because the fluid is less turbulent.
In contrast, when the water flow velocity increases the difference becomes significant.

Figure 2-8: Pressure on Circular Model Compared with Yuce and Kareem (2016)

Figure 2-9: Pressure on Rectangular Model Compared with Yuce and Kareem (2016)
Based on these results, the positive and negative pressure distributions along the pier’s height
are given as the pressure vs pier height. The total pressure in the FLUENT software is
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calculated by the summation of hydrodynamics and hydrostatic pressure obtained from water
flow around an object. The total maximum pressure derived by CFD analysis for different
velocities is demonstrated in Figure 2-10 and
Figure 2-11 2-11. It is noted that with an increase in flood velocity, the pressure increases
as expected. However, the distribution of total pressure has a similar pattern for different water
flow velocities and is very uniform along with the pier height. McClean and Sumner (2014)
reported an experimental exploration of the effect of the aspect ratio and incident angle on the
water flow around square prisms. Their research has shown that the water flow pressure along
an object’s height can be considered as roughly a uniform distribution, regardless of the
variation in hydrodynamic parameters. They also showed that the oscillation of the pressure
might be accrued because of the generation of vortexes around the cylinder, especially at higher
fluid velocities. Almasri and Mogbel (2017) evaluated the drag coefficient around a bridge
pier, and their investigation showed fluctuation in the drag force. The fluctuation along the
circular pier height can be expressed by the drag coefficient fluctuation based on their study.

Figure 2-10: Pressure distribution along with Rectangular Pier Height and its Variation by
Velocity
Page 57

Figure 2-11: Pressure Distribution Along with Circular Pier Height and its Variation by
Velocity
The total pressure distribution on the rectangular pier along the pier height shows a smooth
curve with a constant value (except for top and bottom) while in the circular pier the pressure
distribution fluctuates around a very constant pressure value. The values in the circular pier
show the same consistency (except for top and bottom), as do those for the rectangular pier.
There is a very significant difference in negative pressure on the other side of the pier. It can
be seen that the negative pressure on the rectangular pier at higher velocities is substantial,
while the circular pier’s negative pressure on the opposite side of the subject is negligible and
more irregular; this shows how the shape has a significant influence on the water flow forces.
Figure 2-12 presents a comparison of the negative and positive pressures observed on
the rectangular pier for a range of velocities from 0.5 m/s to 10 m/s. These pressures were
derived using CFD simulation, and they were compared with the Australian code equation
(Equation (2)).
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Figure 2-12: Pressure Derived by CFD Method versus Velocity on Rectangular Pier
It is noted that the positive pressure along on the pier is predicted reasonably well using the
Australian Standard equation. However, if the positive and negative pressures are combined,
the total pressure on the pier is much lower than that given by the code equation. It may be
concluded that the AS5100:2 (2017) equation is very conservative for the rectangular pier
analysed here using CFD methodology.
Figure 2-13 presents a comparison of the average negative and positive pressures observed
on the circular pier at a range of velocities from 0.5 m/s to 10 m/s. These average pressures
were derived using CFD simulation. Here the pressures are compared with the code AS5100:2
(2017).
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Figure 2-13: Pressure Derived by CFD Method versus Velocity on Circular Pier
It is noted that the positive pressure predicted along the circular pier is very close to the
AS5100 equation. However, since the negative pressure on the circular pier is not significant,
the combination of the positive and negative pressure, the total pressure, distributed along the
pier is very close to the pressure calculated by the code equation and is even slightly underestimated for velocities less than 5 m/s. It may be concluded that the standard’s equation is not
conservative for the circular pier analysed here using the CFD calculation method.
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Figure 2-14: Equivalent Pressure Comparison of CFD Method and AS 5100 Equation for
Rectangular and Circular piers.
Figure 2-14 presents a comparison of the total pressures calculated using the CFD method
on both rectangular and circular piers, and the pressure derived using the AS 5100 equation.
Although the pressure proposed by the code is very conservative for the rectangular pier, it is
pointed out that the total equivalent pressure on the circular pier is notably smaller than that on
the rectangular pier. For design purposes, this may be important since localised failure may
require a design for positive pressure, while structural stability may require consideration of
the resultant pressure on the piers. It is also noted that the AS5100:2 equations are conservative
for the rectangular pier and are not conservative for the circular pier.
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Figure 2-15: Difference between Pressures based on CFD Method Calculation and AS 5100
Equation for Rectangular and Circular Piers.
Figure 2-15 represents the difference between the positive pressure based on the CFD
calculation and the AS5100:2 equations for the calculation of drag force for both rectangular
and circular piers (PAS 5100 –PCFD). This shows that positive pressure on both piers using the AS
5100 or codes methods is under-estimated for lower velocities in comparison with the present
computational method.
Consequently, the graph in Figure 16 provides the normalised pressure differences, (PAS5100–
P+CFD) and (PAS5100–PtCFD), concerning the Australian Standards equation, where P+CFD shows
the positive pressures on the piers and PtCFD shows the equivalent total pressures on the piers
derived from numerical calculations. The positive pressure on a rectangular pier at higher
velocities is very close to the pressure predicted by AS5100. The positive forces are
recommended to be considered to determine the pier’s damage. Therefore the comparison
between the positive pressure applied to the pier and the pressure derived from standard’s
equation shows the reliability of the Australian code’s Equation in determining damage.
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Figure 2-16: Difference between the Pressure Calculated from the CFD Method and AS
5100, Normalized concerning AS5100 Eq.
Consequently, the graph in Figure 2-16 provides the normalised pressure differences,
(PAS5100–P+CFD) and (PAS5100–PtCFD), concerning the standard’s Equation, where P+CFD shows
the positive pressures on the piers and PtCFD show the total pressures on the piers derived from
numerical calculations. Although the AS5100:2 equation is conservative for low water flow
velocities for both rectangular and circular shape, the graph shows that the results in a higher
speed of water flow for the rectangular responses are more close to the standard rather than the
circular pier, especially in higher velocities. The difference between total pressure derived from
AS5100:2 and CFD method is nearly less than the previous one, but it is conservative for the
rectangular model. It can be observed that the difference between positive values of pressure
resulting from CFD calculation and standard’s equation for the circular pier is minimal and
negligible while it is significant on the rectangular pier.
Apart from damage localisation, it is recommended to consider the total pressure,
particularly for design and determining the stability of the structure. The graph in
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Figure 2-17 shows that the difference between the total equivalent pressure on circular and
rectangular piers increases while flow velocity is rising. In addition, the square pier shows more
substantial total pressure.
More research in this area is needed to explore the phenomena in more detail, and the relative
effects of water flow pressure distribution should be identified. Table 2-1 provides a modified
equation for the determination of the pressure on both rectangular and circular piers on a
function of the flood velocity, V, and the constant density parameter, ρ. Moreover, the
difference between the two specific models is explained in Figure 2-17. The graphs give a
simple explanation of how the pressure calculated by the CFD method changes in relation to
the water flow velocity. Numerical experiments are required for circular and square piers of
different dimensions.

Figure 2-17: Difference between pressures on rectangular and circular piers calculated
by CFD method
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Table 2-1: Pressures calculated using CFD method for both models and the differences
Shape

Total Pressure Derived from CFD
Method

R2 (Correlation
Parameter)

Circular

PC(eq)= 0.28ρV2 + 0.49ρV

1

Rectangular

PC(eq) = 0.31ρV2 + 0.77ρV

0.9999

Pressure Difference

PC(eq)-PR(eq)= 0.03ρV2 + 0.286ρV

0.9999

2.4 Conclusions
Resistance to flooding and debris loading are critical parameters affecting the design of
bridges under flood loading. Bridges are the most vulnerable elements of the road
infrastructure. Therefore, investigations of loads can benefit bridge design codes. This study
investigates the water pressure resulting from fluid flow around two different shapes of a single
pier to determine how the pressure can be simulated in structural analysis. Two different
shapes, rectangular and circular, with the same diameter, were exposed to simulated water flow.
To study the water flow behaviour on the structure ignoring the structural response,
computational analysis of water flows around a pier was conducted assuming the pier to be a
bluff structure, reported here as a non-structured model. Therefore, in this study, the pier's walls
were assumed to be non-slip boundary walls located in the water flow domain. Different water
flow velocities were examined to determine how they can affect the pier surface exposed to the
water flow, using the ANSYS FLUENT software package. The calculation of water flow
pressure on bridge piers in various codes for the determination of water flow pressure
distribution is very similar (Wang et al., 2015). Therefore, in this paper, the Australian
Standard (AS 5100) was selected for investigation in comparison with the computational
method. Based on a comparative analysis, the principal results can be summarised as follows:
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1. CFD analysis confirms that the pressure distributions on a bridge pier are uniform in
both rectangular and circular piers with very slight changes at both top and bottom of piers
exposed to water flow.
2.

CFD analysis demonstrates that the pressure on a circular pier is under-estimated by

the AS5100 equation when comparing total equivalent pressures with the equation provided by
AS 5100, at velocities less than 5 m/s.
3.

The water flow variations during velocity growth reveal that for a rectangular pier, the

AS 5100 equation is very conservative.
4.

The possible total pressure on a rectangular pier is close to that predicted using the AS

5100 method or other codes, especially for higher velocities.
5.

Positive pressure on both piers using the AS 5100 is under-estimated at lower velocities

in comparison with the present computational method when applied in bridge design.
It is observed that the effect of total pressure distributed on the pier is essential in design for
structural stability, whereas the positive pressure needs to be considered in the design for
localised damage. Further studies of the effect of drag and viscosity on flood forces on bridge
piers at high-velocity water flows are recommended.
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CHAPTER 3
A Comparative Study of Deflection and EnergyBased Approaches on Damage Estimation of a RC
Flexural Element
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3

A Comparison of the Deflection and Energy Based Approaches on
Damage Estimation of the Reinforced Concrete Element
Synopsis
Outcomes of the research presented in Chapter 2 indicated that the assumption of a

uniformly distributed load is appropriate to represent the effect of the flood on bridge piers. In
the next stage, an incremental loading and the resultant damage is explored to understand the
vulnerability of bridge piers. Invulnerability modelling of structures, a common approach
adopted is depicting damage using a proper damage index which is defined as the ratio between
the damage induced at any given level of loading and the complete failure.
Damage indices are commonly used in establishing damages to structures under
earthquake loading. In this chapter, a validating numerical model of a concrete structural
element is used to compare different damage indices and damage assessment of the structure.
An energy-based damage index was proposed and was shown as an improved measure of
estimating the level of damage of a concrete column structure under incremental loading.

ABSTRACT: Structural safety and serviceability are vital during extreme
environmental loadings such as flood and earthquake. The resilience of critical structures and
infrastructures is becoming more vital due to the increase in the intensity of flood loading
resulting from global warming over the last decades. This paper presents a comparison of two
methodologies to quantify damage and risk of the structural system using finite element
analysis. A finite element model developed in ABAQUS software package is used to predict
the failure of a concrete element under applied lateral loading. The model is validated using
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published experimental work. The validated model is then used to compute the damage indices
using two major approaches: a deflection-based approach and an energy-based approach. The
change in damage under uniform fluid pressure loading is observed to be similarly represented
by the two different methods of estimating damage indices. It is concluded that the energybased approach is easier to adopt and offers similar levels of accuracy as the widely accepted
deflection-based approach.
KEYWORDS: Damage Index, Structural Safety and Stability, Finite Element
modelling, Nonlinear Analysis, Structural Assessment

3.1 INTRODUCTION
Concrete as a construction material has a significant advantage over other materials.
Most of the reported failures of concrete structures occurred during the construction or due to
natural hazards (Khan 2014). With the recently reported increases in the frequency of natural
disasters, understanding the vulnerability of structures to natural hazards has become extremely
important. Most of the current design procedures may not adequately cover the resilience of
structures in hazard scenarios. Furthermore, a survey by the US Department of Transportation
shows 28% of structures are deficient in the capacity of the structure to carry the design load
(Manual 2010). These deficiencies can increase the vulnerability of the structures under
disasters.
In general damage, assessment is used to determine the capacity of a structure under
given loading scenarios. A wide range of different assessment procedures exist with varying
complexity, and the choice of the appropriate method depends highly on the specified
requirements of assessment. Structural damage assessment has two main objectives: to confirm
the structural safety and serviceability and to minimise the maintenance cost.
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To assess the structural damage, various approaches have been adopted. Field
assessment methods are used to determine structural health, such as visual inspection, eddy
current, magnetic particle, and ultrasonic methods. This method is also called a measurementbased assessment of the serviceability of the structure. An issue of these methods is the
applicability of the approach, i.e., both sides of the damage location (crushing and cracking)
are needed to be accessible which is not always feasible (Farrar and Jauregui 1998). Another
more economical approach to assess the serviceability of the structure is numerical modelling
and analyse the mechanisms of the crack formation in concrete structures due to different
damage scenarios. Analytical models for crack propagation and damage indicators for concrete
have also been presented by various researchers (Ulfkjær et al. 1995; Neild et al. 2003; Hamad
et al. 2015). The numerical modelling of concrete failure has been progressed recently using
different failure concepts such as fracture energy models, smeared crack models, plasticity
models, non-local damage models (Rabczuk et al. 2005; Rabczuk and Belytschko 2007; Bazant
and Cedolin 1979; Hillerborg et al. 1976; Rabczuk et al. 2010).
Damage indices (DIs) are required to quantify the local or the global damage of a
structure as a function of complete failure. They can be used as an indicator for representing
how the damage risk is progressing concerning different parameters. In different studies
focussing on structural behaviour under earthquake loading, this concept is comprehensively
studied for quantifying the vulnerability of the structures or the fatigue failures under cyclic
loading. A damage index (DI), typically defined as a ratio of the current level of damage and
the damage corresponding to failure, is used in literature to represent the level of damage a
structure undergoes subjected to different levels of loading. Here in this study, damage or
failure is defined as the point at which the structure has reached the strength or serviceability
threshold defined for the situation. This representation of the level of damage can be used in
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practice to measure the level of recovery effort required for structural refurbishment after a
disaster. The value of DI can vary from zero to one; a zero value of DI means the structure is
safe without any deficiency, whereas, one represents the fully damaged element or failure of
the structure.

