
 

 

ANALYSIS, ASSESSMENT AND 
MITIGATION OF BARGE IMPACT LOAD 

ON BRIDGE PIERS 
 

by 
 

YANYAN SHA 
BEng 

 

 
 
 

This thesis is presented for the degree of  

Doctor of Philosophy  

of  

The University of Western Australia 

School of Civil and Resource Engineering 

 

February 2013 



 

 

 

 

 

 

 

 

 

 

 

To my parents 

Weihua GE and Ting ZHANG 

 

 

 

 

 

 

 



 

 

DECLARATION FOR THESIS CONTAINING PUBLISHED WORK 

AND/OR WORK PREPARED FOR PUBLICATION 

 

This thesis contains published work and/or work prepared for publication, some of 

which has been co-authored. The bibliographical details of the work and where it 

appears in the thesis are outlined below. 

1. Sha, Y and Hao, H. (2012). Nonlinear Finite Element Analysis of Barge Collision 

with a Single Bridge Pier. Engineering Structures, Volume 41: Pages 63–76. 

(Chapter 2) 

 The estimated percentage contribution of the candidate is 70%. 

 

2. Sha, Y and Hao, H. (2013). Laboratory Tests and Numerical Simulations of Barge 

Impact on Circular Reinforced Concrete Piers. Engineering Structures, Volume 46: 

Pages 593–605. (Chapter 3) 

 The estimated percentage contribution of the candidate is 80%. 

 

3. Sha, Y and Hao, H. (2013). A Simplified Approach of Predicting Pier Response 

Subjected to Barge Impact Loading. Advances in Structural Engineering, under 

review. (Chapter 4) 

 The estimated percentage contribution of the candidate is 80%. 

 

4. Sha, Y and Hao, H. (2013). Numerical Simulation of Barge Lmpact on a 

Continuous Girder bridge and Bridge Damage Detection. International Journal of 

Protective Structures, Volume 4.1. (Chapter 5) 

 The estimated percentage contribution of the candidate is 80%. 

 

5. Sha, Y and Hao, H. (2013). Laboratory Tests and Numerical Simulations of CFRP 

Composite Strengthened RC Pier Subjected to Barge Impact Load. International 

Journal of Impact Engineering, under review. (Chapter 6) 



 

 The estimated percentage contribution of the candidate is 70%. 

 

 

 

 Yanyan Sha     

Candidate’s Name  Signature  Date 

Prof. Hong Hao     

Coordinating Supervisor’s Name 

 

 Signature  Date 

 

hao
Pencil

hao
Pencil

Yanyan
图章

Yanyan
图章



i 

 

ABSTRACT 

A growing number of large span bridges are built across navigable waterways all 

around the world in the past decades. These bridges are under the threats of accidental 

impact loads generated by vehicles, winds and passing vessels. Among these accidents, 

vessel collisions are deemed to be an important issue as such accidents can result in 

bridge closure for inspection and repair before they are put into use again, cause severe 

casualties and huge financial losses. Therefore it is of vital importance to prevent and 

protect bridges from vessel impact damages. The primary objective of the study is to 

accurately quantify impact load and structural response of bridge piers subjected to 

barge impact. Empirical equations and simplified impact models are proposed for 

design practice. Methodologies for quick and reliable bridge condition assessment after 

barge impact, as well as impact damage mitigation techniques are also investigated in 

the study.  

In this research, barge impact loads on square and circular bridge piers are first 

investigated. Nonlinear finite element (FE) models that take into consideration 

nonlinear response and damage of both barge and pier structures are developed and 

calibrated with previous work and scaled impact tests. With the validated FE models, 

extensive numerical simulations are conducted to calculate barge impact force and pier 

response. Based on these simulation results, empirical equations are proposed to predict 

barge impact load as a function of barge velocity, barge mass and pier dimension and 

geometry.  

To simplify the analysis of bridge responses to barge impact, an equivalent nonlinear 

single degree of freedom (SDOF) system is proposed to predict pier responses to barge 

impact. The proposed SDOF model is validated with the 3D numerical simulations. The 

results show the proposed method can efficiently and accurately predict bridge 

responses to barge impact load and can be used in the design practice. This proposed 

equivalent SDOF model analysis allows consideration of dynamic effects of bridge 

responses to barge impact. It bridges between the equivalent static analysis commonly 

used in the current design practice that neglects the dynamic effect of the barge-bridge 

interaction and the detailed finite element analysis commonly used in research that 

requires profound knowledge in structural dynamics, damage mechanics and 

computational mechanics, as well as enormous computational costs. 



ii 

 

In practice, it is also important to assess bridge conditions after a barge impact accident. 

In this study the feasibility of using vibration measurement under ambient condition to 

assess the condition of a three-span continuous girder bridge after a vessel impact 

accident is also explored. Bridge modal parameters are extracted from recorded bridge 

deck acceleration data under ambient hydrodynamics force by using the Frequency 

Domain Decomposition (FDD) method. The bridge conditions are identified by 

comparing the bridge modal parameters before and after barge impact. Occurrence of 

damages in bridge structures after a barge impact accident can be identified through the 

change of bridge modal parameters.  

In addition to analyse and assess bridge response subjected to barge impact, pier 

protection technique is also investigated. The carbon fibre reinforced polymer (CFRP) 

composite is used to strengthen the bridge pier column against barge impact. Numerical 

models of the CFRP strengthened pier is developed and validated with the scaled 

laboratory tests. The effectiveness of CFRP strengthening technique is studied by 

comparing the pier responses and damage with and without the strengthening of CFRP 

composite. Parametric studies are also carried out to investigate the effect of CFRP 

thickness, strength and bond strength between concrete and CFRP wrap. 
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(RC) pier model. Numerical model was developed and calibrated with the test results. 
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Using the validated model, intensive numerical simulations were carried out to study the 

effects of barge impact energy, pier dimension and geometry. A simplified impact force 

time history was proposed and emipirical equaitons were used to fast predict peak 

impact force and impact time duration. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Many bridges are built across navigable waterways all around the world in the 

past decades. These bridges are under the threats of accidental impact loads generated 

by vehicles, winds and passing vessels. Many research efforts have been put into 

studying impact characteristics and structural responses of bridges subjected to wind 

and vehicle impact loadings. However, studies of vessel impact loads on bridge piers 

are limited. According to Manen and Frandsen [1] and Larsen [2], at least one major 

vessel-bridge collision accident occurs worldwide each year and many such accidents 

lead to serious consequences. In 1980, an empty 35,000 DWT bulk carrier collided with 

one of the supporting piers of Sunshine Skyway Bridge in the United States. The 

accident resulted in a catastrophic bridge collapse and the loss of 35 lives [3]. A recent 

example occurred in 2007, a cargo vessel ploughed into the Jiujiang Bridge in 

Guangdong, China. Two side spans of the bridge collapsed and nine people lost their 

lives in the accident [4]. In addition to direct financial losses and loss of lives, such 

accidents may also result in bridge closure for inspection and repair before putting into 

operation again. This will cause traffic disruption and has large social and economic 

consequences in the local area. 

According to the vessel type, the collision accidents can be divided into two 

categories, i.e. ship collisions and barge collisions. Compared with barge collision 

accidents, ship collisions are more intensively investigated in the previous studies. For 

ship impact accidents, experimental study was first carried out in the 1950s. Minorsky 

conducted 26 ship-ship impact tests in 1959 [5]. He proposed an empirical formula that 

relates the deformed steel volume and impact energy based on the test results. In 1976, 

Woisin [6] made some modifications on Minorsky’s formulae based on further tests on 

a number of high energy ship collisions. He developed an empirical equation which 

relates impact energy, impact force and ship deformation. Despite the fact that barge 

collision accidents more frequently occur than ship collisions on a bridge pier because a 
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large number of inland waterways are mainly navigable by barges instead of larger 

ships, very limited experimental studies of barge impact on bridge piers can be found in 

the open literature. In 1983, Meir-Dornberg [7] conducted pendulum hammer impact 

tests on scaled hopper barges. He proposed a relationship between impact energy and 

barge deformation. The U.S. Army Corps of Engineers carried out a series of barge 

impact tests against lock gate [8] and lock wall [9] in 1989 and 1997, respectively. 

However, because of the structural differences between bridge pier, lock gate and lock 

wall, the test data cannot be applied to bridge design directly. More recently, 

Consolazio et al. [10] conducted full scale barge impact tests on two bridge piers at the 

St. George Island Causeway Bridge in 2004. Dynamic impact force and pier response 

were recorded during the tests.  

Although impact tests provide useful information, their applications are however 

often limited to the cases having similar conditions as those in the tests because in many 

cases the test data cannot be confidently extrapolated. Moreover, it is very expensive 

and time consuming to conduct barge-pier impact tests. As a result the number of full 

scale tests is very limited. Therefore it is necessary to find alternatives to reliably 

predict barge impacts on bridge piers. Finite element (FE) method is commonly used to 

study the barge-pier impacts. Pedersen et al. [11] developed and validated numerical 

model of the vessel and pier (platform). Based on comprehensive numerical 

calculations, he established empirical expression to calculate the impact force. 

Consolazio and Cowan [12] performed numerical simulations to investigate a jumbo 

hopper barge subjected to quasi-static crushing to rigid square and circular piers in 

ADINA. Jin et al. [13] investigated platform deformation and damage subjected to 

vessel collision. Yuan and Harik [14, 15] developed detailed FE models to study the 

multi-barge flotilla impacting on bridge piers using the software package LS-DYNA. 

Based on previous research efforts, various design codes and specifications for 

bridges subjected to vessel impact loads are proposed in many countries [16-18]. These 

codes normally use empirical equations modified from former research results to predict 

vessel impact load without extensive simulations or calculation. For example, in 

Eurocode 1, the bridge structures are assumed to be rigid and fixed while the colliding 

vessel is simulated by an elastic impact unit. Vessel-bridge impact load is determined 

by vessel collision speed, vessel mass and its equivalent stiffness [16]. The most widely 

used design code is the Guide Specifications and Commentary for Vessel Collision 
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Design of Highway Bridges published by American Association of State Highway and 

Transportation Officials (AASHTO) [17]. In the specification, dynamic barge impact 

load is simplified as an equivalent static load calculated from barge impact energy and 

bow crush depth based on Meridorn-berg’s experimental results [7].  

These codes suggested approaches are all based on quasi-static analyses 

according to energy or momentum conservation of elastic or rigid systems. Although 

they can give useful guidance in the bridge design practice, these codes neglect dynamic 

effects and material nonlinearities which can have significant influences on the impact 

load and bridge responses. To account for the dynamic effect, Fan et al. [4] proposed a 

simplified interaction model to evaluate the dynamic demand of bridge structure under 

vessel impact load. In their study, dynamic crush curve is obtained through multiplying 

static crush curve by a proposed velocity influence factor. Then the dynamic impact 

load is applied to the pile cap of a bridge tower to calculate its response. Although it can 

improve the computational efficiency, this method still needs to obtain the static crush 

curve of vessel bow from 3D numerical simulation for the analysis. Also, finite element 

model of the pile and tower structure is required to calculate its response subjected to 

vessel impact.  

It is widely accepted that structures can be simplified as a single degree of 

freedom (SDOF) system when calculating the structural response under blast and 

impact loadings [19-21]. This method idealizes the real structure into a SDOF system 

with an equivalent lumped mass and an equivalent stiffness. Krauthammer [22, 23] 

simplified a reinforced concrete beam into an equivalent SDOF model considering 

material nonlinearities in the structural dynamics analysis. Structural response and 

failure subjected to blast loads are calculated. Although SDOF model cannot predict the 

local damage induced by blast and impact loads, it has been proven the method can 

yield reasonable predictions of structural responses if the structural response is 

dominated by flexural or shear response mode that an accurate deflection function is 

available. As a result, SDOF approach is frequently used in blast loading analysis and 

structural design practice owing to its simplicity. Since the barge impact loading rate is 

relatively low as compared to blasting load, structural response mode is very unlikely 

governed by local failure mode but global flexural mode. This makes the SDOF 

simplification a possible approach in analysing bridge responses to barge impact 
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although it is not possible to accurately predict the localized concrete crushing damage 

at the impact locations.  

In addition to study the barge impact force and pier response, it is also of vital 

importance to quickly identify the conditions of bridges after barge collision accidents 

to minimize the service interruption. In current practice, visual inspection is the 

common way employed to assess the integrity of the structure after an accident [24]. 

Visual inspection method is straightforward but it requires very experienced engineers 

to perform the inspection on site in order to obtain creditable assessment. Moreover, this 

method can only give general condition of the bridge structure and it is difficult to 

inspect the underwater pier conditions.  

The ambient vibration testing is an alternative choice which is widely used in the 

area of structural health monitoring of bridge structures [25]. Through ambient vibration 

testing, modal parameters (natural frequencies, damping ratios and mode shapes) can be 

extracted and employed to detect and locate damage in bridge structures. This testing 

technique does not interrupt traffic and only uses wave or wind load as natural 

excitations. However, in the ambient vibration test, it is impossible to obtain the input 

excitation which is usually stochastic and difficult to measure. Thus, output-only modal 

identification method is often utilized to identify the structure condition. The output-

only method is relatively inexpensive since no excitation equipment is needed. Only the 

output data recorded from accelerometers are required to extract modal parameters 

through various modal identification methods. Frequency domain decomposition 

method [26] is an effective method to extract the modal parameters subjected to 

stochastic excitation. With this method, natural frequencies and mode shapes of the 

structure can be identified from acceleration data obtained during the vibration test. A 

lot of research works have been done to detect structure damage using shifts in natural 

frequencies. Salawu [27] and Doebling et al. [28] reviewed literatures on the change of 

frequencies to identify damage in the structures. The natural frequencies are easy to 

measure and can be used for damage diagnosis. It should be noted that the natural 

frequencies can only identify damages without spatial information, except at the higher 

modal frequencies which contains information of local response. Mode shape and 

modal assurance criterion can also be used to determine the level of correlation between 

the undamaged and damaged modes [29]. Compared with natural frequencies, the 

changes in mode shapes are more sensitive to damage. However, local damage may not 
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have significant influence on the change of lower modes of large structures [30]. In this 

study, the feasibility of using ambient vibration measurement to identify bridge 

conditions after a barge impact accident is investigated.  

After analysing barge impact force and assessing bridge condition subjected to 

barge impact, this study also investigates the pier strengthening technique to mitigate 

barge impact damage on bridge piers. A great deal of previous studies has been 

conducted to develop various methods to protect piers from barge collision or mitigate 

barge impact damage to bridge structures [31-33]. The most recently proposed method 

is to install energy absorbing devices on bridge piers [34]. Wilson et al. [35] studied the 

effect of timber fender system to protect bridge piers from vessel impacting and found 

timber fender system is unable to resist such impact load. Armin et al. [36] designed 

groups of steel-encased concrete piles to dissipate vessel impact energy by the large 

deformation of pile shafts and surrounding soil. Wang et al. developed [32] a 

crashworthy device which can absorb a large amount of vessel impact energy and 

redirect the vessel to move away from the pier. These energy absorbing devices can 

absorb the vessel impact energy through their own deformation and damage and hence 

reduce the pier damage suffered from the impact. However, they all have limitations in 

construction and maintenance difficulties, protection levels and restoration costs. The 

CFRP composite have been used to strengthen reinforced concrete (RC) structures 

subjected to blast and vehicle impact loads [37-39]. The CFRP composite is ideal to 

prevent bridge piers from flexural failure because of its low mass density, high modulus 

of elasticity and high ultimate tensile strength. It has been proven that CFRP 

strengthening technique is effective approach to improve the impact resistance of 

existing structures. However, studies looking into the CFRP strengthening of piers for 

vessel impact loads are extremely limited.  

This thesis reports a study of analysis, assessment and mitigation of barge 

impact load on bridge piers. In the study, detailed numerical models of impacting barge 

and bridge piers are developed in LS-DYNA to reliably predict barge impact forces and 

bridge pier responses. Previous research works and scaled pendulum impact test data 

are used to calibrate the proposed numerical model. With the validated FE model, 

intensive numerical simulations are carried out to investigate the effect of various 

parameter including barge mass, impact velocity, pier geometry etc. Based on 

parametric simulation results, empirical equations are proposed to predict impact load 
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for both square and circular pier. A SDOF pier model is also developed to fast calculate 

pier response subjected to barge impact loading. After quantifying impact load, bridge 

conditions after barge impact are also assessed. Ambient hydrodynamic load is applied 

to bridge pier to excite the structure and acceleration data are recorded. The modal 

parameters are extracted from acceleration data by frequency domain decomposition 

method. The bridge conditions are then identified by comparing bridge modal 

parameters before and after barge impact. The last part of the study is to investigate the 

effect of CFRP composite of mitigating pier damage from barge impact. Scaled 

pendulum impact tests and numerical simulations are conducted to compare impact 

load, pier response and pier failure mode with and without CFRP strengthening. 

Numerical simulations are also carried out on full scale pier column to study the effect 

of CFRP strengthening of bridge piers subjected to barge impact load. 

1.2 Research objectives 

The primary objective of the study is to accurately quantify impact load and 

structural response of bridge piers subjected to barge impact load. Empirical equations 

and simplified impact models are proposed for design practice. Bridge condition 

assessment after barge impact and impact damage mitigation techniques are also 

investigated. The research works include: 

i) Studying the impact force and pier response using detailed numerical model 

with material nonlinearities. 

ii) Investigating pier response and damage subjected to barge impact load 

considering different pier geometry, boundary condition and impact energy; 

iii) Proposing empirical equations to fast predict barge impact loads on square and 

circular bridge piers 

iv) Deriving simplified SDOF impact model of the impacted pier for fast predicting 

structural responses. 

v) Assessing bridge condition after barge impact with ambient excitation; and 

vi) Studying the performance of RC piers subjected to barge impact load with and 

without CFRP strengthening. 
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1.3 Thesis outline  

This thesis comprises seven chapters. The organization of the thesis is as 

follows: 

Chapter 1 presents the background of the research, research objectives and the 

outline of the thesis. 

Chapter 2 proposes a detailed nonlinear numerical model of a jumbo hopper 

barge and a square bridge pier in LS-DYNA. The reliability of the numerical model is 

calibrated with previous studies available in the literature. With the validated FE model, 

numerical simulations are carried out to study the impact force time history, barge crush 

depth, pier displacement and structural damage during the collision. Parametric studies 

are also conducted to investigate the effects of barge mass and impact velocity. Based 

on numerical results, simplified formulae are derived to predict the impact force time 

history. The adequacy of the current code specification is also discussed. 

Chapter 3 is an extension of Chapter 2. This chapter presents numerical studies 

of barge impact with a circular bridge pier. Laboratory pendulum impact tests on a 

scaled circular pier model are conducted to calibrate the proposed numerical pier model. 

The effects of strain rate and various pier boundary conditions are investigated. 

Parametric studies are carried out to investigate the effects of barge impact velocity, 

barge mass, pier diameter and height, superstructure mass, impact location and soil-pile-

foundation interaction. Based on extensive numerical simulations, the impact force time 

histories are idealized as triangular shaped loading curve. Empirical formulae are 

proposed to define the proposed curve for use as input in dynamic pier response 

analysis. The adequacy of the current design code is also discussed in the paper. 

Chapter 4 derives an equivalent SDOF model to simplify the bridge pier 

response analysis. Compared to the equivalent static analysis, the SDOF analysis allows 

consideration of the inertial effect of the bridge pier responses to barge impact. On the 

other hand, it is straightforward to use in analysing dynamic responses of bridge piers as 

compared to the high fidelity FE analysis. The idealized impact force time history 

proposed in Chapter 3 can be applied to the SDOF model to predict pier responses. The 

simulated pier responses are compared with the pier response calculated by high 

resolution FE model and code specification. 
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Chapter 5 explores the feasibility of using vibration testing technique to quickly 

detect bridge conditions after a vessel impact. Ambient vibration testing on bridge pier 

is conducted before and after barge impact. Using the vibration data obtained before and 

after vessel impact, the bridge modal parameters are extracted using the frequency 

domain decomposition method. The bridge condition are then identified through the 

changes in bridge modal parameters and compared with the numerically simulated 

damage. 

Chapter 6 investigates the effect of CFRP strengthening bridge piers to resist 

barge impact loads. Scaled pendulum impact tests are carried out to compare the pier 

response and failure mode with and without CFRP strengthening. FE models are also 

developed and calibrated with the scaled test. Pier responses and damages with and 

without CFRP retrofitting are compared. Parametric studies are also conducted to study 

the effects of number of CFRP layers, concrete-CFRP bond strength, CFRP thickness 

and CFRP strength. 

Chapter 7 provides the conclusions and highlights the contributions of this 

study. Recommendations for future work are also presented. 
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CHAPTER 2 

NONLINEAR FINITE ELEMENT ANALYSIS OF BARGE 
COLLIISON WITH A SINGLE BRIDGE PIER 

By: Yanyan Sha and Hong Hao 

ABSTRACT: Vessel collisions with bridge piers are one of the most frequent accidents 

that may lead to bridge failure. To reliably assess bridge response and damage due to 

barge impact, and design the bridge piers to resist such impact, the impact force should 

be accurately defined. In most of the previous works of numerical simulation of barge 

collision with bridge piers for defining the barge impact force, the pier was assumed to 

be rigid or elastic and the interaction between the barge and the pier was neglected. As 

pier plastic deformation and damage will absorb impact energy and also prolong the 

interaction time, the impact force acting on the bridge pier might not be accurately 

predicted with rigid and elastic pier assumption. In this paper, a detailed numerical 

model of barge-pier impact is developed in LS-DYNA. The bridge pier is modelled 

with nonlinear materials to more realistically generate the bridge pier characteristics. 

Barge-pier impact force time history, barge crush depth and pier displacements are 

calculated in this paper. The reliability of the numerical model is calibrated with some 

results available in the literature. Based on numerical results simplified formulae are 

derived to predict the impact force time history with respect to the collision conditions. 

Numerical results are compared with the previous works. The adequacy of current code 

specifications is also discussed. 

2.1 Introduction 

Bridge structures over navigable waterways are usually designed to resist wind 

load, vehicle load and seismic excitation. However, in addition to such loads, bridges, 

especially piers, are susceptible to accidental vessel collisions and should be capable of 

resisting the vessel collision loads. According to Manen and Frandsen [1] and Larsen 

[2], at least one serious vessel collision occurs worldwide each year and many such 

collisions lead to serious consequences. It is reported that during the period of 1960 to 
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2007, there were 34 major bridge collapses worldwide due to vessel (ship or barge) 

collision, with a total loss of lives of 346 people. For example, an empty 35000 DWT 

bulk carrier collided with one of the support piers of the Sunshine Skyway Bridge in the 

USA in 1980. The bridge collapsed after the collision and 35 people lost their lives in 

this accident [3]. A recent example of the catastrophic accident occurred in 2007, a 

cargo vessel ploughed into the Jiujiang cable-stayed bridge in Guangdong, China, 

causing the collapse of two side spans [4] (see Figure 2-1). In addition to the loss of 

nine lives, the accident also caused significant economic losses and long legal battles. 

Therefore, it is important to protect piers of bridges crossing the waterways. To do that, 

it is essential to reliably predict the possible vessel impact loads on bridge piers. 

 

Figure 2-1Example of bridge collapse after barge collision 

In order to quantify the impact load during vessel-pier collision, Minorsky [5] 

conducted twenty-six ship-ship collision experiments. Based on the experiment results 

he proposed an empirical relationship between the resistance of penetration and the 

energy absorbed in the collisions. A linear relationship was found between the deformed 

steel volume and the absorbed impact energy. From 1967 to 1976, Woisin [6] conducted 

a number of high energy ship collision tests for the purpose of protecting the nuclear 

powered ships in Germany, he modified Minorsky’s method and proposed a new 

empirical formula for ship-bridge collision. To evaluate the barge-pier impact force, 

both static and dynamic pendulum hammer testing of reduced-scale European hopper 

barges were conducted by Meir-Dornberg [7], and an equivalent static method was 
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developed to calculate the impact force. According to this research, The American 

Association of State Highway and Transportation Officials (AASHTO) published the 

Guide Specification and Commentary for Vessel Collision Design of Highway Bridge 

in 1991 [8]. Only minor modifications were made in the expressions in AASHTO to 

reflect the size difference between US Jumbo Hopper (JH) barge and European barge. 

The peak impact load generated during the collision is a function of impacting barge 

mass, velocity and bridge structure configuration. Although the AASHTO specification, 

which uses equivalent static method to compute the impact force, provides a simple 

mean to determine the impact force for pier design to resist barge impact, the barge-pier 

collision process is dynamic in nature. Simply quantify impact with static loads may 

lead to unrealistic predictions of barge-pier collision responses. For example, in 2004, a 

group of full-scale barge impact tests were conducted between a barge and a real bridge, 

the St. George Island Causeway Bridge in Florida, USA [9]. The tests revealed that at 

small levels of barge bow deformation, the AASHTO specification gives smaller impact 

load predictions than those obtained in the tests. However, at larger levels of 

deformation, those impact loads predicted by AASHTO specification are substantially 

larger than the test results, indicating the current AASHTO specifications which 

neglected the dynamic effects may give inaccurate predictions of barge impact loads on 

bridge piers. 

Although experimental tests are straightforward and give good impact load 

measurements, they are usually costly, time consuming and often not possible to be 

performed. Finite element (FE) method is an alternative way to study the vessel-pier 

impact problem. Pedersen et al. [10] reviewed and summarized the merits of numerical 

simulations and found that FE simulation is efficient and produces reasonable results. 

Consolazio and Cowan [11] developed FE models to analyse a single barge impacting 

against several piers. In their study, FE code ADINA was adopted to study the effects of 

pier size and shape to the impact forces. Using FE method, Yuan and Harik [12] also 

studied flotillas impact against bridge piers. They built numerical models to study the 

multi-barge flotilla impacting on bridge piers in the software package LS-DYNA. In 

these studies, although special care was taken in the modelling of barge structure, the 

pier was assumed to be rigid or elastic in the model owing to difficulty in modelling 

nonlinear response and damage of reinforced concrete structures. Since both bridge pier 

and barge deform and suffer impact damage under collision, and bridge pier plastic 
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deformation and damage affect the collision process, to accurately predict the 

interaction between barge and pier during a barge collision, and hence derive more 

accurate impact forces on the bridge pier, nonlinear responses and damage of both barge 

and pier should be considered in the numerical simulation.  

In this paper, nonlinear FE models of barge and reinforced concrete bridge pier 

are developed in the dynamic FE code LS-DYNA [13]. A barge-rigid pier impact model 

is also built first for comparison purpose. The simulated impact force is compared to 

those available in the literature to calibrate the numerical model. Then the bridge pier is 

modelled with nonlinear concrete and steel materials to generate more realistic bridge 

pier characteristics. The influences of nonlinear bridge pier responses on the impact 

forces are discussed. The objective of this paper is to study the effect of nonlinear 

inelastic response and damage of pier and barge on impact forces, and to develop the 

more accurate predictions of barge impact forces on bridge piers under different 

collision conditions. Parametric study is also carried out to study the effects of the barge 

mass and barge velocity on impact forces. 

2.2 Numerical model of barge-pier impact 

2.2.1 Barge and pier configuration 

According to AASHTO, the JH barge is the most widely used barge type in the 

U.S. waterways. Therefore, without losing generality, it is employed as the baseline 

model in the present study. A typical JH barge used in inland waterways in the United 

States is shown in Figure 2-2 [14]. The corresponding parameters are given in Table 

2-1. 

