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ABSTRACT 

Addis Ababa Light Rail Transit (AALRT) contains 39 stations, nine (9) of which are elevated 

with help of bridges. A situation that could involve a truck accidentally or intentionally hitting 

a railway bridge pier in a metropolitan setting like Addis Ababa Light Rail Transit in Addis 

Ababa City leading to the collapse of the bridge structure would have serious consequences to 

not only the human lives, transportation in the city but also onto the entire Ethiopian economy. 

Bridges being overland structures that are designed to overcome an obstacle for the purpose of 

connecting communities are critical components of any rail road infrastructure therefore, the 

collapse of a bridge due to any cause would be extremely costly in terms of direct and indirect 

costs. Vehicle-bridge pier collisions are mostly extreme loading cases with a very low 

probability of occurrence during the lifetime of a structure that is usually associated with high 

disruption to traffic flow, especially in a metropolitan setting.  

 

A total of 276 piers were investigated to ascertain the extent of their vulnerability to vehicular 

impact load and  it was found out that 6 piers corresponding to 2.174 % are highly susceptible 

to vehicle impact, while 269 piers (97.464%) are moderately exposed and 1 pier (0.362%) was 

of low exposure to vehicle collision. Further analysis of the highly and moderately exposed 

piers shows that by location, 35.273% are located along curved sections while 56.727% are 

located along the tangent section, 4.727% are located along roundabouts and 3.273% are at 

intersections.  

 

The average damage ratio obtained from the piers along AALRT gave a damage ratio of 0.066 

which is a very insignificant damage only capable of causing micro cracks at the impact 

location which is a clear indicator that the piers can be repairable (minor) without replacement 

of the concrete component or any major effect on the operation of the train. Basing on 

deformation as a serviceability requirement for structural performance, a deformation of up to 

a maximum of 6.4 mm is equally too small to lower the confidence of the train users as obtained 

from numerical simulations using ANSYS. 

 

Regression-based sensitivity conducted on combinations generated by Latin Hypercube used 

as input parameters to ANSYS which generated deformation, clearly indicated that vehicle 

speed is the lead cause of deformation while stirrup spacing is the most significant parameter 

in resisting deformation of the pier during a pier-vehicle collision. 

 

Key Words: Railway Bridge Piers, Bridge Pier Vulnerability, Vehicular Impact Loads, 

ANSYS, LHS Sampling, Sensitivity analysis, and Simulation. 
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Chapter 1 : INTRODUCTION  

1.1 Background 

Addis Ababa Light Rail Transit (AALRT) is an electrified double track standard gauge (1.435 

meters) light rail transport system with two operational lines North-South (N-S) and East-West 

(E-W) (Figure1-1) in Addis Ababa City since May 2015. It is currently 31.025 Km and contains 

39 stations nine (9) of which are elevated with help of Bridges. According to China Railway 

Group limited [1], [2], E-W route has the total length of 17,400 m, 2,730 m of which are elevated 

section excluding the stations. All the elevated stations have a total length of about 340 m and 

the total elevated structure has the length of 3,070 m, which takes 17.644% of the whole route.  

Bridges are overland structures that are designed to overcome an obstacle for the purpose of 

connecting communities are critical components of any rail road infrastructure. Therefore, bridge 

collapse due to any cause would be extremely costly in terms of direct and indirect costs, 

Kamaitis [3]. In investigating bridge-pier collision C. Eugene Buth [4] reported that, in nearly 

every accident case, the damage to the impacted bridge pier was catastrophic, resulting in 

reconstruction of the pier. Bridge piers as structural components of a bridge are designed to hold 

out enormous compressive axial loads and as well as resist lateral loads such as vehicle impacts 

applied to them and that they are often vulnerable to fail under eccentric out-of-plane loads, such 

as those created by an impact or explosion according to WisDOT [5]. Similarly, Agrawal and 

Xu [6] concluded that external events were responsible for triggering bridge failures despite 

other principal factors affecting bridge failures. 

Impact load due to vehicle-bridge pier collision is considered as an extreme loading event which 

can result into significant damage to the structural supports including piers, bent cap, foundation, 

and superstructure but also with the possibility of leading to full structural failure or collapse. 

Eric [7],[8] identified the use of vehicles as the most likely approach by terrorists to attack a 

bridge. This, therefore, calls for newly designed bridges and existing structures crossing highway 

or railroad to be capable of resisting over height impacts or lateral impacts vehicular collision 

loads.  

Harik et al. [9] conducted a study that showed that collisions involving ships, trucks, and trains 

are among the leading causes of bridge failures. A similar study by Wardhana and Hadipriono 
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[10], outlined the major causes of bridge failures as; - hydraulic damage, vehicle collision, 

material deterioration, and overloading of the structure.  