3.2

RESEARCH SIGNIFICANCE
This section focuses on the measurement of damage levels (DLs) of a representative

model for a bridge pier under flood loading, which induces a uniform water flow pressure. It
is evident that with an increase in flood velocity, the pressure increases, and the corresponding
damage also will increase. A review of damage indices published in literature has been
conducted to understand the damage assessment methodologies. An energy-based method,
which can be easily adapted using the output from a commercially available software package,
is proposed to establish the DI under different scenarios and will be compared to the deflectionbased method. The main purpose of this study is to realise the optimum technique for
calculation of the concrete structures damage and the economic loss could be determined based
on the output of this research.
To enhance the understanding of structural assessment, a reinforced concrete beam
element has been modelled using ABAQUS commercial finite element package under
incrementally increasing load. The numerical model has been validated using published
experimental studies. The modelling methodology has been used to depict the behaviour of a
bridge pier under uniform flood loading with various intensities, and the DIs have been
calculated utilising the output of ABAQUS modelling (ABAQUS 6.14 2013). The proposed
energy-based method is compared with the deflection-based method of calculation of the
damage of the system.
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3.3 A REVIEW OF DAMAGE INDICATORS
DIs are able to quantify the structural damage level (DL) numerically, and they play a
significant role in decision making on structural resilience during disasters or natural hazards.
DIs can quantify the local or the global damage of the structure. Generally, damage to the
concrete structures can be represented as the failure of the components of the structure. The
failure in reinforced concrete is defined as the instance corresponding to concrete crushing. In
flexural members, this will happen well after crack initiation in the tensile zone.
Available DIs can be divided into two categories– cumulative and non-cumulative DIs.
The theory of cumulative damage assumes that a stress cycle with alternating stress above the
durability limit applies measurable permanent damage (Park and Ang 1985). It also states that
the total damage caused by some stress cycles is equal to the summation of damages caused by
the individual stress cycles (SYSTEMS 2012). In monotonic loadings, the non-cumulative
damage models are more appropriate, and the ductility ratio, which can be expressed as the rate
of the deformation in the load time-history to the ultimate or the yield deformation of the
structure is one of the most straightforward concepts. The non-cumulative DIs which can be
used for monotonically increasing load, usually have been used to determine the local damage
and may not be useful for the system’s general damage (Roufaiel and Meyer 1987).
Displacement, stress, strain, stiffness, fatigue and energy dissipation concepts are the common
concepts used for DI description. Due to the complexity of the damage and failure concepts
and their theories and methodologies, this paper is focused on the comparison between two
methods: dissipated energy and displacement concepts.
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3.4 THE CONCRETE BEAM MODELLING AND METHODOLOGY
There are several damage detection algorithms used by researchers for modelling
concrete cracking, crushing and damage mechanisms. These are provided in the commercial
finite element software packages such as ABAQUS (Ioannides et al. 2006; Sinaei et al. 2012;
Alsina et al. 2017). Some of the models have the capability of the actual modelling of the
damage such as Concrete Damage Plasticity (CDP) with dt and dc coefficient, and some of
them are not able to capture the actual damage of the concrete (i.e., smeared cracking model).
In this study, the CDP approach, which has been the most common and widely accepted
constitutive modelling method, has been utilised for the concrete modelling method. The model
is able to predict the mechanical behaviour of concrete under different loading such as
compression and tension, uniaxial, biaxial and triaxial loading by identifying scalar damage
variables.
In order to estimate the damage of bridge pier subjected to flood loading, a
geometrically similar structure is selected from literature as an experimental example to
correlate the methodology of FEM modelling and to estimate the damage using different
approaches. The following sections provide a 4-point beam model to validate and generalise
the modelling methodology and then the comparison of displacement and energy approaches
is conducted to evaluate the damage induced by incrementally increasing the load under
uniform pressure with fixed bed boundary condition to simulate approximately a bridge pier
condition. In the work presented here, the comparison is made between the energy-based DI
and the deflection-based approach to estimate the structural damage. A simple concrete element
has been modelled initially to demonstrate the concept of damage estimation under two
methods as a precursor to modelling and estimating of the damage of the pier of a U-slab Bridge
structure.
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3.4.1

CONSTITUTIVE MODEL

The example is a simply supported reinforced concrete beam for which experimental
tests were performed by (Hamad et al. 2011). A static non-linear FEM analysis is performed to
examine its applicability for damage detection using commercial software ABAQUS 6.14.
Damage parameters using the CPD method and the material properties, i.e. modules of
elasticity etc. and the stress-strain relationships are in agreement with most of the models
(Hanif et al. 2016). The geometry of the model is a rectangular beam with 130 × 210 mm
cross-section and 2700 mm span length. Figure 3-1 describes the model setup and FEM
simulation in ABAQUS. The mechanical properties of concrete used in this study are described
in Table 3-1 Two types of reinforcement are used for tensile and compressive bars described
in Table 3-2. Modulus of elasticity of concrete and 28-days compressive strength is proposed
by Martinez and Nilson (1984) in the range of 21-83 MPa.

(

P

P

(
700 mm
2700 mm

Figure 3-1: (A) Beam setup (Hamad et al. 2011) (B) Beam FEM simulated in ABAQUS and
its cross-section
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Table 3-1: Mechanical Properties of the Concrete
Density
Ton/mm3

fcu
MPa

fct
MPa

Ec
MPa

𝝂

2.4E-9

36.5

3.65

Ec = 3320√𝑓́𝑐 + 9600= 26957.85

0.15

Table 3-2: Mechanical Properties of the Reinforcement
Bar type

Diameter
mm
6
10

Plain bars
Main bars

fy
MPa
393.6
540.8

Es
MPa
208,000
199,200

𝜺𝒔

𝝂

0.25
0.32

0.3
0.3

𝝆
Kg/m3
7850
7850

The default values for CDP parameters used in this model are summarised in Table 3-3.
Table 3-3: CDP Parameters
Dilation Angle

Eccentricity

35

0.1

𝒇𝒃𝟎
𝒇𝒄𝟎
1.16

K

Viscosity Parameters

0.667

0

The results of the analysis are used to examine the response of the structure under a
monotonic static loading. The structural responses have been evaluated under a 20 KN
concentrated load applied on the incremental load.
In order to examine the accuracy of the methodology, the force-displacement
relationship of the numerical model has been compared with the experimental response under
static loads, and it’s been summarised in Figure 3-2. An excellent correlation between the
current study and the experimental model’s response is observed. The mesh sensitivity is also
carried out to ensure the mesh efficiency.
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Figure 3-2: Static response in ABAQUS compared with the experimental model (Hamad et
al. 2011)
According to the model's response, the load at which cracks appear is approximately
1.5 kN. It is obvious that the cracks must be localised under the concentrated loads and are
distributed vertically to the horizontal axes. The crack patterns of the FEM developed flexural
model, which is capable of detecting damage through non-linearity, are in a good agreement
with the experimental results, (see Figure 3-3). Crack development is investigated to validate
the capability of the present study for mixed-mode crack formation.
P

P

(a)

(b)

(c)

Figure 3-3: Simulated cracking pattern for (a) experiments by Hamad et al. (2011), (b)
numerical models by (Hamad et al. 2011, Hanif et al. 2016), (c) current study
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3.4.2

ANALYSIS

The model’s capacity and behaviour are assessed under 4-point-load by using
incremental static analysis in ABAQUS. The model is loaded incrementally as a percentage of
damage until the entire failure of the system. Figure 3-4 shows the capacity of the system to be
about 45 kN (Hanif et al. 2016). In the current study, 15% of the maximum load is applied to
the model to achieve the proper structural response and observe full-plastic behaviour. Crack
formation scenarios in different loading levels are set out in Figure 3-4; where it presents the
crack formation when the load is increased incrementally. Figure 3-5 presents the loaddisplacement response at the mid-span of the beam, as a typical structural behaviure to use
different works to compare it. The response is presented in three different phases. The initial
phase, the blue part of the graph, is when the model has experienced no damage, and the
structural response is fully elastic. The very first decrease in the structural stiffness can
represent the crack initiation in the critical zone of the structure. Since the flexural moment is
maximum between the two concentrated loads, this area has shown more damage and cracks.
Then in the second phase, cracks are initiated and propagated, but still, the behaviour
of the structure is linear-inelastic (the green part in Figure 3-5). When the stiffness of the
structure is degraded due to increasing load, the first changes on the slope of the curve represent
the critical crack initiation load, F1. It represents the maximum load for the safe zone. The
nominated value of F2 on the curve is the load which causes the change in the path of the graph,
the second critical point when the cracks started to opening and nonlinear-inelastic behaviour
is reached. This load is nominated as the maximum load for moderate damage. It is evident that
increasing the load causes the beam to crack in the tensile zone, and therefore the tensile
stresses are transferred to the reinforcement.
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PT=8.5(KN)
PT=8.9(KN)
PT=14.7(KN)
PT=22(KN)
PT=27.6(KN)
PT= 40(KN)
PT= 48.8(KN)

Figure 3-4: Crack formation pattern at different load level in ABAQUS (PT =2P)
With further increasing the load, the third phase of damage initiates when the
reinforcement begins to yield, along with nonlinear behaviour of the structure. From this level
of damage, the plastic hinge appeared, resulting in the reduction of the stiffness of the structure.
Although the appearance of plastic-hinge does not represent the overall instability (failure) of
the structure (since it can tolerate more lateral load), the plastic-hinges formation in the system
may result in nonrepairable damage. Damage assessment for this structure was assessed
through the mid-point deflection of the structure, and the changes in structural stiffness can
define different DLs.
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Figure 3-5: Static load-displacement curve for 4-Point load model (envelope curve)
3.4.3

Simulation of a Bridge Pier Subjected to Water Flow Pressure

Adopting the approach in section 3.1, a representative bridge pier is modelled under
uniform pressure. Based on a previous study conducted by (Nasim et al. 2015) on the pressure
distribution on a bridge pier exposed to water flow, uniform loading seemed to be appropriate
to represent the pressure applied on the pier subjected to water flow velocity. In this study, the
pressure distribution is assumed 1 MPa as an incremental uniformly distributed load along with
the pier model. The uniform pressure is applying to the surface, which is faced with water flow.
The weight of the pier, as well as the axial load resulted from the superstructure dead load, is
calculated based on the details on drawings (~20t) and are considered in the analysis (see Figure
3-6). The boundary condition for the bottom of the pier is considered as a fix condition. Figure
3-7 represents the load-displacement response for different phases and the load is incrementally
increased to show the structural behavioure.
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Structural safety and serviceability are factors that will be discussed in following
sections. The global factor of safety, which is the ratio of the resistance and the load effect is a
common deterministic safety measurement.

Figure 3-6: Piers simulation in ABAQUS and the water flow pressure applied on the front
face.

Figure 3-7: Static Load-Displacement Curve for Bridge Pier under Water Flow Pressure
(Envelope Curve)
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3.4.3.1 Damage to Bridge Piers under Flood Loading
As described above the damage has been categorised in three different levels, the first
level is elastic, and this kind of damage assessment is recommended for a susceptible structure
with very high-performance requirement (the serviceability limit states). In the first level, no
surface cracks in the structure are expected. The limits for this level could be calculated from
the structural response to loading. The second level is the damage before the plastic-hinge
appearance. The elastic-plastic behaviour of the structure is expected in moderate damage
level, and it can be called the ultimate limit. This level can be calculated in the same way as
the first level. Finally, the last DL is related to the entire structural failure in which it cannot
withstand any more loading. In this section, the total damage caused to the structure for three
different DLs is calculated.
3.4.3.1.1 Deflection-based Damage evaluation
Having studied the definition of damage indices, based on the structural displacement
using the following equation, (Park et al. 1984), DI for each DL is adopted.
𝜹

3-1: 𝑫𝑰 = 𝜹 𝒊

𝒖𝒋

where 𝛿𝑖 is the displacement of the mid-span in loading step 𝑖 and 𝛿𝑢𝑗 is the ultimate
deformation of the mid-span in each DL, j (j=1,2,3).
To have a perspective on the calculation technique, using the load-deformation
response of

the structure, presented in Figure 3-7, the ultimate load value, 𝛿𝑢𝑗 , and

correspondence deflection values are estimated for all of the three DLs. Then to determine
damage percentage values for different damage levels the Equation 1 is used. Figure 3-8
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compares DI variations with an increase in water flow loading for different DLs in the current
study. Comparison of the three different DLs shows a similar trend in different DLs as
described with the diagonal dashed lines in Figure 8. Although in the first level of damage, the
values of DI change from zero to one due to the increase in the load, no cracks are presented
in this stage. The value of DI in the first damage level, L1, shows the structural safety and
denotes the system’s alignment to the crack appearance. The DI =1 for DL1 is just the initiation
of cracks; in other words, since the first crack has been initiated, the structure shows a nonlinear
response. When the structure is starting to be cracked in level 1 DI(L1)>1, level 2 damage
initiates. The analysis of the outputs and DI values shows that damage in second DL is less
than 20% of total damage d2 in Figure 3-8, DI(L2) ≈ 20%DI(L3). The DI=1 for DL2
corresponds to the appearance of the plastic hinges. DI=1 for DL3 is a failure or softening of
the structure.

Figure 3-8: Damage index variation during water flow increasing, for the first, second and
third DLs
The equivalent equations are defined to describe the damage behaviour of the system
considering the displacement concepts by conducting a regression analysis. Structural safety,
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when exposed to water flow loading, could be described by the equations provided in Table 34. The correlation coefficient, R2, also represent the accuracy of the formulas. However, it is
recommended to generalise the methodology for different structures with different
characteristics in future studies.
Comparing the three levels of damage calculated so far, it is observed that the ratio of
the maximum load required for each level is almost similar. For example, the ratio of the
minimum load for DL2 to DL1 is about 1.7, (4.55𝐸5
), and the ratio of the minimum load is
2.62𝐸5
7.3𝐸5
required for DL3 is about 1.6, (4.55𝐸5
).

The values of all DLs are described in Figure 3-8 and Table 3-4, to explain the results.
Another notable observation is that there are very similar trends of the growth in damage or the
slopes of all graphs are very close (the nearly paralleled dashed lines in Figure 3-8 are
describing this phenomenon).

Table 3-4: Damage index equations, for different damage levels, based on the deflection
concepts
Damage Levels
Equations of Safety
R²
Damage
Load(N)
(i)
(ii)
(iii)

Si =1 - (1e-22F4 – 5e-17F3 + 1e-11F2 + 2e-06F)
Sii = 1 - (2e-23F4 – 3e-18F3 + 8e-13F2 + 5e-07F)
Siii = 1 - (-9e-24F4 + 2e-17F3 – 6e-12F2 + 6e-07F)

1
0.9986
0.9917

2.62e+05
4.55e+05
7.30e+05

3.4.3.1.2 Dissipated damage energy-based damage evaluation
Apart from the deflection-based approach, an analysis of dissipated damage energy on
the whole system is carried out to quantify the damage of the whole system. The results are
compared with predicted scenarios in the previous section of this paper, which carried out based
on the deflection concept. In this approach, the time-history trend of the dissipated energy of
the whole system is investigated and analysed.
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Figure 3-9: Time history of the dissipated damage energy (DDE)
Figure 3-9 shows the time history of the damage dissipated energies (DDE) of the whole
system, calculated by the area under the load-deflection curve, which is derived from the output
of ABAQUS. The values of DDE for the entire model can be evaluated efficiently using
ABAQUS results as the whole model’s damage dissipated energy (ALLDMD). It provides the
DDE variation while the water flow pressure is increased incrementally. Although the curve’s
trend is growing during the incremental loading increases, before plastic hinges appearance
damage dissipated energy is rising gradually (the second phase of the graph, damaged zone in
green, in Figure 3-9), while after this phase, the energy dissipation is developing dramatically
(the third phase of the chart, plastic hinges existence zone in red, in Figure 9).
Figure 3-9 demonstrates the different DLs in terms of DDE. All the procedure is carried
out via ABAQUS tools itself, and the output is described by ALLDMD parameter, as described
above. From the data recorded in Figure 3-9, the thresholds for different levels of damage are
calculated. For example, up to crack initiation, 192 (mJ) energy is dissipated in the whole
structural system. Comparing Figure 3-9 and Figure 3-7 reveals a similar trend in the
displacement and DDE trend during the increase in water flow pressure. Alteration of
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dissipated energy versus the increase in water flow pressure is described and plotted in Figure
3-9 and Figure 3-10.