 

Figure 2-2 Schematic diagram of the hopper barge 
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Table 2-1 Barge dimensions used in the present model 

Symbols AASHTO 1991 (ft) This study (m) 
LB=Length 195 59.4 
BM=Width 35 10.6 

RL=Bow rake length 20 6 
DB=Depth of bow 13 4 

DV=Depth of vessel 12 3.7 
HL=Head log height 2-3 0.5 

In this study, a square pier of cross sectional dimension 3.1×3.1 m and 15m in 

height is considered. The pier is modelled as a reinforced concrete column with a 

lumped mass on its top to simulate the weight a bridge pier supports. The impactor is 

positioned along the longitudinal axis of the barge and a small distance of 0.49m 

between the front surface of the barge and the pier is defined to avoid the initial 

penetration. It should be noted that the analysis in the present study does not include the 

soil-structure interaction effect. The bridge pier is assumed to be fixed in all directions 

at the foundation. The whole barge-pier collision model is shown in Figure 2-3. 

 

Figure 2-3 Finite element model of the barge and pier 

2.2.2 Elements 

A FE barge model is built in the software package ANSYS (see Figure 2-3). 

Since in the crushing stage, a large proportion of the kinetic energy is dissipated through 

the deformation of barge bow structure. The barge bow is carefully modelled in detail to 

represent the actual stiffness of the contact area. The front part of barge bow is modelled 

using high density finite element meshes and the rear part of the barge bow is modelled 

with a relatively coarse mesh as a relatively smaller deformation is expected to occur in 

the region. The hopper section of the barge is modelled by relatively large solid 
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elements with elastic material property for computational efficiency because no plastic 

deformation is expected in the rear part of the barge. 

4-node shell elements are utilized to model steel outer plates while internal 

trusses are modelled by 3-node beam elements. The internal trusses are welded to the 

outer plates, and are modelled using CONSTRAINED_SPOTWELD in LS-DYNA. 8-

node brick element is used in the hopper section. 8-node solid element and 3-node beam 

element are used to model concrete and reinforcement of the bridge pier. In numerical 

simulations, the pier is modelled with either rigid or elastic or detailed concrete and 

steel material properties capable of simulating plastic deformation and damage. A 

supported mass of 130ton on pier top which represents the mass from the bridge 

superstructure is modelled by element Mass166 in LS-DYNA. After mesh convergence 

test, which will be discussed in more detail in Section 3, the numerical model of a JH 

barge and a pier consists of 11709 shell, 10760 beam and 154952 solid elements. The 

element types for each structure in the model are listed in Table 2-2. 

Table 2-2 Summary of element types used for the barge and pier model 

Object Part Element type 

Barge 
Plate SHELL163 
Truss BEAM161 

Hopper SOLID164 

Pier 
Steel BEAM161 

Concrete SOLID164 
Mass MASS166 

2.2.3 Material model and contact interface 

The elastic-plastic material model *MAT_PLASTIC_KINEMATIC is employed 

to model the outer shell and internal truss of the barge bow. It is a cost effective model 

to represent isotropic and kinematic hardening plasticity including strain rate effects. 

The material fails when failure strain reaches 0.35 [15]. The well-known Cowper-

Symonds Equation (2-1) is used to describe the elastic visco-plastic behaviour of the 

structure steel.  
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where d'σ  is the dynamic flow stress at uni-axial plastic strain rate 
.
ε , sσ  is the 

associated static flow stress, C and P are material constants. The material constants are 

tabulated in Table 2-3. When the bridge pier is assumed rigid, the card *MAT_RIGID is 

used. This material type provides a convenient way of turning finite elements into a 

rigid body. 

Table 2-3 Material properties of the steel and concrete 

Material LS-DYNA Model Input 
 

Magnitude 

Steel *MAT_PLASTIC_KINEMATIC 

Mass density 7865 
k /  Young’s 

d l  
207GPa 

Poisson’s 
i  

0.27 
Yield stress 310MPa 

Failure strain 0.35 
C 40 
P 5 

Concrete (rigid) *MAT_RIGID Mass density 2340kg/m3 

Concrete （
elastic） 

*MAT_ELASTIC 
Mass density 2340 

k / 3 Young’s 
d l  

22.8GPa 
Poisson’s 

i  
0.2 

Concrete （
nonlinear） 

*MAT_CONCRETE_DAMAGE_REL3 
Mass density 2340 

k / 3 Unconfined 
h 

40MPa 
Failure strain 0.1 

The treatment of sliding and contact along interfaces of different elements is an 

important issue in finite element modelling, especially for problems that involve large 

deformation. Two contact algorithms, namely 

*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE (ASTS) and 

*CONTACT_AUTOMATIC_SINGLE_SURFACE (ASSC) in LS-DYNA are 

employed in the simulations. To avoid penetration at the mesh interface with different 

material properties and mesh sizes, the contact algorithm ASTS is defined for the barge 

bow and pier contact. The dynamic and static Coulomb friction values are both set to 

0.3 [16] between these surfaces. Large deformations may also occur in the outer shells 

and internal trusses in the raked bow, and they may deform significantly and may come 
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into contact with each other when the barge collides into the pier. The contact algorithm 

ASSC with a contact friction value of 0.21 [17] is selected to deal with the contact in 

this region for its ability to detect all the contacts occurring in the defined element 

groups. Although implementing ASSC will cause an increase in computational time, the 

possible contacts between out steel plates and internal trusses (see Figure 2-4) of the 

barge bow due to collision-induced large deformations are more realistically modelled. 

 

Figure 2-4 Outer plates and internal trusses in barge bow 

2.3 Numerical model calibration 

2.3.1 Model mesh and convergence test 

LS-DYNA uses the central difference method among various explicit methods 

[18] One shortcoming of the explicit method is that it is conditionally stable only when 

its operator is limited with the maximum time increment to be less than a critical value 

of the smallest transition times for stress wave to propagate through the element mesh 

[19]. The time increment is determined by the FE mesh size, therefore it is important to 

perform mesh convergence test before simulations. Three different pier concrete mesh 

sizes (50mm, 100mm and 200mm) are selected in the current study. It is found that 

200mm mesh predicts a smaller impact force than 100mm and 50mm mesh. Using mesh 

size of 50mm and 100mm yields very similar numerical results, but 50mm mesh cost 

much more computational time than 100mm mesh. Thus, 100mm mesh is used as the 

minimum mesh size of elements in the current study. In the barge bow area, the front 
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and rear part are modelled with meshes of 100mm and 200mm, respectively. The 

hopper section of the barge is modelled with 1 m meshes. 

2.3.2 Model calibration 

To verify the reliability of the developed FE model in simulating barge-pier 

collision, a nonlinear barge and rigid pier model is first built for calibration purpose 

because most previous studies considered only rigid pier. In previous studies [17], a 

fully loaded barge with a total weight of 1723ton and velocity of 1.8m/s was 

considered. The bridge pier with the dimension described above was assumed to be 

rigid in the analyses. The same barge-pier collision situation as in [17] is simulated in 

the present study to calibrate the present numerical model. Two key parameters, i.e., 

peak impact force and barge bow crush depth, are selected for comparison and the 

results are given in Table 4. 

From Table 2-4, it can be seen that the peak impact forces from both studies are 

nearly the same. However, the present study predicted a larger crush depth of the barge. 

This is because of the difference in barge bow internal structures in the two models. 

Because the barge model adopted in Yuan’s work is developed from a different 

structural drawing of an actual barge. The rake length and depth of barge bow in Yuan’s 

model are 7.5 ft (2.286 m) and 1 ft (0.3048 m) larger than the current model. As more 

outer plates and internal trusses are used in the barge bow area in Yuan’s model, a 

larger stiffness is expected which results in a smaller crush depth compared with the 

current model. Despite of the differences in crushing depth, both models give similar 

predictions of the impact force because the impact force depends mainly on the impact 

mass and velocity. These results indicate the reliability of the present model in 

predicting the barge impact forces. 

Table 2-4 Comparison of Yuan’s model and the present model 

Object Peak impact force Damage depth 

Yuan’s model 22.96MN 0.369m 
Present Study 23.01MN 0.474m 

2.3.3 Nonlinear pier model 

To investigate the effect of reinforced concrete pier deformation and damage on 

barge-pier collision, detailed nonlinear concrete and steel material properties are 
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considered in modelling the bridge pier. The pier is assumed to have a reinforcement 

cover depth of 50mm. The longitudinal steel reinforcements with a diameter of 30mm 

are spaced at 300mm on the four sides of the pier. The stirrups of diameter 20mm are 

spaced at 200mm along the pier height. Perfect bond assumption is adopted in this study 

to model the connections between the steel reinforcements and concrete. The pier model 

is shown in Figure 2-5, in which a is the pier width, and c is the cover depth of concrete. 

The material model *MAT_CONCRETE_DAMAGE_REL3 in LS-DYNA is 

used to model the concrete of the bridge pier. This material model is widely employed 

to model the dynamic behaviours of concrete. It includes strain-rate effect, plasticity and 

damage softening after failure. The advantage of this model is that it can model the 

complex behaviour of concrete by only specifying density, Poisson’s ratio and the 

unconfined compressive strength, thus, it is useful when no detailed concrete material 

experiment data is available [20]. The model has been proven yielding reliable 

numerical simulations of concrete material damage to shock and impact loads. It should 

be noted that in the present study, the strain rate effect is not considered because under 

barge impact the strain rate is relatively low and the strain rate effect is insignificant. 

Neglecting the strain rate effect may lead to smaller prediction of concrete material 

strength. 

 

Figure 2-5 Reinforced concrete pier model  
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For completeness, this model is briefly described here. The constitutive 

behaviour of concrete under the impact loading is described by the stress strain relation 

as shown in Figure 2-6. The model decouples the volumetric and deviatoric responses. 

During initial loading or reloading, the deviatoric stresses remain elastic until the stress 

point reaches the initial yield surface. The deviatoric stresses can then increase further 

until the maximum yield surface is reached. Beyond this stage the response can be 

perfectly plastic or softening to the residual yield surface as shown inFigure 2-7. As 

there is limited information regarding the material properties of the concrete, the self-

generated parameters by this material model is utilized in the present study. The 

unconfined compressive strength of concrete is specified as 40MPa for generating 

various concrete property parameters.  

 

Figure 2-6 Constitutive behaviour of concrete [20] 
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Figure 2-7 Failure surfaces of concrete [20] 

Under barge impact, the concrete elements near the impacting area might 

experience large deformation and excessive damage owing to significant impact force. 

To avoid computation overflow owing to large deformation, concrete elements with 

large stress and strain and are believed not to further contribute to resisting the barge 

impact load are eliminated. The card *MAT_ADD_EROSION is utilized for this 

purpose. It should be noted that element erosion is a commonly used numerical 

technique in FE simulation of large deformations. It is only a numerical manipulation 

without solid physical background. Eliminating elements obviously violates 

conservation of mass and energy. Therefore, in application, a rather large fictitious 

criterion is usually used to avoid premature erosion of an element. In this paper, the 

failure pressure is assumed to be the unconfined tensile strength of concrete which is 

calculated according to the formula proposed by CEB Code [21] as: 

( ) 3/1

0

'
58.1' 








=

b
f

tf c  (2-2) 

where tf '  is the unconfined tensile strength of concrete, 0b  is a unit conversion 

factor and cf '  is the unconfined compressive strength.  

The unconfined compressive strength of concrete is 40MPa and the element will 

be deleted when it reaches the tensile stress of 3.5MPa. In addition, after try-and-error 

testing of various strain values, an erosion criterion of principal strain of 0.1 is also 
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selected, i.e., the element will be deleted when the principal strain reaches 0.1 in the 

current study. 

2.3.4 Numerical simulation with different pier material assumptions 

To find the influence of different pier material model assumptions on barge-pier 

collision simulation, numerical simulations with consideration of three pier materials 

are carried out. They are rigid, elastic and nonlinear concrete materials. Plastic 

assumption is incorporated in the steel reinforcement modelling in all cases. Parameters 

of steel and concrete materials are tabulated in Table 2-3. Two typical 1723ton barges 

with velocities of 2.06m/s and 4.11m/s according to the AASHTO LRFD code 

specification [8] are considered in this study.  

Figure 2-8 compares the resultant impact force time histories generated with the 

rigid, elastic and nonlinear inelastic pier assumptions at the collision velocity of 2.06ms/. 

It shows in Figure 2-9 that the rigid pier and elastic pier assumptions result in nearly the 

same impact force time histories. The peak impact force with rigid pier assumption is 

23.4MN, which is very close to that with the elastic pier assumption of 23.2MN. They 

are also only slightly higher than 22.4MN of the peak impact force obtained with 

nonlinear inelastic pier assumption. These results indicate both the rigid and elastic pier 

assumptions give good approximations of the peak impact force. This is because the 

collision occurs in a relatively short duration, in which the pier has no time to respond 

yet. Therefore the peak impact force is relatively independent of the pier material 

properties. The interaction effect between pier and barge is insignificant in this case. 
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Figure 2-8 Impact force time history of rigid, elastic and nonlinear pier under a fully 

loaded barge with an impact velocity of 2.06m/s 

 

Figure 2-9 The first 0.05 seconds of impact force time history 

When the collision velocity is 4.11m/s, rigid and elastic pier assumptions still 

result in very similar impact forces, as shown in Figure 2-10. However, the difference 

between the simulated impact force with nonlinear inelastic pier assumption and those 

with rigid and elastic pier assumption becomes prominent. As is shown in Figure 2-11, 
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the peak impact forces generated with rigid and elastic material assumption are 32.4MN 

and 32.3MN, respectively, but it is 27.7MN with the nonlinear inelastic pier material 

assumption. The reason that in this case the peak impact force is smaller with nonlinear 

inelastic pier material is because the RC pier suffered relatively severe damage in this 

case as shown in Figure 2-12 owing to larger impact energy as compared to the case 

when the impact velocity is 2.06m/s.  Damage in RC pier absorbs more energy therefore 

results in a smaller impact force.  

 

Figure 2-10 Impact force time history of rigid, elastic and nonlinear piers under a fully 

loaded barge with an impact velocity of 4.11m/s 
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Figure 2-11 The first 0.02 seconds of impact force time history 

The barge-pier collision also causes large plastic deformations in the bow 

section of the barge (see Figure 2-13). The resultant contact force verses barge bow 

deformation curves with elastic, rigid and nonlinear inelastic pier material assumptions 

when the impact velocity is 2.06 m/s are shown in Figure 2-14. It can be seen that the 

barge bow crush depth is nearly the same when the RC pier is assumed to be rigid or 

elastic. When RC pier is modelled as nonlinear inelastic, however, the deformation of 

barge bow is substantially smaller than those corresponding to the elastic or rigid pier 

assumptions, indicating significant overestimation of barge bow crush depth by rigid 

and elastic pier material assumption. Similar results, which are not shown here, are also 

obtained when the impact velocity is 4.11 m/s. 
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Figure 2-12 Concrete material failure in the pier 

 

Figure 2-13 Barge bow deformation 

To investigate the effects of barge velocity and mass on barge-pier collision, in 

the present study, five impact velocities, namely 0.51m/s, 1.03m/s, 2.06m/s, 3.09m/s 

and 4.11m/s, which are common barge velocities in inland waterways are considered. 

Barge masses are selected as 181ton, 567ton, 952ton, 1338ton and 1723ton [8]. The 

largest crush depths of a fully loaded barge (1723ton) impacting on rigid, elastic and 

nonlinear inelastic pier under these impact velocities are shown in Figure 2-15. As 

shown, rigid and elastic pier assumptions give very similar predictions of the barge bow 

crush depth at different impact velocity. Using the nonlinear inelastic pier model in 
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numerical simulations always results in a smaller barge bow crush depth. When the 

impact velocity is relatively low, namely 0.51 m/s, 1.03m/s and 2.06 m/s in this study, 

the calculated crush depth with nonlinear inelastic pier is about half or less than those 

obtained with rigid and elastic pier assumptions. When the impact velocity is relatively 

large, the crush depth of barge bow obtained with nonlinear inelastic pier assumption is 

still smaller than those obtained with the other two assumptions, but it is only about 10% 

smaller, indicating the error of the predicted barge bow crush depth with rigid and 

elastic bridge pier assumption reduces when the impact energy is large. The above 

results demonstrate that nonlinear inelastic deformation and damage of the bridge pier 

should be considered in numerical simulations because they affect the simulation results. 

Hereafter in this paper the bridge pier is modelled with detailed nonlinear inelastic 

concrete and steel materials in the simulations, unless it is mentioned otherwise. 

 

Figure 2-14 Force-crush depth curves of rigid, elastic and nonlinear piers under a fully 

loaded barge with an impact velocity of 2.06m/s 
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Figure 2-15 Barge bow crush depths corresponding to three pier material models under 

a fully loaded barge with different impact velocities 

2.4 Numerical simulation and discussion 

2.4.1 Pier response and structural damage 

Responses of the nonlinear pier subjected to a 1723ton barge impact loading are 

calculated. Figure 2-16 illustrates the snapshots of collision process, pier and barge 

damage contours at different time instants. The common barge travel speed of 4.11m/s 

in inland waterways is selected in the current case. As shown in Figure 2-16, barge 

impact causes local damage around the contact area in the first 0.25s, during which the 

impact impulse dominates the pier local response and pier global response is deemed 

insignificant. At 0.5s, more concrete elements are damaged and material softening area 

increases dramatically. At this time instant some concrete elements near the edges of the 

pier have been eroded. The lateral deflection or global response of the pier becomes 

obvious. It should be noted that, as shown in Figure 2-11, the impact force reaches the 

peak value almost immediately upon collision at about 0.0025s. However, at this time 

instant, the bridge pier suffers only minor local damage. The excessive damage occurs 

after the peak impact force. The reason for this is because bridge pier has no time to 

respond in such a short time. The initial impact force is resisted by inertial resistance of 

the pier. The pier deformation is built up gradually after the initial peak impact. As a 
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result, the collision only causes minor crushing at the beginning of the contact, flexural 

and shear response or failure associated with global structure deformation can be 

observed only at a later stage, e.g., at T=1.0s.  

 

Figure 2-16 Snapshots of pier damage to a 1723ton barge impact at 4.11m/s 



CHAPTER 2 

31 

To estimate the lateral pier displacement under different barge collisions, ten 

collision cases with different barge masses and impact velocities are calculated. A 

181ton barge impacting pier at velocities of 0.51m/s, 1.03m/s, 2.06m/s, 3.09m/s, 

4.11m/s are simulated as low kinetic energy collision cases while a 1723ton barge 

collides pier at the same velocities are studied as high impact energy cases. As shown in 

Figure 2-17, in low impact energy cases, the deformations of pier are elastic and the pier 

can restore to its original position, no damage occurs during the collision. When barge 

impacts against the pier at the velocity of 0.51m/s, the maximum pier displacement is 

only 1.8mm. However, when a 1723ton barge collides into the pier, the pier 

displacements are much larger compared with the previous cases. As presented in 

Figure 2-18, when the impact speed is 0.51m/s or 1.03m/s, the largest pier displacement 

is 30.5mm and 72.7mm, respectively. The pier is under primarily elastic deformation 

and the oscillation will eventually go back to the pier original position. When the impact 

velocity is large than 2.06m/s, the pier deformation reaches its yield point and plastic 

deformation occurs. Pier displacement increases as the barge keeps colliding into the 

pier. The maximum pier displacement can reach to 420.6mm when the impact velocity 

is 2.06m/s. It should be noted that when the impact speed is 4.11m/s, the pier 

displacement does not show a steady increase as in the other cases. The displacement 

remains almost a constant until 0.8 sec and then increases again. The peak displacement 

in this case is also smaller than the 2.06m/s and 3.09m/s cases. This is because in this 

case the impact energy is large, the barge bow buckles dramatically at the beginning of 

the contact as shown in Figure 2-19 and the deformation of steel component absorbed a 

large amount of energy. After the interaction between pier and barge bow, the barge 

starts to retreat and the pier starts to oscillate as shown in the displacement time 

histories.  Prominent plastic deformations are observed except in the case with the 

impact velocity of 0.51 m/s. These observations indicate that increase the impact 

velocity does not always result in a larger pier displacement. The pier displacement also 

depends on the interaction between the pier and barge. 
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Figure 2-17 Comparison of pier displacement by a 181ton barge with different impact 

velocities 

 

Figure 2-18 Comparison of pier displacement by a 1723ton barge with different impact 

velocities 
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Figure 2-19 Barge bow deformation and damage 

2.4.2 Peak impact force and impact time duration  

In the present study, five impact velocities, 0.51m/s, 1.03m/s, 2.06m/s, 3.09m/s 

and 4.11m/s are considered. The mass of the barge is assumed as 181ton and 1723ton, 

representing light and fully loaded scenarios, respectively [17].  

As is shown in Figure 2-20 and Figure 2-21, it is obvious that impact velocity 

significantly affects the impact force and impact time duration. It is observed that 

increase the barge mass will not necessarily increase the peak impact force when the 

impact velocity is high, but clearly increase the peak impact force when the impact 

velocity is relatively low. Increase either the barge mass or impact velocity always 

results in an obvious increase in the impact force duration. This is because the impact 

energy is higher when the barge mass and impact velocity is larger, which causes more 

plastic deformation and damage in both the bridge pier and barge. Large plastic 

deformation results in longer contact duration between barge and pier, thus longer 

impact duration. The peak impact force does not necessarily increase with the barge 

mass at high impact velocity because of the immediate damage and plastic deformations 

of the barge and pier upon collision, which prevent the increase of impact force. 

However, the generated impulse (the area enclosed by the impact force time history 

curve) is larger since the impact energy is larger. When the impact velocity is relatively 

low, increase the barge mass results in an increase in the peak impact force because the 
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barge and pier are not damaged immediately upon collision. As also shown, higher 

impact velocity generally causes a faster increase of the impact force to its peak as 

compared to a lower impact velocity. 

 

Figure 2-20 Impact force time history generated by a 181ton barge collision to the 

bridge pier under different impact velocities 

 

Figure 2-21 Impact force time history generated by a 1723ton barge collision to the 

bridge pier under different impact velocities 
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2.4.3 Barge crush depth  

During the collision, the bow section of the barge will typically undergo elastic 

and plastic deformations. Figure 2-22 and Figure 2-23 show the numerically simulated 

barge bow crush depth time histories corresponding to the barge mass of 181ton and 

1723ton, respectively. 

Figure 2-22 shows that the barge bow crush distances in these cases are very 

similar in shape. When a 181ton barge collides into the pier at 0.51m/s, the barge crush 

depth is only 0.004m, because the impact energy is quite limited and elastic deformation 

is restored after the impact. The maximum crush depth is 0.130m when pier is impacted 

by barge with an initial velocity of 4.11m/s. As is shown in Figure 2-23, when the barge 

mass is larger, the crush distance is also substantially larger than the previous cases. 

Only elastic deformation occurs when the impact velocity is smaller than 1.03m/s and 

the crush depth is no more than 0.076m. However, in high velocity impact cases, the 

crush curves show elastic-plastic characteristics. Plastic deformation occurs both in the 

barge bow area and the pier. Barge steel structure buckling and pier concrete crushing 

can be observed. The largest barge crush depth reaches 2.11m under an impact velocity 

of 4.11m/s. 

 

Figure 2-22 Barge crush depth time history of a 181ton barge collision under different 

impact velocities 
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Figure 2-23 Barge crush depth time history of a 1723ton barge collision under different 

impact velocities 

2.4.4 Parametric studies of barge mass and velocity  

Using the proposed numerical model, further simulations are carried out to 

investigate the effect of different parameters on the peak impact force and barge crush 

depth. The parameters investigated within the scope of this study are barge mass and 

initial velocity. Barges with five different loading conditions are studied with impact 

velocities varying from 0.51m/s to 4.11m/s. It should be noted that different RC pier 

properties might affect the barge-pier collision responses. However, in this study, only 

one RC pier is considered as this study concentrates on demonstrating the influence of 

nonlinear inelastic and damage response of RC pier on barge-pier interaction. Further 

study is underway to investigate the RC pier damage level, plastic deformation level, 

stiffness and dimension of pier on barge-pier interactions.    

The finite element analysis results summarized in Figure 2-24 indicate that peak 

impact force increases with the impact velocity. At relatively slow impact velocity, 

increase the barge mass results in an increase in the peak impact force. However, the 

rate of peak impact force increment depends on the barge mass. It increases relatively 

slower for a heavily loaded barge than a lightly loaded barge. The peak impact force of 

an empty barge (181ton) increases the fastest with the impact velocity among all the 
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cases considered in this study. The peak impact force tends to reach a constant value 

when the impact velocity is 4.11m/s irrespective of the barge mass. This is because, as 

discussed above, increase both the barge mass and velocity results in larger 

deformations and severer damage in bridge pier and barge bow. The damages in bridge 

pier and barge absorb a lot of impact energy, which impedes further increment of the 

peak impact force. However, it prolongs the collision process, therefore the impact force 

duration always increases with the barge mass and velocity.  

 

Figure 2-24 Peak impact forces versus impact velocity 

Comparison of the peak impact force versus barge mass is shown in Figure 2-25. 

From the figure, it is obvious that peak impact force increases with the barge mass when 

the impact velocity is slow. The relationship between the peak impact force and barge 

mass is almost linear when impact velocity is 0.51m/s. When the impact velocity is 

between 1.03 m/s and 3.09 m/s, the peak impact force only increases when the barge 

mass is increased from 181ton to 567ton. Further increase in the barge mass will not 

change the peak impact force. Whereas for the case with the impact velocity 4.11 m/s, 

increasing the barge mass has no significant effect on the peak impact force.  As 

discussed above, this is because in these cases both the pier and barge suffer significant 

damage which absorbs impact energy and impede the increase in the peak impact force. 
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Figure 2-25 Peak impact forces versus barge mass 

Barge crush depth versus impact velocity data is presented in Figure 2-26. When 

the impact velocity is smaller than 2.06m/s, the crush depth is no more than 0.25m. 

However, there is an abrupt increase after the barge velocity is larger than 2.06m/s. 

From Figure 2-27, it can be seen that the crush depth increases almost linearly with the 

increase of barge mass. The increment of crush depth is not obvious in low velocity 

impact scenarios. It is because impact kinetic energy is quite small, elastic deformation 

develops in barge bow structure and no damage occurs in these cases. However, the 

crush depth increases rapidly when impact velocity is 3.09m/s and 4.11m/s. In these 

cases, barge bow structure undergoes severe plastic deformation and obvious buckling 

of steel plates and truss can be observed in the barge bow area as shown in Figure 2-19. 
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Figure 2-26 Comparison of barge bow crush depth with different impact velocities 

 

Figure 2-27 Comparison of barge bow crush depth corresponding to different barge 

mass 
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2.5 Analytical formulae generation and discussion 

2.5.1 Analytical formulae to generate peak impact force and impact force 
time history 

From the numerical simulation results, it can be seen that impact force time 

history generated from the barge pier collision is a nonlinear curve which is difficult to 

model by a simple equation. However, it will be very useful to develop an analytical 

formula to reliably predict impact force for bridge and barge response analysis. In this 

study, an analytical formula to model the impact force time history is developed. 

Based on the simulation results, the peak impact force, P0, is derived by bilinear 

regression of the numerical results as 
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(2-3) 

where the peak impact force P0 and the crush depth aB are in mega Newton 

(MN) and meters (m), respectively. Barge crush depth aB is calculated by impact kinetic 

energy in the following equation: 

251.519.0 BBB EEa +=  (2-4) 

where the impact kinetic energy EB is in mega Joule (MJ) and can be calculated 

by the following equation: 

2
02

1 VmE BB =
 

(2-5) 

where the barge initial velocity V0 and the barge mass mB are in meter per 

second (m/s) and mega kilogram (Mkg), respectively. The comparison of the fitted peak 

impact load curve and original numerical simulation results is shown in Figure 2-28.  
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Figure 2-28 Comparison of peak impact force between the fitted curve and original 

numerical results 

As can be seen in Figure 2-20 and Figure 2-21, impact force quickly increases to 

reach its peak value upon collision, and then decreases quickly to a certain level, 

followed by a plateau in a relatively long period before further decrease to zero. A 

trilinear curve shown in Figure 2-29 is proposed to model the nonlinear impact force 

time history in this study. Impact force increases from zero to maximum value of P0 

with a rise time tr, and then decreases to a turning point at time tc when Pc is reached. 