According to World Health Organization (WHO) [11], the prevalence of road traffic fatality in 

Ethiopia for the year 2013 was 25.3 per 100,000 people a rate that is among the highest in the 

world. The United Nations Economic Commission for Africa (UNECA) [12] report also showed 

that Ethiopia had one of the world’s worst crash records with 170 fatalities per 10,000 vehicles 

as of 2009 despite having a very low road network density and vehicle ownership, the country 

(Ethiopia) has been cited as the worst example in road crash. According to Tariku et al. [13], 

road crashes are on an increasing trend in Addis Ababa and that road crashes reported and 

registered by Police in 2017 showed that most of the crashes were associated with drivers’ errors 

and demographic characteristics. Tariku [13] further points out that Ethiopia’s capital city – 

shares 60% of the total number of vehicles in the country and sadly these contribute to about 

60% of all road crashes occurring in the country.  

According to Fesseha and Sileshi [14], vehicle road structure type of interaction as shown in 

Table 1-1 accounted for 35.5% of the road traffic crashes in 2014 from the three main categories 

of vehicles that were considered are small vehicles, freight vehicles, and passenger vehicles. 

Similarly, Getu S et al.[15], [16]  concluded that the speed differentials (5 km/hr. to 80 km/hr.) 

in urban centres were recognized as risk factors for road traffic crashes and therefore, 

recommended that the road crash problem in Ethiopia be investigated because of its linkages 

with other development objectives.  

Table 1-1 Types of Road accident Crashes [14]   

  Type of interaction Number Percentage% 

Vehicle-Pedestrian 5030 54.5 

Vehicle-Road Structure  3318 35.5% 

Vehicle-Vehicle 907 10% 

Total 9255 100% 
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Figure 1-1 Addis Ababa Light Rail Transit Network (2018) 

Vehicle-bridge pier collisions are mostly extreme loading cases with a very low probability of 

occurrence during the lifetime of a structure according to Laurent and Yann [17] usually 

associated with high disruption to traffic flow and this is worse if it is in a metropolitan setting 

as shown in Figure 1-2. However, Haimes [18] points out that, “a low probability of occurrence 

does not justify minimizing our efforts to manage the potential adverse effects of a catastrophic 

event”.    

 

Figure 1-2   L-R Lorry Crashes into a Bridge [19], AALRT Impact Summary 

The overall long-term objective of this research was to investigate the performance of the 

Railway bridge pier due to unavoidable threats from vehicular impact loads. Therefore, 
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simulating the performance of railway bridge piers subjected to vehicular impact load for Addis 

Ababa Light Rail Transit system was conducted. 

1.2 Problem Statement 

Addis Ababa City contributes 60% of the vehicular accidents in Ethiopia. 35.5% of all accidents 

that occur in Ethiopia involve vehicle road structure collision [11] [13]. Addis Ababa Light Rail 

Transit being a city-based transport system, combined with lack of crash walls and barriers on 

some of its bridge piers as required by AREMA 2010(C-2.1.5) and AASHTO-LRFD 

2010(11.7.2) specifications greatly exposes the bridge piers to the extreme event of vehicular 

impact loads in case of a collision. Such bridge pier structures found susceptible to vehicle 

collisions must be designed to either redirect or absorb the impact force or provide structural 

resistance.  

A situation that could involve a vehicle-truck accidentally or intentionally due to terror attack 

there by hitting any of AALRT’s railway bridge pier leading to the collapse of the bridge 

structure would have serious consequences not only to the human lives, transportation in the city 

but also onto the entire Ethiopian economy. Considering that civil infrastructure is the backbone 

most economies, it has a large impact on personal and economic well-being if destroyed. Every 

nation’s infrastructure is the foundation for its workforce and provides safety for the public. 

Therefore, it is crucial to create structures that are more resilient under extreme load cases. 

Despite the rare occurrence of bridge-pier collision accidents, questions that seem of great 

importance and need to be answered are; What percentage of AALRT’s bridge piers are highly 

vulnerable to vehicular impact loads? To what extent will the AALRT most vulnerable bridge 

piers be damaged and deformed when subjected to vehicular impact load(s)? Which parameters 

are critical when designing to overcome damage of a bridge pier? 

Therefore, this study seeks to use ANSYS software to numerically model and simulate the 

vehicle-bridge pier collision so as to evaluate the performance of such vulnerable piers along 

AALRT and further provide reliable information that will be a basis for future structural design 

consideration of such vulnerable piers and other possible risk mitigation measures.  
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1.3 Research Objectives 

1.3.1 General Objective 

To evaluate the performance of vulnerable railway bridge piers subjected to vehicular impact 

load case for Addis Ababa Light rail Transit system (AALRT). 

1.3.2 Specific Objectives 

− To identify the most vulnerable bridge piers at risk of being subjected to vehicular impact 

load along AALRT. 

− To analyze the vehicle - pier collisions for the most vulnerable bridge piers along 

AALRT 

− To conduct a parametric study and sensitivity analysis related to bridge pier-vehicle 

collision.  

1.4 Research Questions 

1) Which and how many railway bridge piers along AALRT are at risk to vehicular impact 

loads? 