Figure 3-10: Damage dissipated energy (DDE) variation for the whole pier model
Results from above in terms of DDE outcomes for the whole model represent how
damage energies are dissipated in different damage modes. For example, for crack initiation in
the model, regardless of the damage location, 192.8 (mJ) energy is dissipated; and 338 (mJ)
energy is lost when the plastic hinges created, and substantial deflection occurred till the total
failure of the structure. In the complete failure phase (failed zone, black zone in Figure 3-9) the
structure is unstable, and local damage reduces the structural stiffness. The progressive damage
observed in Figure 3-9 can be implicated by the curve in Figure 3-9, and it can give us an
applicable DI based on the energy outputs. As explained earlier in the first phase of the
structural response, DL1, DDE is zero, while with the increase in the load, the crack inception
has occurred gradually. Therefore, here in the energy-based method, the first level’s value is
zero due to elasticity behaviour of the system, and it shows structural safety zone, therefore in
this approach, two levels of damage are investigated. The DI variation during the increase in
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water flow has been focused when cracks have appeared in structure, and the energy-based
approach is compared with the deflection-based method.
To quantify the DI’s based on the dissipated-energy concept, the values of the turning
points are highlighted in Figure 11, and the corresponding DDE are evaluated. Then the energybased DIs presented in this paper are calculated using the following equation:
𝑫𝑫𝑬

3-2: 𝑫𝑰 = 𝑫𝑫𝑬 𝒊

𝒖𝒋

where, 𝐷𝐷𝐸𝑖 is the damage dissipated energy in loading step 𝑖, and 𝐷𝐷𝐸𝑢𝑗 shows
ultimate damage dissipated-energy.
The first phase, as mentioned earlier, there is no damage recorded in the system due to
the elastic behaviour of the system. The second damage level is when the of the cracks appear
due to linear plastic behaviour of the system, j=2. The third damage level, j=3, the structure is
in the fully nonlinear-plastic zone, and total failure is evident when the DI(L3) ≥1. As discussed,
in this phase DL3, plastic-hinges-appearance-phase, the structure is unstable. Analysing the
data indicated that damage in the next level starts when the previous level, DL2, is entirely
completed.

Figure 3-11: Damage Index variation for the elastic-plastic and fully plastic damage mode
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To expand the results, the values for different DLs are described in Figure 3-11, and it
displays a very similar trend for increasing damage by increasing the load, compared to the
deflection-based damage index.
The methods described above shows the application of the energy-based damage index
and show that the technique gives similar results to the deflection-based process.
3.4.3.1.3 Correspondent Water flow velocity
In order to understand the effect of the water flow on the bridge pier, a reverse calculation
can be conducted to estimate the effective water flow velocity on the case study. The results of
water flow loading can be linked to corresponding water flow velocity. The equivalent static
drag load is determined by the following equation, according to AS5100 (Standards Australian
2017):

𝟏

𝟐𝑭𝑫𝒓𝒂𝒈

3-3: 𝑭𝑫𝒓𝒂𝒈= 𝟐 𝑪𝒅 𝝆𝑽𝒇 𝟐 𝑨𝒅 ⟹ 𝑽 = √𝝆.𝑪

𝒅. 𝑨𝒅

where, Cd is the drag coefficient, depending upon different parameters such as pier
shape and flow factors, see (Apelt and Issac 1968; Parola et al. 2000; BS 2005; Standards
Australian 2017), and ρ and Vf are the fluid density and velocity, respectively. The area of the
surface facing the flow is represented as A, here is the rectangle of 130 × 2700 mm2. Based
on the analysis and the related calculation, using Equation 3, the equivalent water flow velocity,
could be calculated. Here according to the standards’ definition, the drag coefficient of the
square element is considered, Cd=1.4, (AS5100-1). The results are shown in Figure 3-12. The
graphs show that very high velocity, more than 30 m/s, is needed for the failure of the simulated
pier, which is not practical. In the safe zone, DL1, no damage occurred.
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Figure 3-12: Damage Index variation for different damage levels with respect to the water
flow velocity
3.4.3.1.4 Comparison of two different concepts of DI
Two approaches for the estimation of risks are compared in this section. According to
the description of the evaluation of DI’s by two different concepts (Deflection & DDE), in this
work, the static non-linear analysis has been carried out for the system under incremental
uniform pressure. The DIs have been calculated for each DLs, using the ultimate deflection
values, and dissipated energy estimated from the turning points of the discussed curves, (see
Figure 3-7, Figure 3-9, Figure 3-10). The quantitative values of the DDE for the whole system
(ALLDMD parameter), are derived from ABAQUS outputs. Figure 3-13 provides a
comparison between both approaches to evaluate the damage. It must be reminded that the safe
zone is zero-damage and are not compared in this section.
The comparison of DIs shows that at a lower amount of loads, they provide exactly
similar outputs. While, at the plastic phase, DL3, 6-10% difference in the damage values
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between two approaches is observed. This can be interpreted as to the inclusion of damage
occurring at different location of the piers in the DDE method.

Figure 3-13: Damage Index for both elastic-plastic and fully-plastic-damage-mode and
comparing the displacement and energy concept
The result in Figure 3-13 shows that the energy-based damage index can be used for
estimation of the damage level of bridge piers under flood loading with a similar level of
accuracy as the widely accepted deflection-based method. The advantage of the energy-based
method is that the direct output of the ABAQUS model can be used to establish the damage
parameters. In establishing the vulnerability of bridge piers under flood loading, the method
offers a useful approach to determine the velocity levels which induce significant damage to
the structure.
Considering the level 2 damage, it is noted that velocity of at least 10 m/s is needed to
induce damage which requires intervention. Also the top connection of the pier is assuming as
a pinned connection.
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3.5

CONCLUSIONS
This chapter presented a review of DIs presented in literature and noted that there are

many different methods to define the DIs. A feasible method for calculating concrete structural
damage under increasing static loading using ABAQUS is presented based on CDP modelling,
and the validation of the system leads the problem to compare different damage evaluation
approaches. A new energy-based approach which can be used for evaluation of the damage of
vertical structures such as bridge piers under lateral, flood, loading is presented.
The deflection-based approach and the new energy-based approach have been
compared using a case study of a bridge pier. Following conclusions can be drawn from the
work presented here.
1. Both the deflection-based DI calculation and the energy-based approaches show similar
outcomes for moderate damage.
2. The energy-based DI appears to be more reliable for evaluation of the damage of
complex structures when the degree of freedom is increased.
3. The deflection concept could not consider the rotational damages of the fixed boundary
condition, while overall damage dissipation energy can address the damage of the
whole system.
4. The energy-based approach provides a superior method since it is more straightforward
to apply a structural system using finite element analysis results.
5. Structural geometry and degree of indeterminacy have a significant impact on the
damage observed and calculated.
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CHAPTER 4
Effect of the Mass of a Free-Dropped-Hammer on
Dynamic Response of a Reinforced Concrete Beam
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4

Effect of the Mass of a Free-Dropped-Hammer on Dynamic Response of
a Reinforced Concrete Beam

Synopsis
Chapter 3 presented the numerical modelling approach for a bridge pier under flood
loading. Further, a new energy-based damage index was proposed as a measurement tool for
damage estimation of bridge piers under flood loading.
In chapter 4, the research focused on the impact of floating objects on a bridge pier. A
free-dropped-hammer on a concrete beam was modelled to validate the methodology and
simulate the impact phenomenon. In this chapter, the effect of the mass of the hammer is
investigated on the damage behaviour of a reinforced concrete beam.

Abstract
The dynamic response of reinforced concrete structures when they are exposed to
impact loading is essential to understand the practical implication of the collision of an object
on the structure. This paper presents a methodology to numerically assess the dynamic response
of an RC beam under a dropped hammer with different masses to observe its influence on the
structural reaction. A 3-D simulated beam, using ABAQUS, is utilised for calibration. The
validated model has been used for further parametric studies on the effect of the mass of the
impactor, and the other of impactor such as velocity assumed constant. Peak impact forces,
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deflection of mid-span and systems damage levels has been assessed in order to differentiate
damage levels. The time history of the impact forces demonstrates that the mass of the impactor
has a nonlinear relationship with the structural response. And a linear relationship is observed
with the system total energy. An innovative method using the cushioning factor is assisted in
predicting damage scenarios when the structure is exposed to different masses of the impactor.

Keywords Finite Element Analysis, Dynamic Response, Impact Loading, Reinforced
Concrete Structure, Explicit/Dynamic Analysis
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4.1 Introduction
Impact loading is a common phenomenon in reinforced concrete (RC) structures
subjected to extreme loading scenario which acts in a very short period of time. Some typical
examples are vehicle impact on structures (El-Tawil et al. 2005; Zhou et al. 2017) and ship
collision on marine structures (Dong and Frangopol 2015; Gluver 2017; van Manen and
Frandsen 2017). Up to now, Engineers use an equivalent static force to emulate the effects of
an impact. The magnitude of the quasi-static force depends on the self-weight of the structure
being hit an is considerably small. This necessitates the introduction of impact force to help
explain the anomalies (Jankowiak and Łodygowski 2010).
Basically, when a MO hits a given structure, momentum is conserved by a reactionary
force that slows down the structure until it comes to a halt. Some of the kinetic energy of the
MO is converted to strain energy in the structure that is being hit. As such, it becomes quite
difficult to predict the outcome. One of the major problems in the analysis is estimating
deformability. Assuming a rigid impact is outrightly out of the question. Rigidity makes us
assume an abrupt change of velocities, infinite acceleration and therefore infinite force. In case
of structures for which impact occurs regularly, the structure must maintain elasticity, and
therefore it is essential to carry out a true dynamic analysis.
The behaviour of RC beams under impact loading has been studied for decades (Cazzani
et al. 2002), but it is still not well understood. Most design standards allow conversion of an
impact load to an equivalent static load for structural design. However, research in this area
continues to grow and has been mostly prompted by the recent human-made hazards on vital
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structures such as nuclear plants. The understanding of structural response under impact loading
is required to establish a new design method to enhance the resilience of structures.
Structural damage under impact loading is categorised into two different reaction
phases: i.e. local response and overall response. A local response is originated based on the
stress wave that occurs at the point of immediate loading. The overall response results from
free vibration of the elastic-plastic deformation of the system and can last over a longer period
of time after the impact loading. This study provides an analytical framework for determining
the structural dynamic response of concrete elements based on a parametric study on the mass
of a drop hammer impact. This paper focuses on assessing the impact forces resulting from a
free-dropped-hammer. Numerous research studies (Banthia et al. 1989a,b; Kishi et al. 2001;
Kishi and Mikami 2012; Trivedi and Singh 2013; Kezmane et al. 2017; Low et al. 2001) report
the dynamic behaviour of RC members under impact loading. However, research covering local
and global failure modes due to impact loading is scarce.
Pham and Hao (2016) have proposed a new model based on Artificial Neural Networks
(ANN) to predict the maximum impact force. Shivakumar et al. (1985) analysed an impactorplate system to configure the impact forces of the system using energy balance and spring-mass
approaches and concluded that when the mass of the impactor is greater than 3.5 times the plate
mass, the inertial effects of the plate are negligible. Saatci and Vecchio (2009) showed the
difference between the static and dynamic response of the specimens by having four groups of
drop hammer impact tests on RC beams to study their effect on the shear capacity of the RC
beam. They were able to develop a simplified single degree of freedom method. Three
approaches are usually adopted to study the impact on structures: empirical (Yao et al. 2005;
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Kumpyak et al. 2013; Chiaia et al. 2015), analytical (Yoo et al. 2015), and numerical (Kezmane
et al. 2017).
Drop hammer impact tests on RC beams were conducted to study the shear behaviour
of RC beams, covering beams without stirrups, RC beams (Kulkarni and Shah 1998; Kishi et
al. 2002). Moreover, Banthia et al. (1989) proved that a structure could absorb more energy
under impact than under static loading. Previous studies (Kishi et al. 2002; Saatci and Vecchio
2009) proved that impact force is significantly higher and quite different from the typical static
reaction force in RC beams. However, research covering the dynamic responses of structures
under impact loading is quite limited.
In this study, the series of non-linear Dynamic/Explicit analysis has been conducted
using the commercial finite element software ABAQUS to understand the mechanism of impact
on a structure and the structural nonlinear inelastic response, for instance, maximum impact
forces, the energies of the system and beam’s deformation. For a selected beam section, the
significance of concrete crushing with the increase in impacted mass is evaluated. Furthermore,
the damage behaviour of the beam, i.e. deflections and energies under impact loading, is
studied. The methodology of modelling is validated using an experimental method from
literature.

4.2 Research Significance
In practical situations, concrete structures may be exposed to impact loading. For
instance, bridge piers could be subjected to log impact during extreme floods. Understanding
the effect of the impact in relation to the mass of the log is essential during the design of the
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bridge and retrofit phases. Quasi-static forces calculated from the first principles of momentum
and energy are considerably small and therefore cannot explain why log can cause considerable
denting. The primary purpose of this research is to address the gap in knowledge by assessing
the influence of the mass of an impactor on the damage patterns of an RC beam. Based on the
results of the parametric studies, a critical condition between the two failure modes of the
structure has been established. The secondary purpose of this paper is to evaluate the effect of
the mass of the impactor on the induced impact force, and different types of energies and
structural deflection and deformation are assessed. The study gives a perspective on the
relationship between different patterns of structural damage and structural responses.