After that, impact force decreases gradually to zero at time td. The fitted impact force 

time history can be calculated according to the following formulae:  
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(2-6) 

where the impact force P is in mega Newton (MN), initial velocity V and barge 

mass are in meter per second (m/s) and mega kilogram (Mkg), respectively. It should be 

noted that this equation is derived based on numerical results from a single pier defined 

above. As discussed above, pier properties will also affect the barge pier interaction. 

However, this is not discussed in the present study.  
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Figure 2-29 Numerical and fitted impact force time history 

To validate the accuracy of the proposed equation, two impact scenarios, 181ton 

barge impacting at 4.11m/s and 1723ton barge impacting at 2.06m/s, are selected to 

compare between the numerical and fitted impact force time histories. As can be seen in 

Figure 2-30, the proposed equation gives good prediction of impact force time histories, 

indicating the fitted curve can accurately predict the whole impact process and is 

applicable for hand calculation. 

 

Figure 2-30 Comparison of two examples of original and fitted impact force time 

histories 
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2.5.2 Comparisons and discussions  

In bridge design practice, simple equations should be developed to design 

bridges for safely resisting barge impact load. Equivalent impact force is mostly utilized 

to ease bridge design. The most widely adopted AASHTO specification [22] contains 

procedures for computing equivalent impact force for barge pier collision incidents. In 

AASHTO specification, equivalent impact force is calculated by barge crush depth and 

vessel kinetic energy. Yuan and Harik [23] also proposed a set of regression equations 

for hand calculating the equivalent impact force. The barge impact loads predicted by 

finite element simulation are compared with the corresponding equivalent impact loads 

computed by AASHTO specification and Yuan and Harik’s equations in Figure 2-31. 

 

Figure 2-31 Comparison of equivalent static impact force-barge crush depth 

relationships 

As shown in the figure the current numerical results have similar trend as Yuan 

and Harik’s fitted curve. However, the amplitude of equivalent impact force is smaller 

than their results. This is due to the different material models adopted for pier structure. 

In this study, nonlinear concrete and steel reinforcements including damage effects as 

described above are considered, whereas in Yuan and Harik’s study the pier is 

considered as rigid. As discussed above, plastic deformation and damage of pier 

structure reduces the peak impact force while prolongs the interaction process. As 

shown, the present study gives more accurate prediction of equivalent impact force as 
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compared to the AASHTO provision than those by Yuan and Harik [23]. A threshold 

value of aB=0.1m can be observed as the turning point. Before the turning point, the 

present results are comparable to those by Yuan and Harik [23], indicating elastic 

deformation of pier structure dominates the collision process. When the crush depth 

exceeds 0.1m, the present results are substantially smaller than those by Yuan and 

Harik [23], but closer to AASHTO specification based on experimental data, indicating 

plastic deformation significantly affects the impact process. In this stage, elastic 

assumption of pier material properties results in significantly overestimation of the 

impact forces acting on the bridge pier.  

2.6 Conclusion 

In this study, high-resolution finite element models of JH Barge and bridge pier 

are developed and analysed using the software LS-DYNA. Rigid, elastic and nonlinear 

materials are adopted to study the influence of different material to the impact force and 

barge crush depth. It is found that the effect of nonlinearity of bridge pier in the 

collision process can be quite substantial and should be taken into consideration in the 

numerical model.  

A variety of barge pier collision cases are simulated to analyse the pier response, 

impact force and barge crush depth. It is found that when the impact energy is not large, 

pier only endures elastic deformation and can restore its position after collision. 

However, plastic deformation and concrete damage can be observed in relatively high 

impact energy cases. Damage in RC pier absorbs impact energy therefore results in a 

smaller impact force than rigid and elastic pier model. Barge pier collision force is quite 

substantial and impact time duration increases with the increase of impact velocity. 

However, in large velocity impact scenarios, the effect of barge mass on the impact 

force is insignificant. Deformation of barge bow structure increases with respect to the 

increase of impact energy. The AASHTO provision tends to underestimate barge impact 

force when crush depth is small.  

Based on the numerical results, empirical equations are developed in this paper 

for the prediction of barge crush depth and peak impact force based on barge impact 

kinetic energy. Simplified impact force equations are also developed to fast predict 

impact force time history. 
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CHAPTER 3 

LABORATORY TESTS AND NUMERICAL SIMULATIONS 
OF BARGE IMPACT ON CIRCULAR REINFORCED 

CONCRETE PIERS  

By: Yanyan Sha and Hong Hao 

ABSTRACT: Bridge structures across navigable waterways are vulnerable to barge 

collisions. To protect the bridge structure, bridge piers should be specially designed to 

resist barge impact load. In order to quantify the impact load, barge-pier impact tests 

and/or reliable theoretical or numerical predictions should be conducted. However, very 

limited impact tests were carried out to evaluate barge impact force and pier response 

due to the cost and site limitations. This paper presents laboratory tests and numerical 

simulation results of barge impacting on bridge piers. A scaled circular reinforced 

concrete pier is built and tested first with a pendulum impact test system.  Impact load 

profile and pier top displacement were recorded and analysed. A numerical model is 

then developed to simulate the laboratory tests. Nonlinear materials are used to model 

the concrete and steel reinforcements with strain rate effects. The accuracy of the pier 

model is calibrated by comparing the experimental and numerical results.  Using the 

validated numerical model, a full scale bridge pier model is developed to simulate the 

barge impact on bridge piers.  Pile groups and soil springs are considered to model the 

soil-pier interaction. Parametric studies are carried out to investigate the effects of barge 

impact velocity, barge mass, pier diameter and height, superstructure mass and impact 

location, and soil-pier interaction. Impact load time history and pier displacement 

response are calculated. Based on the numerical results, empirical formulae are 

proposed to predict the peak impact force and impulse. The adequacy of the current 

design code is also discussed in the paper. 

3.1 Introduction 

Growing number of large span bridges are built across waterways all around the 

world. These bridges are under the threats of impact loads generated by vehicles, winds 

and passing vessels. Among these threats, vessel collisions are deemed to be an 
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important issue as the accidents caused by vessel collision increased dramatically in the 

past decades. Vessel collisions might result in intensive damage, even collapse of 

bridges. Even a minor collision that causes insignificant damage to bridges might still 

result in bridge closure for inspection and repair before they are put into use again. This 

will cause traffic disruption and have large social and economic consequences in the 

area. Therefore it is important to prevent and protect bridges from vessel impacts. In 

order to protect the bridges, especially bridge piers, from severe damage due to vessel 

collisions, the pier structure should be properly designed to resist vessel impact loads. 

To efficiently quantify impact force and predict structure response, vessel-pier impact 

tests should be conducted and/or theoretical or numerical models should be developed 

to accurately predict vessel-bridge collision responses.  

According to the vessel type, the collision events can be divided into two 

categories, ship collisions and barge collisions. Generally, ship collisions are more 

intensively studied than barge collisions in the previous researches. There are mainly 

two approaches in studying the ship or barge bridge pier collisions, i.e., experimental 

tests and numerical simulations. The pioneer experimental tests were carried out by 

Minorsky [1], who tested 26 ship-ship impacts. Based on the testing data, he proposed 

an empirical formula that relates the deformed steel volume and impact energy. Woision 

[2] made some modifications on Minorsky’s formula based on further tests on a number 

of high energy ship collisions, and also developed  an empirical formula that relates the 

impact energy, impact force and ship deformation. Despite the fact that barge collision 

events are more frequent than ship collisions on a bridge pier because a large number of 

inland waterways are mainly navigable by barges instead of larger ships, very limited 

tests of barge impact on bridge piers can be found in the open literature. Meir-Dornberg 

[3] conducted pendulum hammer impact tests on reduced-scale European hopper 

barges. In his study the relationship between impact energy and barge deformation was 

derived. Based on his results, American Association of State Highway and 

Transportation Official (AASHTO) published the Guide Specification and Commentary 

for Vessel Collision Design of Highway Bridges [4] for guidance of bridge design. In 

AASHTO specification, equivalent static impact loads were used in the bridge design. 

The U.S. Army Corps of Engineers conducted a series of barge impact tests against lock 

gate [5] and lock wall [6] in 1989 and 1997, respectively. However, because of the 

structural differences between bridge pier, lock gate and lock wall, the test data cannot 
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be applied to bridge design directly. Consolazio et al [7] carried out  full scale barge 

impact tests on two bridge piers at the St. George Island Causeway Bridge in 2004. 

Dynamic impact force, pier, soil and barge responses were recorded during the tests. 

Although experimental tests provide useful information, their applications are however 

often limited to the cases having similar conditions as those in the tests because in many 

cases the test data cannot be confidently extrapolated.  

As it is both expensive and time consuming for conducting barge-pier impact 

test, finite element (FE) method is commonly used as an alternative to study the barge-

pier collision. Consolazio and Cowan performed numerical simulations to investigate a 

jumbo hopper barge subjected to quasi-static crushing to rigid square and circular piers 

in ADINA [8]. Other researchers estimated the barge (flotilla) impact forces and crush 

deformation with finite element simulations [9-15]. Most of the previous studies 

indicate the barge pier impact force are influenced by pier shape, size and barge impact 

energy. Nevertheless, these previous studies modelled the pier as either rigid or elastic 

for simplicity. Since the nonlinear behaviour and damage of the pier might absorb 

significant impact energy during the collision hence affect both the barge and pier 

responses,  a more accurate pier model which can capture pier plastic deformation and 

damage is deemed necessary. Sha and Hao [16] studied the barge pier collision with the 

consideration of pier nonlinearity. However, only a single square pier is studied, soil-

structure interaction and influences of varying pier configurations are not considered in 

the latter study. The present work is an extension of that reported in [16]. It investigates 

the barge collision into round bridge piers with different pier configurations and 

dimensions. Effects of soil-pier interaction on impact and free-phase vibrations of the 

pier are also studied. A reliable numerical model to perform intensive parametric 

simulations of barge-pier collisions is developed. In order to calibrate the numerical 

model, pendulum impact tests on scaled bridge pier models were carried out. The test 

results are used to verify the accuracy of the numerical model. The numerical model 

that considers the nonlinear pier material properties is developed in LS-DYNA [17]. 

Very good agreement is observed between the experimental and numerical results. The 

validated numerical model is then used to perform intensive simulations of barge-pier 

interactions with different barge and pier parameters and collision conditions. The 

influence of pier boundary conditions, barge impact velocity, barge mass, pier height, 
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pier diameter, pier superstructure mass and impact location on barge-pier interaction 

and impact force are quantified and discussed.  

3.2 Pendulum impact test 

To predict the impact force and pier response generated by barge impact on 

bridge piers, two scaled pier models were designed and constructed in the laboratory. 

Pendulum impact tests were conducted to simulate the barge-pier collision. The test 

results of one pier are presented in this paper and used to calibrate the numerical model. 

The design of the scaled pier model and the impact tests are briefly described here. 

3.2.1 Reinforced concrete pier model 

According to the similitude law, as the geometry of pier model is reduced, the 

concrete and steel material should be scaled down. Similar compressive-tensile ratio and 

bond strength between concrete and steel reinforcements should also be maintained. 

Through grading analysis, compressive and tensile test, and concrete trial mixes, a 

concrete mix was defined which gave the concrete compressive strength of 28.3MPa. 

Longitudinal and transverse reinforcements were provided by 4mm and 2mm steel 

wires. Longitudinal rebars were extended to the pier flange to provide adequate 

anchorage. The details of steel reinforcements in the pier model are shown in Figure 

3-1(a). A 78mm diameter circular column with the height of 750mm was casted as the 

pier model. The pier column was cast with two 400mm × 400mm × 50mm flanges at 

both ends of the column to connect to the floor and support additional top mass. A 

concrete block of cross sectional dimension 400mm ×400mm and 450mm in height is 

placed on top of the pier to model the mass of bridge superstructure. The whole pier 

model was put in a wooden box which was made to be water-proof and was bolted into 

the strong floor through a 25mm steel base plate as shown in Figure 3-1(b). A layer of 

sand of pre-defined thickness was then added into the box and properly compacted 

before adding waters into the box to a desired level before conducting the impact tests. 

It should be noted that although the scaled model was designed and fabricated according 

to the scaling law as closely as possible, the bonding conditions of reinforcement and 

soil foundation conditions were not possible to be scaled. Therefore the test results are 

only indicative, and are used only to calibrate the numerical model in this study. 
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Figure 3-1 (a) Steel reinforcements in the pier model; (b) The pier model 

3.2.2 Pendulum impact test setup 

The impact pendulum is a test facility for conducting small scale structural 

dynamic tests. As shown in Figure 3-2, the pendulum test system consists of a steel 

frame, a pendulum arm and an impactor. The steel frame is fixed on the strong floor to 

support the whole testing system. The impactor is connected to the lower end of the 

2.85m long steel pendulum arm. In this study, a 62.3kg steel cylinder block is used as 

the impactor and a load cell is placed in the front face of the impactor to record the 

impact load profile. In the tests, different thicknesses of sand layers and different water 

depths were considered to simulate the scouring damages to bridge piers. However, 

without losing the generality, in this paper only the case with 200mm depth of fine sand 

and 450mm depth of water is presented. As shown in Figure 3-3(a), a load cell was 

placed in front of the impactor to record the impact force time history during the test. 

Top pier flange displacement was recorded by a laser linear variable differential 

transformer (LVDT) Keyence LB_70 with a response range up to 700 Hz as show in 

Figure 3-3(b). 
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Figure 3-2 The pendulum impact test system 

 

Figure 3-3 (a) Load cell in front of the impactor; (b) Laser LVDT 

3.3 Numerical model 

3.3.1 Element and contact 

Numerical models of pendulum impact on pier model are developed in the 

software package LS-DYNA [18]. As shown in Figure 3-4, the finite element model 

consists of two major parts: the reinforced concrete pier and the pendulum impactor. 

The pier is divided into three parts: column, flanges and top mass. The concrete in pier 

is modelled by solid elements while the steel reinforcements are modelled by beam 

elements. Convergence test was conducted to find an appropriate mesh size for the 

model. Three mesh sizes were tested in the present study, i.e., 25mm, 12.5mm and 

6.25mm. Numerical results show that both the 12.5mm and 6.25mm mesh yield similar 
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impact forces and pier top displacements, while those predicted by 25mm mesh are 

10.7% and 9.4% smaller, respectively. To save computation time, 6.25mm mesh size is 

only applied in the contact area of the pier and pendulum impactor. 12.5mm and larger 

mesh sizes are adopted in the modelling of other structure parts in this paper. In the pier 

column, stirrups with a diameter of 2mm are spaced at 12.5mm. Four longitudinal steel 

reinforcements with a diameter of 4mm are placed in the vertical direction of the pier 

column, exactly as the scaled pier model tested in the study.  

To represent the actual restraint condition of the bolted flange to the ground, the 

pier bottom flange is fixed in all directions in the numerical model. The pendulum 

impactor is modelled by two cylinders with different radius. The smaller cylinder has 

the same radius as the load cell which was placed in front of the steel block (see Figure 

3-4a). The impactor is assigned with an initial velocity calculated by 2gh , where g is 

the gravity acceleration and h is the drop height of the pendulum. It should be noted that 

this may slightly overestimate the actual impact velocity as the air resistance, hinge 

friction and heat are neglected. The treatment of sliding and impact along interfaces of 

different elements is an important issue in finite element modelling. In this study, the 

contact algorithm, namely *CONTACT_AUTOMATIC_SURFACE _TO_SURFACE 

(ASTS) in LS-DYNA is defined between the pendulum impactor and pier column. The 

dynamic and static Coulomb friction values are both set to 0.3 between these surfaces.  

 

Figure 3-4 (a) Numerical model of the pier and pendulum impactor; (b) Pier column 

concrete and reinforcements  
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3.3.2 Material model 

The material model *MAT_CONCRETE_DAMAGE_REL3 available in LS-

DYNA is used to model the concrete of the pier column. This material model is widely 

employed to model the dynamic behaviours of concrete material, including strain-rate 

effect, plasticity and damage softening after failure. The advantage of this model is that 

it can automatically generate model parameters by only defining the density, Poisson’s 

ratio and unconfined compressive strength, thus, it is useful when no detailed concrete 

material experiment data is available. The card *MAT_ADD_EROSION is utilized to 

eliminate the failed elements to avoid computation overflow. In this study, the 

unconfined compressive strength of concrete was obtained in experiment as 28.3MPa. 

Erosion technique is used to delete element experiencing large deformations to avoid 

mesh tangling. Erosion is only a numerical manipulation to avoid mesh tangling. It 

violates conservation of energy and mass. Therefore erosion should be used with 

caution[19]. Usually a large stress or strain criterion is used to avoid premature eroding 

the element away. After try-and-error testing of various strain values, an erosion 

criterion of principal strain of 0.1 is selected, i.e., the element will be deleted when the 

principal strain reaches 0.1 in the current study. 

The elastic-plastic material model 

*MAT_PIECEWISE_LINEAR_PLASTICITY is employed to model the steel 

reinforcements in the pier column. It is a cost effective model to model isotropic and 

kinematic hardening plasticity including strain rate effects. The parameters of this 

material are defined based on the quasi-static testing results by Hansson [20]. Perfect 

bond between reinforcement bars and concrete is assumed in this study. Pier flange and 

top mass are simply modelled by elastic material as they only contribute to the structure 

mass. Minor deformation and damage are expected to occur in these parts. Elastic 

material is also adopted in modelling the steel pendulum impactor. To represent the 

actual RC model material properties in the pendulum test, the same values of material 

parameters in the test model are utilized in the numerical model. The parameters of the 

steel and concrete material are given in Table 3-1. 
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Table 3-1 Material properties of the RC pier 

Material LS-DYNA Model Input Parameter Magnitude 

Steel *MAT_PIECEWISE_LINEAR_P
LASTICITY 

Density 7700 kg/m3 
Young’s modulus 200GPa 

Poisson’s ratio 0.3 
Yield stress 550MPa 

Tangent modulus 1600MPa 
Failure strain 0.2 

Concrete 
(Column) 

*MAT_CONCRETE_DAMAGE
_72Rel3 

Mass density 2400 kg/m3 
Poisson’s ratio 0.2 

Compressive strength 28.3MPa 

Smeared 
Concrete 
(Flange ) 

*MAT_ELASTIC 
Mass density 2180kg/m3 

Young’s modulus 30GPa 
Poisson’s ratio 0.2 

Concrete 
(Top 

Mass ) 
*MAT_ELASTIC 

Mass density 2564 kg/m3 
Young’s modulus 30GPa 

Poisson’s ratio 0.2 

3.3.3 Strain rate effect 

The concrete and steel in reinforced concrete structures are strain rate dependent 

when subjected to impact loads. At high strain rates, the strength of concrete and steel 

materials can be significantly enhanced. Therefore, the strain rate effect needs to be 

considered to predict a reliable structure response. The effect of strain rate is typically 

represented by a dynamic increase factor (DIF), i.e., the ratio of dynamic-to-static 

strength versus strain rate. 

Many empirical equations have been proposed to estimate the strain rate effect 

on concrete materials. A bilinear relationship is specified in the CEB code [5]. Malvar 

and Ross [21] proposed a similar formula to calculate the DIF at given strain rate values 

for compression strength. Malvar and Ross [14] also proposed an empirical relation to 

calculate the DIF of the tensile strength of concrete as: 
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where tf  is the dynamic tensile strength at strain rate ε  in the range of 10-6 s-1 

to 160 s-1, tsf is the static tensile strength at tsε , log 6 2β δ= −  , 1/ (1 8 / )c cof fδ ′ ′= + , cf ′  

is the static uniaxial compressive strength of concrete (in MPa) and cof ′  is taken as 10 

MPa. 

In compression, the equations given by CEB code are adopted, which are given 

as follows: 
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where cf  is the dynamic compressive strength at strain rateε , csf  is the static 

compressive strength at csε , log 6.156 0.49γ α= −  , ( )1/ 5 3 / 4cufα = +  and csf  is the 

static cube strength (in MPa).   

Malvar [22] conducted a review on static and dynamic properties of reinforcing 

steel under high strain rate, and proposed a DIF relation for steel reinforcing bars, which 

is utilized in the present study as follows: 
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414/040.0074.0 yf−=α
 

(3-6) 

where yf  is the steel yield strength in MPa. In this study, these DIF relations are 

incorporated into the material cards in the input keyword file in LS-DYNA to model the 

strain rate effects in the numerical simulations. 

3.3.4 Model calibration and validation 

To validate the fidelity of the numerical model to predict the pier responses to 

impact loads, the numerical model is used to simulate the pendulum impact tests. 

Numerical simulation results are compared with the pendulum impact test data. During 
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the test, successive impacts on the model column were carried out with gradually 

increasing the impact velocity by lifting the pendulum to different heights. The time 

histories of resultant impact force at the contact area and displacement at the centre of 

the top flange are compared. 

In the test, the pendulum arm was first lifted to 2 degree from the vertical 

direction and then released to impact the pier model. The load profile recorded by load 

cell is shown in Figure 3-5. As can be seen from the figure, the peak impact force is 

4.32kN. The impact duration is quite short, about 0.008s because both the steel impactor 

and pier column are stiff. No significant deformation occurs under such a small energy 

impact scenario. Figure 3-5 also shows the comparison of impact force time histories 

between experimental and numerical results. From the figure it can be seen that the 

numerical simulation result correlates well with the experimental result. The impulse 

predicted by the FE model and experiment are 10.11 KN·s and 11.40 KN·s, 

respectively. The numerical model well captures the peak impact force, but the impact 

force duration is shorter as compared with the recorded impact force time history. This 

may be caused by the difference in boundary conditions between the experiment and 

numerical model, and the steel load cell in front of the impactor, which may deform, but 

is not considered in the numerical model. To study the pier response, the pier flange 

displacement was also recorded by the laser LVDT. As is shown in Figure 3-6, the 

maximum displacement of the pier flange is about 1.2mm under this impact load, which 

is quite small as the impact energy is only 0.86J. No obvious decay of the displacement 

frequency can be viewed from the curve which means the pier column deforms 

elastically and no plastic deformation occurs in the pier column. Good agreement on 

pier flange displacements between the experimental and numerical results is also 

observed.  
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Figure 3-5 Comparison of the numerical and experimental impact load for the 2 degree 

impact angle case 

 

Figure 3-6 Comparison of the numerical and experimental pier displacements 

corresponding to the 2 degree impact angle 

By lifting the pendulum impactor to a higher position, due to larger impact 

energy, plastic deformation and damage may occur in the pier. To study the responses 

of the pier under higher energy impact, the pendulum was lifted to 5 degree and then to 
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7.5 degree to generate faster and larger impact loads. Without losing generality, only the 

case with 7.5 degree impact angle is presented herein. As the impact angle was 

increased successively in the experiment, plastic deformation and damage would 

cumulate after each impact test. It is not accurate to simply use the original undamaged 

FE pier model to simulate the repeated impact tests. To simulate the repeated impacts, 

in this study the restart analysis technique available in LS-DYNA is adopted to model 

the repeated impacts. With this approach, the permanent deformation, residual stress 

and strain, and damage in the pier generated by previous impacts are considered in the 

subsequent impact analysis. Here only the comparison of impact force time history 

corresponding to the last impact test, that is the 7.5 degree impact, is illustrated in  

Figure 3-7. It can be seen again from the figure that the impact force predicted by the 

current numerical model correlates well with the experimental results. Although slight 

difference can be observed in the peak impact force, the numerical model is capable of 

capturing the rise time and value of the peak impact force. The impact force duration of 

the numerical and experimental results is also almost the same. Figure 3-8 shows that 

the displacement at the top flange predicted by numerical model is also in good 

agreement with the experimental result.  

 

Figure 3-7 Comparison of the numerical and experimental impact loads corresponding 

to the 7.5 degree impact angle 
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Figure 3-8 Comparison of the numerical and experimental pier displacements 

corresponding to the 7.5 degree impact angle case 

In laboratory tests, the impactor was lifted successively by an increment of 2.5 

degree until the pier was totally damaged at 17.5 degree. Figure 3-9 shows the 

comparison of the numerical and experimental pier displacements at impact angle of 

17.5 degree. It can be seen from the figure that the numerical model can still capture the 

maximum pier displacement, although some variation can be observed in the free 

vibration phase. Figure 3-10(c) and 10(d) show the comparison of numerical and 

experimental pier damage corresponding to the impact angle of 17.5 degree. It can be 

seen that the numerical pier damage pattern matches well with the test result. It can also 

be observed that the area directly in contact with the pendulum impactor and the 

connection area at the pier column base experience the largest stresses. These 

observations match the observations in the experiment where local damage and cracks 

occur as shown in Figure 3-10(a) and 10(b). These observations indicate that in general, 

the numerical model reliably predicts both the impact force and displacement of the 

scaled pier model under impact loads, and the current numerical model also accurately 

capture the response characteristics of the pier model with  plastic deformation and 

damage.  
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Figure 3-9 Comparison of the numerical and experimental pier displacements 

corresponding to the 17.5 degree impact angle case 

 

Figure 3-10 (a) Damage at contact area; (b) damage at pier column support;  

 (c) numerical simulation of pier damage after 17.5 degree impact; (d) damage pattern in 

the test after 17.5 degree impact 

It should be noted that in this study the elastic pendulum impactor was used to 

generate impact force in experimental tests, whereas in a real barge impact case, the 

plastic deformation of barge material will absorb impact energy and affect the impact 

force. Numerical model to simulate barge plastic deformation was developed and 
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calibrated in [16]. This model will be briefly introduced in the next section. The primary 

objective of the present study is to calibrate the reliability of the numerical model to 

simulate RC pier damage and its influence on barge-pier impact. Combining the 

numerical model of barge structure developed in [16] and the RC pier model developed 

in this study, reliable numerical simulations of barge-pier collision can be achieved.   

3.4 Numerical Results and Parametric study  

Using the validated numerical model, a series of simulations are carried out to 

study the influences of various barge and pier parameters on barge-pier interaction. 

These include the pier support condition, barge velocity, barge mass, pier diameter and 

mass supported by pier, pier height and barge impact location on the pier. In this study, 

a Jumbo Hopper (JH) barge which is commonly used in the US inland waterways is 

selected as the impact vessel [4, 23]. According to the drawing of the JH barge, the 

barge bow width and head log height are 10.6m and 0.5m, respectively. As the impact is 

expected to occur in the barge bow, only this area is carefully modelled by shell and 

beam elements with a fine mesh. 100mm is used as the minimum mesh size according 

to the mesh convergence test. The rear part of the barge is simply modelled by solid 

elements with coarse mesh to represent the actual mass distribution. The steel outer 

plate and internal truss in the barge bow area are modelled by 

MAT_PLASTIC_KINEMATIC model in LS-DYNA. This material model can represent 

isotropic and kinetic hardening plasticity including strain rate effects. The numerical 

model of the barge is calibrated with previous work and detailed descriptions can be 

found in Sha and Hao [16]. Figure 3-11 shows the finite element model of the JH barge. 

No hydrodynamic effect is considered in the current study.  
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Figure 3-11 Finite element model of the Jumbo Hopper barge 

3.4.1 Effect of pier support condition 

In most previous studies, pier is assumed to be fixed at the foundation [16]. Soil-

foundation-pier interaction during the impact is neglected. This is probably because 

barge-pier collision acts in a rather short time duration that the soil-foundation-pier 

interaction is not critical in modelling the impact process. Consolazio et al [24] and  

McVay et al [25] included soil-structure interaction in their study of barge pier impact. 