4.3 Test Introduction
4.3.1

Specimen setup and mechanical properties

An experimental model for a simply supported RC beam subjected to a dropped
hammer’s impact is selected from the literature for this simulation. Fujikake et al. (2009)
examined the impact response through an experimental study of four RC girders with a
rectangular cross-section. In this study, the selected experimental research is used for validation
of the modelling approach. The model’s simulation and setup are illustrated in Figure 4-1.
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Figure 4-1: Drop Hammer test setup (Fujikake et al. 2009)

Figure 4-2 shows the schematic dimensions of the RC beams. The longitudinal
reinforcements in both compression and tension sides were 2ØD16 rebar with 426 MPa yield
strength. D10 stirrups of 295 MPa yield strength are arranged at 75 mm intervals. The
longitudinal tension reinforcement ratio is 1.26% with a cross-sectional diameter of 16mm, and
22 stirrups with 10mm diameter at 75mm intervals are used as shear reinforcement. Table 4-1
provides the details of reinforcement.
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Figure 4-2: Rebar arrangement - side and a cross-sectional view (Fujikake et al. 2009)

Table 4-1: Reinforcement details
Reinforcements
Numbers
D16
4 (2 tensile + 2 compressive)
D10
22

Fy (MPa)
426
295

As
200.96
78.5

The hammer’s height above the beam is 30 cm. It is positioned to drop on the top surface
at mid-span of the beam. The striking head of the drop hammer had a hemispherical tip with a
radius of 90 mm. A parametric analysis of the dynamic response of the beam subjected to this
drop hammer with different weights is conducted to evaluate the response of the RC beam. Nine
different weights of the hammer, 100 kg, 200 kg,300 kg, 400 kg, 500 kg, 600 kg, 700 kg, 800
kg, 1 ton and 1.5 ton are compared for this research. The response of the model with 400 kg
weight of impact is used for the validation of the simulation methodology. The concrete
compressive strength is 42.0 MPa, and the static analysis gives 33kN of cracking, 108 kN of
yielding and 120 kN of ultimate load capacity (Fujikake et al. 2009).
An elastic-plastic damage model is adopted to describe the nonlinear behaviour of the
RC concrete. Lubliner et al. (1989) developed the Concrete Damage Plasticity model (CDP),
which is widely accepted and used in the current simulation. It has been assumed that the two
main failures are compression crashing and tensile cracking based on the classical continuum
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plasticity damage theory (Lubliner et al. 1989). The CDP model of concrete is one of the
possible constitutive models which can predict the constitutive behaviour of the concrete. This
behaviour could be described by identifying scalar damage variables in tension and
compression, dt and dc. By the following equations, the inelastic stress-strain relationship of
concrete is determined:
~𝒑𝒍

𝝈𝒕 = (𝟏 − 𝒅𝒕 ). 𝑬𝟎 . (𝜺𝒕 − 𝜺𝒕 )

(4-1)

~𝒑𝒍

𝝈𝒄 = (𝟏 − 𝒅𝒄 ). 𝑬𝟎 . (𝜺𝒄 − 𝜺𝒄 )

(4-2)

Figure 4-3 and Figure 4-4 demonstrate the constitutive input and the damage parameters
as a function of the compressive and tensile strengths, for 42 MPa compression strength for 71day concrete. The values are calculated based on the CDP definitions in ABAQUS (ABAQUS
6.14 2013). In this research, a time-dependent impulse function has been used to simulate the
interaction between the hammer and concrete (Abrate 2001). Concrete material properties and
CDP parameters are presented in Table 4-2.

(A) Concrete Compression Hardening
Yield Stress (Mpa)

Yield Stress (Mpa)

(B) Cracking Strain-Yield Stress
4
3.5
3
2.5
2
1.5
1
0.5
0
0.0E+0

1.0E-3

Cracking Strain

2.0E-3

3.0E-3

40
35
30
25
20
15
10
5
0
0.0E+0

2.0E-3

4.0E-3

6.0E-3

8.0E-3

1.0E-2

Inelastic Strain

Figure 4-3: Concrete damage parameters in (A) compression and (B) tension
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(A) Concrete Compression Damage
(B) Concrete Tensile Damage Parameter
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Cracking Strain
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Figure 4-4: Concrete Stress-Strain behaviour in (A) compression and (B) tension

Table 4-2: Concrete CDP properties
Compressive
Strength MPa

Dilation
angle

Eccentricity

𝒇𝒃𝟎
𝒇𝒄𝟎

K

42

35

0.1

1.16

0.667

4.3.2

Viscosity
parameter

0.01

Young’s
Modulus

Poison’s
Ratio

23,500

0.15

FEM Simulations

A dynamic non-linear explicit integration method of analysis is applied to the simulated
model in ABAQUS/Explicit package to solve the equation of motion for the whole system.
Forces are propagated as stress waves between neighbouring elements since we are solving for
a state of dynamic equilibrium. The explicit solution method is a dynamic procedure originally
developed to simulate high-speed impact events in which inertia plays a dominant role in the
solution. Since the minimum stable time increment is usually quite small, most problems
require a large number of increments (ABAQUS 6.14 2013).
In this study, a parametric study is conducted to investigate the influence of the mass of
the impactor as the object in relation to the structural mass as the subject. The simulation is
validated at 30 cm drop height above the specimen, and the results are compared with the
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experimental study conducted by Fujikake et al. (2009). Time sensitivity analysis is also
conducted, with 0.025 seconds as the time period. The load is applied via the rigid hammer’s
cap. The mass of the dropping hammer is applied as an inertia command in ABAQUS. The
velocity of the impact is calculated by:

4-3. 𝒗𝒊𝒉 = √𝟐𝒈𝒉
where g (m/s2) is the gravitational acceleration and h (m) is the drop height.
4.3.3

Calibration of the Simulation Technique

Mesh sensitivity analysis is carried out to determine the optimum mesh size of 12.5 mm
for the simulation. In this simulation, a 30cm drop height and 400 kg hammer mass is used to
compare with the experimental test. The crack propagation after the impact on the simulated
RC-beam model is illustrated in Figure 4-5.

Figure 4-5: Crack propagation in the RC beam with a drop height of 0.3 m, mass of 400 kg

Figure 4-6: Crack propagation in the RC beam for the drop height of 0.3 m, the mass of 400
kg (Fujikake et al. 2009)
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Figure 4-6 represents the crack pattern from the experimental study with 400 kg hammer
mass (Fujikake et al. 2009). A similar crack pattern is seen in the FEM model and the
experimental test (Figure 4-5 and Figure 4-6). Figure 4-7 shows the mid-span response of the
simulation and the experimental test.

(A)

(B)

Figure 4-7: (A) Mid-span deflection (B) Impact force for the RC-beam with the drop height of
0.3 m and 400 kg mass of hammer.
The peak values of deflection, impact force and duration of the model’s responses are
simulated with reasonable accuracy in this study, as shown in Figure 4-7 above. However, there
is a slight difference in the post-peak impact forces values. This difference can be attributed to
the changes in the velocity, damping and the gravity considerations in the experimental model,
which is neglected in the simulated model for the impactor as a rigid body. For example, the
speed of the impact in the experimental model would decrease slightly because of the frictional
phenomenon, which is neglected in the numerical simulations.
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The maximum difference of impact forces between the simulation and the experimental
results is about 2.2%, which shows an appropriate correlation. The vibrational behaviour shows
both the stress vibration along the length of the model and the free vibrational response of the
impact. This difference results from the modelling of hammers in ABAQUS as a rigid-body,
which could not absorb energy. However, in the experimental test, a part of the energy of the
system is absorbed by the hammer.
4.3.4

The parametric Study and Discussion

In this research, ten different masses of the drop hammer are used to understand the
influence of the mass of the hammer on the response of the RC beam and the damage patterns.
This study provides a comprehensive overview of the impact response of a simply supported
RC beam. Figure 4-8 shows the crack patterns and the deformation of the beam under impact
loading for nominated tests. Although the lighter masses of 200 and 400 kg cause critical
damage and cracks in the structure, less deformation is visible in the mid-span of the structure.
The heavier impactors cause serious damage with more cracks and crushes at the impact point
and visible deformation of the structure. The legend shows the value of the tensile damage
parameter, which varies from 0 to 1. It also shows the damage severity as the value approaches
to 1.
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(a)

(b)

(c)

(d)

(e)

Figure 4-8: Crack pattern in RC beam under impact loading with a mass of (a) 0.1t, (b) 0.4 t,
(c) 0.8 t, (d) 1 t and (e) 1.5 t
As can be seen, the severity of the crack does not increase considerably by increasing
the mass of the impactor. The added energy of the impactor is used in crushing the concrete
around the area of the impact.
4.3.4.1 Impact force
Impact force is one of the significant design considerations for structural resistance.
Impact force is defined by the acceleration transferred to the structure under a certain impact
load. As expected within the simulation, the impact force is one of the factors which has been
affected by changes in the mass of the Hammer. It is obvious that with an increase in the mass
of the hammer, the impact force is increased. However, to understand the damage patterns, it is
essential to conduct more investigation to distinguish the difference between the failure modes.
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One important observation is the distinction between free vibrational behaviour and
damping behaviour of the structural system. This is demonstrated in Figure 4-9 by comparing
the results from the nominated analysis of the RC beam under impact loading. Lighter impactors
(0.2t & 0.4t) cause local damage while massive impactors (0.8t -1.5t) cause severe damage,
distinguished by the convex behaviour of the impact force.
The response of the impacts arising from the lighter masses of 200 kg and 400 kg
indicate backward reaction of the impactor when the impact forces reduced to zero. The
hammer with the mass of 0.4t has the same response after impact, but bouncing back occurs
about 0.02 s after contact initiation.

Figure 4-9: Impact force for nominated masses of the hammer during the impact
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Figure 4-10: Normalised maximum impact force relationship with the normalised mass of the
impactor
Figure 4-10 provides the variation of the impact forces derived from the FEM
analysis and compares the corresponding values of theoretical impact forces defined by:

4-4: 𝑭𝒊𝒎𝒑𝒂𝒄𝒕 =

𝒎𝒈𝒉
𝒅

where m is the mass of the dropped object, g is the gravitational acceleration, and d is
the displacement value of the hammer. The graph represents the difference between the
theoretical values for impact forces are much lower than the real impact force. Using the
deformation evaluated from the analysis, this could prove that the nonlinear analysis could
perform worse in terms of the definition of the impact force.

Page 109

2E+5
2E+5

Peak impact Force (N)

2E+5
1E+5
1E+5
1E+5
8E+4

def max

6E+4
4E+4
2E+4
0E+0
0

10

20

30

40

50

Deformation (mm)

Figure 4-11: The relationship between Peak impact force and the resulted maximum
deformation of the mid-span
Structural behaviour under different loading could represent the given criteria for
structural damage. Figure 4-11is an example which is describing the relationship between the
peak impact force and the correspondence deformation. The graph shows that the mass of 300
kg could represent the ultimate load in which it can cause serious damage and the load more
than 400 kg of mass cause significant structural damage which can be interpreted to the
structural failure.
4.3.5

Reaction Forces

Figure 4-12 plotted midspan impact-loads and the reactions as a function of time for
each test. By theory impact forces induced by colliding the impactor is a coefficient of the
acceleration of the impactor. The graphs show that the impact forces are higher than the reaction
force. But after peak impact loading, the reaction forces take place. With the increase in the
mass of the impactor, the free vibrational response of the beam appears.
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Figure 4-12:Time history of the impact force and reaction forces resulted from the hammer’s
impact
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Figure 4-13: The ratio of impact force and reaction force for each simulation
Figure 4-13 also provides a comparison of the impact load and the reaction forces. The
analysis shows that the rate of the impact force and reaction force is increasing with a relatively
constant coefficient of 0.115 governed from the regression analysis. This shows that the total
resulting impact forces are not transferring to the static reaction forces, and the reaction forces
could not represent the exact value of the impact force. Structural performance is related to the
dynamic impact force, and the failure modes of the impact are predictable, knowing the mass
of the impactor using the fitted curve represented in Figure 4-13..
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4.3.6 Damping ratio
In the impact simulation, determining the damping of the system and the effect of the
mass on this factor can be measured by using the free vibration decay method. The damping
ratio can be determined using the following expression:
1

4. 𝜉 = 2𝜋𝑚 𝑙𝑛 𝛿

𝛿𝑛

𝑛+𝑚

where 𝛿𝑛 is the nth amplitude of the response curve and m is the number of conservative
cycles in the response curve.
Damping ratios, in terms of the decay in the structural vibration, for the models with
free vibrational responses (0.8t, 1t & 1.5t), are determined by converting the values of the
displacement using the above equation. Table 4-3 listed the damping ratios for each model.
Table 4-3: Estimated damping ratios
Hammer Mass
800 kg
Damping Ratio
5.04 %

1000 kg
5.62 %

1500 kg
5.54 %

The table shows that the damping parameters of the structure could be affected by the
impacting force of the hammer onto the beam. The changes in the damping ratios are due to the
changes in the stiffness matrix of the structure. However, the changes are not in a regular pattern
- the changes vary between 0.05 and 0.056 for these cases.
4.3.7 Impact Acceleration
The variation in the acceleration of the impact is illustrated in Figure 4-14. There is a
significant difference between the peak acceleration for the lighter hammer and the heavier
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hammer. This variation also represents the distinction between the local and overall damage as
the acceleration due to lighter hammers decays to zero rapidly, while for heavier hammers the
free vibrational reaction continues.
Figure 4-15 also plotted the peak values of the impactor with respect to the normalised
mass of the impactor and the beam. The well-fitted power function presented on the graph
(mm/s2) provides a relatively correlated equation for guessing the resulted acceleration and
defining the failure mode of the structure based on the relevant impact forces.
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Figure 4-14: Time-history of the acceleration of the impact point
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Figure 4-15: Peak Acceleration of the impactor relationship with normalised mass
4.3.8 Energy
The time history behaviour to show the change in the energies (kinetic, internal and total
energies) of the system, is evaluated to better understand the energy released during impact
loading. Figure 4-16 shows the time history of energies for three nominated models of different
masses of the impactor. It is evident that based on momentum theory, the total energy is
basically conserved. The conjunction of the kinematic and internal energies is approximately
half of the total energy. The maximum internal energy occurs exactly when the kinematic
energy is minimum. The changes and relationship between these energies are illustrated, and
the graph gives a perspective on how the mass of the hammer can influence the changes in
different sorts of energies.
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Figure 4-16: Various energies’ time-history for the nominated masses of 200 kg, 400 kg, and
800 kg
Figure 4-17 provided the variation of the total energy of the system with respect to the
normalised masse with the mass of the beam. A factor of mass, which is the ratio of (Mh/Mb)
represent the dimensionless parameter of mass. For all models, the total energies are constant
as expected (conservation of energy hypothesis). Regression analysis of the total energy of the
system with the factor of mass gives the following equation:
4-5: 𝑬𝒕𝒐𝒕𝒂𝒍 = 𝜷𝝋𝒎 , (𝜷 = 𝟓𝟎𝟎. 𝟗𝟖𝟒) (𝑱), R2=1
The constant coefficient of 𝛽 in this study represent the formulas slope, and it shows
that the factor of mass has a linear relationship with the energy of the system.
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Figure 4-17: Total energies variation with the hammer’s mass
On the other hand, energy is a quantitative value which could be translated in force and
deformation. The relationship between the total energy and the resultant force from the impact
is presented in Figure 4-18, which shows the energy of the systems in the two phases of local
and overall damage. A significant difference between local and overall damage mode is
observed by comparing the slopes of the two phases of damage. The slope of the curve for
overall and local damage modes are differentiated in the graph.