However, no previous research quantified the influence of soil-foundation-pier 

interaction and made conclusions on the necessity of considering or not considering the 

soil-foundation-pier interaction. In this section, numerical simulations of barge impact 

on pier with different boundary conditions are carried out. The pier boundary conditions 

considered include 1) fixed, 2) supported on rigid pile foundation, and 3) supported on 

elastic pile foundation. The pier considered has a circular shape with a diameter of 2.8m 

and height 25.2m. The pile foundation considered includes a pile cap supported by nine 

15m long steel piles as shown in Figure 3-12. A concrete block of 300 ton is placed on 

top of the pier to represent the mass of bridge superstructure supported by the pier. The 

whole barge-pier impact system is shown in Figure 3-12. 
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Figure 3-12 The barge-pier impact system with pile foundation 

Nonlinear discrete spring elements are used to model the soil-pile interaction 

and beam elements are used to represent the steel piles. As shown in Figure 3-13, the 

soil springs are placed along the pile at a distance of 600mm at each of the pile nodes. 

Two transverse springs are placed perpendicularly to model the constraints of 

surrounding soil. Nonlinear loading and unloading curves representing force-

deformation data pairs are defined for the soil springs [24].  

 

Figure 3-13 (a) Pile group; (b) Soil springs 

According to AASHTO specification [4], an empty barge of 181 ton travelling at 

a normal speed of 4.11m/s is selected to study the effect of pier support condition on 

barge-pier interactions, in particular the impact force and pier response are used as the 

quantities in the study. It should be noted that the impact force refers to the sum of all 

the impact force at all the contact points between barge and pier. As shown in Figure 
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3-14, the three types of boundary conditions yield similar impact force time histories. 

As expected, this is because the impact process acts in rather short time duration 

therefore the interaction and pier response is basically local. Soil-foundation-pier 

interaction thus has minimum influence on the impact forces although it will certainly 

affect the free vibration response as in this vibration phase the global structural response 

will govern. The fixed boundary model predicts almost the same peak impact force and 

impact time duration as the rigid and elastic pile models. Therefore, the fixed boundary 

model can be used in predicting peak impact force to save the modelling and 

computational time. However, pier displacements derived from different boundary 

conditions are not the same as can be viewed in Figure 3-15. Pier top displacement 

calculated by the fixed boundary is 0.2501m while the displacements of rigid and elastic 

pile group models are 0.2611m and 0.2653m, respectively. It means pile-soil interaction 

will slightly affect the pier displacement. This is because the impact occurs in a short 

time, i.e., about 0.3 sec as shown in Figure 3-14. Within this time span, the pier 

deformation is relatively small thus the soil-pier interaction effect is insignificant. 

Therefore it has little influence on impact force. The maximum response occurs after the 

impact in the free-vibration phase. As shown in Figure 3-15, the peak displacement 

response occurs at about 0.9 sec. Because the peak displacement is relatively large, the 

soil-foundation-pier interaction effect becomes significant. The numerical results 

indicate that if only the impact force is needed, soil-foundation-pier interaction can be 

neglected. If pier displacement is also estimated, detailed modelling of pile and 

surrounding soil is necessary to more accurately estimate the pier displacement 

response. As the pier displacement is investigated in the following parametric study, the 

pier model with pile-soil-foundation effect is utilized in the parametric study.  
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Figure 3-14 Impact force time histories corresponding to different boundary conditions 

 

Figure 3-15 Pier top displacements corresponding to different boundary conditions 

3.4.2 Effect of barge impact velocity 

In order to study the effects of different barge impact velocities on impact force 

and pier displacement, different initial velocities are assigned to an empty JH barge 

(181ton).  Three normal barge travelling velocities in inland waterways of 2.06 m/s, 

3.09 m/s and 4.11 m/s [26] are selected as the impact speeds in this study. Figure 3-16 
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shows the impact force time histories corresponding to the three impact velocities. It 

can be seen from the figure that peak impact force increases as barge impact velocity 

increases. A larger impact velocity also results in relatively longer impact duration 

because more barge bow structures deformed due to larger impact energy. Impact force 

increases quickly to the peak value and then decreases gradually to zero when the barge 

impact velocity is 2.06m/s. It is because the impact energy is relatively small compared 

with the pier resistance and no prominent deformation occurs in the barge bow area. 

Elastic deformation governs the whole collision process with minor plastic deformation. 

When impact speed is 3.09m/s and 4.11m/s, obvious plateaus appear after impact force 

reaches the peak value owing to barge bow plastic deformation which prolongs the 

impact process. Similar observations were also obtained by Yuan [10]. Figure 3-17 

illustrates the pier top displacements with respect to three impact velocities. As can be 

seen in the figure, the larger the impact velocity, the larger the displacement. When the 

impact velocity is 4.06m/s, the maximum displacement is 0.261m. In these three impact 

cases, pier top can restore its original position and it means no plastic deformation 

occurs in the bridge pier although plastic deformation occurs in barge bow structure. 

 

Figure 3-16 Comparison of impact force corresponding to different barge impact 

velocities 
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Figure 3-17 Comparison of pier top displacements corresponding to different barge 

impact velocities 

3.4.3 Effect of barge mass 

As mentioned above, impact energy can have strong influence on barge-pier 

collision accidents. When the impact velocity is the same, a heavier barge will result in 

larger impact energy. To study the effect of various barge payload conditions, three 

barge masses of 181 ton, 952 ton and 1723 ton, which represent empty, half and fully 

loaded barges, are utilized in the present study [10]. The impact force time histories 

plotted in Figure 3-18 illustrate that the three barge masses almost yield the same peak 

impact force; however, the impact duration varies greatly among these cases. When a 

181ton barge impacts on the pier, the impact time duration is only 0.28s. The time 

duration increases to 0.9s and 2.5s when the barge is 952ton and 1723ton, respectively. 

These observations indicate that the peak impact force is relatively independent of the 

barge mass while the impact duration depends on it. Similar observation is also obtained 

by Wang et al [27], in which the impact force is found to have no direct relationship 

with impact mass. Sha and Hao [16] also found similar results while investigating a 

barge collides into a square pier. However, with large barge mass, the plastic 

deformation of the barge bow is larger, which prolongs the impact duration as discussed 

above. At the same time, as can be seen in Figure 3-19, pier also endures a larger 

deformation when a heavier barge collides into the pier. When the impacting barge is 



CHAPTER 3 

69 

181ton and 952ton, the maximum pier top displacement is 0.116m and 0.534m, 

respectively. When the impacting barge is 1723ton, the pier top will move 0.978m and 

the pier column cannot restore to its original position after collision, indicating plastic 

deformation and damage occur in the pier column. To illustrate the deformation of the 

barge and the pier, without losing generality, a stress contour of the 1723ton barge 

collides into the pier at 2.06m/s is shown here in Figure 3-20. 

 

Figure 3-18 Comparison of impact forces generated by different barge masses 

 

Figure 3-19 Comparison of pier top displacements corresponding to different barge 

masses 
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Figure 3-20 Stress contour of the deformed barge and pier 

3.4.4 Effect of pier diameter 

Calculations are also conducted for three bridge pier diameters: 2.8m, 3.8m and 

5.0m, respectively.  Results obtained from numerical simulations are shown in Figure 

3-21. As shown, impact force increases with the increase of pier diameter, but the 

changes in the amplitude are not significant. It is because the initial contact area 

between a circular pier and barge is relatively small and independent of the pier 

diameter. Although the contact area increases gradually as the barge bow penetration 

increases, it has insignificant effect on the peak impact force as the peak impact force is 

reached almost instantly upon collision. This impact pattern is different from the square 

pier impact cases in which the peak impact force strongly depends on the pier 

dimension as the entire pier cross surface at the impact elevation is in contact with the 

barge upon collision [16]. Figure 3-22 shows the displacements of the pier with three 

diameters. When the diameter is 2.8m and 3.8m, the largest displacements are 0.116m 

and 0.078m, respectively. The maximum displacement decreases to only 0.0336m when 

the barge collides into a pier with a 5m diameter, as expected because the pier with a 

larger diameter is stiffer than the pier with a smaller diameter.  
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Figure 3-21 Comparison of impact force on piers of different diameters 

 

Figure 3-22 Comparison of the top displacements of piers with different diameters 

3.4.5 Effect of mass supported by the pier 

In order to investigate the effect of bridge superstructure on impact force, three 

different masses of 300ton, 600ton and 1500ton are assumed for the block placed on top 

of the pier flange. Figure 3-23 illustrates the impact force time histories of the three 

cases. It can be seen from the figure that a larger pier top mass results in a slightly larger 
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impact force. This is because inertia forces contribute to pier response during the 

impact. A larger mass increases the inertial resistance of the pier to the impact, which 

produces a short-term increase of pier column restraint and leads to a slightly larger 

impact force. However, the influence of bridge superstructure mass is not significant 

and can be neglected in predicting the impact force. Figure 3-24 shows the 

displacements at the pier top flange. As can be seen from the figure, the superstructure 

mass constrained the displacement of the pier and a heavier top mass corresponds to a 

smaller peak flange displacement. 

 

Figure 3-23 Comparison of impact force corresponding to various pier superstructure 

masses 
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Figure 3-24 Comparison of pier top displacements corresponding to various pier 

superstructure masses 

3.4.6 Effect of Pier Height 

Pier column height has a direct influence on pier stiffness which may affect 

barge-pier interaction hence affects the impact force time history and pier displacement. 

Three bridge piers with different heights of 18m, 25.2m and 32.4m are selected to 

investigate the pier height effect. As can be seen from Figure 3-25, the pier height effect 

is insignificant to the peak impact force. It is because the impact energy is the same and 

the peak impact force occurs at the instance of collision when the interaction between 

the pier and the barge is not significant. However, the impact duration corresponding to 

the higher pier is longer because the longer pier is relatively flexible than the shorter 

pier which prolongs the impact time duration. Figure 3-26 illustrates the pier top 

displacements. As can be noticed, although the higher pier is more flexible, it has a 

smaller displacement and needs a longer time to restore the elastic deformation. This is 

because the large inertial resistance of the mass supported by the pier and the short-

duration impact force result in the second mode response of flexible pier structure.  
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Figure 3-25 Comparison of impact forces on piers of different heights 

 

Figure 3-26 Comparison of top displacement of piers with different heights 

3.4.7 Effect of impact location 

As the water level of barge travelling waterways changes throughout the year, 

the barge impact location on the bridge pier also changes. To investigate the effect of 

different impact locations on impact force and pier response, calculations are carried out 

for three different impact locations, i.e., 8.7m, 12.7m and 18.7m from the pile cap. As 
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can be seen in Figure 3-27, the impact force time histories corresponding to the three 

different impact locations are nearly the same although small differences can be found 

at the end of the impact. This indicates again that the barge-pier interaction has 

minimum effect on the impact force because collision occurs in a short time and the 

impact force mainly relies on the impact energy. As is shown in Figure 3-28, pier top 

displacement however increases when the impact point is higher. The peak 

displacement of the pier corresponding to the impact height of 18.7m is almost two 

times and four times of that corresponding to the impact height of 12.7m and 8.7m, 

respectively. This is because a higher impact location generates a larger bending 

moment at the pier base and along the pier height.  

 

Figure 3-27 Comparison of impact force at different impact locations 
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Figure 3-28 Comparison of pier top displacement generated by impact at different 

locations 

3.4.8 Numerical results discussion 

From the numerical results presented above, it can be found that for a circular 

RC bridge pier under barge impact, the impact force time history is strongly governed 

by the impact energy of the barge. The barge impact velocity has significant influence 

on peak impact force, while the impact duration depends on the barge mass. Different 

barge mass results in pronounced changes in impact force time history and duration. 

When the impact energy is the same, the peak impact force is almost independent of the 

pier characteristics, i.e., diameter, height, and superstructure mass. This is different from 

the case of rectangular piers reported in [16]. This is because increasing the diameter of 

a circular pier will not significantly increase the contacting area between the barge bow 

and pier owing to the geometry of circular shape, whereas increasing the width of a 

rectangular shape will increase the contact area accordingly upon impacting, therefore 

results in an increase in the impact force. Since the interaction between barge and pier 

occurs in very short duration, pier stiffness has only minimum influence on it. Therefore 

increasing pier diameter will not affect the peak impact force. This observation indicates 

that pier geometry significantly affects the impact force a bridge pier would experience 

upon barge collision. Therefore, pier geometry should also be taken into consideration 

when estimating the impact force.  
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Although the pier diameter has no significant effect on impact force time history 

but it directly relates to the pier response. The pier with a larger diameter tends to have a 

greater stiffness, which results in a smaller pier displacement. Increasing pier top mass 

also leads to the increase of inertial resistance at the pier top which also results in a 

smaller pier displacement. The impact location is another parameter studied. Similarly it 

does not affect the impact force, but affects the pier response and special attention 

should be paid in the design practice.  

3.5 Analytical formulae to predict peak impact force and impulse 

Based on the numerical parametric studies, it is observed that barge mass, 

impact velocity and pier column diameter are the most influential effects on the impact 

force time history. It can be seen that the impact force time histories are nonlinear and 

difficult to be fitted by a simple equation. Thus, a simplified triangular curve (see 

Figure 3-29) which has the same impulse of original time history is proposed herein. 

Empirical formulae are developed based on these parameters to calculate the peak 

impact force, impact duration and impulse as follows:  

P = (9.295 −
6.925

𝑚0.079 ∙ 𝑉0.5)(0.83 + 0.06D) 
(3-7) 

T = 4.925 ∙ 10−4 ∙ 𝑉0.681 ∙ 𝑚0.995 (3-8) 

I =
1
2
𝑃𝑇 

(3-9) 

where the peak impact force P and time duration T are in mega Newton (MN) 

and second (s), respectively. Impact impulse I is in Newton second (MN·s) and pier 

column diameter D is in meter (m). The impact barge mass m and velocity V are in ton 

(t) and meter per second (m/s), respectively.  
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Figure 3-29 Original and simplified impact force time history 

The comparison of numerical simulation results and fitted data is plotted in 

Figure 3-30. It can be seen from the figure that peak impact force predicted by the 

proposed equation agrees well with the numerical simulation results and is applicable 

for hand calculation. It should be noted that the current study is based on the prototype 

of a Jumbo Hopper barge. The impact force time history can be slightly different if 

other types of barges are considered. However, it should be noted that as reported in a 

previous study no strong relationship exists between impact force and barge type [28]. 

Therefore, the proposed empirical relations can be approximately applied to modelling 

of impact forces generated by other types of barges. 
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Figure 3-30 Comparison of impact force between original numerical results and 

proposed formula 

The proposed equation is also compared with the most widely adopted 

AASHTO specification [4] and previous numerical study of a square pier [16]. In 

AASHTO specification, equivalent impact force is calculated by barge crush depth and 

vessel kinetic energy. The barge impact loads predicted by finite element simulation in 

this study are compared with the corresponding equivalent impact loads computed by 

AASHTO specification in Figure 3-31. It shows the AASHTO specification tends to 

underestimate impact force when barge crush depth is small, i.e., in small impact energy 

cases. However, the specification predicts a larger impact force when barge crush depth 

is larger than 0.5m. Similar observations were also found in the case of barge impact 

with square pier. However, the impact forces on square piers are much larger than on 

circular piers in low energy impact cases. It indicates pier geometry significantly 

influence impact force and should be taken into consideration in the design practice. 

Also the current code may yield inaccurate prediction of impact force based on the 

quasi-static tests. The dynamic effects in barge pier collision should not be neglected. 
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Figure 3-31 Comparisons of AASHTO specification and proposed circular and round 

pier formulae 

3.6 Conclusion 

In this study, pendulum impact tests were conducted on a scaled circular 

reinforced concrete pier. Numerical pier model is developed and calibrated with the 

experimental results. The calibration results show that the current finite element 

model can accurately predict impact force time history and pier displacement. 

Based on the validated model, a real scale barge-pier impact model is built 

which considered nonlinearities of concrete and steel material in the bridge pier. The 

numerical model incorporated pile groups and soil springs is developed in the 

analysis. Comparison is made between different boundary conditions. It is found that 

fixed boundary can be utilized in predicting impact force but will underestimate pier 

response.  

Parametric studies are carried out to study the effects of different impact 

energies and pier characteristics on impact force and pier response. It is found that 

peak impact force depends on the impact velocity while the impact duration depends 

on the barge mass. When barge collides with the pier of a larger diameter, the impact 

force is larger because more barge bow plates and trusses interact with the pier but 

the influence is not significant. Bridge superstructure mass, pier height and impact 
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location have minimum influence on impact force, but all affect the pier 

displacement.   

Empirical formulae are proposed to predict the peak impact force and impact 

time duration based on numerical results. It is found that pier geometry has 

significant influence on impact force and the AASHTO specification tends to 

underestimate the impact force in low energy collisions.  
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CHAPTER 4 

A SIMPLIFIED APPORACH FOR PREDICTING BRIDGE 
RESPONSES SUBJECTED TO BARGE IMPACT 

By: Yanyan Sha and Hong Hao 

ABSTRACT: Bridge structures across waterways are under the threat of barge collision 

loads. Bridge piers are often designed to resist such impact loads according to some 

empirical equations given in various design codes based primarily on equivalent static 

analysis. Although these analyses can give useful guidance in the bridge design 

practice, they neglect dynamic effects which can have significant influence on barge-

bridge structure interactions and hence the impact load and bridge responses. With the 

development of computational mechanics and computer power, it is possible to develop 

detailed numerical models to predict the barge-bridge structure interaction. However, 

such numerical analysis is very time consuming and also requires profound 

understanding of structural dynamics, damage mechanics and numerical methods, and 

hence not necessarily an appropriate approach in preliminary analysis and design. 

Therefore, it is necessary to develop an efficient and accurate method that takes into 

consideration the dynamic effects, material nonlinearity and structure damage in 

predicting impact loads and structural response in analysis and design of bridge 

structures against barge impact. In this study, empirical relations based on intensive 

numerical simulation results proposed in a previous study are used to estimate dynamic 

impact loads on bridge pier as a function of barge mass, impact velocity and bridge pier 

diameter. The bridge structure is simplified as a nonlinear single degree of freedom 

(SDOF) system to calculate its dynamic response. As compared to the detailed finite 

element simulations, it is found that this simplified approach gives reasonably accurate 

predictions of bridge responses.  As this approach is straightforward to be implemented, 

it can be used in the preliminary analysis and design of bridge structures against barge 

impact.  
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4.1 Introduction 

With the increment of global transportation volume, both inland and sea bridges 

are more vulnerable to accidental aberrant vessel collision loads. Vessel collision with 

bridge pier can lead to severe casualties and catastrophic financial losses. Thus, it is 

necessary to study the characteristics of the impact and design bridges to resist such 

impact loads.  A lot of researches have been done to study the dynamic effects of the 

vessel-bridge impact. A pioneer study was performed by Minorsky [1] who conducted 

26 ship-ship collision tests and proposed empirical relationships between penetration 

resistance and absorbed energy. In 1976, Woisin [2] modified Minorsky’s method and 

proposed new equations based on his experimental results. More recently, Consolazio et 

al. [3] conducted barge-pier impact tests and developed numerical model to estimate the 

barge impact load with dynamic effect in 2004. Although such experimental impact 

tests give valuable information for quantifying impact loads, they are usually very 

expensive and time consuming to be carried out. As an alternative, finite element (FE) 

method is used in recent researches and it has been proved this method can yield 

reliable results. Pedersen et al. [4] reviewed the advantages of numerical simulations 

and found that FE simulation can produce reasonable results efficiently. Consolazio and 

Cowan [5] developed numerical models to analyse the impact force of barge collision 

against several piers. In their study, FE code ADINA was adopted to study the effects 

of pier size and shape. Yuan and Harik [6] developed three dimensional (3D) numerical 

models of flotillas and pier in the software package LS-DYNA and studied impact load 

time histories under different pier geometries. Those studies assumed either rigid or 

elastic pier in the analysis owing to the very complex nature of modelling pier nonlinear 

response and damage to barge impact. Since pier nonlinear response might absorb 

significant amount of impact energy which may largely affect the barge-pier interaction, 

Sha and Hao [7, 8] developed detail models of rectangular and circular RC piers and 

considered nonlinear pier responses and damage in simulating barge-pier interaction.  

The accuracy of the model was verified by simulating small scale laboratory impact 

tests as well as by comparing the numerical simulations reported by other researchers 

that assumed rigid or elastic piers. Using the validated model, Sha and Hao [7, 8] also 

carried out parametric studies to investigate the effects of barge impact energy, impact 

location and pier geometry on barge-pier interaction and proposed some empirical 

relations to estimate the dynamic barge impact forces. It should be noted that these 
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numerical models were proven yielding reliable predictions, but they are mainly based 

on detailed three dimensional finite element analyses which require highly specialized 

software, profound knowledge on structural dynamics, damage mechanics, nonlinear 

material modelling and careful model calibrations. The computational cost is extensive 

that makes such modelling not necessarily appropriate in the preliminary analysis and 

design of the bridge structures to resist barge impact. 

Various design codes and specifications in many countries [9-11] give guides to 

predict barge impact force and design bridge structures to resist such forces. These 

codes normally use empirical equations to estimate impact loads which are modified 

from experimental and/or numerical results. The advantage of these codes is the ability 

to fast predict vessel impact load without extensive simulations or calculation. For 

example, in Eurocode 1, the bridge structures are assumed to be rigid and fixed while 

the colliding vessel is simulated by an elastic impact unit. Vessel-bridge impact load is 

determined by vessel collision speed, vessel mass and its equivalent stiffness [9]. The 

most widely used design code is the Guide Specifications and Commentary for Vessel 

Collision Design of Highway Bridges published by American Association of State 

Highway and Transportation Officials (AASHTO) [10]. In the specification, the 

dynamic barge impact load is simplified to an equivalent static load (ESL) which is 

calculated from barge impact energy and bow crush depth based on Meridorn-berg’s 

experimental results [12]. As for bridge responses, these codes specified approaches are 

all based on quasi-static analyses according to energy or momentum conservation of 

elastic or rigid systems. Although these codes can give useful guidance in the bridge 

design practice, they neglect dynamic effects and material nonlinearities which can 

have significant influence on the impact load and bridge responses. Therefore, it is 

necessary to develop an improved analysis technique which is not only efficient but 

also includes dynamic effects, material plasticity and damage of structures in 

calculating the bridge response to barge impact loads.  

To account for the dynamic effect, Fan et al. [13] proposed a simplified 

interaction model to evaluate the dynamic demand of bridge structures under vessel 

impact load. In their study, dynamic crush curve is obtained through multiplying the 

static crush curve by a proposed velocity influence factor. Although it can improve the 

computational efficiency, this method still needs to obtain the static crush curve of 

vessel bow from 3D numerical simulation for the analysis. Also, finite element model 
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of the pile and tower structure is required to calculate its response subjected to vessel 

impact. Although a comprehensive vessel impact simulation is not necessary, the 

method still needs to develop a 3D finite element model for the analysis.  

It is widely accepted that structures can be simplified to a single degree of 

freedom (SDOF) model when calculating the structural response under blast and impact 

loadings [14-16]. The method idealizes the real structure as a SDOF system with an 

equivalent lumped mass, equivalent stiffness and equivalent dynamic load. 

Krauthammer [17, 18] simplified a reinforced concrete beam into an equivalent SDOF 

model considering material nonlinearities in the structural dynamics analysis. Structural 

response and failure subjected to blast loads are calculated. Although the SDOF model 

cannot predict the local damage induced by blast and impact loads, it has been proven 

to be able to yield reasonable predictions of structural responses if the structural 

response is dominated by flexural or shear response mode. As a result, the SDOF 

approach is frequently used in analysis of structural responses to blast loadings and 

structural design practice owing to its simplicity. Since the barge impact loading rate is 

relatively small as compared to blasting load, structural response mode is very unlikely 

to be governed by local failure mode but global flexural mode although localized 

concrete crushing might occur at the impacting location. This makes the SDOF 

simplification a possible approach in analysing bridge responses to barge impact.  

This paper first investigates the adequacy of the current design practices in 

predicting the barge impact load and the bridge pier responses to barge impact. After 

that, a simplified triangular impact force time history proposed in a previous study [8] is 

used to estimate the barge impact load time history acting on the bridge pier. To 

simplify the analysis, the bridge pier is simplified to an equivalent SDOF system 

subjected to the estimated triangular impact load to calculate the pier responses. This 

proposed equivalent SDOF model analysis allows consideration of dynamic effects of 

bridge responses to barge impact. It bridges between the equivalent static approach 

commonly used in current design practice and the detailed numerical analyses mainly 

conducted in researches, and can be applied to the analysis of bridge structural 

responses to barge impact in the preliminary design practice. The calculated pier 

responses from the SDOF analysis are compared with those obtained from three 

dimensional numerical simulations. The accuracy of the proposed approach is 

demonstrated. The pier responses predicted by AASHTO code is also compared with 
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the three dimensional dynamic analysis results and the adequacy of the code is 

discussed in this paper. 

4.2 Current design code 

In the current design practice, empirical formulae are employed to estimate impact loads 

in designing bridge piers subjected to barge collision. Most of the design codes suggest 

using an equivalent static impact force which is calculated from deadweight tonnage 

and impact speed of the impacting vessel [9, 10]. The most commonly used AASHTO 

specification estimates the equivalent static load (ESL) in the bridge design procedure 

based on barge bow crushed depth [10]. This method offers valuable guidance in bridge 

design practice. However, since the barge-pier impact is dynamic in nature, the code 

proposed equivalent static analysis might not give accurate predictions of bridge pier 

responses. Moreover, besides neglecting dynamic effects, other factors, such as the pier 

geometry, impact duration and material nonlinearities are also neglected in the current 

code approach in estimating the impact loads. Recent research results show that the 

above parameters have significant influences on barge-pier interaction, which might 

significantly affect the barge impact loads on the pier. In other words, the equivalent 

static load suggested by AASHTO code might not be able to yield reliable predictions 

of impact loads [7, 19]. Moreover, the static analysis neglects dynamic effects of 

structural responses, which may further influences the prediction accuracy. Therefore, 

the adequacy of the AASHTO code is discussed herein.  

4.2.1 Barge and pier configuration 

In this study, without losing generality, a typical steel barge and a circular 

reinforced concrete pier are selected as example barge and pier model to investigate the 

accuracy of the design code. As shown in Figure 4-1(a), the barge model used in the 

study is the most widely used jumbo hopper barge specified by AASHTO code [10]. 

The width and head log height of the barge bow are 10.6m and 0.5m, respectively. The 

detailed dimensional parameters of the barge model are shown in Table 4-1. The 

circular bridge pier model, as shown in Figure 4-1(b), has a diameter of 2.85m and a 

height of 25.2m. The numerical model of the pier column is assumed to have a 

reinforcement cover depth of 50 mm. Longitudinal steel reinforcements with a diameter 

of 30 mm are spaced at a distance of 300 mm and stirrups of diameter 20 mm are 

spaced at 200 mm along the pier height.  A 300 ton concrete block of cross sectional 



CHAPTER 4 

88 

dimensions of 5.7m×5.7m and 3.6m in height is placed on top of the pier to represent 

the bridge superstructure. The length and width of the pile cap are both 11m and the 

height is 1.8m. It should be noted that the soil-structure-interaction (SSI) is not 

considered in the study. Therefore the pier foundation is assumed to be fully fixed. A 

previous study [8] revealed that SSI affects the pier responses but has little influences 

on the barge-pier interaction because it occurs in a relatively short time span. In the 

present comparative study, only a fixed bridge pier is considered. The barge is assumed 

to impact against the pier column at the middle of the pier (12.6m from the pile cap) as 

illustrated in Figure 4-1(b). 

 

Figure 4-1 Schematic view of the barge and bridge pier 

Table 4-1 Dimensions of the jumbo hopper barge 

Parameters Magnitude (m) 
LB=Length 59.4 
BM=Width 10.6 

RL=Bow rake length 6 
DB=Depth of bow 4 

DV=Depth of vessel 3.7 
HL=Head log height 0.5 

4.2.2 Impact load and pier response calculated by AASHTO code 

In AASHTO code, the equivalent static load PB (MN) is calculated based on the 

barge bow crushed depth aB (m) as follows [10]: 
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where Ek = barge impact kinetic energy (MJ); mB = barge mass (Mkg); and V = 

barge impact velocity (m/s). 

To discuss the adequacy of the AASHTO code, the equivalent static impact load 

predicted by the above equations is first investigated for the pier models described 

above. Six impact cases representing different levels of barge impact energies 

considered in the analysis are given in Table 4-2. Based on Equations (4-1) to (4-3), 

equivalent static loads are calculated and tabulated in the same table. After that, pier 

responses subjected to the predicted equivalent static load are calculated in the FE code 

LS-DYNA that will be described later.  

Table 4-2 Equivalent static load and maximum pier displacement of AASHTO code 

Case Barge mass 
(ton) 

Barge velocity 
(m/s) 

Equivalent static 
load (MN) 

Maximum pier 
displacement (m) 

1 181 2.06 4.587 0.542 
2 181 4.11 6.471 0.838 
3 952 2.06 6.613 0.864 
4 952 4.11 8.133 1.459 
5 1723 2.06 7.070 1.160 
6 1723 4.11 9.475 2.315 
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Figure 4-2 Bridge pier subjected to equivalent static load 

As can be seen in Figure 4-2, a numerical pier model is developed according to 

the pier dimensions describe in section 2.1. This model is used to perform static and 

dynamic barge impact analyses in this study. The concrete material of the pier is 

modelled by solid element and steel reinforcements are modelled by beam element. 

Through mesh convergence test, the mesh size of the model is selected as 100mm. The 

material model MAT_CONCRETE_DAMAGE_REL3 is used to model the concrete of 

the pier column. This material model is widely used to model the nonlinear behaviours 

of concrete material which includes strain-rate effect, plasticity and damage softening 

after failure. In this study, the unconfined compressive strength of concrete is 28.5 

MPa. The card MAT_ADD_EROSION is utilized to eliminate the failed concrete 

elements to avoid computation overflow. After try-and-error testing of various strain 

values, an erosion criterion with the principal strain of 0.1 is selected. The elastic-

plastic material model MAT_PIECEWISE_LINEAR_PLASTICITY is employed to 

model the steel reinforcements in the pier column. It is a cost effective model to model 

isotropic and kinematic hardening plasticity including strain rate effects. The 

parameters of this material are defined based on the quasi-static testing results by 

Hansson [20]. Perfect bond between reinforcing bars and concrete is assumed in this 

study. The material parameters of the concrete and steel reinforcement are shown in 

Table 4-3. 
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Table 4-3 Nonlinear material parameters for the pier 

Material LS-DYNA Model Input Parameter Magnitude 

Steel  MAT_PIECEWISE_LINEAR_PLASTICITY 

Mass density 7700 kg/m3 
Young’s modulus 200GPa 

Poisson’s ratio 0.3 
Yield stress 550MPa 

Tangent modulus 1600MPa 
Failure strain 0.35 

Concrete 
 MAT_CONCRETE_DAMAGE_72Rel3 

Mass density 2400 kg/m3 
Compressive 

strength 28.3MPa 

The concrete and steel in reinforced concrete structures are strain rate dependent 

under impulsive loading. The strengths of concrete and steel can be significantly 

enhanced at high strain rates. Therefore, it is necessary to consider the strain rate effect 

in dynamic barge impact analysis to predict reliable results. The strain rate effect is 

normally defined by a dynamic increase factor (DIF), i.e., the ratio of dynamic-to-static 

strength versus strain rate. In this study, DIF for the compressive strength of concrete is 

obtained according to the empirical functions proposed by CEB-CIP Model Code 1990 

[21] as: 
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c

cs cs

fCDIF
f

α
ε
ε

 
= =  

 




 for 130 sε −≤ ⋅  (4-4) 

 ( )1/3c

cs

fCDIF
f

γ ε= =   for 130 sε −> ⋅  (4-5) 

where cf  is the dynamic compressive strength at strain rateε , csf  is the static 
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where tf  is the dynamic tensile strength at strain rate ε  in the range of 6 110 s− −⋅  

to 1160 s−⋅ , tsf  is the static tensile strength at tsε , 6 2logβ δ= − , ( )' '1 / 1 8 /c cof fδ = +  , 

'
cf  is the static uniaxial compressive strength of concrete (in MPa) and '

cof  is taken as 

10 MPa. 

For the steel material,  Malvar [23] proposed simple equations to calculated DIF 

for steel reinforcing bars as follows: 

410
DIF

αε
−

 =  
 


 (4-8) 

α 0.074 0.040 / 414yf= −  (4-9) 

where yf  is the steel yield strength in MPa. The DIF used in this paper are 

plotted in Figure 4-3. 

  

Figure 4-3 DIF of concrete and steel materials versus strain rate 

The above described numerical pier model in simulating pendulum impact loads 

and barge-pier interaction has been previously validated by Sha and Hao in [8]. Using 

this model, the code predicted equivalent static loads listed in Table 4-2 are applied 

horizontally to the pier at the same location of barge impact to perform static response 

simulations. It should be noted that the above numerical model is developed in dynamic 

FE code LS-DYNA for simulation of bridge pier responses under impact loads. It is 
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used here to simulate the pier responses under static loads in order to keep the same 

nonlinear material properties in the static and dynamic simulations for comparison. 

Since LS-DYNA is a dynamic code, special consideration needs be taken in applying 

the equivalent static load. To eliminate the dynamic effect, the calculated equivalent 

static load is applied to the pier column in a static sense, i.e., the impact load is 

increased slowly from zero to the predicted static load and remains a constant with 

time. In the simulation the calculation continues until the pier velocity is very small. 

This method has been proved to yield reliable results by Hendrix [24] and Shi et al [25]. 

Through static analysis, the maximum pier displacements under six impact energy cases 

are calculated and also given in Table 4-2. 

4.2.3 Three dimensional dynamic analysis 

To compare with the AASHTO code, three dimensional nonlinear numerical 

model of the impacting barge is developed in LS-DYNA to carry out dynamic barge-

pier impact analysis. The same model dimensions as described above are used. As the 

impact is expected to occur only in the bow area, only this part of the barge is modelled 

in detail by shell and beam elements with a mesh of 100 mm. The rear part of the barge 

is simply modelled by solid elements with coarse mesh of 1m and varying mass density 

to represent the actual mass distribution. The material model 

MAT_PLASTIC_KINEMATIC is utilized to model the steel material in the barge bow. 

This material model can represent isotropic and kinetic hardening plasticity including 

strain rate effects. The hopper part of the barge is simply modelled by elastic material. 

The model parameters of the barge are given in Table 4-4.  

Table 4-4 Material parameters for the barge 

Material LS-DYNA Model Input Parameter Magnitude 

Steel 
(Barge bow) MAT_PLASTIC_KINEMATIC 

Mass density 7865 kg/m3 
Young’s modulus 207GPa 

Poisson’s ratio 0.27 
Yield stress 310MPa 

Failure strain 0.35 
C 40 
P 5 

Steel 
(Barge hopper) 

 
MAT_ELASTIC 

Mass density Varying 
Young’s modulus 207GPa 

Poisson’s ratio 0.28 
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To avoid penetration between the barge and the pier, contact algorithm 

CONTACT_AUTOMATIC_SURFACE_TO_SURFACE (ASTS) is defined at the 

interface. The dynamic and static Coulomb friction values are both set to 0.3 [8]. 

Another contact algorithm named CONTACT_AUTOMATIC_SINGLE_SURFACE 

(ASSC) is employed to model the possible contact between shells and trusses in barge 

bow area due to large deformations. A contact friction value of 0.21 is defined for these 

two parts [7]. The numerical model of the barge-pier impact system is shown in Figure 

4-4. It should be noted that this model of barge-pier collision has been  validated by Sha 

and Hao in previous studies [7, 8], proving it can yield accurate results in predicting 

barge impact load and pier responses. With the validated FE model, numerical 

simulations are carried out to calculate impact forces and pier responses under different 

barge impact energies. Peak impact loads and maximum pier displacements obtained 

from the simulations are given in Table 4-5. 

 

Figure 4-4 Numerical model of the barge-pier impact 
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Table 4-5 Maximum impact load and maximum pier displacement of 3D dynamic 

analysis 

Case Barge mass 
(ton) 

Barge velocity 
(m/s) 

Maximum impact 
load (MN) 

Maximum pier 
displacement (m) 

1 181 2.06 6.174 0.112m 
2 181 4.11 7.315 0.261m 
3 952 2.06 6.300 0.534m 
4 952 4.11 7.341 1.291m 
5 1723 2.06 6.314 0.978m 
6 1723 4.11 7.346 2.662m 

4.2.4 Comparison between AASHTO code and 3D numerical results 

With the results calculated from AASHTO static analysis (Table 4-2) and 3D 

dynamic analysis (Table 4-5), comparisons are made between the two approaches to 

discuss the adequacy of the ESL method specified by AASHTO code. For comparison 

purpose, the results are summarized in Table 4-6 and the relative errors are also given.  

It can be seen from the table that in medium impact energy case, i.e. case 3, the 

AASHTO code predicted equivalent static load is similar to the peak impact force with 

about 5% discrepancy. In general, the ASSHTO predicted equivalent static force is 

smaller than the peak dynamic impact force in low energy impact cases and higher than 

the peak dynamic impact force in high energy impact cases. This is probably because 

the ASSHTO predictions are based on many previous studies that assumed rigid or 

elastic bridge piers. Under large impact energy excessive nonlinear elastic pier 

deformation is expected, which absorbs impact energy and hence reduces the peak 

impact force but prolongs the barge-pier interaction duration.  

For the pier response, the AASHTO code significantly over predicts maximum 

displacements than the 3D dynamic analysis in low energy impact cases 1-3. This is 

because the barge impact duration is quite short, thus significant dynamic 

deamplification occurs. When the impact energy is relatively high,  i.e., cases 4 and 5, 

the current code slightly overestimates the pier displacement with  the relative errors 

less than 20% as compared to the 3D finite element analysis. For the largest impact 

energy case, however, the static analysis predicts a smaller maximum displacement than 

the 3D dynamic analysis. This is because under large impact energy, the barge-pier 

interaction duration is relatively long owing to the large inelastic deformation of both 
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the barge bow and bridge pier. This long impact duration results in dynamic 

amplification of structural responses. . Yuan [26] studied the elastic responses of bridge 

piers subjected to barge (flotilla) impact load. He found that the AASHTO equivalent 

static load method may either predict larger or smaller pier displacements than the 

dynamic analysis. More specifically, when investigating the pier response of a cable-

stayed bridge, it was found the AASHTO’s equivalent static load method may 

underestimate the maximum impact force by 1.8 times. However, the ESL method 

predicted a larger pier response in a truss bridge analysis. 

The above observations indicate the AASHTO code specified ESL method 

might not be able to accurately define the barge impact load on bridge piers and predict 

the pier responses. Therefore, a more reliable and efficient method to calculate barge 

pier impact force and pier response will be very useful. In this study a simplified model 

based on equivalent SDOF approach is proposed to more accurately and efficiently 

predict pier response. 

Table 4-6 Comparison of AASHTO code and 3D dynamic analysis 

Case 
Impact load (MN) Maximum pier displacement (m) 

AASHTO 3D 
Relative 

error AASHTO 3D 
Relative 

error 
1 4.587 6.174 -25.7% 0.542 0.112m 383.9% 
2 6.471 7.315 -11.5% 0.838 0.261m 221.1% 
3 6.613 6.300 5.0% 0.864 0.534m 61.8% 
4 8.133 7.341 10.8% 1.459 1.291m 13.0% 
5 7.070 6.314 12.0% 1.160 0.978m 18.6% 
6 9.475 7.346 29.0% 2.315 2.662m -13.0% 

4.3 SDOF model 

4.3.1 Elastic-plastic response assumption 

It is common in blast-resistant design to simply a structure to an equivalent 

SDOF system [27]. The procedure is based on the classic approach developed by Biggs 

[14], and the SDOF approach has been proven yielding reliable predictions of structural 

responses under blasting load if the response is governed by a single global response 

mode such flexural or shear  mode. In order to straightforwardly take dynamic effects 

of bridge pier responses to barge impact loads into consideration, this approach is also 

proposed in the present study, which is briefly introduced below.  
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An SDOF structural model of the impact system can be described by the 

dynamic equilibrium equation as follows, 

( ) ( )e e e eM x C x R x F t+ + =  (4-10) 

where Me = equivalent lump mass; Ce = equivalent damping coefficient; Re = 

equivalent resistance function; Fe = equivalent external loading; t = time and x = 

deflection.  

In the elastic range, the resistance function can be represented by the equivalent 

stiffness times the structural displacement. Thus, Equation (4-10) is simplified as, 

( )ee e eC F txM Kx x+ =+   (4-11) 

where Ke = equivalent structural stiffness. 

In the elastic-plastic range, the SDOF model system can also be described by 

Equation (4-10) in which, 

0
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< <
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where Rm = maximum resistance and xel = elastic limit.  

For most structures, it is permissible to employ a bilinear resistance function as 

shown in Figure 4-5. Thus, the response of the impact system can be divided into two 

separate stages [14]. The first stage corresponds to the elastic response up to the elastic 

limit of the structure. The elastic stiffness k is defined as the ratio of Rm to xel. The 

second stage represents plastic response with a constant resistance Rm from the elastic 

limit xel. 
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Figure 4-5 Bilinear resistance function for the SDOF system 

4.3.2 Equivalent SDOF system 

In order to convert a real structure into an equivalent SDOF system, it is 

necessary to determine the corresponding parameters, i.e. equivalent mass, stiffness and 

load, of that system. The equivalent mass for the impact system is required which 

accounts for the inertial resistance according to the mass distribution of the structure, 

assumed deflection shape and boundary conditions. The equivalent mass Me is related 

to the mass of the real structure given by [14], 

2 ( )e sM m x dx Mφ= +∫  (4-13) 

where ( )xφ  = assumed deflection shape function, m = mass density of the pier 

per unit length and Ms = concentrated mass of the superstructure. 

The equivalent concentrated load Fe on the idealized SDOF system is given by, 

1

j

e r r
r

F Fφ
=

=∑  (4-14) 

where Fr = concentrate load at location r. rφ  = shape function value at location r. 

The equivalent load factor KL is, 

e
L

t

FK
F

=  (4-15) 
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where Ft = actual total force. 

These parameters of the equivalent SDOF system are determined based on an 

assumed deflection shape. In this study, assuming flexural deflection of the pier, the 

shape function of the equivalent SDOF model is approximated as, 

( )
L
xxφ =  (4-16) 

where L = the height of the pier.  

With the above equations, the idealized equivalent SDOF model can be defined. 

According to the example pier model in section 2.1, the equivalent mass can be 

obtained by Equation (4-13) considering the mass of the pier column and 

superstructure. The equivalent load factor is obtained from Equation (4-15). The load in 

the SDOF is assumed to be the same as the 3D model. Because the impact load acts on 

the middle height of the pier, i.e. 12.6m above the pile cap, the equivalent load factor 

can be calculated according to Equations (4-14) and (4-15) based on the shape function.  

Since the displacement of the pier cap is studied, the equivalent stiffness KE is 

equal to the actual stiffness of the pier column, i.e., the equivalent stiffness factor is 

taken as 1 [14]. The equivalent stiffness of the pier is obtained by, 

3

3
E

EIK
L

=  (4-17) 

where E= Young’s Modulus of concrete, I= moment of inertia of the pier cross 

section, and L= pier height. 

To obtain the bilinear elastic-perfectly plastic resistance function, the ultimate 

resistance Rm should be defined. According to Biggs [14], the ultimate resistance can 

be calculated by the ultimate moment capacity Mp of the pier section as follows, 

4 p
m

M
R

L
=  (4-18) 

With the above equations, the parameters of the equivalent SDOF system are 

calculated and given in Table 4-7.   
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Table 4-7 Parameters of the equivalent SDOF system 

Parameters Pier Equivalent factor SDOF model 

Mass Pier 387 ton 0.33 429 ton Superstructure 300 ton 1 
Load  Varying 0.5 Varying 

Stiffness  1.22E7 N/m 1 1.22E7 N/m 

4.3.3 Idealization of barge impact loading 

As discussed above, the equivalent static load method neglects the inertial and 

stiffness effect of the pier. Therefore, the ESL method might not be adequate in 

predicting barge impact force as such impact is dynamic in nature. To give a better 

estimation of the barge impact load, a simplified triangular loading time history from a 

barge impact on a circular bridge pier was previously proposed by Sha and Hao in [8]. 

The impact load amplitude and duration can be obtained by Equations (4-19) to (4-21).  

0.079 0.5

6.925(9.295 )(0.83 0.06D)sP
m V⋅

= − +  (4-19) 

4 0.681 0.9954.925 10dt V m− ⋅ ⋅= ⋅  (4-20) 

(1 )
( )

0

s d
d

d

tP t t
tP t

t t

 − <=  >

 (4-21) 

where the peak impact force Ps and time duration td are in mega Newton (MN) 

and second (s), respectively. Pier column diameter D is in metre (m). The impact barge 

mass m and velocity V are in ton (t) and metre per second (m/s), respectively. 

The peak impact force and impact duration of the six cases studied in section 2 

are calculated and tabulated in Table 4-8. The corresponding impact load time histories 

are shown in Figure 4-6.  
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Table 4-8 Idealized impact load curves for different barge impact loading cases 

Case Barge mass 
(ton) 

Barge velocity 
(m/s) 

Peak impact 
load (MN) 

Impact time 
duration (s) 

1 181 2.06 6.083 0.142 
2 181 4.11 7.037 0.227 
3 952 2.06 6.475 0.740 
4 952 4.11 7.315 1.186 
5 1723 2.06 6.614 1.334 
6 1723 4.11 7.406 2.141 

 

Figure 4-6 Idealized impact load time histories of the six impact cases 

4.3.4 Elastic-plastic response of SDOF system 

With the simplified loading curve and equivalent SDOF system, structural 

responses can be obtained analytically by solving the equations of motion (4-10) and 

(4-11) [14]. The damping effect can be neglected when only the first peak response of 

the impact system is interested [14, 28]. The analytical solutions for different stages 

without damping are as follows: 

Stage 1: t elx x<  

( )
( )( ) ( )( )el d d

d

x w t t t cos wt sin wt
x t

at w

− − + +
=  (4-22) 
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where mRa
P

= , Rm = maximum resistance, P= maximum impact load, xel = 

elastic limit, t= time, td = impact duration, w = angular frequency. 

Stage 2: 

Case 1, d elt t<   

for d elt t t< <  

( ) ( )2 2
el el d el el d

d

el el d el

1x t (x (6(t t at ) t t (2t t 3(a 1)t )w
6at

6(t t)(cos(t w) t wsin(t w))))

= − + − − + + −

− − +
 (4-23) 

where tel= time when response reaches the elastic limit. 

for elt t>  

( ) ( )22 2
el d d el el d el el d el el d

d
2

d d d el el el d el

1x t (3ax w t t t 6x (t t at ) x (t t )(2t t (3t t
6at

3at ) t ((3 6a)t (3a 1)t ))w 6x (t t)(cos(t w) t wsin(t w)))

= − − − − + + − − +

− + − + − + − +

 (4-24) 

Case 2, el dt t< : 

for el dt t t< <  

( ) ( )el d d
d

1x t (x (t wcos(tw) sin(tw) sin( t t w)))
at w

= − − + −  (4-25) 

for dt t>  

( ) ( )

( ) ( )

22
el el d el el d el

d

el el d el el d

1x t ( ax w t t t w 4x ((t t t )wcos(t w)
4at w

(t t)wcos( t t w) sin(t w) sin( t t w)))

= − − + − −

+ − − + − −
 (4-26) 

4.4 Comparison and discussion of the SODF model 

The structural response of an elastic-perfect plastic SDOF model can be 

straightforwardly calculated according to the above equations. In this section, the 

validity of the equivalent SDOF approach is discussed. The same six impact loading 
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cases studied in section 2 are used herein. The pier displacement results obtained from 

the dynamic analysis on the 3D finite element model, the proposed SDOF model and 

the AASHTO static analysis are compared and shown in Figure 4-7 and Table 4-9. 

It can be observed from Figure 4-7 that in impact case 1, the SDOF model 

predicted displacement time histories correlated well with the 3D dynamic analysis. The 

relatively error is 22.3% as shown Table 4-9. However, the maximum pier displacement 

obtained from AASHTO static analysis is significantly larger than those obtained by the 

other two methods. When the pier is impacted by larger impact energies, i.e. cases 2 

and case 3, the SDOF model predicted smaller pier displacements with about 40% 

discrepancies. This is because the 3D analysis has the contribution of higher modes 

while the SDOF model only considers the fundamental mode. The AASHTO static 

method still greatly overestimates pier maximum response. For cases 4 and 5, plastic 

deformation and damage occur in the pier column. In these two cases, the proposed 

SDOF method still predicts reasonable pier responses with a 1.6% and 23.1% relative 

error respectively. The ESL method also agrees well with the 3D dynamic analysis in 

these two cases with errors less than 20%.  For the largest energy impact case, the 

SDOF analysis slightly overestimates the pier displacement while the AASHTO code 

slightly underestimates the pier displacement. Generally, the SDOF model better 

predicts the pier maximum displacement than the ASSHTO approach when the impact 

energy is relatively small. When the impact energy is relatively large, the prediction 

errors of the maximum pier responses by the SDOF analysis are comparable to those by 

the ASSHTO method. However, as shown in Figure 4-7, the SDOF analysis 

successfully captures the dynamic responses of the pier, whereas the ASSHTO static 

analysis completely neglects the dynamic effects. It should be noted that the current 

SDOF analysis is based on a simplified resistance function, which given the bridge pier 

conditions can be easily derived in practice. If a more accurate resistance function of 

the bridge pier was used, which can be derived from static push-over analysis, better 

prediction accuracy of the SDOF analysis is expected.  

The performance efficiency of the proposed SDOF method is also compared 

with the 3D dynamic analysis and AASHTO static analysis. Table 4-10 shows that the 

SDOF model only requires a single element while the other two methods need to model 

more than 130000 elements. The calculation time of the SDOF model is thus 

significantly less as compared to the other two approaches. Moreover, the other two 
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approaches need to spent effort to develop detailed finite element pier models, while the 

equivalent SDOF parameters can be straightforwardly determined. These comparisons 

indicate the proposed SDOF model is computational efficient. 

(a) 

181ton impacting at 2.06m/s 
 

(b) 181ton impacting at 4.11m/s 

 

 
(c) 952ton impacting at 2.06m/s 

 
(d) 952ton impacting at 4.11m/s 

 

 
(e) 1723ton impacting at 2.06m/s 

 
(f) 1723ton impacting at 4.11m/s 

 

Figure 4-7 Comparison of pier displacement time histories of proposed SDOF model and 3D 

numerical model 
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Table 4-9 Comparison of maximum displacement predicted by SDOF model, AASHTO 

code and 3D numerical model 

Case 
3D model SDOF model AASHTO 
Maximum 

displacement 
Maximum 

displacement 
Relative 

error 
Maximum 

displacement 
Relative 

error 
1 0.112m 0.087m -22.3% 0.542m 383.9% 
2 0.261m 0.157m -39.8% 0.838m 221.1% 
3 0.534m 0.328m -38.6% 0.864m 61.8% 
4 1.291m 1.312m 1.6% 1.459m 13.0% 
5 0.978m 1.204m 23.1% 1.160m 18.6% 
6 2.662m 3.086m 15.9% 2.315m -13.0% 

Table 4-10 Performance comparisons between the proposed SDOF model and 3D 

numerical model 

Parameter 3D dynamic 
model 

AASHTO static 
analysis 

Proposed SDOF 
model 

Number of 
elements 148548 130690 1 

Number of CPU 4 4 1 
Calculation time About 7 h/case About 7 h/case About  1 min/case 

Contact Required N/A N/A 

4.5 Conclusions 

This paper compared the adequacy of the ASSHTO specified method in 

predicting the barge impact loads on bridge piers and the bridge pier responses to such 

impact loads, and proposed a SDOF analysis method to more reliably calculate bridge 

pier responses to barge impact. It is found that due to the neglecting of dynamic effects, 

the AASHTO code specified equivalent static load method may not lead to accurate 

predictions of barge impact load on barge piers and pier responses. The proposed SDOF 

analysis captures the dynamic responses of the bridge pier under barge impacts and 

generally give better predictions of pier responses. The SDOF analysis is 

straightforward and efficient to be carried out as compared to the detailed finite element 

analysis, therefore it can be used in preliminary design and analysis of bridge pier 

responses to barge impacts.  
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CHAPTER 5 

NUMERICAL SIMULATION OF BARGE IMPACT ON A 
CONTINOUS GIRDER BRIDGE AND BRIDGE DAMAGE 

DETECTION 

By: Yanyan Sha and Hong Hao 

ABSTRACT: Vessel collisions on bridge piers have been frequently reported. As many 

bridges are vital in transportation networks and serve as lifelines, bridge damage might 

lead to catastrophic consequences to life and economy. Therefore it is of great 

importance to protect bridge structures, especially bridge piers, against vessel impacts. 

Many researches have been conducted to predict the vessel impact loads on bridge piers, 

and to design bridge piers or additional protective structures to resist such impact loads. 

Studies on assessing the bridge conditions after a vessel impact are, however, very 

limited. Current practice basically uses visual inspections, which not only requires very 

experienced engineers to perform the inspection in order to obtain creditable 

assessment, but also is often very difficult to inspect the underwater pier conditions. 

Therefore it is necessary to develop methods to give efficient, quantitative and reliable 

assessment of bridge conditions under ambient conditions after a vessel impact. This 

study explores the feasibility of using vibration measurements to quickly detect bridge 

conditions after a vessel impact. The study consists of three parts. First, a detailed 

numerical model of an example bridge structure is developed to calculate the vibrations 

under ambient hydrodynamic force. Then the model is used to simulate vessel impact 

on bridge pier and predict the pier damage. The vibration response analysis of the 

damaged bridge model is performed again in the third step to simulate vibration 

responses of the damaged bridge under ambient conditions. Using the vibration data 

obtained before and after vessel impact, the bridge vibration parameters such as 

vibration frequencies and mode shapes are extracted by using the frequency domain 

decomposition method. The bridge condition will then be identified through the changes 

in bridge vibration parameters and compared with the damage observed in the impact 

simulation. It is found that this method is capable of estimating bridge damage 

condition after barge impact accident. 
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5.1 Introduction 

Bridges across waterways are under the threat of accidental vessel impacts 

during its service life. Statistics show that more than one severe vessel-bridge collision 

accidents occur each year worldwide [1]. As bridges are vital transportation 

connections, the influence of bridge damage or even collapse due to vessel collision 

could be catastrophic. Therefore it is important to protect bridge structure, especially 

bridge piers, against vessel impact loads. Bridge protection devices are developed to 

protect bridge piers from vessel collision. However, these devices usually take part of 

the waterway which narrowed the navigation channel and increase the chance of 

collision. Besides, designing and building such devices are quite expensive which is not 

necessarily cost effective. Thus, it is essential to design the bridge pier to resist the 

collision load by itself. In the past decades, some experimental and numerical studies on 

vessel-bridge impact have been conducted. Minorsky [2] and Woision [3] carried out 

scaled ship-ship collision tests and proposed empirical formulas to calculate impact 

force. Meir-Donberg [4] investigated barge collision through barge impact tests. Based 

on his research results, the American Association of State Highway and Transportation 

Officials (AASHTO) published the Guide Specification and Commentary for Vessel 

Collision Design of Highway Bridge [5]. In addition to these scaled tests, Consolazio et 

al [6] conducted in site barge pier impact tests in the St. George Island Causeway 

Bridge in 2004. Their research indicated AASHTO specification which neglects 

dynamic effects may give inaccurate predictions on the collision load. Numerical 

studies have also been carried out by a group of researchers. Those numerical 

investigations [7-9] studied relationships between impact force and barge crush depth. 