5E+6
5E+6
4E+6

E total (mJ)

4E+6
3E+6
3E+6
2E+6
2E+6
1E+6
5E+5
0E+0
0E+0

5E+4

1E+5

2E+5

2E+5

Peak Impact Force (N)

Page 117

Figure 4-18: The relationship between total energies in the system and the maximum induced
forces
The term “ALLDMD” is another important parameter defined by ABAQUS. It
represents the damage dissipated energy for the whole system. In theory, the dissipated energy
can be calculated using the following equation:
𝒎 𝒎

4-6: 𝑬𝑹 = 𝟐(𝒎 𝒉+𝒎𝒃 ) 𝒗𝒊𝒉 𝟐
𝒉

𝒃

where 𝑚ℎ and 𝑚𝑏 are the mass of the hammer and beam, respectively.
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Figure 4-19Figure 4-19 compares the dissipated damage energies calculated by ABAQUS and
the theoretical dissipated energies with respect to the normalised masses and for all models and
their differences also are shown by the dashed graph. The graph shows that dissipated damage
energy is about 20%-30% of the dissipated energies of the system. On other words,
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approximately 20%-30% of the dissipated damage is consumed for the structural damage and
as this ratio is increasing structural failure is probable.
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Figure 4-19: Damage dissipated energy for different mass
The difference between dissipated energy and the damage dissipated energies are
maximum when the ratio of the mass is about 1.76. According to the current study, these
represent 300 kg mass of the hammer.
4.3.8.1 Deformation and Damage
Another aim of this study is to calculate the changes in the section due to the penetration
of the hammer in the concrete. The displacements of the top (A) and bottom (B) points are
evaluated, and their differences reveal the section variance with time. Figure 4-20 shows the
performance of both compressive and tensile surfaces during impact loading for a simulation
with a 400 kg and 800 kg hammer with the masses. The figure shows that section shrinks when
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the hammer moves back. The backward movement of the lighter hammer is predictable when
the displacement starts decreasing. This behaviour is observed for the lighter impactors - the
heavier masses behave differently.

A-Top

B-Bottom

Figure 4-20: Time history displacement of the node A at the top and node B at the surface of
the beam section for two models of 400 kg, and 800 kg, mass of the hammer
Figure 4-21 4-21 represents the time history of the section changes. From the graph, it
can be identified that the impact has a significant effect on the deformation of the beam section.
Moreover, the lighter masses of the hammer – 200 kg and 400 kg – behaved unpredictably.
These rather contradictory results may be due to more tensile deformation at the bottom surface
rather than compression at the top surface of the beam.
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Figure 4-21: Time history of section variation for nominated tests
Consequently, one of the main characteristics of the hammer impact on the structure is
bouncing back if the mass is not sufficiently heavy in comparison with the beam’s mass.
Furthermore, ABAQUS is not capable of considering the gravity for rigid body systems.
Therefore, the irregular behaviour observed in the lighter impactors may be due to the exclusion
of the gravity influence.

Figure 4-22: Time history of deflection for (A) top surface of the beam (impact point), (B) the
bottom surface of the beam
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Figure 4-22 provides the time history of the compression surface (Node A) and tensile
surface (Node B) of the beam. The structural response observations indicate that, for the lighter
hammers, 100 kg to 400 kg, residual displacement at the compression surface is more than the
tensile area. However, the more massive impact loads have different performance.
The capability of a structure to absorb the energy can also be defined by the cushioning
factor, which is a relationship between stress and energy absorbance of a material. The
cushioning factor can be described as:
4-7: C = (GTb/H)
where G is the peak acceleration of the impact, T is the beam thickness, and H is the
drop height (Wang 2009). The associated paramFeters and their values for each model are
described in Table 4-4.
Table 4-4: Cushioning factor and associated parameters and maximum and ultimate deformation
values
(mh) Mass of
impactor (ton)

the

(G) Peak Acceleration
(m/s2)
C=(GT/H)
Cushioning
Factor (m/s2)
Maximum deformation
of the impact point
(mm)
Ultimate deformation of
the impact point (mm)

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

1

1.5

110.2

722.1

529.1

414.2

341.4

291.4

253.3

224.1

180.6

123.4

918

601.8

441

345.2

284.5

242.8

211.1

186.8

150.5

102.8

3.3

5.74

8.53

11.67

14.65

17.01

21.3

25.72

31.46

39.63

2.08

3.27

5.8

7.1

13.1

17.01

21.3

25.70

31.46

39.63

Figure 4-23 compares the cushioning factor in relation to the normalised maximum
deformation and the ultimate deformations with the. As discussed, the lighter masses have
experienced some recoverable deformations while the ultimate deformation in heavier masses
is equal to the maximum values. Severe damages can be observed with no recoverable
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displacement. On the other hand, the graph shows the values are well correlated with a power
equation with different coefficients governed from the regression analysis.

1.2E+6

Cousioning Factor (mm/s2)

1.0E+6

C1 = 26121(Dmax/Tb)-0.835

8.0E+5

def (ultimate)
6.0E+5

def max

4.0E+5
2.0E+5

C2= 38561(Du/Tb)-0.651

0.0E+0
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

Deformation/Tb

Figure 4-23: Cushioning factor’s relationship with the bean deformation
Local damage has experienced a difference between the peak deflection and the ultimate
deflection at the end of the analysis. This behaviour is not expected when the beam failure is
occurring due to a higher impact. Cushioning factor shows a power relationship between
maximum and ultimate deformation of the beam. However, for the 400 kg mass impact, the
highest difference between cushioning factors is observed and with the increase in the
normalised deformation with the section height, the cushioning factors are decreasing and
getting equal when the structure is experiencing total failure.
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4.4 Conclusion
Dynamic nonlinear analysis with a parametric study on an RC beam subjected to the
impact of a free-drop hammer has been carried out using ABAQUS. The models are exposed
to different impact forces resulting from different masses of the hammer. A comprehensive
overview of various structural behaviours is implemented and discussed for two different
damage scenarios (local and overall damage). Based on the results, the following conclusions
can be drawn:
1

Damage modes of the beam have a direct relationship with the mass of hammers. The crack
pattern changes with the mass of the hammer.

2

The impact force has a non-linear relationship with the mass of the hammer

3

The mass of the hammer has a linear relationship with total energy.

4

The rate of reduction of the kinetic energies appears to be very similar for different masses
of the hammer.

5

The rate of increase of the total damage dissipated energy reduces with the increase in the
mass of the hammer.

6

The surface damage caused by the hammer’s drop shows a bounce back at low masses of
the hammer.

7

The flexural element’s height changes are calculated based on the changes on the top and
bottom surfaces of the element. Results indicate the crushing of concrete with heavier loads
and cracking at lighter loads.
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8

The correlation between the simulation and experiments from the literature shows
reasonable accuracy of the FE models utilised in this study to assess the maximum impact
forces.

9

The cushioning factor is a parameter that can represent the structural response and have a
regressive power relationship with the deformation of the structure.
It is acknowledged that the impact response of RC beams is an emerging research area

with the high complexity of loading conditions. Therefore, it is recommended that additional
experimental investigations be conducted for a broader understanding of the dynamic behaviour
of RC structures. For this purpose, a wider range of hammer mass and different structural
stiffness can be explored with to obtain comprehensive results.
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CHAPTER 5
Log Impact Forces on a U-Slab Bridge Pier: A
Parametric Study on Nonlinear/Dynamic Response of a
Bridge Pier Exposed to an Object Impact
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5

A Parametric Study of Impact Forces and Resilience of Bridge Pier
Under Moving Object During Flood Loading
Synopsis
Based on the research findings represented in Chapter 4, log impact on a U-slab bridge

pier was simulated in this chapter. Further, the research on the dynamic effect of the mass of
the hammer on the reinforced concrete model, Chapter 4 shows a good correlation in the
methodology of modelling impact using Explicit/Dynamic analysis.
In Chapter 5, a parametric study is presented on the damage of the bridge pier due to
the impact of a floating and moving object. Subsequent to the simulation of the impact of a
moving object on the structure using ABAQUS, a parametric study has been conducted to
evaluate the effect of the critical parameters of the moving object such as the velocity and the
mass of the impactor on the structural response.
The result of these analyses has been compared to Australian and AASHTO Standards.
The evidence presented in this chapter shows that standards specifications require further
research to arrive at a conservative estimate of the forces induced by the impact of a floating
object on the bridge structures under flood loading.
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Abstract
Floods may cause structural damage in moderate to extreme load conditions. Log or any
other moving object (MO) impact is one of the reasons for damage to over-river bridges during
flooding. Log impact-resistant bridge design involves the static application of codes
considering some dynamic factors. However, the existing static analysis procedure neglects
crucial dynamic aspects of the MO impact. In this research, a parametric study has been
conducted to understand the effect of mass and velocity of a moving object on the response of
a bridge pier. A new practical equation has been introduced for calculating the maximum impact
forces resulted from the impact phenomenon based on selected variables. Moreover, the results
of this study, including maximum impact forces, have been compared with the recommended
equations of Australian and American standards. The results of this study found that Australian
design standards of bridge design load, AS5100, underestimated the impact force significantly.

Keywords
Log Impact, Bridge Structure, Reinforced Concrete Structures, Explicit/Dynamic
Analysis, Finite Element Analysis, Bridge Design Codes
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5.1 Introduction
Floodwater can pick up and carry objects of all types, from small to large, from light to
heavy, including trees, portions of flood-damaged buildings, automobiles, boats, storage tanks,
mobile homes, and even entire homes (FEMA, 2014). The failure in reinforced concrete (RC)
piers is usually due to the instantaneous loading applied to the structure.
Highway bridges are sufficiently studied under vehicle impact, a load case which is
considered in the bridge design procedure. Numerous studies have been carried out to quantify
the interaction between bridge structure and vehicle (Zhong et al., 2015, Zhu and Law, 2002,
Yang and Papagiannakis, 2010, Green and Cebon, 1997, Kocatürk and Şimşek, 2006, Sawan
and Abdel-Rohman, 1986, Zararis and Papadakis, 2001). Cai et al. (2007) studied dynamic
impact factor for performance estimation of bridges and researched the effect of wind
and bridge approach length on responses of bridge-vehicle interaction (Deng and Cai, 2010,
Deng and Cai, 2009, Chen and Wu, 2009, Cai et al., 2007). Numerous studies have been
conducted to understand the relationship between the dynamic behaviour of impact and the
reinforcement ratio in reinforced concrete structures (Sawan and Abdel-Rohman, 1986, Kishi
et al., 2002, Saatci and Vecchio, 2009, Zararis and Papadakis, 2001, Jin et al., 2018, Yoo et al.,
2015). Impact loading results from a collision between two bodies during a very small interval
of time. Impact loading could occur in RC bridges, walls and slabs if they are struck by vehicles
or subjected to a low or high-speed object. Shi et al. (2019) Proposed an elastic-plastic model
of the dynamic response of an RC beam when subjected to the impact of a rigid mass. Some
research studies are conducted to understand the design and analysis of concrete structures
against blast loads (Hao and Hao, 2014; Hao et al., 2016). A simplified means of approximating
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dynamic amplification effects and the conservative prediction of the barge impact-resistance
bridge design consideration is carried out by (Getter et al., 2011). However, limited studies
have been carried out to understand the behaviour and damage mechanism of a bridge pier when
subjected to a moving object (MO) impact during flooding.
The objective of this research is to study a U-Slab bridge pier as a case study under
impact loading of a relatively rigid MO carried by flooding. The selected bridge type of U-Slab
bridge is widely used in Victoria. One of the likely phenomena, causing the failure of the USlab bridges, is the impact of a MO to the pier during extreme flooding.
Figure 5-1 provides some examples of damages caused by MO to bridge pier, reported
by the Department of Transport Victoria, DOT.

Figure 5-1: Damaged U-Slab Bridge under log impact during flooding, Victoria, 2010
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In the present study, the dynamic response of a bridge pier and maximum impact forces
resulting from the impact of a relatively rigid MO is studied through a parametric study. The
chosen parameters for the study are mass and velocity of a MO. The finite element model of
the pier is assumed fixed at the soil-structure connection at bottom and simply supported at the
top to simulate the connection of the pier with the bridge headstock. Damage to the MO is not
addressed in this study; therefore, cylindrical shape of the MO is assumed as a rigid-body and
modelled as a one-degree of freedom with a constant velocity applied to the model to represent
the MO impact on the bridge pier. The interaction between bridge pier and the MO is solved
using Newmark integration method given in ABAQUS 6.14 (2013).
This study aimed to conduct a parametric study using a series of FE simulations to
assess the influence of the mass and velocity of the MO on the peak impact forces on the
structure. Provisions in different standards on the design impact forces for the bridge are also
reviewed and summarised. These provisions are compared to the outcomes of this parametric
study. The results from this study will assist in quantifying the damage to bridge pier under the
impact of the MO.

5.2 Provisions of design standards on impact force on the bridge structure
Impact load is an unknown parameter which is most important in designing structures
such as bridges. Structural nonlinear finite element analysis can provide a practical approach to
understand the impact load transferred from the MO to the structure. An experimental study
shows a reduction of 11.4%-15.4% in the reaction forces throughout the energy dissipation in
reinforced concrete plates (Iqbal et al., 2019).
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In the following section, the guidance on impact forces is reviewed. Three basic
approaches are used to estimate the maximum impact force based on the velocity and mass of
the MO in different standards. These approaches are:
1) Contact stiffness (AASHTO 1998); requires the effective contact stiffness
2) Impulse-momentum (FEMA, June 2014); requires the stopping time
3) Work energy (NAASRA, 1990); requires the stopping distance
All three approaches are proved to be equivalent. It is observed that stopping distance
depends on the effective contact stiffness, the debris mass, and the debris velocity (Haehnel and
Daly, 2004).
In a one-degree-of-freedom system, the maximum impact force can be defined using:

̂ 𝐦𝐥
𝐅𝐢,𝐦𝐚𝐱 = 𝐯√𝐤

( 5-1)

where 𝑣 is the object velocity, 𝑘̂ is effective contact stiffness and 𝑚𝑙 is the mass of the object.
5.2.1

AASHTO (1998)

Using the contact-stiffness approach, AASHTO (1998) expressed the impact force on a
bridge pier as the maximum collision force based on the dead-weight tonnage of the vessel
(DWT) (long tons) and the vessel velocity, 𝑣 (ft/s). The impact force on the structure can be
computed by using the coefficient from an experimental study regardless of the structural
geometry, by:
𝐅𝐢 (𝐤𝐢𝐩𝐬) = 𝟖. 𝟏𝟓𝐯√𝐃𝐖𝐓 (𝐔𝐒 𝐮𝐧𝐢𝐭𝐬)

(5-2)
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This approach requires only the effective contact stiffness of the collision to calculate
the maximum impact force of the impactor with known mass and velocity. In AASHTO (2009),
the kinetic impact-energy of a floated barge is empirically related to static collision load, which
is applied to the bridge in a static analysis procedure. The impact analysis for both vessel and
structure has been developed with an analytically derived load prediction model for rounded
and flatted surface (Consolazio et al., 2009).
5.2.2

NAASRA (1990)

NAASRA (1990) used the concept of work-energy to evaluate the impact force,
assuming the velocity of the object reduces to zero when impacting a structure. Maximum
impact force is described by:

𝐅𝐢,𝐦𝐚𝐱 =

𝐦𝐯 𝟐
𝐒

(5-3)

where m is the mass of the object, 𝑣 is the velocity of the object and S is the stopping
distance of the object, as the distance the object travels from the point of contact with the target
until the moving object is entirely stopped (u = 0) (NAASRA, 1990).
5.2.3