Sha and Hao [10, 11] calculated impact force time history and pier top displacement 

considering bridge superstructure effect, as well as interaction between barge and pier 

structures. 

Most of the previous works focus on the prediction of the impact load during the 

collision. Simplified impact models and empirical equations are proposed for 

calculation the maximum and the equivalent impact forces. Although these efforts give 

useful information for new bridge designs, they cannot give a quick assessment of 

bridge conditions after a vessel impact accident. As it is also important to quickly 

identify the conditions of bridges after vessel collision accidents to minimize the service 

interruption, it is essential to develop some efficient and reliable ways to assess the 
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conditions of the bridge that has suffered vessel impact. In current practice, visual 

inspection is the common way employed to assess the integrity of the structure after an 

accident. Visual inspection method is straightforward but it requires very experienced 

engineers to perform the inspection on site in order to obtain creditable assessment. For 

a bridge structure suffered vessel impact, it is very difficult to visually inspect the 

underwater pier conditions. Moreover, this method can only give general condition of 

the structure, a more efficient and quantitative assessment method should be adopted.  

The dynamic vibration testing is a method which is more and more widely used 

in the area of structural health monitoring of bridge structures. Through dynamic 

vibration testing, modal parameters (natural frequencies, damping ratios and mode 

shapes) can be extracted and employed to detect and locate damage in bridge structures. 

Forced vibration test and ambient vibration test are two common types of dynamic 

testing methods. In the forced vibration test, drop weight or shaker is commonly utilized 

to excite the structure, but this method has a disadvantage of the traffic shut down 

during the experiment. Ambient vibration test, however, does not interrupt traffic and 

only uses wave or wind load as natural excitations. The limitation of ambient vibration 

test is that it is difficult to measure the input excitations. Thus, output-only modal 

identification method need be utilized to identify the structure condition. The output-

only method is relatively inexpensive since no excitation equipment is needed. To 

assess the condition of a bridge suffered vessel impact, output-only method is probably 

a more suitable choice to avoid causing further damage to the bridge structure. 

With only the output data recorded from accelerometers distributed on the 

structure, the modal parameters can be identified through various methods. Frequency 

domain decomposition method [12] is an effective method to extract the modal 

parameters subjected to stochastic excitation. This method can identify close modes 

with high accuracy even in the case of highly contaminated signals. With this technique, 

natural frequencies and mode shapes of the structure can be identified. A lot of research 

works have been done to detect structure damage using shifts in natural frequencies. 

Salawu [13] and Doebling et al. [14] reviewed literatures on the change of frequencies 

to identify damage in the structures. The natural frequencies are easy to measure and 

can be used for damage diagnosis. It should be noted that the natural frequencies can 

only identify damages without spatial information, except at the higher modal 

frequencies which contains information of local response. Mode shape and modal 



CHAPTER 5 

111 

assurance criterion can also be used to determine the level of correlation between the 

undamaged and damaged modes [15]. Compared with natural frequencies, the changes 

in mode shapes are more sensitive to damage. However, local damage may not have 

significant influence on the change of lower modes of large structures [16]. A large 

number of research papers have been published in the literature to use vibration 

measurements to identify bridge conditions. However, no study specifically devotes to 

using vibration measurements for a quick bridge condition assessment after a vessel 

collision accident.  

In this paper, the feasibility of using vibration measurement under ambient 

condition to assess the bridge conditions after a vessel impact accident is explored. A 

three span continuous girder bridge is used as the example. To achieve the objective of 

this study, the analysis procedure is divided into three steps as follows. In the first step, 

ambient hydrodynamic load is applied to bridge piers to excite the bridge structure. The 

acceleration responses are calculated, representing acceleration data captured by 

accelerometers distributed on the bridge deck. These data represent the measurements 

before the accident. In the following step, barge impact load is applied to the bridge 

pier. Impact forces, bridge responses and pier damage conditions are calculated in this 

stage. To cover possible impact cases, three impact conditions representing low, 

medium and high impact energy are considered in this step. In the last step, after the 

bridge vibration in the second step simulation stops, the same ambient hydrodynamic 

force is applied to the bridge pier to calculate acceleration responses. The acceleration 

responses calculated before and after vessel impact are analysed to derive the modal 

parameters of the bridge model. The changes in the bridge modal parameters are 

analysed to identify bridge conditions. The identified bridge conditions are compared 

with the damage observed in the impact simulation. The numerical results obtained in 

this study demonstrate the feasibility of using vibration measurement to quickly assess 

bridge conditions should a vessel impact accident occur. In practice, measurement of 

bridge vibration responses to ambient hydrodynamic forces can be incorporated in the 

periodic bridge condition assessment in bridge management program. These measured 

data representing those before the impact can be used as the references for bridge 

damage identification after a vessel collision accident.  
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5.2 Finite element model of barge and bridge 

5.2.1 Bridge and barge model description 

Without losing generality, a 120m (30m+60m+30m) three-span continuous 

girder bridge is selected to perform barge impact simulation in this study. Figure 5-1 

shows the elevation view of the bridge. As the barge is assumed to only collide into pier 

2, very detailed modelling with fine mesh is only applied to this pier to save modelling 

and computational cost. The pier has a circular shape with a diameter of 2.8m and 

height of 25.2m. The pier is assumed to have a reinforcement cover depth of 50 mm.  

As show in Figure 5-2, longitudinal steel reinforcements with a diameter of 30 mm are 

spaced at a distance of 300 mm and stirrups of diameter 20 mm are spaced at 200 mm 

along the pier height. Perfect bond assumption is adopted in this study to model the 

connections between the steel reinforcements and concrete. 

 

Figure 5-1 Elevation view of the three-span bridge 

The pile foundations and soil-structure interaction effects are also considered in 

the finite element model.  The pile foundation considered includes a pile cap supported 

by nine 15 m long steel piles as shown in Figure 5-2. The effect of surrounding soil is 

modeled by incorporating nonlinear spring elements to the piles. Nonlinear discrete 

spring elements are used to model the soil–pile interaction and beam elements are used 

to represent the steel piles. As shown in Figure 5-2, the soil springs are placed along the 

pile at a distance of 600 mm at each of the pile nodes. Two transverse springs are placed 

perpendicularly to model the constraints of surrounding soil. Nonlinear loading and 

unloading curves representing force-deformation data pairs defined for soil springs in 

[17] are adopted in this study. The bridge deck and pier 1 are simply modeled by beam 
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elements to save computational time as no major deformation is expected to occur in 

these parts.  

The bridge deck and pier 1 are simply modelled by beam elements to save 

computational time as no major deformation is expected to occur in these parts.  

 

Figure 5-2 FE mesh of pier column including reinforcement bars and pile foundation 

The jumbo hopper barge which is widely used in inland waterways is selected as 

the barge model in the current study [5]. The length and width of the barge are 59.4m 

and 10.6m respectively. The barge bow area is modelled in details with a minimum 

mesh size of 50mm as this part will directly impact on the pier and large deformation is 

expected in this part. It is modelled by steel outer plates and internal trusses to represent 

the actual stiffness of the structure. The barge hopper is simply modelled to represent 

the actual mass distribution of the barge. The modelling  details of the barge model are 

described in Sha and Hao [10]. 

5.2.2 Element and contact 

A three dimensional finite element model of the bridge is developed in the 

current study. The concrete and steel reinforcement in pier 2 are modelled by solid and 

beam elements, respectively. A mesh size of 50mm is used. The bridge deck and pier 1 

are modelled by beam element with coarse mesh of 0.5m as no large deformations are 

expected in this area. The FE model of the barge is shown in Fig. 3. Shell and beam 

elements are used to model the steel plates and trusses in the barge bow, respectively. A 

fine mesh is defined for the front part of the barge bow which will directly impact on 

pier 2. The hopper part of the barge which only contributes to mass distribution is 
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simply model by solid element with coarse mesh size. Mesh convergence test is 

performed and proves the current mesh size is appropriate for the numerical simulation.  

The treatment of sliding and impact along interfaces of different elements is an 

important issue in large deformation finite element modelling. Two contact algorithms, 

namely CONTACT_AUTOMATIC_SURFACE_TO_SURFACE (ASTS) and 

CONTACT_AUTOMATIC_SINGLE_SURFACE (ASSC) in the nonlinear finite 

element code LS-DYNA are employed in the simulations. The contact algorithm ASTS 

is defined for the contact between the barge bow and pier to avoid penetration at the 

interface with different mesh sizes. The dynamic and static Coulomb friction values are 

both set to 0.3. Large deformation may also occur between the outer shells and internal 

trusses in barge bow area, ASSC with a contact friction value of 0.21 is defined for 

these two parts. By implementing ASSC, it will only cause minor increases in 

computational time, and no contact or target surface definitions are required. 

 

Figure 5-3 Finite element models of barge and bridge 

5.2.3 Material model 

Pier 2 is modelled in detail by nonlinear material models. The concrete material 

of the pier is modelled by MAT_CONCRETE_DAMAGE_REL3. This material is able 

to model the dynamic behaviour of concrete under impact loading [18]. The advantage 

of this material is the automatic generation of material parameters with only the input of 

density, Poisson’s ratio and unconfined compressive strength of the concrete. During 

the impact, failed concrete elements which do not further contribute to resist the impact 

load are eliminated in order to avoid computation overflow. Since the concrete material 
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model does not allow failure and erosion of element, the card MAT_ADD_EROSION is 

utilized to eliminate the failed elements. In the present study, the elements will be 

deleted when the principal strain reaches 0.1. Steel reinforcements in pier 2 are 

modelled by MAT_PIECEWISE_LINEAR_PLASTICITY [19]. This elasto-plastic 

model with user-defined stress strain curve and stain rate dependency is commonly used 

by researchers. Smeared concrete is utilized in modelling the pile cap and nine steel 

piles are connected to the bottom of the cap. The bridge deck and pier 1 are modelled by 

elastic materials. The material model MAT_PLASTIC_KINEMATIC is employed to 

model the outer shell and internal truss of the barge bow. It is a cost effective model for 

isotropic and kinematic hardening plasticity. The rear part of the barge is modelled by 

elastic material. The parameters of the material models are tabulated in Table 5-1. The 

finite element models of the whole impact system are shown in Figure 5-3. This FE 

model was calibrated with the experimental results by Sha and Hao [11]. The numerical 

results showed good agreement with the impact tests, indicating the current FE model 

can give good predictions of bridge and barge responses and damage owing to barge 

collision. More information for impact tests and model calibration can be found in [11]. 
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Table 5-1 Material parameters for the bridge and the barge 

Material LS-DYNA Model Input Parameter Magnitude 

Steel 
reinforcement *MAT_PIECEWISE_LINEAR_PLASTICITY 

Density 7700 
kg/m3 

Young’s modulus 200GPa 
Poisson’s ratio 0.3 

Yield stress 550MPa 
Tangent modulus 1600MPa 

Failure strain 0.35 

Concrete 
(Pier 2) *MAT_CONCRETE_DAMAGE_72Rel3 

Mass density 2400 
kg/m3 

Compressive 
strength 28.3MPa 

Smeared 
concrete 
(Pier 1) 

*MAT_ELASTIC 
Mass density 2180 

kg/m3 
Young’s modulus 30GPa 

Poisson’s ratio 0.2 

Steel Pile 
 *MAT_RIGID 

Mass density 7830 
kg/m3 

Young’s modulus 207GPa 
Poisson’s ratio 0.28 

Smeared 
Concrete 

(Bridge deck ) 
*MAT_ELASTIC 

Mass density 2564kg/m3 
Young’s modulus 30GPa 

Poisson’s ratio 0.2 

Steel 
(Barge bow) *MAT_PLASTIC_KINEMATIC 

Mass density 7865 
kg/m3 

Young’s modulus 207GPa 
Poisson’s ratio 0.27 

Yield stress 310MPa 
Failure strain 0.35 

C 40 
P 5 

5.3 Barge impact and ambient testing 

5.3.1 Hydrodynamic loading 

The piers will subject to ambient hydrodynamic loads of various forms and 

intensities during its service life. The hydrodynamic loads include hydrostatic pressure, 

buoyancy force, drag force and so on. In this study, only the hydrodynamic drag force is 

applied to both piers. According to the Australian Standard AS 5100.2 [20], the fluid 

forces on the bridge pier are dependent on the pier shape, the water velocity and the 
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direction of the water flow. The hydrodynamic drag force in the direction of a steady 

flow can be calculated by the following equation: 

2
D D p

1F ρC Au
2

=  (5-1) 

where ρ is the water density and CD is the drag coefficient. A and up are 

projected area normal to the direction of the flow and water velocity, respectively. The 

drag coefficient depends on the pier shape and is taken as 1 for circular pier and the 

velocity of water is assumed as 2m/s in this study. The calculated hydrodynamic load is 

smeared with a white noise of 10 percent and then used as the ambient loading to 

calculate the bridge response. The hydrodynamic load is applied to both piers under the 

water level and the frequency response spectrum of the ambient hydrodynamic loading 

is also shown in Figure 5-4. It should be noted that in reality the hydrodynamic force is 

not uniformly distributed along the water depth. In this study, however, a uniform 

loading distribution is assumed. This is because the main objective of this study is to 

calculate the bridge damage induced by barge impact, and use vibration-based method 

to identify the damage. Simulating accurate hydrodynamic load acting on bridge piers is 

beyond the scope of this study.  

 

Figure 5-4 Hydrodynamic load applied on the piers 
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5.3.2 Ambient bridge vibration before barge impact 

In the first stage, bridge responses to ambient hydrodynamic force, simulating 

ambient vibration testing, are calculated before barge collision to obtain the undamaged 

bridge condition. The hydrodynamic load described above is applied to the front face of 

two piers under the waterline (see Figure 5-4). The bridge acceleration responses under 

the excitation are then collected by nine accelerometers distributed on the bridge deck. 

The arrangement of accelerometers is shown in Figure 5-5. Bridge responses under 

hydrodynamic loading are recorded for 32s with a sample frequency of 50Hz. Figure 

5-6 shows the time history of a typical horizontal acceleration data at sensor location 7.  

 

Figure 5-5 Bridge deck accelerometer arrangement 

 

Figure 5-6 Time history of horizontal acceleration at sensor location 7 before impact 
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5.3.3 Barge impact 

With the initial bridge conditions obtain by ambient excitation, the Jumbo 

Hopper barge impact on bridge pier is then simulated and the induced bridge damage is 

estimated. As bridge structures may be subjected to barge collisions with various 

payload and speed which will result in different extents of damage conditions. Three 

typical cases which represent low, medium and high energy impact scenarios are 

simulated in the study (see Table 5-2). Barge with a mass of 952ton travelling at 

3.09m/s is considered as the low energy impact case while a 1723 ton barge impacting 

at 4.11m/s is selected as the medium impact energy case. In the high energy impact 

case, the impacting barge with a total mass of 2125ton is assumed colliding into the 

bridge pier at a velocity of 6.17m/s. 

Table 5-2 Different cases studied 

 Parameters Low 
energy 

Medium 
energy 

High 
energy 

 Barge mass (ton) 952 1723 2125 
Impact 

characteristic Barge impact velocity (m/s) 3.09 4.11 6.17 

 Barge impact energy (MJ) 4.54 14.55 40.45 
 Peak impact force  (MN) 7.26 7.70 9.26 

Impact force and 
pier response Impact duration (s) 1.035 2.716 3.1275 

 Maximum pier displacement (m) 0.211 0.208 0.448 

Barge-bridge impact force and bridge response can vary greatly when the impact 

energy changes. Here, the peak impact force, the impact duration and the maximum pier 

displacement of these impact cases are calculated and also given in Table 5-2. As can be 

seen from the table, the peak impact forces of low and medium impact cases are 

7.26MN and 7.70MN, respectively. However, the maximum impact force increases to 

9.26MN in the high energy impact case. It is because the total impact force is governed 

by the contact area between the barge and impacted pier besides the impact energy. 

When the impact energy is small and there is no significant barge bow deformation, the 

barge and the pier experiences basically point contact only because of the circular shape 

of the pier. Therefore the total impact force acting on pier is relatively small and 

concentrating at a single point. When large deformation of barge bow occurs, more 

barge bow will be in contact with the circular pier. The total impact force acting on the 

pier increases. As can be seen in the stress contour in Figure 5-7 which shows the stress 

distribution at the impact instant in barge bow, the contact areas in medium impact case 
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is slightly larger than the low energy impact case because of the larger deformation of 

the barge bow. This causes an increment of six per cent in peak impact force. When the 

impact energy increases to 40.45MJ in the high energy impact case, more shell elements 

in the barge bow are involved in the collision which leads to a much larger total impact 

force. The impact time duration also increases with the impact energy and the duration 

of the high energy impact case is about three times of the low energy case because of 

again more significant deformations in barge bow. This indicates the interaction, i.e., 

the energy exchange between the barge and the pier is more intensive when the impact 

energy is larger.  

 

Figure 5-7 Barge bow stress contour at the time instance of maximum impact force (a) 

Low energy impact; (b) Medium energy impact; (c) High energy impact 

Generally the maximum pier displacement increases gradually with the 

increment of impact energy. The maximum pier displacements in low and medium 

energy impact cases are 0.211m and 0.208m. It is because the internal energy in the 

medium impact case is smaller than the low impact case which results in a relatively 

smaller pier displacement (see Figure 5-8). However, the eroded energy in the medium 

impact case is large than the low energy impact case which means the pier suffers 

severer damage in the medium energy impact case. The maximum pier displacement 

increases to 0.448m in the high energy impact. As shown in Figure 5-8, the pier has 

much large internal energy and eroded energy in this case which results in a larger pier 

response and structural damage. It should be noted that the sudden increase at around 

1.45s is because the barge hopper collides with the pier when the barge bow totally 

crushed at this instant. Figure 5-9 illustrates the deformation and damage of the 

impacted pier under various impact energies. It can be observed from the figure that the 

plastic deformation and damage of the pier increases as the impact energy increases. In 

the low energy impact case, the impacted bridge pier can almost restore its original 

position with minor concrete elements failure on the pier concrete cover. Plastic 
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deformation and damage occur in the medium energy impact case but no significant 

damage can be viewed from visual inspection. Severe plastic deformation can be 

observed in high energy impact case and large amount of concrete elements fail in the 

pier. 

 

Figure 5-8 Pier energy in various cases a) internal energy; b) eroded energy 

 

Figure 5-9 Stress contour of the impacted pier (a) low energy impact; (b) medium 

energy impact; (c) high energy impact 

5.3.4 Ambient bridge vibration after barge impact 

After the barge impact, the restart technique in LS-DYNA is utilized to conduct 

response analysis of the damaged bridge model to ambient hydrodynamic force again, 

simulating a vibration test after a barge impact accident. The keyword 

STRESS_INITIALIZATION is LS-DYNA is used to initialize the stress state of the 

whole bridge after barge impact. After the stress state is initiated, the same 

hydrodynamic load is then applied to the same location of both bridge piers. The 
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acceleration response time histories at the nodes defined in Figure 5-5 are calculated. 

Using these acceleration time histories, modal parameters after impact can be extracted 

and compared with the modal parameters before barge impact. Bridge damage condition 

can be predicted with the identified modal data. A typical acceleration signal collected 

after barge collision is shown in Figure 5-10. 

 

Figure 5-10 Time history of horizontal acceleration at sensor location 7 after impact 

5.4 Modal data extraction and damage correlation 

The presence of damage in a structure causes changes in modal parameters. 

Thus, the change of modal parameters such as the natural frequencies and mode shapes 

can be used as a data feature for detecting structure damages [13]. To obtain these 

modal parameters, the acceleration data of the structure should be collected and 

analyzed by modal identification method. In this paper, frequency domain 

decomposition method is used to extract the modal parameters of the bridge. 

5.4.1 Frequency domain decomposition 

The simplest method to predict modal parameters subjected to stochastic 

excitation is the peak-picking method [21]. The natural frequencies are identified by the 

peaks of a frequency spectrum and the mode shapes by a decomposition of the output 

power spectrum at these natural frequencies. However, the selection of natural 

frequencies is subjective in this method. This approach is unable to estimate damping or 

identify modal parameters of closely spaced modes. A variant of the peak-picking 

method known as frequency domain decomposition (FDD) method was proposed by 
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Brincker, et al. [12]. Instead of using the spectral matrix directly for the classical peak-

picking approach, the spectral matrix is decomposed applying the singular value 

decomposition (SVD) into a set of auto spectral density functions, each corresponding 

to a single degree of freedom system. The singular vectors are interpreted as mode 

shape vectors and the natural frequencies are estimated by taking each single degree of 

freedom auto spectral density function back to time domain by inverse discrete Fourier 

transform.  

It is beyond the scope of this paper to explain in detail the FDD method. Only 

the main ideas of the method are described herein. In the FDD method, the first step is 

to estimate the power spectral density matrix and the SVD of the spectral matrix at each 

frequency. The next step is the inspection of the curves representing the singular values 

to identify the resonant frequencies and estimate the corresponding mode shape using 

the information contained in the singular vectors of the SVD. The SVD of the spectral 

matrix at discrete frequencies iω ω=  is given by 

( ) H
yy i i i iG jω U S U=  (5-2) 

where the matrix Ui is a unitary matrix holding the singular vectors Uij, and Si is 

a diagonal matrix holding the scalar singular values Sij. The general multi-degree of 

freedom (DOF) system can be transformed to the single DOF system close to its natural 

frequencies by means of SVD. The mode shape can be estimated as the first column 

vector of the unitary matrix of Ui, since the first singular value may include the 

structural mode close to its natural frequencies. However, in the closely spaced modes, 

the peak of the largest singular values at one natural frequency indicates the structural 

mode, and an adjacent second singular value may indicate the close mode. This method 

operates well in the case where the loading is white noise and the structure is lightly 

damped. Even these assumption are not satisfied, the modes can still be identified with 

good accuracy.  

5.4.2 Results and discussions 

5.4.2.1 Natural frequency 

The amount of literature that uses the change of natural frequencies as a feature 

for detecting structural damage is quite large. It is well known that the changes in 
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structural properties cause frequency shifts in the structures, and by comparing the shifts 

of natural frequencies, the structural damage can be quickly and reliably identified.  

In this study, to investigate the influence of measurement noise in practice on 

vibration parameters extraction, two noise levels, i.e. no noise and 10% noise, are 

smeared in the calculated acceleration data.  The noise-free and noise-polluted data are 

then analyzed with the frequency domain decomposition method. The first five natural 

frequencies of the bridge before and after barge impact are identified. The results are 

given in Table 5-3. It shows that the first five natural frequencies generally decrease 

with the barge impact energy as severer damage is expected. The natural frequency of 

the first horizontal bending mode dropped significantly after barge collision which 

indicated damages occurred in the bridge structure. However, the changes of natural 

frequencies are less prominent in mode 2-5. In fact, slight increase in some modal 

frequencies is observed when the impact energy is low and intermediate. This is because 

under relatively low impact energy, the induced damage is mainly local at the impact 

location. This local damage might alter the high vibration modes, in this case mainly 

mode 4, which results in slight increase in modal frequency. Nonetheless, vibration 

frequency of all modes decreases when the severer damage occurs. These results 

indicate that vibration measurement can be used to quickly assess damage existence in 

the bridge after a barge impact accident.  
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Table 5-3 Bridge natural frequencies before and after various impact cases 

 Cases Parameter Mode 1 Mode 2 Mode 3 Mode 
4 

Mode 
5 

 Before 
impact 

Frequency 
(Hz) 0.812 1.53 2.561 3.467 6.652 

No 
noise 

952ton 
3.09m/s 

Frequency 
(Hz) 0.7324 1.5 2.5 3.5 6.563 

Percent 
change -9.80% -1.96% -2.38% 0.95% -1.34% 

1723ton 
4.11m/s 

Frequency 
(Hz) 0.7188 1.531 2.5 3.438 6.531 

Percent 
change -11.48% 0.1% -2.38% -0.84% -1.82% 

2025ton 
6.17m/s 

Frequency 
(Hz) 0.6838 1.496 2.479 3.462 6.453 

 Percent 
change -15.79% -2.22% -3.20% -0.14% -2.99% 

10% 
noise 

952ton 
3.09m/s 

Frequency 
(Hz) 0.7324 1.514 2.515 3.491 6.592 

Percent 
change -9.80% -1.05% -1.80% 0.69% -0.90% 

1723ton 
4.11m/s 

Frequency 
(Hz) 0.7188 1.514 2.49 3.467 6.543 

Percent 
change -11.48% -1.05% -2.77% 0.00% -1.64% 

2025ton 
6.17m/s 

Frequency 
(Hz) 0.6836 1.5 2.49 3.467 6.47 

Percent 
change -15.81% -1.96% -2.77% 0.00% -2.74% 

5.4.2.2 Mode shape 

Although the frequency shift before and after impact can indicate the occurrence 

of damage in the bridge structure, it cannot give spatially information of the damage. 

The changes of bending mode shapes, however, can predict both the existence and the 

location of damage in the structure. In this study, the first three bending mode shapes 

before and after barge collision are extracted from the vibration accelerations and shown 

from Figure 5-11 to Figure 5-13. It should be noted that those mode shapes are 

extracted from the noise-free data. The mode shapes from noise-polluted data are also 

extracted but are not shown here because they are very similar to those shown from 

Figure 5-11 to Figure 5-13. As shown after barge collision, damages in the pier induce 

clear changes in the mode shapes. These mode shape changes tend to be more 

significant with the increase of the modes. It can be viewed that the largest deviations 
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occur in sensor location 7 where the pier was impacted by the barge. It should be noted 

that the bending modes of the bridge deck in the lateral direction is not symmetric in 

this study, it is because the different modeling technique used in the two piers. 

 

Figure 5-11 The first horizontal bending mode shapes of the bridge deck before and 

after barge impact 

 

Figure 5-12 The second horizontal bending mode shapes of the bridge deck before and 

after barge impact 
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Figure 5-13 The third horizontal bending mode shapes of the bridge deck before and 

after barge impact 

Modal assurance criterion (MAC) is a simple index to find the correlation 

between two mode shapes in the damaged and undamaged state [15]. It gives a 

quantitative value to compare two mode shapes through the following equation: 

( )
2H

1 2
1 2 H H

1 1 2 2

MAC ,
φ φ

φ φ
φ φ φ φ

=  (5-3) 

where H denotes complex conjugate and transpose. 1φ  and 2φ  are the two mode 

shapes for comparison. MAC values for the first three bending modes before and after 

barge impact are tabulated in Table 5-4. It can be observed that the MAC values of the 

first mode decreases from damage case 1 to damage case 3. However, the differences 

between MAC values of the first mode shape in the three impact cases are not 

prominent. For the second mode, the reduction of MAC values can be observed in 

damage case 1 and 2. The MAC values decrease significantly in damage case 1 and 3 

for the third mode. These observations indicate the MAC values are able to identify the 

bridge damage when the second and third bending modes are analyzed together. 

However, the severity of the damage cannot be accurately predicted based on the MAC 

values.  
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Table 5-4 MAC before and after various impact cases 

Case Damage case 1 Damage case 2 Damage case 3 
Mode 1 0.9919 0.9907 0.9891 
Mode 2 0.9708 0.9682 0.9909 
Mode 3 0.8399 0.9449 0.7989 

5.4.2.3 Discussions 

The above numerical simulations demonstrate that the damage existence in 

bridge pier can be identified through vibration measurements of ambient bridge 

responses before and after barge impact accident.  With damage occurrence, prominent 

changes in some modal vibration frequencies and MAC values are expected. This 

allows reliable identifications of damage occurrence. However, using those changes 

alone are not sufficient to determine the exact damage location and damage severity. 

Further analysis such as model updating analysis is needed to locate and quantify the 

damage. This, nevertheless, is beyond the scope of current study. 

5.5 Conclusion 

This paper performed numerical simulations of bridge structure damage to barge 

impact, and investigated the feasibility of using vibration measurements before and after 

barge impact accident to quickly identify bridge conditions. A detailed finite element 

model of a three-span continuous bridge and barge structure was developed and utilized 

to conduct barge impact simulation. Hydrodynamic load with noise was generated as 

ambient force and applied to bridge piers to excite the bridge structure before and after 

barge impact to simulate vibration measurements. Acceleration responses of the bridge 

to ambient hydrodynamic force were calculated and used to extract bridge vibration 

properties. The numerical results demonstrated that damage occurrence in bridge 

structure induced by barge impact resulted in prominent changes in some modal 

vibration frequencies and MAC values. These changes could be used to reliably identify 

damage existence in the bridge. However, further analyses need be carried out to locate 

and quantify the damage. 
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CHAPTER 6 

LOBORATORY TESTS AND NUMERICAL SIMULATIONS 
OF CFRP STRENGTHENED RC PIER SUBJECTED TO 

BARGE IMPACT LOAD  

By: Yanyan Sha and Hong Hao 

ABSTRACT: Bridge piers are designed to withstand not only axial load of 

superstructures and passing vehicles but also out-of-plane loads such as earthquake and 

vessel impact load. Vessel impact on bridge piers can lead to substantial damage or 

even collapse of bridge structures. An increasing number of vessel collision accidents 

have been reported in the past decades. A lot of researches have been conducted for 

predicting barge impact loads and calculating structural responses. However, in practice 

it is not possible to design bridge structures to resist all levels of barge impact loads. 

Moreover, with the increased traffic volume and vessel payloads in some waterways, 

the bridge piers designed according to previous specifications might not be sufficient to 

resist the increased vessel impact loads. Therefore, strengthening existing bridge piers 

are sometimes necessary for protecting structures from barge impact. Carbon fibre 

reinforced polymer (CFRP) has been widely used in strengthening reinforced concrete 

structures under impulsive loadings.  It is an effective material which has been proven 

to be able to increase the flexural strength of structures. In this study, CFRP composites 

are used to strengthen reinforced concrete piers against barge impact loads. Pendulum 

impact tests are conducted on scaled pier models. Impact force and pier response with 

and without CFRP strengthening are compared. The effectiveness of using CFRP 

strengthening the pier model is observed. In addition, numerical models of bridge pier 

response to impact loads are developed and calibrated with experimental results. 

Parametric simulations of barge impacting on piers with or without CFRP strengthening 

are carried out. The results show that compared with unstrengthened pier, CFRP 

composite strengthened bridge pier has a higher impact resistance capacity and hence 

endures less structural damage under the same barge impact load. The effectiveness of 

CFRP strengthening with different CFRP thickness, CFRP strength and bond strength 

between the pier and the CFRP composite is also discussed. 
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6.1 Introduction 

Bridge piers in navigable waterways are under the threat of accidental vessel 

impact loads during its service life. An growing number of collision accidents have 

been reported since 1960s [1, 2]. Such impact loads can lead to substantial damage to 

bridge structures, especially bridge piers, which may result in severe casualties and huge 

financial losses. To avoid these consequences, bridge piers should be designed to 

withstand such impact loads. A lot of research works have been conducted to study the 

vessel impact on bridge pier through scaled impact tests and numerical simulations [3-

7]. Based on these studies, various design guides were published and empirical 

equations were proposed to calculated vessel impact force on bridge piers [8, 9]. 

Although vessel impact loads can be predicted by the equations suggested in the design 

codes, it is often difficult to design RC bridge structures to resist all levels of vessel 

collision load due to the construction costs and site limitations. Moreover, with the 

increased traffic volume and vessel payloads in some waterways, the RC bridge piers 

designed according to previous specifications might not be sufficient to resist the 

increased vessel impact loads. Therefore, using composite materials in new designs and 

strengthening existing RC bridge piers are sometimes necessary for protecting 

structures from barge impact.  

A great deal of previous studies has been conducted to develop various methods 

to protect piers from vessel collision loads or mitigate vessel impact damages to bridge 

structures [10-12].  Among them constructing artificial islands to surround piers is a 

method investigated by a few researchers. Artificial island can reduce the speed of 

impacting vessel and even completely prevent the vessel from colliding into the pier 

[13]. Properly designed artificial island can also mitigate the damage of the vessel 

through its deformation and impact energy absorption. However, artificial islands are 

normally taking a large space of the navigable waterways, increasing the speed of the 

current and hence increasing the chance of impact. In addition to these shortcomings, 

the construction difficulties and high cost also prevent its wide use in practice. Another 

studied method  is installing guided structures in front of the bridge pier [10]. This 

method, however, is effective only in the case with small vessel impact energy accidents 

as the guided structures are mainly designed for redirecting the impacting vessels to 

avoid head-on collisions. The most recently proposed method is to install energy 

absorbing devices on bridge piers [14]. Wilson et al. [15] studied the effect of timber 
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fender system to protect bridge piers from vessel impacting and found timber fender 

system is unable to resist large energy impact. Armin et al. [16] designed groups of 

steel-encased concrete piles to dissipate vessel impact energy by the large deformation 

of pile shafts and surrounding soil. Wang et al. [11] developed a crashworthy device 

which can absorb a large amount of vessel impact energy and redirect the vessel to 

move away from the pier. In general, these energy absorbing devices can absorb the 

vessel impact energy through their own deformation and damage and hence reduce the 

pier damage from impact. However, they all have limitations due to the construction 

and maintenance costs, limited protection levels and restoration costs. Moreover, all 

these designs reduce the navigable spaces and increase the chance of vessel impact. 

Thus, simple, economic and effective protecting techniques which provide adequate 

impact resistance should be explored.  

Many techniques are available for strengthening bridge piers against dynamic 

impact loads. These include strengthening bridge piers with steel coatings, carbon fibre 

reinforced polymers (CFRP) and wooden jackets. The CFRP composites have been 

used to strengthen reinforced concrete (RC) structures subjected to blast and vehicle 

impact loads [17-19]. It is ideal to prevent bridge piers from flexural failure because of 

its low mass density, high modulus of elasticity and high ultimate tensile strength. It has 

been proven that CFRP strengthening technique is effective to improve the impact 

resistance of existing structures. Another advantage of using CFRP strengthening in 

marine and river environments is that it is very corrosion resistant. However, studies of 

the effectiveness of the CFRP strengthening of bridge piers to resist vessel impact loads 

are very limited.  

In this study, the CFRP composite is used to strengthen the bridge pier against 

barge impact load. Pendulum impact tests were conducted first on scaled CFRP 

strengthened and unstrengthened pier models. Recorded impact force and pier response 

with and without CFRP strengthening are compared. Numerical models of the CFRP 

strengthened and unstrengthened piers are developed. The numerical models are 

calibrated with the scaled laboratory tests. With the validated model, parametric 

calculations are carried out to simulate barge impacting on bridge piers with or without 

CFRP strengthening. The effects of CFRP fibre orientation and wrap thickness, CFRP 

strength and bond strength between concrete and CFRP wrap are investigated. The 
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effectiveness of using CFRP wrap to strengthen bridge piers to against vessel impact 

loads is discussed.  

6.2 Experimentl testing 

6.2.1 Scaled RC pier model 

To investigate the effect of CFRP strengthening technique on pier column 

subjected to barge impact. Two scaled RC piers, one with and one without CFRP 

composite strengthening, were prepared.  The dimension of the scaled RC pier model 

used in this study is shown in Figure 6-1. The circular shaped pier column has a 

diameter and height of 78mm and 700 mm, respectively. The pier column was cast with 

two 400 mm×400 mm×50 mm flanges at both ends of the column for connection to the 

floor and supporting additional top mass. A 400 mm ×400 mm ×400 mm concrete block 

and a 20kg steel block totalling 173.6kg were fixed on top of the pier to model the 

weight from the bridge superstructures. Similitude law was used to ensure the concrete 

and steel material was scaled down similarly with the geometry of pier model. Similar 

compressive-tensile ratio and bond strength between concrete and steel reinforcements 

should also be maintained. Through grading analysis, compressive and tensile test, and 

concrete trial mixes, a concrete mix ratio was obtained which gave the concrete 

compressive strength of 28.3 MPa [20]. As can be seen in Figure 6-1 and Figure 6-2(a), 

eight steel wires of 2mm diameter were used as longitudinal rebars to maintain similar 

reinforcement ratio. The rebars were extended to the pier flange to provide adequate 

anchorage. The transverse hoop reinforcements were provided by 1mm steel wires 

spaced at a distance of 12.5mm. The details of material properties are shown in Table 

6-1. 

Table 6-1 Material properties of the pier model 

Material Parameter Magnitude 
Concrete Compressive strength 28.3MPa 

Steel Young’s modulus 200GPa 
Yield stress 550MPa 

CFRP [21] Young’s modulus 230GPa 
Tensile strength 3500MPa 

Epoxy [21] Young’s modulus 3800MPa 
Tensile strength 30MPa 

According to the previous study [20], the effect of soil foundation and 

surrounding water is insignificant in the scaled test, no surrounding water was then 
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considered in the impact test in this study. It should be noted that although the scaled 

model was designed and fabricated according to the scaling law as closely as possible, 

the bonding between reinforcement and concrete and soil foundation conditions were 

not possible to be scaled. Therefore the test results are only indicative, and are used to 

calibrate the numerical model in this study. 

 

Figure 6-1 Dimensions of the scaled concrete pier 

 

Figure 6-2 (a) steel reinforcements; (b) scaled RC pier model 
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6.2.2 Application of CFRP composite 

The scaled models were casted in the Structures Laboratory in the University of 

Western Australia. After 28 days of curing, one scaled pier column was then externally 

bonded with CFRP composite. The application of CFRP on the reinforced concrete pier 

column involved several steps to secure the CFRP well-bonded to the RC pier column. 

Firstly, as shown in Figure 6-3(a), the outer surface of the pier column was roughened 

by chisel and cutter to improve the adhesiveness of the CFRP composite on the pier 

column by using the selected epoxy. The roughened column surface was cleaned to 

make sure no dust particles remained on the surface after scoring. After that, adhesive 

epoxy resin was prepared by mixing part A and part B of the provided Sikadur-330 

[22]. A thin layer of the well-mixed epoxy was then painted evenly to the column 

surface. In the last step, the CFRP wrap with the thickness of 0.13mm was wrapped 

around the column and the composite was then carefully worked into the resin with a 

roller as shown in Figure 6-3(b). The fibre of the CFRP wrap is oriented in the 

longitudinal direction. The whole application of CFRP was done until the resin 

squeezed out between and through CFRP fabric strands and distributed evenly over the 

whole CFRP composite as shown in Figure 6-3(c). The strengthened pier model was left 

for curing for three days before conducting the pendulum impact test. The material 

properties of CFRP composite and epoxy are given in Table 6-1.  

 

Figure 6-3 (a) Scoring of specimen using cutter; (b) application of CFRP wrap on the 

pier column; (c) CFRP strengthened pier column 
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6.2.3 Pendulum impact test apparatus and data acquisition system 

The pendulum impact test system consists of a steel frame, a pendulum arm and 

an adjustable impact mass. The steel frame is fixed on the strong floor to support the 

pendulum arm and impact mass [20]. The length of the pendulum arm is 2.85m and the 

weight of the load cell and impact mass is 60kg in this study. After the application of 

CFRP wrap, the unstrengthened and strengthened RC piers were bolted to the ground 

through a 25 mm steel base plate. The pendulum impact location on the specimen is 

570mm from the ground and the schematic diagram of the experimental setup is shown 

in Figure 6-4. In the tests, impact force and steel reinforcement strain were recorded. 

The load cell was placed on the front face of the rigid impact mass to obtain the impact 

load profile as shown in Figure 6-5(a) and Figure 6-5(c). Two strain gauges were 

attached on the rebars 75mm above the bottom flange to obtain axial reinforcement 

strains as shown in Figure 6-5(b) and Figure 6-5(d). The data acquisition system is 

shown in Figure 6-6. The testing data, i.e. impact load and reinforcement strains, were 

recorded by high frequency data acquisition system with a NI USB-9237 board. The 

board is made by National Instruments [23] which has a maximum sampling rate of 50 

KHz per channel.  

 

Figure 6-4 Pendulum impact test system 
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Figure 6-5 (a) Pendulum impact test system; (b) arrangement of the two strain gauges; 

(c) impact rig and load cell; (d) strain gauge. 

 

Figure 6-6 Data acquisition system 

6.2.4 Test results and discussions 

In the test, the impact load was increased successively by uplifting the pendulum 

impact rig. The angle θ between pendulum arm and the vertical direction is defined as 

the impact angle as shown in Figure 6-4. In the first impact, the test rig was lifted to 5 

degrees, i.e. θ=5 degrees. In the following tests, an increment of 5 degrees was added in 

each subsequent impact until the pier column finally failed.  

The recorded impact force time histories in the strengthened and unstrengthened 

pier impact tests are compared in Figure 6-7. It should be noted that only the impact 

force time history of the strengthened pier at 25 degree impact is show in Figure 6-7(e). 

This is because the unstrengthened pier model failed at 20 degree impact and the 
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strengthened pier failure occurred at 25 degree impact. It indicates the CFRP 

strengthened pier column has a larger impact resistance capacity. It can be found that at 

the same impact degree, indicating the same impact energy, the maximum impact force 

on the CFRP strengthened pier is larger than that on the unstrengthen pier. This is 

because the strengthened pier has a larger stiffness than the unstrengthened model. 

When the impact energy is the same, the strengthened pier experiences an impact force 

of shorter duration and higher amplitude. The unstrengthened pier is relatively flexible 

therefore the impactor-pier interaction time is longer, which results in longer impact 

force duration and lower amplitude. Moreover, the unstrengthened pier suffered crack 

and spalling damage which absorbed part of the impact energy, while such damage was 

not observed in the strengthened column.  
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(a) 5 degrees impact (b)10 degrees impact 

(c) 15 degrees impact (d) 20 degrees impact 

(e) 25 degrees impact 

 

Figure 6-7 Comparisons of impact force time histories of the unstrengthened and 

strengthened pier subjected to pendulum impact at different angles 

As shown in Figure 6-5(b), two strain gauges were installed 75mm from the 

bottom flange to record the strain data of the steel reinforcement. However, strain 

gauges B in the unstrengthened pier was damaged during the concrete casting. Thus, 

only the measured data of strain gauge A is shown herein. Generally, the CFRP 

strengthened pier recorded a smaller reinforcement strain compared with the 
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unstrengthened pier in all impact cases. For example the maximum strain recorded in 

the CFRP wrapped pier at the 15 degree impact is 487 micro strains while the recorded 

strain in the unstrengthened pier is 1908 micro strains. This is because CFRP wrap 

increases the pier stiffness, which effectively reduces the pier responses and hence the 

strain in the reinforcement bars. The strain gauge in the unstrengthened pier failed at the 

20 degree impact while that in the CFRP strengthened pier failed at 25 degree impact. 

These observations indicate that CFRP wrap is effective in protecting the pier against 

impact load. 

 (a) 5 degrees impact  (b)10 degrees impact 

 (c) 15 degrees impact  (d) 20 degrees impact 

Figure 6-8 Comparisons of steel reinforcement strain of the unstrengthened and 

strengthened pier subjected to pendulum impact at different angles 

The failure modes of the pier column with and without CFRP wrap are 

compared in Figure 6-9. As shown the unstrengthened pier column suffered concrete 

crushing at the impact location and spalling at the two ends under impact loads. It 

experienced clearly a flexural failure with large damages at the impact location and the 

two ends of the column. However, the CFRP strengthened pier experienced clearly a 
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direct shear failure as shown in Figure 6-10(b). No concrete crushing and spalling 

damage was found in the pier column after peeling off the CFRP warp as shown in 

Figure 6-10(a), indicating the CFRP wrap successfully confined and protected the 

concrete pier. Direct shear failure occurred in this case because the anchors of the 

column to the two flanges were not specifically designed in the test specimen. The 

relatively weak anchors and stiff column resulted in direct shear failure of the CFRP 

strengthened pier model under impact load. The failure modes of the two models 

demonstrate effectiveness of CFRP strengthening.  

 

Figure 6-9 Failure mode of the unstrengthened pier 

 

Figure 6-10 Failure mode of the CFRP strengthened pier 
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6.3 Numerical prediction of impact tests and model validation 

6.3.1 Model description 

Numerical models of pendulum impact tests on the unstrengthened and 

strengthened pier models are developed in the software package LS-DYNA [24]. As 

shown in Figure 6-11, the finite element model consists of two major parts: the 

reinforced concrete pier and the pendulum impact rig. The RC pier model is divided 

into three major parts: pier column, flanges and additional mass. For the strengthened 

model, a layer of CFRP composite is also modelled. The CFRP wrap is externally 

bonded to the pier column with the fibre oriented in the longitudinal direction. The 

dimensions and material properties of the numerical model are kept the same as the 

actual pier model. To represent the actual restraint conditions of the bolted flange to the 

ground, the pier bottom flange is fixed in all directions in the numerical model. The 

pendulum impact rig is modelled by two cylinders with different radius. The smaller 

cylinder has the same radius as the load cell and the larger one is the same as the impact 

mass used in the test. The impact velocity is calculated by the conservation of energy. 

 

Figure 6-11 a) Numerical model of the impact system; b) strain gauge locations on steel 

rebar elements 

6.3.2 Element and contact interface 

The concrete and steel reinforcement in the pier column are modelled by solid 

and beam elements, respectively. Convergence test showed a mesh size of 12.5 mm is 

appropriate for the numerical model. The CFRP composite bonded to the surface of the 
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pier is modelled by Belytschko-Tsay 3D shell element with the same size as the element 

for concrete. The pendulum impact rig is modelled by solid element also with a mesh 

size of 12.5mm. 

Two contact algorithms, namely, 

CONTACT_AUTOMATIC_SURFACE_TO_SURFACE (ASTS) and 

AUTOMATICE_SURFACE_TO_SURFACE_TIEBREAK (ASTST) in the nonlinear 

finite element code LS-DYNA are employed in the simulations. The contact algorithm 

ASTS is defined for the contact between the impact rig and the pier to avoid penetration 

at the interface. The dynamic and static Coulomb friction values are both set to 0.3 [20]. 

The CFRP composite is normally bonded to the pier surface by epoxy adhesive. In the 

numerical model, the bonding between concrete and CFRP is simulated by the contact 

algorithm ASTST. This contact option is employed to model the adhesive contact 

between concrete column and CFRP until a prescribed failure criterion defined by the 

following equation is reached [22], 

2 2

1n s

NFLS SFLS
σ σ   

+ ≥   
   

 (6-1) 

where σn and σs are the normal and shear stresses at the interface surface, and 

NFLS and SFLS are the corresponding tensile and shear stresses at failure, respectively. 

The criterion is determined from the strength of the epoxy based on its normal tensile 

and shear stresses at failure. The epoxy used in this study is Sikadur-330 epoxy based 

impregnating resin. The tensile and shear strengths of the epoxy at failure is both 

30MPa in the current study [22]. 

6.3.3 Material model 

The material model 72Rel3 (MAT_CONCRETE_DAMAGE_REL3) is chosen 

to model the concrete material in the pier. The advantage of this model is the automatic 

generation of material parameters. The user only needs to input the density, Poisson’s 

ratio and unconfined compressive strength of the concrete. During the impact 

simulation, failed concrete elements which do not further contribute to structural 

resistance should be eliminated in order to avoid computational overflow. Since the 

selected concrete material model does not allow element failure and erosion, an 

additional card MAT_ADD_EROSION is utilized to eliminate the failed elements. In 



CHAPTER 6 

145 

the present study, the elements will be deleted when the principal strain reaches 0.1 

[20]. Material model 24 (MAT_PIECEWISE_LINEAR_PLASTICITY) is employed to 

model the steel reinforcements in the pier. This elastic-plastic model with user-defined 

stress strain curve and stain rate dependency is commonly used by researchers. Pier top 

mass is simply modelled by elastic material. The CFRP layer is modelled by 

MAT_ENHANCED_COMPOSITE_DAMAGE (Material model 54).  This material 

model is based on the Chang-Chang failure criterion for assessing lamina failure [24]. 

The criterion accounts for nonlinear shear stress-strain behaviour and the post-stress 

degradation. Four failure modes, i.e., compressive fibre mode, tensile fibre mode, 

compressive matrix mode and tensile matrix mode are included in the material model. 

The steel pendulum impact rig is model by MAT_ELASTIC. The density, Young’s 

Modulus and Poisson’s ratio are 7800kg/m3, 210GPa and 0.3, respectively. The 

material properties used in the tests and numerical simulations are given in Table 6-2.  
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Table 6-2 Material properties of the pier model 

Material LS-DYNA Model Input 
Parameter 

Magnitud
e 

Steel 
reinforceme

nt 

MAT_PIECEWISE_LINEAR_PLASTICIT
Y 

Mass 
density 

7700 
kg/m3 

Young’s 
modulus 200GPa 

Poisson’s 
ratio 0.3 

Yield stress 550MPa 
Tangent 
modulus 1600MPa 

Failure 
strain 0.35 

Concrete 
 MAT_CONCRETE_DAMAGE_72Rel3 

Mass 
density 

2400 
kg/m3 

Compressiv
e strength 28.3MPa 

CFRP 
Sika Wrap-

230C 

MAT_ENHANCED_COMPOSITE_DAMA
GE 

Tensile 
strength 3500MPa 

Tensile 
Elastic 

modulus 
230GPa 

Epoxy N/A 

Tensile 
strength 30MPa 

Shear 
strength 30MPa 

Concrete 
(Top mass) *MAT_ELASTIC 

Mass 
density 

2564 
kg/m3 

Young’s 
modulus 30GPa 

Poisson’s 
ratio 0.2 

6.3.4 Strain rate effect 

The concrete and steel in reinforced concrete structures are strain rate dependent 

under impulsive loading. The strengths of concrete and steel can be significantly 

enhanced at high strain rates. Therefore, it is necessary to consider the strain rate effect 

to predict reliable results. The strain rate effect is normally defined by a dynamic 

increase factor (DIF), i.e., the ratio of dynamic-to-static strength versus strain rate.  

In this study, DIF of the tensile strength for concrete is defined according to the 

empirical formulae proposed by Malvar and Ross [25] as: 
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where tf  is the dynamic tensile strength at strain rate ε  in the range of 6 110 s− −⋅  

to 1160 s−⋅ , tsf  is the static tensile strength at tsε , logβ 6δ 2= − , ( )' '
c coδ 1/ 1 8f / f= + , '

cf  

is the static uniaxial compressive strength of concrete (in MPa) and '
cof  is taken as 10 

MPa. 

For concrete in compression, DIF is determined by the functions given by CEB-

CIP Model Code 1990 [26] as: 
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where cf  is the dynamic compressive strength at strain rate ε , csf  is the static 

compressive strength at csε , logγ 6.156α 0.49= − , ( )cuα 1/ 5 3f / 4= + , and cuf  is the 

static cube strength (in MPa). 

For steel,  Malvar [27] proposed simple equations to calculated DIF for steel 

reinforcing bars as follows: 

410
DIF

αε
−

 =  
 


 (6-6) 

α 0.074 0.040 / 414yf= −  (6-7) 

where yf  is the steel yield strength in MPa.  

The strength enhancement of CFRP composite under high strain rate is 

insignificant compared with concrete and steel materials. Therefore, strain rate effect of 
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CFRP is not considered in the current study [22]. The DIF used in this paper are plotted 

in Figure 6-12. 

  

Figure 6-12 DIF of concrete and steel materials versus strain rate 

6.3.5 Numerical model validation 

To validate the fidelity of the numerical model, numerical simulation results are 

compared with the experimental test results. Both numerical models of the strengthened 

and unstrengthened piers are developed according to the test models described above. In 

the numerical simulation, the restart technique in LS-DYNA is adopted to model the 

repeated impact tests. In this manner, plastic deformation and damage occurred and 

cumulated in the previous tests can be considered in the subsequent impact tests. The 

impact force time history and steel reinforcement strains are compared between the 

experimental and numerical results. 

In the impact test, the pendulum arm was lifted to various angles and then 

released to impact the pier column. To make sure the same impact energy in the test is 

assigned to the numerical model, an initial velocity of impact rig is calculated from the 

elevated pendulum height by the law of energy conservation. However, it should be 

noted that the energy dissipation owing to friction at the pendulum hinge and air 

resistance is neglected in the calculation.  

In the first impact, i.e. 5 degrees impact angle, the impact force time history 

obtained from numerical simulation is compared with the impact load profile recorded 

in the test. For the unstrengthened pier, as shown in Figure 6-13(a), the peak impact 

force obtained from numerical simulation correlates well with the experimental result. 

The impact time duration of the numerical simulation is 0.0038s while the recorded 

duration is 0.007s. As a result, the impact impulses of the numerical model is 25.08 N·s 
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as compared to the 40.10N·s from experimental tests. These differences may be caused 

by simplification in modelling the impact rig. In experimental tests, certain level of 

interaction between the impact rig and pier model is expected. In numerical simulation, 

only the impact mass with a velocity is modelled. Interaction between impact mass and 

pier model is likely to prolong the impact loading duration, which is not modelled in 

numerical simulations. For the CFRP strengthened pier, the FE model also accurately 

predicts the maximum impact force with a discrepancy of 6.4% as illustrated in Figure 

6-13(b). The durations of the experimental and numerical impact force are 0.005s and 

0.0028s, respectively. Similar to the unstrengthened case, the numerically simulated 

impact pulse is 27.51N·s compared with the recorded impulse of 41.71N·s. The 

discrepancy in impulses is because of the under prediction of the impact duration owing 

to neglecting the impactor-pier interaction during the impacting process. However, as 

will be demonstrated below this does not significantly affect the prediction of pier 

responses. This is because the impact velocity is not very fast and hence the response is 

quasi-static, which is governed primarily by the peak impact force.  

As described above, strain gauge B in the unstrengthened pier was broken before 

the test, thus only the strain data recorded by strain gauge A is compared herein. The 

simulated strain time history (Beam A at element 27296 shown in Figure 6-11) is 

compared with the recorded strain time histories at the corresponding locations (strain 

gauge A). For the unstrengthened pier, the proposed numerical model predicts similar 

maximum strain and residual strain as shown in Figure 6-14(a). For the strengthened 

pier, the numerical model reasonably predicts the strain time history. The maximum 

strain is accurately predicted but the numerical model slightly over predicts the residual 

strains. Generally, the numerical results agree well with the experimental test results as 

shown in Figure 6-14.  
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 (a) Unstrengthened pier  (b) Strengthened pier 

Figure 6-13 Impact force profiles of 5 degree impact 

 (a) Unstrengthened pier  (b) Strengthened pier 

Figure 6-14 Strain profiles of Beam A at 5 degree impact 

After the first impact, the impact rig was then lifted with an increment of 5 

degrees each time until the pier failed. With the accumulation of plastic deformation and 

damage, impact force and pier response vary accordingly. Therefore, it is necessary to 

study these parameters with a higher impact angle. Without losing generality, only the 

case with 15 degrees is shown herein.  

For the unstrengthened case, the numerical model also accurately predicts the 

maximum impact force as shown in Figure 6-15(a). The peak impact force obtained 

from numerical simulation and experimental test are 17.05N and 16.16N, respectively. 