AS5100

AS5100 has a similar suggestion to NAASRA (1990) practising a function of the mass
of the object and the velocity of the moving body. The total impact force can be expressed as
a work equation of 𝑊𝑜𝑟𝑘 = 𝐹𝑜𝑟𝑐𝑒 × 𝑑𝑖𝑠𝑡𝑎𝑛𝑐e.
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AS5100 suggested that, where floating logs are a possibility, the design forces (ultimate
and serviceability) exerted by the logs directly hitting piers or superstructures shall be
calculated on the assumption that a log has a minimum mass of 2-ton (2000 kg) and will be
stopped in a distance of:
1) 150 mm for hollow concrete piers
2) 75 mm for solid concrete piers
If fender piles or sheathing are placed upstream from the pier to absorb the energy of
the blow, the stopping distance shall be increased. The design forces will be calculated using
the mean velocity of water flow at flood level 𝑉𝑆 for serviceability, or 𝑉𝑈 for ultimate limit
states. The forces due to log impact shall not be applied concurrently, but they should be applied
with other water flow forces as appropriate. The impact force of a log shall be calculated by:

∗
𝐅𝐋𝐮
=

𝟎.𝟓𝐦𝐕𝐮𝟐
𝐬

(5-4)

Where m is mass of the log and s is stopping distance (m) ( AS5100, 2017).
In designing against debris forces, the designer should allow for a force equivalent to
that exerted by a 2-tonne log, travelling at the stream velocity and detained within distances of
150mm for column type and 75mm for the solid type of concrete piers. “In the UK, 3-tonne
logs travelling at 10mph (4.47m/sec) have been reported in upstream areas. If such a log is
stopped in 75mm, then the force exerted may be estimated from the kinetic energy (the
Highways Agency 1994; Jordan, 2015).
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5.3 Research Significance
Little attention has been paid to design considerations of impact loading for bridges in
particular flooding. Engineers use an equivalent static force to emulate the impact force
influence. And the magnitude of this quasi-static force depends on the impactor’s
characteristics. Investigation of the influence of the MO characteristics such as mass and
velocity will be required to consider impact design load for reducing the damage. Moreover, in
recent years, it is observed that the masses of the MO during flooding has changed significantly
for the initial estimates in standards which aimed to cover the impact of MO.
The research presented here provides a fundamental understanding of the forces exerted
by MO during flooding on bridge piers as a function of the mass of the impactor and the velocity
of the flood. A comparison of design loads given in selected standards and numerical results is
carried out to better understand the limitation of the current provision.

5.4 Time Sensitivity Analysis of Impact on ABAQUS Explicit/Dynamic
5.4.1

Finite Element Model

With four decades of development of finite element methods (FEM) and the help of
high-speed computers, computer simulation based on FEM has been widely and successfully
applied in engineering. There are two basic algorithms for time integration within finite element
analysis: implicit and explicit formulations. Implicit formulation commonly uses codes for
static and vibration analyses of FEM analysis packages, e.g. NASTRAN, ANSYS, and
ABAQUS/Standard. On the other hand, the explicit formulation schemes are highly
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recommended in impact analysis, for instance; ABAQUS/Explicit. The difference between
these two algorithms can be clearly expressed in the governing differential equation of motion
which is consist of inertia terms, damping terms and the stiffness terms of the structural
response during impact and then the free vibration reaction of the structure (Chopra, 2017; Low
et al., 2001).
A prototype RC U-slab bridge which is a common bridge type in Victoria is selected as
a case study. The salient features of the simulated pier of the U-Slab bridge and the FE model
of impact are depicted in Figure 5-2. The height of the pier is 3m, and the cross-sectional area
is 0.355m x 0.355m. Four longitudinal rebars (28mm diameter) are provided with stirrups (6mm
diameter) spaced at 100 mm (see Figure 5-2). Boundary conditions are assumed to be fixed at
the bottom in connection with the soil and simply supported on top in connection with the
headstock as its is suggested in AS5100. The partial axial load from the dead-load of the
superstructure is considered and applied for the numerical simulation as a concentrated load on
top of the pier (Sharma et al., 2012).
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Section A-A

Figure 5-2: The typical case study of a U-slab bridge and the pier cross-section

Figure 5-3: FE model of the pier exposed to the impact loading
Page 138

An elastic-plastic damage model is used to describe the non-linear material properties
of concrete. An elastic-plastic model proposed by Mohr et al., (2010) for the dynamic
behaviour of the materials is used in this simulation. The Concrete Damage Plasticity model
(CDP) developed by Lubliner et al. (1989) with two main failures (compression crashing and
tensile cracking) is used for modelling the concrete cracking behaviour in this study. The
module of elasticity of the concrete is calculated according to NZS 3106:2006, which is
described by:

𝑬𝒄 = 𝟑𝟑𝟐𝟎√𝒇𝒄 + 𝟔𝟗𝟎𝟎

(5-5)

where the compressive concrete strength fc of the current study is assumed 25 MPa
based on the information obtained from the Victorian road authority. Figure 5-4 and Figure 5-5
demonstrate the constitutive input and the damage parameters as a function of the concrete
compressive and tensile strengths (25 MPa compression strength). The values are calculated
based on the CDP definitions in ABAQUS (ABAQUS 6.14 2013). The detail of material
properties and the adopted damage parameters are described Table 5-1. The solid concrete is
modelled using the linear hexahedron element type of C3D8R. In addition, the reinforcements
are fully embedded using *CONSTRAINT-EMBED option to avoid reinforcement to slid
within concrete. Abrate (2001), suggested using time-dependent impulse function to simulate
the interaction between the impactor and concrete.

Page 139

(A) Concrete Compression Hardening

(B) Concrete Compressive Damage
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Figure 5-4: (A) Concrete compressive stress-strain relationship (B) and compressive damage
parameter

(B) Concrete Tensile Damage Parameter
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Figure 5-5: (A) Concrete tensile stress-strain relationship (B) and tensile damage parameter
Table 5-1: Concrete CDP properties
Compressive
Strength
MPa

25

Concrete
Density
(ton/mm3)

Dilation
angle

Eccentricity

𝒇𝒃𝟎
𝒇𝒄𝟎

K

Viscosity
parameter

Young’s
Module

Poison’s
Ratio

2.4E-9

35

0.1

1.16

0.667

0.01

23500

0.15

The impact of MO is simulated with a constant velocity, using *FIELD_VELOCITY
and isotropic *POINT_MASS commands in ABAQUS. 100 mm for the diameter of the MO is
assumed for this simulation. Since damage to the impactor is not a focus of this research, the
MO is considered as a nodal mass of a rigid body.
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The methodology of the impact modelling has been calibrated against the
experimental study of Fujikake K. et al. (2009). The simply-supported specimen, which is
similar to the piers in terms of size and geometry, is exposed to a dropped hammer impact
loading. Conducting the mesh convergence analysis of the FE model, the simulation result
found to be in good agreement with experimental results when the element size is adopted
12.5 mm. It is observed that further refinement of the elements did not improve the accuracy
of the results but reduced the computational efficiency.

(a)

(b)

Figure 5-6: 3-D FE model and comparing the crack pattern of the RC beam (a) Fujikake
(2009) test, (b) current study

Figure 5-7: Mid-span deflection and time history of the impact force of the RC beam with a
drop height of 0.3 m and 400 kg mass of the hammer
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Figure 5-6 compares the crack pattern predicted in the 3-D simulated model of the RC beam
against the cracks observed in impact test conducted by Fujikake K. et al. (2009). The damage
is presented in the form of the damage parameters contours valued from zero to 1.
Figure 5-7 shows the time-history of the mid-span deflection and induced impact force when
it is exposed to the impact loading of a free dropped hammer. In particular, the difference in
the peak impact force is about 2.2%, and the difference in the maximum deflections is about
2.3% from these observations. From these results, it can be concluded that the simulation
technique, RC material model (CDP) and the contact modelling of impact adopted in this FE
model study are appropriate to assess the impact load of a MO.

5.5 Results and Discussion
Numerical 3-D simulation of an RC pier has been conducted to understand the structural
response against horizontal impact loading due to a MO using ABAQUS/Explicit. A high-speed
impact event is a dynamic procedure in which inertia plays a dominant role in which explicit
solution method is highly recommended for such solutions. The minimum stable time increment
is usually quite small. Therefore most problems require a large number of increments, so using
explicit approaches can be more efficient in solution time (ABAQUS 6.14, 2013).
This study explores different responses of a bridge pier when subjected to an impact of
a MO with varying mass and velocity. A parametric study has been carried out using dynamic
analysis of the typical pier, in order to aid in the development and verification of the
characteristics of the MO impact on the bridge pier. The velocity of the impact is varied from
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1 m/s to 7 m/s with an increment of 1 m/s. The mass of the MO is taken as 0.2ton, 0.4ton,
0.6ton, 0.8ton, 1 ton, 1.2ton, 1.5ton and 2ton.
The main objective of this parametric study is to understand the influence of the mass
and the velocity of a MO on the structural response and comparing the result with the selected
design standard. Since water flow with the velocity of less than 7m/s has no significant lateral
effect on the pier, the water flow effect is neglected, to simplify the calculation, as suggested
by (Nasim et al., 2019).
The analysis shows that a higher velocity of the MO and corresponding water flow
velocity can cause severe damage. The plastic behaviour of the structure under high-velocity
impact could represent the structural collapse under the impact loading. For instance, the pier
behaves unstable with a substantial deformation when exposed to impact at the velocities more
than 6 m/s. This study ignores flow velocity of more than 6 m/s since the maximum water flow
velocity could rarely reach up to 6 m/s in Australia (Standards Australian, 2017). Moreover,
increased cracking and concrete crushing is found at lower velocities of the MO. In fact, higher
velocities can influence the characteristics of the structure such as structural response, stiffness
or stability of the structure.
An example of damage development of the simulated structures under the impact of
MO with different velocities and constant mass is illustrated in Figure 5-8, where the velocity
is the primary variable, and the mass of the MO is constant (1 ton). It has been recorded that
high-velocity impact loading induces overall structural damage, where most of the energy is
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dissipated over a very small area immediately close to the point of impact. This phenomenon is
confirmed by (Cantwell and Morton, 1989).

v

v
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7
=

v

Figure 5-8: Structural response when the velocity of MO varies from 1 m/s to 7 m/s; the constant
mass of the MO (1 ton)
From the crack patterns illustrated in Figure 5-8, the fixed support of the boundary
condition is a critical area of damage as well as the collision surface. For lower velocities up to
3 m/s, the tensile cracks are more common while at higher velocities concrete crushing is found
to be the main failure mechanism.
According to the wave theory, the velocity of wave propagation in concrete is
calculating by:

𝑬

𝒄
𝒗𝝎 = √𝟐𝝆(𝟏+𝝂)

(5-6)
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where 𝐸𝑐 is the module of elasticity of concrete, 𝜌 is the concrete density and 𝜈 is the
poison’s ratio. Therefore, the wave propagation length at the peak impact force is calculated by
multiplying the velocity of the wave propagation and the time of the peak impact force as
following:
𝒍 = 𝒗𝝎 𝒕𝒑

(5-7)

According to this definition, the wave propagation velocity in the current study is 2663.3
m/s and 𝑡𝑝 is approximately 0.003 second; for the model with 0.2-ton mass and the velocity of
1 m/s. therefor the wave-length propagation during maximum impact fore is ~7.9 m. This
means the entire impact force will be absorbed by the supports and be reflected in impact force
calculation from the supports reactions (Pham and Hao, 2016).
Impact force Figure5-9 compares the time history of the impact forces for a series of
simulations resulting from the kinetic energy transferred to the structure due to the collision of
a selected MO. In this scenario, the responses of the pier for different velocities of the MO with
different masses are compared. The graphs show the significant effect of the velocity of the MO
on the maximum impact forces transferred to the structure for constant masses. For the design
of the structures, it could be suggested to consider the maximum impact force and neglect the
post-peak behaviour of the impact loading on the structure. There is a notable difference in the
post-peak responses between these series of curves. In higher velocities of MO (3m/s-6m/s),
the difference between the maximum impact forces is not considerable.
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Figure 5-9: Time history of impact load resulted from the collision of the bridge pier
with MO with constant masses and different velocities
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Figure 5-10: Time history of impact load resulted from the crashing of MO with bridge pier
with different masses when the velocity of the MO is constant
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Figure 5-10 compares the time history of impact loads for a series of simulations with
constant velocity and different masses, resulted from the hitting of the MO with the bridge pier.
There is a clear difference between the maximum forces when the object is more substantial,
but the rate of changes is different compared to the effect of velocity. Here Figure 5-11 provides
a series of curves which show the variation of the maximum impact forces. A big difference in
the peak impact forces is observed when the velocity of the object or impact loading is increased
to 7m/s. This means that the high velocity of impact has an entirely different reaction on the
structure, and in other words, the structural stability is significantly affected when the velocity
of the impact loading is increased. Although the effect of the higher velocities is severe, in a
pragmatic situation, the water flow velocity of more than 5 or 6 m/s is not practical. Therefore
in this study, the discussion is focused on the speeds between 1-6 m/s.
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Figure 5-11: Variation of the Maximum impact forces (A) with different velocities 1-7 m/s (B)
with different velocities 1 to 6 m/s
Figure 5-12 shows changes in the maximum impact forces versus the squared values of
the velocity of the MO for constant masses of the MO. The pattern of increase in peak impact
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force with respect to velocity for constant masses is relatively similar. Apparently, the speed of
3 m/s plays a critical role in increasing the peak impact forces in particular for the masses over
400 kg. The velocities lower than 3 m/s, the peak impact force is growing rapidly, while the
rate of increase in the peak impact forces for higher speeds (>3 m/s) are slower. In other words,
the increase into the resulting impact forces are divided into two scenarios of growth; with a
very small increase in impact force correspondent to the velocities more than 3 m/s, the very
significant changes of the velocity ranges are predicted.
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Figure 5-12: Variation of the Maximum impact forces with respect to the increase in velocity
for different masses of the MO.
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Figure 5-13: Peak Impact Force with respect to the impactor’s parameter
Figure 5-13 illustrates the variation of the peak impact force with the increase in velocity
and mass of the MO. From the surface presented in

Figure 5-13 5-13, it is observed that the peak values of impact force increase with two
different slopes; the velocity of 3 m/s seems to be a critical velocity. The peak values are
normalised with the mass and the square value of velocity to obtain a dimensionless factor of
the peak impact forces (𝜑𝑝𝑖 ) (see Figure 5-14). For higher masses and velocities the coefficient
of 𝜑𝑝𝑖 is lower which means the velocity and mass of the MO has a reverse relationship with
the design impact force. Based on this investigation, it can be recommended to consider a higher
coefficient for describing the impact forces when the mass and velocities are less. The peak
impact force can be described by the following equation:
𝑭𝒊𝒑 = 𝝋𝒑𝒊 𝒎𝒗𝟐