Similar to 5 degrees impact, the numerically simulated impact duration is 0.004s shorter 

than the recorded one. The impact impulse of the numerical and experimental analysis 

are 47.40N·s and 78.03N·s. For the strengthened case, the maximum impact force of the 

numerical model and experimental test are 33.2kN and 32.5kN. The numerically 
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simulated impact pulse is 71.53N·s compared with the recorded impulse of 119.73N·s 

as shown in Figure 6-15(b). The simulated strain of Beam A in the unstrengthened case 

is shown in Figure 6-16(a). It can be seen from the figure that the numerical model 

predicts accurately the maximum and residual strains. For the strengthened case, the 

numerical model accurately predicts the peak strain but slightly underestimates the 

residual strain. 

These observations indicate that in general, the proposed numerical model can 

reliably predict maximum impact force and reinforcement strains of the scaled pier 

model under impact loads. However, the impact duration and impact impulse obtained 

from numerical simulation is smaller than the recorded one owing to neglecting the 

interaction between impactor and pier during the impact. Nonetheless, as noticed above, 

the predicted responses match reasonably well with the recorded ones. This is because 

the impact velocity is not very fast and the pier model is relatively stiff, the response is 

then governed by peak impact loads as a typical quasi-static response scenario.  

 (a) Unstrengthened pier  (b) Strengthened pier 

Figure 6-15 Impact force profiles of 15 degree impact 

 (a) Unstrengthened pier  (b) Strengthened pier 

Figure 6-16 Strain profiles of Beam A at 15 degree impact 
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The failure modes of both the strengthened and unstrengthened pier under 

pendulum impact load are also compared. As discussed above, the unstrengthened pier 

failed after four impacts. The failure modes of the experimental test and numerical 

simulation after the fourth impact are compared. As shown in Figure 6-17, the 

numerical model predicts clearly flexural failure which is the same as the experiment 

test. Concrete spalling is also observed at the rear surface of the impact location. In the 

strengthened case, numerical simulation is compared with the test result after the fifth 

impact. It is obvious that direct shear failure occurred in the numerical pier model which 

is the same as the experimental test as shown in Figure 6-18. Pier damages were found 

at both ends of the pier column due to the weak anchorage in these areas. These 

observations indicate the proposed numerical model reliably predicts the pier failure 

modes with and without CFRP strengthening. 

 

Figure 6-17 Failure mode comparison of the unstrengthened pier 
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Figure 6-18 Failure mode comparison of the strengthened pier 

6.4 Numerical simulation of barge-pier impact 

As it has been discussed earlier by Sha and Hao [20], in a real barge impact case, 

the plastic deformation of barge material will absorb impact energy and affect the 

impact force. The above impact tests and numerical simulations are carried out with an 

elastic solid impactor and a load cell that plastic deformation is unlikely. Therefore, the 

above calibrated numerical model can be used only to simulate pier response and 

damage. To simulate barge impact, a detailed numerical model of barge structure is also 

needed.  In a previous study, a numerical model of barge structure considering plastic 

deformation under impact was developed and calibrated [28]. This model, which is 

briefly introduced below is adopted in the present study to simulate barge-bridge pier 

interaction. Combining the validated barge and the RC pier model developed in this 

study, reliable numerical simulations of barge collision on bridge piers with or without 

CFRP strengthening can be achieved. 

6.4.1 Model description 

The barge pier impact system investigated in this study consists of a circular RC 

pier and a jumbo hopper barge. The pier model has three parts: pier column, pile 

foundation and top mass. A circular pier column with a diameter of 2.8m and height of 

25.2m is considered. The pier column is assumed to have a reinforcement cover depth 

of 50 mm. Longitudinal steel reinforcements with a diameter of 30 mm are spaced at a 
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distance of 300 mm and stirrups of diameter 20 mm are spaced at 200 mm along the 

pier height as shown in Figure 6-19. Perfect bond assumption is adopted in this study to 

model the connections between the steel reinforcements and concrete. The pile 

foundation includes a pile cap and a group of piles. The pile cap is connected to the 

bottom of the pier column and is supported by nine 15 m steel piles. The effect of 

surrounding soil is modelled by incorporating nonlinear spring elements to the piles. 

Nonlinear discrete spring elements are used to model the soil-pile interaction and beam 

elements are used to represent the steel piles [20]. The soil springs are placed along the 

pile at a distance of 600 mm at each of the pile nodes. Two transverse springs are placed 

perpendicularly to model the constraints of surrounding soil. Nonlinear loading and 

unloading curves representing force-deformation data pairs are defined for the soil 

springs [29]. The top mass representing the bridge superstructure is modelled by a 

smeared reinforced concrete block. As no major deformation is expected to occur in this 

part, it is simply modelled by solid elements to account for inertia effect of the bridge 

deck. The unstrengthened pier model is shown in Figure 6-19. The CFRP strengthened 

pier has a layer of CFRP composite wrapped all along the pier column. 

The jumbo hopper barge which is widely used in inland waterways is adopted as 

the impacting barge model in the current study [30]. The length and width of the barge 

are 59.4m and 10.6m respectively. The barge bow area is modelled in detail with a 

minimum mesh size of 100mm as this part will directly impact with the pier and large 

deformation is expected in this part. It is modelled by steel outer plates and internal 

trusses to represent the actual stiffness of the structure. The barge hopper is simply 

modelled to represent the actual mass distribution of the barge. The modelling details of 

the barge and its calibration analysis are described by Sha and Hao in [28]. 
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Figure 6-19 Numerical model of the barge-pier impact system 

6.4.2 Element and mesh description  

The calibrated numerical model described above for concrete, reinforcement, 

CFRP wrap and bonding between CFRP and concrete is used here to model the bridge 

pier with or without CFRP strengthening. Detailed description of the barge model can 

be found in [24]. In general shell and beam elements are used to model the steel plates 

and trusses in the barge bow, respectively. A fine mesh of 100mm is defined for the 

front part of the barge bow which will directly impact with the pier. The hopper part of 

the barge which only contributes to mass distribution is simply modelled by solid 

element with 1 m meshes.  For bridge pier, three different mesh sizes, i.e., 50 mm, 100 

mm and 200 mm are compared in the current study. The 200 mm mesh predicts a 

smaller impact force than 100 mm and 50 mm mesh while the mesh size of 50 mm and 

100 mm yields very similar numerical results. Since 50 mm mesh requires much more 

computational effort, 100 mm mesh is used as the mesh size of elements to model 

bridge pier in the current study. However, it should be noted that because the concrete 

cover depth is 50 mm, the surface layer of the pier is modelled with elements of size 

50x100x100 mm.  

6.4.3 Material model and contact interface 

The same material models of concrete, steel reinforcement, CFRP and bonding 

described above are used in developing the full scale pier model. The material 

properties used to model steel pile and soil spring are given in Table 6-3. For the 
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impacting barge, the material model MAT_PLASTIC_KINEMATIC is chosen to model 

the outer shell and internal truss of the barge bow. It is a cost effective model for 

isotropic and kinematic hardening plasticity. The rear part of the barge is modelled by 

elastic material with different mass density to simulate various barge payload 

conditions. The material properties of the barge are shown inTable 6-4. 

Table 6-3 Material properties of pile foundation and soil spring 

Material LS-DYNA Model Input 
Parameter Magnitude 

Steel Pile *MAT_RIGID 

Mass density 7830 kg/m3 
Young’s 
modulus 207GPa 

Poisson’s 
ratio 0.28 

Soil 
Spring *MAT_SPRING_GENERAL_NONLINEAR 

Loading 
curve 

See Figure 
6-20(a) 

Unloading 
curve 

See Figure 
6-20(b) 

 

 
(a) Loading curve [29] 

 
(b) Unloading curve 

Figure 6-20 Loading and unloading curves of soil spring  



CHAPTER 6 

157 

Table 6-4 Material properties of the impacting barge 

Material LS-DYNA Model Input Parameter Magnitude 

Steel 
(Barge bow) MAT_PLASTIC_KINEMATIC 

Mass density 7865 kg/m3 
Young’s modulus 207GPa 

Poisson’s ratio 0.27 
Yield stress 310MPa 

Failure strain 0.35 
C 40 
P 5 

Steel 
(Barge hopper) 

 
MAT_ELASTIC 

Mass density Varying 
Young’s modulus 207GPa 

Poisson’s ratio 0.28 

6.4.4 Contact interface 

Besides the contact algorithms ASTS and ASTST described above to model the 

contact between barge and pier and the bonding between CFRP and RC pier, another 

contact algorithm CONTACT_AUTOMATIC_SINGLE_SURFACE (ASSC) is 

employed to model the possible contact between the outer shells and internal trusses in 

barge bow area due to large deformations. A contact friction value of 0.21 is defined for 

these two parts [28]. By implementing ASSC, it will only cause minor increases in 

computational time, and no contact or target surface definitions are required. 

6.4.5 Numerical results and discussions 

With the proposed numerical model, full scale barge-pier impact analysis is 

carried out. The effectiveness of CFRP strengthening technique is studied by comparing 

impact force, pier response and damage of bridge pier with or without CFRP wrap 

subjected to barge impact. In the simulation, the strengthened pier is wrapped by a 4mm 

thick CFRP composite. The composite has a tensile strength of 3500MPa [21] which is 

the same as the scaled model. The bond strength between the CFRP composite and pier 

column is 30MPa. The impact force and structural response of the strengthened and 

unstrengthened pier subject to a 1723ton barge impacting at 2.06m/s and 4.11m/s are 

investigated. 

As shown in Figure 6-21, the maximum impact force predicted by the 

unstrengthened case is similar to the strengthened case.  It is different from the scaled 

pendulum impact test where the CFRP strengthened pier endured larger impact force 

than the unstrengthened pier. This is because of the different characteristics associated 
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with the impactor-pier interaction and barge-pier interaction. In the pendulum impact 

test, the impact energy is mainly dissipated by the deformation and damage of the pier 

because of the relatively rigid impact mass. Thus, the pier stiffness affects the impactor-

pier interaction and the impact force amplitude and duration. However, in the full-scale 

barge-pier impact, the pier with or without strengthening is  stiffer than the barge bow, 

therefore, at the beginning of the contact, barge crushes and deforms dramatically while 

the pier has no time to deform yet. As a result the barge-pier interaction depends on the 

barge structure but is not affected by the pier stiffness at the beginning of the barge 

impact into the pier. However, as can be noticed in Figure 6-21, the influence of pier 

stiffness becomes prominent at the late stage of barge-pier interaction when pier starts 

to deform. The stiffer pier deforms less therefore the corresponding impact force 

duration is shorter. It should be noted that the total impact force acting on the pier also 

depends on the number of barge bow elements in contact with the pier. As the 

unstrengthened and strengthened pier models have almost the same dimensions, very 

similar total impact forces are obtained on both cases. The impact time duration of the 

strengthened pier subjected to 2.06m/s and 4.11m/s barge impact is 0.2s and 0.4s shorter 

than the unstrengthened cases, respectively.  

The displacement of the pier in the two impact cases are compared in Figure 

6-22. When the impact velocity is 2.06m/s, the maximum pier displacement in the 

unstrengthened case is 0.978m while it is 0.922 m in the strengthened case. When the 

impact velocity is 4.11m/s, the maximum displacements increased to 2.662m and 

2.009m respectively for the unstrengthened and strengthened pier. These results 

demonstrate that CFRP strengthening will reduce the pier displacement responses. 

When the impact velocity is 4.11 m/s, the reduction is almost 25%, indicating the 

effectiveness of using CFRP strengthening to protect bridge piers against barge impact.  
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(a) 1723ton 2.06m/s (b) 1723ton 4.11m/s 

Figure 6-21 Impact force time histories (a) 1723ton 2.06m/s; (b) 1723ton 4.11m/s 

(a) 1723ton 2.06m/s (b) 1723ton 4.11m/s 

Figure 6-22 Pier displacement (a) 1723ton 2.06m/s; (b) 1723ton 4.11m/s 

The calculated stress contours of the strengthened and unstrengthened pier 

corresponding to the two impact cases are illustrated in Figure 6-23 and Figure 6-24.  

In low energy impact, the stress distributions in the unstrengthened and 

strengthened pier are quite similar at the impact instant as shown in Figure 6-23(a) and 

Figure 6-23(d). Local maximum stress occurs at impact location and rear bottom surface 

of the pier column. Figure 6-23(b) and Figure 6-23(e) illustrate the stress contours at the 

instant of maximum pier displacement. It can be observed that the maximum stress 

occurs at the rear face of the pier column. For the unstrengthen pier, the maximum 

stress is found near the barge impact location while the maximum stress is observed at 

the bottom of pier column in the strengthened case. After that, the piers start to vibrate 

back to the original position and the elastic defamation was restored. Therefore, 

relatively lower stress levels are shown in Figure 6-23(c) and Figure 6-23(f) at the time 

instant of 2.68s. 
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Similar to low energy impact case, stress contours of unstrengthened and 

strengthened cases are almost identical at the impact instant. As shown in Figure 

6-24(b), concrete element failures are found at the front bottom face of the pier column 

without CFRP strengthening. In the strengthened case, CFRP composite and concrete 

failures are also found in Figure 6-24(e). This observation suggests that the retrofitted 

pier is also likely to fail at the connection of pier column and pile cap. Therefore, extra 

anchorage should be applied at this location. Figure 6-24(c) and Figure 6-24(f) shows 

the final stage of the simulation. It can be observed that pier plastic deformation is more 

severe in the unstrengthened case than the strengthened one. 

Based on the above discussion, it is obvious that strengthening bridge pier with 

CFRP composite against barge impact is an effective and applicable method. This 

strengthening technique can improve pier flexural resistance and reduce pier plastic 

deformation from barge impact. However, it is unable to reduce the barge impact load 

and the pier is likely to fail at the column support. In other words, the CFRP 

strengthening is effective in protecting the bridge pier, but not the impacting barge. To 

achieve better protection, other energy absorbing devices could be installed to mitigate 

the barge impact energy for protection of both barge and pier. Further studies are 

necessary to investigate the combinational effects of these protection techniques.  
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(a) T=0.6s (b) T=1.5s (c) T=2.68s Unstrengthene
d pier 

   
 

(d) T=0.6s (e) T=1.5s (f) T=2.68s Strengthened 
pier 

Figure 6-23 Stress contours of the unstrengthened and strengthened pier subjected to 

1723 ton barge impacting at 2.06m/s  
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(a) T=0.6s (b) T=2.4s (c) T=3.96s Unstrengthened 
pier 

   
 

(d) T=0.6s (e) T=2.4s (f) T=3.96s Strengthened pier 

Figure 6-24 Stress contours of the unstrengthened and strengthened pier subjected to 

1723 ton barge impacting at 4.11m/s  
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6.5 Parametric studies 

The above results demonstrate that CFRP composite strengthening bridge pier is 

effective to increase its capacity to resist barge impact. Since various parameters related 

to CFRP properties can affect the strengthening effectiveness [22],  parametric 

calculations are carried out to study the effects of various CFRP composite parameters. 

In this part, the parameters including CFRP thickness, CFRP strength and the bond 

strength between concrete and CFRP composite are investigated. In all simulation cases, 

the orientation of the CFRP fibre is in the longitudinal direction and the pier is impacted 

at 12.7m above the pile cap by a 1723ton barge at the velocity of 2.06m/s. 

6.5.1 CFRP thickness 

To study the effect of CFRP thickness, simulations are conducted for three 

different thicknesses of the CFRP wrap. The thickness of the composite is 4mm, 6mm 

and 10mm, respectively. The strength of the CFRP composite is 2280MPa and the bond 

strength of the epoxy is 30MPa. The impact force time histories of the unstrengthened 

case and three strengthened cases are compared in Figure 6-25. Maximum impact force, 

impact duration and impact impulse obtained from the figure are tabulated in Table 6-5. 

The peak impact force shows little discrepancy between the unstrengthened and 

strengthened case. However, shorter impact duration, smaller impact impulses and pier 

displacements are observed in the strengthened cases compared with the unstrengthened 

case. It is also found that increasing CFRP thickness will lead to a slight decrease in the 

peak impact force. This is because a thicker layer of CFRP composite results in a 

relatively softer impact between the composite and the barge since the out of plane 

stiffness of the CFRP is low. The maximum displacement, as shown in Table 6-5, also 

decreases gradually with the increment of CFRP thickness as expected. This is because 

a thicker layer of CFRP composite not only increase the pier stiffness but also better  

confine the concrete and thus improve the pier flexural resistance. However, as can be 

noticed, increasing the CFRP thickness from 4 mm to 10 mm only results in a 5% 

reduction in the maximum displacement responses, indicating increasing the CFRP 

thickness is not very effective in reducing the pier responses.     
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Figure 6-25 Comparison of impact force time histories with various CFRP thicknesses 

Table 6-5 Impact force and maximum displacement of different CFRP thicknesses  

CFRP thickness Unstrengthened 4mm 6mm 10mm 
Maximum impact force (MN) 6.314 6.244 6.238 6.219 

Impact duration (s) 2.322 2.127 2.084 2.086 
Impact impulse (MN·s) 4.238 4.354 4.384 4.367  

Maximum displacement (m) 0.987 0.922 0.896 0.873 

6.5.2 CFRP strength 

As listed in Table 4, CFRP material properties vary significantly. This section 

investigates the influences of the CFRP strength. According to those given in Table 6-6, 

three CFRP strengths, i.e. 1095MPa, 1950MPa and 2280MPa, are selected herein. The 

thickness of the CFRP wrap is taken as 4mm and the bond strength between concrete 

and CFRP is modelled as 30MPa. The impact force time histories are shown in Figure 

6-26. As expected, changing CFRP tensile strength does not significantly affect the 

impact force. For the maximum displacement tabulated in Table 6-7, it can be found 

that increasing CFRP strength reduces the pier maximum displacement. This indicates a 

higher CFRP strength has a stronger enhancement of flexural resistance capacity of the 

pier.  
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Table 6-6 Material properties of three different CFRP composites 

Mechanical Properties Han et al. 
(2007) [31] 

Soden et 
al. (1998) 

[32] 

Chan et 
al. (2007) 

[33] 
Density (kg/m3) , ρ 1795 1580 1580 

Longitudinal modulus (GPa) , E1 118 126 138 
Transverse modulus (GPa) , E2 5.5 11 9.65 
In-plane shear modulus, G21 4.8 6.6 5.24 

Out-of-plane shear modulus, G23 4.8 6.6 2.24 
Minor Poisson's ratio, ν21 0.1172 0.024 0.021 

Through thickness Poisson' ratio, ν31 0.1172 0.024 0.021 
Longitudinal tensile strength (MPa) , XT 1095 1950 2280 

Longitudinal compressive strength (MPa) , 
XC 712.9 1480 1440 

Transverse tensile strength (MPa) , YT 26.4 48 57 
Transverse compressive strength (MPa) , YC 84.4 200 228 

In-plane shear strength (MPa) , S 84.3 79 71 
Maximum strain for fibre tension (%), εt 2.3 1.38 1.38 

Maximum strain for fibre compression (%), 
εc 1.4 1.175 1.175 

 

Figure 6-26 Comparison of impact force time histories with various CFRP strengths 

Table 6-7 Impact force and maximum displacement of different CFRP strengths 

CFRP strength 1095MPa 1950MPa 2280MPa 
Maximum impact force (MN) 6.241 6.239 6.244 

Impact duration (s) 2.143 2.099 2.127 
Impact impulse (MN·s) 4.370MN·s 4.375 4.354 

Maximum displacement (m) 0.962 0.942 0.922 
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6.5.3 Bond strength 

The bond strength between the CFRP wrap and concrete affects the success of 

strengthened concrete members bonded externally with CFRP composite [22]. 

However, it is usually difficult to obtain the desired bond strength since the application 

of epoxy and composite could not be fully controlled. The bond strength not only 

depends on the epoxy material properties, but also on the construction quality control 

during the epoxy and CFRP application, curing days and the temperature after 

application of CFRP. According to previous study [22], the epoxy strength can varies 

from 1.5MPa to 30MPa which indicates the possibility of significant changes of epoxy 

strength. In order to investigate the effect of CFRP-concrete bonding strength on CFRP 

strengthened pier subjected to barge impact loads, three bond strengths, i.e. 2.8MPa, 

10MPa and 30MPa are studied in the analysis. The composite is 4mm thick and the 

strength is 2280MPa. It shows in Figure 6-27 and Table 6-8 that increasing the bond 

strength has almost no influence in the impact force time history. For the maximum pier 

displacement, larger bond strength leads to a smaller maximum pier displacement. 

However, the influence of epoxy bond strength is not prominent because debonding is 

not likely to occur for CFRP wrapped onto the circular pier.  

 

Figure 6-27 Comparison of impact force time histories with various bond strengths 

between concrete and CFRP 

Table 6-8 Impact force and maximum displacement of different bond strengths 
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Bond strength 2.8MPa 10MPa 30MPa 
Maximum impact force (MN) 6.235 6.237 6.244 

Impact duration (s) 2.108 2.135 2.127 
Impact impulse (MN·s) 4.383 4.369 4.354 

Maximum displacement (m) 0.947 0.942 0.922 

6.6 Conclusion 

This paper explores the feasibility of CFRP strengthening of the reinforced 

concrete pier subjected to barge impact load. Laboratory pendulum impact tests were 

carried out on the scaled pier model with and without CFRP composite. Impact force 

and reinforcement strains were recorded and compared. Results show the CFRP 

strengthened pier can effectively improve the impact resistance of the pier and the 

failure mode is different from the unstrengthened pier. 

Numerical models were developed and calibrated with the experimental results. 

With the validated model, numerical simulations of full scale barge impact on CFRP 

strengthened pier were conducted. It is found that the CFRP strengthening technique 

can improve the capacity of the pier and mitigate pier damage to barge impact. 

However, this method cannot reduce the maximum impact force. Therefore it is 

effective for bridge protection but not for barge protection. Parametric studies were also 

carried out to study the effect of CFRP thickness, CFRP strength and bond strength 

between concrete and CFRP composite. Simulated results indicate that increasing CFRP 

thickness and/or strength reduces the pier response subjected to barge impact load. 
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CHAPTER 7 

CONCLUDING REMARKS 

7.1 Summary of Findings 

This thesis investigates the impact force and pier response subjected to barge 

impact load. Numerical models are developed and calibrated with previous research 

works reported by other researchers and experimental tests conducted in this study. 

Based on extensive numerical simulations, empirical equations are proposed to fast 

predict impact force as a function of bridge pier and barge impacting conditions.  

Besides high fidelity FE model, an equivalent SDOF model is also established to 

quickly calculated pier response. Feasibility of using Structural Health Monitoring 

(SHM) method to assess bridge condition after barge impact is explored. The effect of 

CFRP strengthening of bridge piers against barge impact is also investigated. 

The major contributions and findings made in this research are summarised 

below: 

1. In Chapter 2, nonlinear numerical models of a square reinforced concrete pier and a 

jumbo hopper barge are developed and calibrated with previous studies. Numerical 

simulations are conducted to study the impact force time history and pier 

deformation subjected to barge impact load. Comparisons are made between 

different pier materials. It is found that neglecting pier material nonlinearities can 

lead to over prediction of impact force and underestimation of structural response. 

The barge bow and pier column damages during the impact are also investigated. 

Parametric studies are conducted to study the effect of different barge payloads and 

impact velocities. Results show that impact force and impact duration increases with 

barge impact velocity. However, the barge payload has insignificant effect on 

impact force in high velocity impact cases. Based on parametric studies, method to 

estimate the impact force time histories on square piers subjected to barge impact is 

proposed. The adequacy of AASHTO code in predicting impact force is also 

discussed. It is found that the code tends to underestimate the impact force when 
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barge bow crush depth is small, but overestimates the impact force when the crush 

depth is large. 

2. As an extension of Chapter 2, Chapter 3 discusses the case of a circular bridge pier 

subjected to barge impact. FE model of the circular pier is developed and calibrated 

with scaled pendulum impact test results. With the validated model, numerical 

simulations of bridge pier responses to barge impacts are carried out. Results show 

that the soil-pile-foundation has insignificant effects on the impact force time 

history. However, neglecting such effect may lead to underestimation of pier 

displacement. Soil-pile-foundation should be included in the numerical model when 

structural response is studied. Parametric studies are carried out to investigate 

effects of barge mass and velocity, pier geometry and impact location. It is observed 

that the magnitude of the impact force is strongly influenced by barge impact 

velocity while barge mass affects the impact time duration. The barge impact forces 

on circular piers are much smaller than on square piers. This indicates the pier 

geometry significant influence impact force and should not be neglected in the 

design practice. Based on extensive numerical simulations, a triangular shape 

impact loading time history is proposed. It is found that the proposed impact loading 

curve can accurately predict maximum impact force and impact time duration. 

3. In Chapter 4, an equivalent SDOF model is proposed to represent the impacted pier. 

The triangular shape impact loading curve proposed in Chapter 3 is applied on the 

SDOF model to calculate the pier response subjected to barge impact loading. 

Results show the calculated pier displacements agree well with three dimensional 

FE model simulations. This simplified impact model can greatly improve 

calculation efficiency and can be utilized in the preliminary bridge design practice. 

The adequacy of AASHTO code is also discussed. It is found that due to the 

neglecting of dynamic effects, the AASHTO code specified equivalent static load 

method may not lead to accurate predictions of barge impact load on barge piers and 

pier responses.  

4. In Chapter 5, the feasibility of using vibration measurements before and after barge 

impact accident to quickly identify bridge conditions is discussed. In the study, a FE 

model of a continuous three span bridge is developed. Hydrodynamic load with 

noise is generated as ambient load and applied to bridge piers to excite the bridge 

structure before and after barge impact. Acceleration data of the bridge subjected to 
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ambient hydrodynamic load are recorded and output-only damage identification 

technique is used to extract bridge vibration properties. The numerical results 

demonstrated that structural damages induced by barge impact leads to prominent 

changes in bridge natural frequencies and MAC values. These changes could be 

used to identify the damage existence in the bridge structure. However, further 

analyses need be carried out to accurately locate and quantify the pier damage. 

5. Chapter 6 explores the feasibility of using CFRP strengthening technique to protect 

reinforced concrete pier from barge impact load. Pendulum impact tests were 

conducted on scaled pier models to investigate the pier response and damage with 

and without CFRP warp. It is found that strengthening pier column with CFRP wrap 

can improve the flexural resistance of the pier. Different failure modes are also 

observed between the strengthened and unstrengthened pier. FE model of the RC 

pier is developed and calibrated with the laboratory test results. With the validated 

pier model and previously developed barge model, numerical simulations are 

conducted to study the effectiveness of the CFRP composite on full scale bridge 

piers subjected to barge impact. Results show the CFRP retrofit technique can 

enhance pier flexural resistance and reduce pier deformation. Increasing CFRP 

thickness and tensile strength can also improve the impact resistance of pier column. 

However, wrapping pier column with CFRP composite cannot reduce barge impact 

load and other energy absorbing device may be needed to dissipate barge impact 

energy and hence reduce impact load. 

7.2 Recommendations for Future Research 

According to the literature review and the present study, several 

recommendations for future work are given below; 

1. In the present study, only one type of the commercially used barge, i.e., Jumbo 

Hopper Barge is investigated. Bridge pier subjected to other types of barges which 

have different geometries and stiffness may result in different impact 

characteristics and structural responses. More comprehensive parametric studies 

are deemed necessary. 

2. The bridge pier subjected to different angle of barge impact should be investigated. 

As the change of impact angle can lead to different impact energies and thus results 

in different impact force and structural responses.  



CHAPTER 7 

173 

3. The bridge superstructure can have important influence in the impact accidents. 

Numerical models with detailed modelling of bearings and bridge decks should be 

studied. The effect of different superstructure conditions should be discussed. 

4. In order to locate and quantify damage severity after a barge impact accident, 

model updating analysis needs to be carried out. 

5. In addition to CFRP strengthening, more strengthening techniques as well as 

protective devices should be explored for protecting bridge piers against barge 

impact. 
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