(5-8)
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Figure 5-14: Variation of the maximum impact forces coefficient of 𝝋𝒑𝒊 with increasing
velocity and the mass of the MO (Note: SI system of the unit)
The analysis revealed that for constant velocity, with the increase in the values of the
mass of MO the values of dimensionless factor of 𝜑𝑝𝑖 are decreasing, and the rate of the
descending is related to the speed of impact. Under these circumstances, the design load of the
impact is critical for the resistance of the structure under undetermined loading. In the following
section, the introduced dimensionless factor of 𝜑𝑝𝑖 will be compared to the design
considerations such as AASHTO and AS5100.
5.5.1

Comparison of the maximum impact loading with Standards

This section presents a comparison between the analytical dynamic peak impact forces
and Australian standard (AS5100) and AASHTO’s recommended formulas for design loads.
Analysis show correlation between sets of qualitative variables from the three approaches and
it reveals that the forces based on the Australian standard, AS5100, are significantly
underestimated. Considering simplified assumption as a rigid body in the modelling of the MO
could justify obtaining comparatively higher values for impact forces resulted from FEM
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analysis than given in the AS5100 and AASHTO. Nevertheless, more research is recommended
to fully understand the influences of the mass and velocity of the impactor. Figure 5-15 presents
a comprehensive comparison of the peak impact forces resulted from the current study for
different masses and velocities and are compared to the AS5100 and AASHTO impact load
definitions. The results of the present study are close to AASHTO suggested impact load when
the speed of the impact loading is increasing depending on the mass of the MO. The results also
are far different from AS5100’s design impact load. Despite considering the simplified
assumption, it appears that AS5100 underestimates the impact forces, and it is suggested to
revise the standard design considerations regarding the impact of a MO on the bridge structures.
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Figure 5-15: Comparing the peak impact forces resulted from the current study and the
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equations provided by AS5100 and AASHTO with respect to the velocity of the MO for
different weight of the object.
AASHTO-suggested impact load is closer to the numerical results ignoring the
structural condition and geometry. This study can give a better understanding of the impact of
design force and standard considerations. Consequently, the big difference between AS5100
and the numerical analysis and AASHTO could be addressed by defining a multiplier.
5.5.2

Dynamic Multiplier of Impact Forces

The knowledge of the impact of a MO on bridge pier is essential for the design of the
bridges, and the AS5100 has given a quasi-static definition of the maximum MO loading. The
dynamic effects of the MO loading have been studied in this section, which is resulted from the
vertical movement of a MO followed by flooding. For this study, the dynamic multiplier of
impact forces (DMIF) can be defined as the ratio of the design codes suggested impact load to
the peak dynamic loads for identical parameters of mass and velocity. The DMIF’s for different
velocities are compiled in graphs and illustrated in Figure 5-16 and Figure 5-17.
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Figure 5-16 shows that the DMIF values with respect to the Australian code (AS5100)
are under 70% of the numerically-estimated impact forces for a range of mass and velocity of
the MO. DMIF values with respect to the AASHTO design loads varies from 50% to more than
200%. These factors could be helpful in considering the dynamic effects of the impact loading
in bridge design procedures. Furthermore, these results provide a better understanding of the
dynamic effect of an impact due to a MO for different standards considerations.

5.6 Conclusion
This chapter presented a parametric study on the mass and velocity of a MO when it
collided with U-slab RC bridge pier. The pier is simulated employing ABAQUS software
assuming a fixed bed boundary condition at the bottom and simply supported condition on the
top. An explicit/dynamic analysis has been conducted to express the behaviour of the concrete
pier when it is exposed to an impact by a MO. The modelling methodology has been validated
using an experiment from literature. The focus of this study is to understand the effect of mass
and velocity of a MO when collided with a concrete structure, and the result of this project is
compared with the design standards of Australia (AS5100) and USA (AASHTO). From this
study, the following conclusion can be drawn.
1. Higher velocities of impact, e.g. greater than 6 m/s, could affect the structural
response and at higher speeds > 6m/s, the structure behaves unstable regardless of the
mass of the impactor.
2. Mass and velocity of the impactor have a nonlinear relationship with the peak impact
force preferred for design procedure.
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3. The current study found that Australian design standards of bridge design load,
AS5100, underestimates the impact force significantly.
4. AASHTO design considerations underestimate the impact load at low velocity and
mass of MO, but when the velocity and the mass of the MO are high, the resulting
forces are very close or more than those given by the FE analysis in this study.
5. Given DMIF for both Australian and American standards, introduced in these studies,
are useful in improving design impact load.
The outcomes of the numerical study presented here demonstrate that the dynamic
behaviours of the pier of bridges under floating object impact are significantly different
from those used in the design standards and the changes are nonlinear.
This study is limited to a slender U-Slab bridge pier and will require further work to
expand as a generic method.
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CHAPTER 6
Conclusion
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6

Conclusion

6.1 Introduction
This thesis presents a comprehensive research study conducted to understand the
vulnerability modelling of concrete bridge piers under flood loading and impact of an object
carried through flood water. Flood loading is a phenomenon which can cause damage to the
failure of river-bridges. In order to predict the structural damage during a flood disaster, it is
essential to model the behaviour of a bridge via numerical simulation or experimental
validation. This study is categorised into different steps, to a better understanding of the
structural behaviour. Hence, this chapter presents a summary of the conclusions of the thesis.

6.2 An investigation of water-flow pressure distribution on bridge piers
under flood loading
Resistance to flooding and debris loading are critical parameters affecting the design of
bridges under flood loading. Basically, bridges are the most vulnerable elements of the road
infrastructure and a good understanding of their behaviours in complex scenarios will enable
mitigation of potential failure. This study investigates the pressure distribution for two piers
types using CFD analysis. For the sake of fair comparison, the area of the cross-section of these
two piers is the same while they are shaped in a rectangular and a circle, respectively. Though
the cross-section of the piers under investigation is different (one rectangular one circle), with
the same diameter were exposed to simulated water flow. To eliminate the water flow behaviour
on the structure, ignoring the structural response, computational analysis of water flows around
a pier was conducted assuming the pier to be a bluff structure, reported here as a non-structured
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model. Therefore, in this study, the pier's walls were assumed to be non-slip boundary walls
located in the water flow domain. Different water flow velocities were examined to determine
how they can affect the pier surface exposed to the water flow, using the ANSYS FLUENT
software package. The calculation of water flow pressure on bridge piers in various codes for
the determination of water flow pressure distribution is very similar (Wang et al., 2015).
Therefore, in this thesis, the Australian Standard (AS 5100) was selected for investigation in
comparison with the computational method. Based on a comparative analysis, the principal
results can be summarised as follows:
1. Numerous CFD analysis confirms that the pressure distributions on a bridge pier are
uniform in both rectangular and circular piers with very slight changes at both top and
bottom of piers exposed to water flow.
2. CFD analysis demonstrates that the pressure on a circular pier is under-estimated by
AS5100 equation when comparing total equivalent pressures with the equation provided
by AS 5100, at velocities less than 5 m/s.
3. The water flow variations during velocity growth reveal that for a rectangular pier, the
AS 5100 equation is very conservative.
4. The possible total pressure on a rectangular pier is close to that predicted using AS5100
method or other codes, especially for higher velocities.
5. Positive pressure on both piers using AS 5100 is under-estimated at lower velocities in
comparison with the present computational method when applied in bridge design.
It is observed that the effect of total pressure distributed on the pier is essential in design for
structural stability, whereas the positive pressure needs to be considered in the design for
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localised damage. Further studies of the effect of drag and viscosity on flood forces on bridge
piers at high-velocity water flows are recommended.

6.3 Damage Estimation for the Reinforced-Concrete Model under Uniform
Pressure Loading; a comparison on the deflection and energy-based
approaches
This part of the study presents a review of DIs presented in the literature that there are
many different definitions for structural damage indices of structural elements. A feasible
method for calculating concrete structural damage under increasing static loading using
ABAQUS is presented using CDP modelling, and the validation of the system leads the problem
to compare different damage evaluation approaches. This section proposed a new energy-based
approach which can be used for evaluation of the damage of vertical structure such as bridge
piers under lateral, flood, loading which monotonically increasing consequent pressure from
velocity.
A deflection-based approach and the new energy-based approach have been compared
using a case study of a bridge pier. Following conclusions can be drawn from the work
presented in the current section.
1. Both the deflection-based DI calculation and the energy-based approaches show
similar outcomes for moderate damage.
2. The dissipated energy-based DI is more appropriate for estimating damage of complex
structures with more degrees of freedom.
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3. The deflection concept could not consider the rotational damages of the fixed boundary
condition, while overall damage dissipation energy can address the damage of the
whole system.
4. The energy-based approach provides a superior method since it is simply applicable
for a structural system using finite element analysis results.
5. Structural geometry and degree of indeterminacy have a major impact on the damage
observed and calculated.

6.4 Effect of the Mass of a Free-Dropped-Hammer on Dynamic Response of
a Reinforced Concrete Beam
In order to understand the effect of object impact on bridge piers under flood, numerical
simulation of an RC beam subjected to the impact of free-drop of a hammer has been carried
out using ABAQUS. The model has been exposed to different impact forces resulting from
different masses of the hammer. Various aspects of structural response are derived and
discussed. The results are analysed and integrated to formulate the influence of the mass of the
impactor on the structural damage. Based on the results discussed in this paper, the following
conclusions are drawn:

1- Damage modes of a reinforced concrete flexural member have a direct relationship
with the mass of hammers. Crack pattern changes with the mass of the hammer.
2- The impact force has a non-linear relationship with the mass of the hammer
3- Mass of the hammer has a linear relationship with total energy with the coefficient of
3E+06 considering SI (mm) system of units.
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4- The rate of reduction of the kinetic energies appears to be very similar for different
masses of the hammer.
5- The rate of increase of the total damage dissipated energy reduces with the increase in
the mass of the hammer.
6- Surface damage caused by the hammer’s drop shows a bounce back at low masses of
the hammer.
7- The structural member’s height changes are calculated based on the changes on the
top and bottom surfaces of the element. Results indicate the crushing of concrete with
heavier loads and cracking at lighter loads.
8- The correlation between our simulation and experiments from literature validates the
accuracy of the FE models utilised to formulate the maximum impact forces
It is noteworthy that the impact response of reinforced concrete beams is a complex
issue due to the nonlinearity of the reinforced concrete system itself and the loading conditions.
Therefore, additional experimental investigations are still needed for a broad understanding of
the dynamic behaviour of reinforced concrete structures. For this purpose, a wider range of
hammer mass can be explored as well as different shape and size analysis of the hammer. For
example, the influence of the shape of the contacted surface of the hammer is not considered,
and in formulating the maximum impact force, it is notable. These issues are considered to
calculate the maximum impact force in future work.
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6.5 Log Impact Forces on a U-Slab Bridge Pier: A Parametric Study on
Nonlinear/Dynamic Response of a Bridge Pier Exposed to an Object
Impact
This section presented a parametric study on the mass and velocity of the moving object
when it collided to a case study U-slab bridge pier. The pier is a reinforced concrete structure
with a fixed bed boundary condition which implies a stiff bed or enough embedded support. An
explicit/dynamic analysis has been carried out to express the behaviour of the concrete pier
when it is exposed to the log or any moving object impact. The modelling methodology has
been validated with an experiment from literature. The main focus of this study is to understand
the effect of mass and velocity of a floated MO when collided to a concrete structure.
The result of this part of the thesis is compared with the recommended equation from
designing standards of Australia (AS5100) and USA (AASHTO). From this study, the
following results can be drawn.
1. At high velocities of impact, e.g. greater than 6 m/s, a ductile behaviour is observed
even when the mass of the impactor is low.
2. Combination of the effect of mass and velocity parameters of the MO has been
represented by a driven surface function of maximum impact forces resulting from the
impact on the structure.
3. Comparing the maximum impact forces resulting from the current study with AS5100
design loads shows that the impact force can be underestimated by the standard even
for the higher masses of MO.
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4. AASHTO design considerations still underestimate the force, but when the velocity
and the mass of the MO are high, the resulting forces predicted are very close to those
of the current study.
5. The coefficient introduced in Could be useful to use as a correlated coefficient of
designing loads introduced by AS5100.
6. Given DMIF for both Australian and American standards, introduced in these studies,
are useful in improving design impact load.
The findings in this thesis reveal that the dynamic analysis of the impact loading is
different from the standards considerations. In the present study, the effect of the shape of
the impactor or MO, and even the structural geometry has not been taking into account.
Therefore, it is recommended to study more in this area. Moreover, the formula should be
amended in accordance with future studies on the effect of collided objects.

6.6 The significance of the Findings of the Research Reported in the Thesis
1. The fluid pressure applied on bridge piers under flood loading can be assumed as a
uniformly distributed load over the depth of inundation.
2. The shape of the cross-section of the bridge piers impact on the load applied on the
piers under flood loading. The pressure on a circular pier can be higher than that
predicted using the equations gives in the standard.
3. The energy-based damage index proposed provides a simpler approach for predicting
damage of bridge piers under flood loading.
4. Flood velocities less than 10 m/s will not cause significant damage to bridge piers.
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5. Impact of floating objects can impose significant damage on concrete bridge piers
under flood loading.
6. Even at very low velocities of 1 m/s, a floating object of 1-tonne mass can cause
significant damage to the bridge piers.

6.7 Recommendation for Future Works
The future works recommended are listed as below:
1. Further studies of the effect of drag and viscosity on flood forces on bridge piers at
high-velocity water flows are recommended
2. A broader range of hammer mass can be explored as well as the impact of
different shapes and sizes and additional experimental investigations are still
needed to understand the dynamic behaviour of reinforced concrete structures.
3. The effect of non solid object impact on the bridge pier can be recomanded to be
investigated for more realistic impact effect.
4. Probability based investigation on impact formulation is recomanded as a viable
option for bridge assessment considerations, to estimate the reliability of the
structures.
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APPENDIX
A. Superstructure Vulnerability under Flood
Grillage analysis is a very simple method of calculation and analysis of the slabs
(Shreedhar & Kharde), and in this case study, the model of one span of the bridge has been
generated by Space Gass software. Figure A-1 shows the 2D model for grillage analysis.

Loading
Fd =0.5CdV2Ad

(Drag Forces)

Fl = =0.5ClV2Al

(Uplift forces)

FB = ɡ𝜌𝑉 = 0.3421 (𝐾𝑁)

(Buoyancy forces)

Figure A- 1: Grillage Analysis of the U-Slab Bridge Simulated by Space Gass

Damage index of the superstructure can be determined by the following,
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DI= (M*/Mzu) ≤ 1

The model is exposed to the different water flow velocities and the drag and uplift forces
inclined with buoyancy and the deck self-weight.

In order to configure the relationship between (M*) moment generated by flood and the flood
velocity, the software has been run for various values of flood velocities. The moment capacity
of the U beams has been calculated as recommended in the AS 3600 concrete structure codes.
U beam section geometry is described in Figure A-2.

Figure A- 2: Typical U- Beam section
From the calculation of the moment capacity of the beam section considering φ=0.8, according
to the AS 3600 concrete structure codes, moment capacity of the U beam has been derived:

Mzu= 319.2 (KN.m)
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Figure A-3: Vulnerability Curve for Bridge Deck during Extreme Flood

(M*/Mzu) = 0.0244V2 + 5E-06V + 0.4546

Figure A-3 describes the vulnerability of the superstructure during the extreme flood and the
formula derived by Excel software can represent the relation of the velocity changes and the
damage index variations. From the equation derived by the graph, critical velocity has been
derived:

Vcritical=4.73 (m/s)

Which means under the common velocities of the flood, the damage fo the deck should not
have happened as the lateral stiffness of the deck is significantly high. But we expected to have
a severe condition when the flood velocity is increasing.
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B. A REVIEW OF DAMAGE INDICATORS
DIs are capable of quantifying the structural damage level (DL) numerically, and they
play a crucial role in decision making on structural resilience during disasters or natural hazards.
DIs can quantify the local or the global damage of the structure. Generally, damage to the
concrete structures can be represented as the failure of the components of the structure. The
failure in reinforced concrete is defined as the instance corresponding to concrete crushing. In
flexural members, this will happen well after crack initiation in the tensile zone.
Available DIs can be divided into two categories – cumulative and non-cumulative DIs
(Cao et al. 2014). The theory of cumulative damage assumes that a stress cycle with alternating
stress above the durability limit applies measurable permanent damage. It also states that the
total damage caused by some stress cycles is equal to the summation of damages caused by the
individual stress cycles (SYSTEMS 2012).
Researchers have developed different DIs based on various concepts. The development
of the damage model related to the empirical damage definition goes back to the development
of firs damage model which was based on the ductility concept, the most straightforward
possible damage index (Banon et al. 1981, Williams and Sexsmith 1995). Displacement, stress
and strain, stiffness and fatigue, and energy dissipation concepts are the common concepts used
for DI description. However, due to the complexity of the damage and failure concepts and their
theories and methodologies, in this paper, we will focus on the contrast between two methods,
dissipated energy and displacement concepts. The two methods are compared in the context of
practical application.
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A-1 CUMULATIVE DAMAGE INDICES
Cumulative DIs are more applicable for evaluating the damage state of the structure,
which is experiencing an earthquake or cyclic loading. Some popular DIs introduced by
different researchers are explained here.
A-1-1 Park and Ang (1985)

Amongst all the cumulative DIs, the very widely adopted one for the seismic loading is
the one proposed by (Park and Ang 1985). The concept of the index is based on the combination
of the strength, ductility and energy dissipation. The DI for a single degree of freedom (SDOF)
system is defined by the following equation:

1. 𝑫𝑰 =

𝒖𝒎
𝒖𝒖

∫ 𝒅𝑬𝒉
𝒚 𝒖𝒖

+ 𝜷 𝒎𝒓

=

𝒖𝒎
𝒖𝒖

𝑬𝒉

+𝜷𝑭

𝒚 𝒖𝒖

where, 𝑢𝑚 is the maximum displacement of an SDOF system under seismic loading, 𝑢𝑢
is the ultimate displacement under monotonic loading, 𝐸ℎ is the hysteretic energy dissipated by
the SDOF system, 𝑟𝑦 is the yield resistance of the system, 𝐹𝑦 is the yield force, β is the parameter
to include the effect of repeated loading and 𝑚 is the mass of the system.
A-1-2 Banon and Veneziano (1982)

Banon & Veneziano (1982) defined a DI based on the normalised cumulative rotation
(Banon and Veneziano 1982), which is addressed based on the flexural damage by the following
function:
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2. 𝑫𝑰 =

∑𝒏
𝒊=𝟏 ∅𝒊𝒎 −∅𝒚
∅𝒖

where 𝜙𝑚 is the rotation value of 𝑚𝑡ℎ element, and 𝜙𝑦 and 𝜙𝑢 respectively represent
the rotation function of curvature at the yield and ultimate states.
Based on flexural damage ratio (FDR), Banon et al. (1981) developed a DI regarding
stiffness degradation.
𝑴 ∅

3. 𝑫𝑰 = 𝑴𝒖 ∅𝒎

𝒎 𝒖

where, 𝑀𝑚 is the moment in 𝑚𝑡ℎ element and 𝑀𝑢 represents the moment at ultimate
state.
A-1-3 Stephen and Yao (1987)

Stephens and Yao (1987) expressed the fatigue damage sustained during each cycle of
response using cumulative displacement ductility according to:

∆𝒅+

4. 𝑫𝑰 = ∑𝒏𝒊=𝟏 [ ∆𝒅 ]

𝟏−𝒃𝒓

𝒇

where 𝛥𝑑 is the displacement ductility, and ∆𝑑𝑓 represents fatigue displacement. Using
this approach, the relative damage attributed to each inelastic cycle of response is a nonlinear
function of the shape and size of the cycle and coefficient 𝑏𝑟 can be calculated based on the
shape and size of the cycle (Stephen and Yao 1987).
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A-1-4 Jeang and Iwan (1988)

Jeang and Iwan (1988) calculated DI based on the accounting of the effect of combining
cycles with various amplitudes.

5. 𝑫𝑰 = ∑𝒏𝒊=𝟏 [

𝒏𝒊 𝒖𝟐𝒊
𝑪

]

where n represents the number of cycles, u is the relative deflection and C is the
amplitude defined in Saleemuddin and Sangle (2017).
A-1-5 Cao et al. (2011)

Cao and colleagues explained that the damage in an earthquake depends on two factors
–the structure characteristic and applied loadings. For a monotonic loading, they proposed the
following equation

6. 𝑫𝑰 = [

𝑬𝒉
𝑬𝒉 +𝑬𝒓𝒆𝒄

]

𝑵−𝒊

where 𝐸ℎ represents the cumulative hysteretic energy until the ith cycle, and 𝐸𝑟𝑒𝑐 is the
cumulative recoverable energy until the ith cycle, i is the number of cycles that satisfy the
condition 𝑢𝑚 > 𝑢𝑐𝑟 , 𝑢𝑐𝑟 is the deformation at cracking and N is an equivalent number of yield
cycles defined by the following equation:

7. 𝑵 =

𝑬𝒏𝒐𝒏−𝒓𝒆𝒄,𝒄𝒐𝒍𝒍𝒂𝒑𝒔𝒆
𝑬𝒏𝒐𝒏−𝒓𝒆𝒄,𝒚

where, 𝑬𝒏𝒐𝒏−𝒓𝒆𝒄,𝒚 is non-recoverable energy at yield, and 𝑬𝒏𝒐𝒏−𝒓𝒆𝒄,𝒄𝒐𝒍𝒍𝒂𝒑𝒔𝒆 is the nonrecoverable energy at collapse under monotonic loading.
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8. 𝑬𝒏𝒐𝒏−𝒓𝒆𝒄,𝒄𝒐𝒍𝒍𝒂𝒑𝒔𝒆 = 𝑭𝒚 (𝒖𝒖 − 𝒖𝒚 )
where Fy is the yield force. For structure, the DI is defined according to
𝑬

9. 𝑫𝑰𝒔𝒕𝒓𝒖𝒄𝒕𝒖𝒓𝒆 = ∑(𝝀𝒏,𝒆𝒍𝒆𝒎𝒆𝒏𝒕 . 𝑫𝑰𝒏,𝒆𝒍𝒆𝒎𝒆𝒏𝒕 ) ; 𝝀𝒏,𝒆𝒍𝒆𝒎𝒆𝒏𝒕 = [∑ 𝑬𝒉,𝒏 ]
𝒉,𝒏

𝒆𝒍𝒆𝒎𝒆𝒏𝒕

where, 𝐷𝐼𝑛,𝑒𝑙𝑒𝑚𝑒𝑛𝑡 is the DI of nth elements and 𝜆𝑛,𝑒𝑙𝑒𝑚𝑒𝑛𝑡 is the weighting factor based
on hysteretic energy (Cao Van et al. 2011).

A-2 NONCUMULATIVE DAMAGE INDICES
In monotonic loadings the non-cumulative damage models are more appropriate in
which the simplest concept is the ductility ratio, expressing the rate of the deformation in the
load time history to the ultimate or the yield deformation of the structure. The non-cumulative
DIs which can be used for monotonically increasing load, usually have been used to determine
the local damage and may not be useful for the system’s general damage.
A-2-1 Rafuaiel and Meyer (1988)

The global damage parameter (GDP) has been proposed to define the strength-based
overall degree of damage in a frame building, according to
𝒅𝒓 −𝒅𝒚

10. 𝑫𝑰 = 𝑮𝑫𝑷 = 𝒅

𝒇 −𝒅𝒚

where 𝑑𝑟 is the maximum roof displacement, 𝑑𝑦 represents the roof displacement, and
𝑑𝑓 denotes the roof failure displacement (Roufaiel and Meyer 1987).
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A-2-2 Massumi and Moshtagh (2013)

Based on the percentage of the nonlinear fundamental period of the structure, and the
variation of the structural period due to seismic loads, the following DI was proposed for
reinforced concrete flexural frames (Massumi and Moshtagh 2013),
𝟐

𝑻

11. 𝑫𝑰 = 𝟏 − ( 𝑻𝒊𝒏𝒊𝒕𝒊𝒂𝒍 )
𝒇𝒊𝒏𝒂𝒍

in which, Tinitial is the fundamental period of the structure, and Tfinal represents the
primary period of a structure subjected to cyclic loads (Massumi and Moshtagh 2013).
The concept of vibration-based structural damage detection and health monitoring as an
essential factor in safety, reliability and durability of the system has been addressed by Doebling
et al. (1996) and reviewed and monitored by Montalvao et al. (2006) and Farrar and Worden
(2007)
A-2-3 Ghobarah et al. (1999)

Ghobarah et al. (1999) used the concept of the final softening for determining the
damage value. They proposed a practical method based on the static pushover analysis to assess
the damage of the structures when subjected to earthquakes of different intensities
𝑲

12. (𝑫𝑰)𝑲 = 𝟏 − (𝑲 𝒇𝒊𝒏𝒂𝒍 )
𝒊𝒏𝒊𝒕𝒊𝒂𝒍

where Kinitial is the initial slope of the base shear-top deflection relationship resulting
from the pushover analysis of the frame before being subjected to the earthquake ground motion
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and Kfinal is the initial slope of the same relationship but after the structure is subjected to the
earthquake time history (Ghobarah et al. 1999).

C. Estimating the Stable Time Increment Size
An approximation to the stability limit is often written as the shortest transit time of a
dilatational wave across any of the elements in the mesh

13. ∆t ≈

Lmin
cd

,

where Lmin is the smallest element dimension in the mesh and cd is the dilatational wave
speed in terms of λ0 and μ0 , defined below.

14. 𝑐𝑑 = √

̂+2𝜇
̂
𝜆
𝜌

Where 𝜌 is the density of the material. In an isotropic, elastic material the effective
Lamé’s constants can be defined in terms of Young’s modulus, E, and Poisson’s ratio, ν , by
𝐸𝜈

15. 𝜆̂ = 𝜆0 =
(1+𝜈)(1−2𝜈)

and

16. 𝜇̂ = 𝜇0 =

𝐸
2(1+𝜈)
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In general, for beams, conventional shells, and membranes the element thickness or
cross-sectional dimensions are not considered in determining the smallest element dimension;
the stability limit is based upon the mid-plane or membrane dimensions only. When the
transverse shear stiffness is defined for shell elements, the stable time increment will also be
based on the transverse shear behaviour.
This estimate for ∆t is only approximate and in most cases is not a conservative (safe)
estimate. In general, the actual stable time increment chosen by Abaqus/Explicit will be less
than this estimate by a factor between 1/√2 to 1 in a two-dimensional model and between 1/√3
to 1 in a three-dimensional model. The time increment is chosen by Abaqus/Explicit also
accounts for any stiffness behaviour in a model associated with penalty contact (Kulkarni and
Shah 1998) (ABAQUS 6.14 2013).
Based on the above description, the total analyses time-period can be calculated and is
assumed 0.04(s).

17. 𝑐𝑑 = √

𝐸
𝜌(1−𝜈2 )

=√

23500
2.4𝑒 −9 (1−0.152 )

= 9009

where elements’ size

for the stability of analysis:

𝑙 = 20 (𝑚𝑚)
𝑙

Δ𝑡 = 𝐶 = 0.002 (𝑠)

𝑇 ≤ 50 ∗ ∆𝑡
𝑇 = 0.04 (𝑠)
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D. How time-period of the analysis influence on the response of the
structure under impact
Experimental results for a reinforced concrete beam subjected to a drop hammer loading
were used for calibrating this simulation (Fujikake et al., 2009). A significant issue which could
be raised in Dynamic/Explicit analysis is to select the appropriate time-period for the study of
the impact phenomenon, time-step option in ABAQUS. In the impact analysis, based on the
concepts of FE techniques, if the methodology of impact modelling is applying initial velocity
to the impactor, the time-period of analysis, T, cannot affect the structural response. While the
time-period, t, of the impact, P(t), which is dependent on the velocity and the impulse of the
induced forces, T, could influence the results and structural responses. The general response of
the system can be calculated from the differential equation.
To understand the concept and to consolidate the findings, analysis with different TimePeriods of (a) T=0.01s, (b) T=0.05 s, (c) T=0.1s, has been conducted to examine how the
selection of time-period, T, can influence the response of the structure under the impact loading
of a MO. Figure D-1 illustrates three simulations where the mass, velocity and the structure
were kept the same with the time-period as the major variables. It is noted that the response of
the crack patterns is not different, and the crack path is aligned with the initiated cracks, and
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the growth of the cracks is observed with increase in time-period from 0.01 to 0.1 second.

b)

c)

Figure D-1: Crack pattern and responses of a simulated model utilising ABAQUS with timeperiod of (a) T=0.01s, (b) T=0.05 s, (c) T=0.1s.

Figure D-2: Structural responses for different time-periods of 0.01 (s), 0.05 (s) and 0.1 (s), in
various aspects; Time history of (a) the deformation of the mid-span, (b) impulse of the loading,
(c) the displacement of the object and (d) total kinetic energy.
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Figure D-2 illustrates different aspects of structural responses for selected time-periods.
Time history of the deformation of the mid-height, impulse of the loading, the displacement of
the object and the total kinetic energy shows how the time-period selection in this case study
can affect the responses. In other words, does not support the hypothesis that the time-period
influences the structural responses. This is applicable in the case where the structure is under
the impact of MO, and the impact loading is applied with free boundary conditions and velocity
to the object. The reason for adopting the velocity approach for implementing an impact loading
to the structure is that the velocity is time-independent, and it doesn’t affect the structural
response. This analysis has been conducted to determine what time-period is appropriate for
this numerical analysis.
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Based on the above analysis, it is observed that time steps will affect when the load is
applied incrementally on the structure. However, time-step doesn’t influence the results if the
load is applied using it as velocity or inertia for the MO.

E. Comparison of the dimensionless factor of the peak impact forces (𝝋𝒑𝒊 )
with AASHTO and AS5100
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Figure E-1: The ratio of the coefficient of horizontal impact forces resulting from the impact of
the MO to the bridge pier and calculated based on AASHTO and the current study
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Figure E-2: The ratio of the coefficient of horizontal impact forces resulting from the impact of
the MO to the bridge pier and calculated based on AS5100 and the current study
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