2) What will be the structural response of the vulnerable railway Bridge piers along AALRT 

when subjected to vehicular impact loads? 

3) Which parameters are critical in the performance of vulnerable railway bridge piers 

subjected to vehicular impact loads? 

1.5 Significance of the Study 

The data obtained from this study, can be used by the road and rail safety authorities and 

stakeholders for planning and evaluating road accidents and safety measures. The study will also 

be very helpful for engineers and policymakers with an emphasis to AALRT, ERC and ERA to 

take preventive and intervention measures to reduce the effect of vehicle-pier collision based on 

up-to-date scientific evidence on the magnitude and contributing parameters to catastrophic 

outcomes of vehicle-pier collisions in Addis Ababa and Ethiopia at large. 
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1.6 Scope and Limitations of the Study: 

During this study, only vehicular collisions were considered as impact loads with the AALRT 

vulnerable bridge piers being investigated within the period November 2018 to May 2019. 

Therefore, all simulations that were conducted during this study were restricted to head on 

(lateral) impacts of vehicles striking the bridge piers in a direction at an appropriate angle in the 

range of 0-15 degrees to the span of the bridge and the study was considered as a Hard Impact 

collision. Finite element bridge models were developed for bridges along the AALRT.  

The bridge model used for safety analysis study was not based on up-to-date as-built drawings 

but rather a combination of design reports and field investigations only. No experiments were 

done for model verification therefore, this means that model validation was based on published 

data. The study was conducted on the assumption that an accident occured and therefore, the 

performance of the bridge pier when subjected to vehicular impact was evaluated. 

1.7 Structure of the Thesis Report 

Chapter 1 and 2: Chapter 1gives a thorough background as to why the study of vehicle- bridge 

pier collision has to be conducted with a study case of AARLT as an appropriate one. While 

Chapter 2: Introduces the general impact loading, simulation, modeling, sampling, and 

sensitivity analysis procedure through a comprehensive literature review on the topic of vehicle 

collisions with bridge piers, as well as general knowledge and basic considerations to take while 

modeling using finite element software such as ANSYS.  

Chapter 3: aims at analytically quantifying piers that are susceptible to vehicle collision along 

the AALRT route and to be able to generate a bridge Pier Vulnerability Map with an intention 

of identifying the most critical piers with their corresponding characteristics for simulation of 

vehicle pier-collision.  

Chapter 4: aims at validating finite element materials and controls that can be used to conduct 

vehicle impact simulations. Due to the lack of experimental data involving vehicle collisions 

with bridge piers, a similar impact phenomenon was modelled for  a drop hammer experiment. 

Rectangular reinforced concrete (RC)  beams with varying longitudinal reinforcement ratios 

were subjected to impact loads. The numerical results have to be compared in terms of crack 

patterns and maxiumum mid span defelection for the beam impact test and the validated finite 

element controls and material models were adopted for use with impact load simulations.  
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Validation of vehicle-Pier collision was based on comparison for shear and deformations of 

numerical simulations and published data.   

Chapter 5: Details the procedure followed to determine the structural response of AALRT’s 

bridge Piers when subject to vehicular impact load at speeds of 70 km/hr up to a maximum of 

120km/hr. This Chapter also describes the findings from the vehicle-bridge pier collision. 

Chapter 6: Discusses how the identified different parameters affect the failure of bridge piers 

subjected to vehicle collisions for the different generated models. Systematic sampling using 

Latin Hypercube sampling technique was used to generate different probabilistic combinations 

for the following parameters of interest: vehicle velocity, vehicle mass, cylinder compressive 

strength, Stirrup spacing and area of longitudinal reinforcement. A sensitivity analysis was 

conducted to evaluate the impact of the above-mentioned parameters for two performance-based 

analysis consideration and that is deformation and damage ratio. 

Chapter 7: Summarizes the findings of the study and provides recommendations and also 

suggests possible areas for future research.  

Appendix A: This appendix provides details about the photographic evidence of field survey to 

identify piers susceptible to overhead and lateral impact, posted speeds along the AALRT route 

(these speeds were adopted for ranking of pier vulnerability), evidence of damage to the piers 

and extent of protection to the piers. 

Appendix B: This section seeks to illustrate the different parameters that were used in assessing 

the performance of AALRT identified vulnerable piers when subjected to vehicular impact loads.  

Appendix C: This shows the data that was adopted for the calculation of mean and standard 

deviation values for speed and axle loads. It also gives the table from which the coefficient of 

variation was adopted for the calculation of standard deviation when given the mean value. 

Appendix D: This appendix provides the detailed summary outputs for  regression statistics and 

ANOVA of the different stages of multiple regression analyses that were conducted based on 

ANSYS simulations for the generation of deformation as an output.  
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Chapter 2 LITERATURE REVIEW 

2.1 Introduction 

In order to satisfy the serviceability limit states, a concrete structure must be serviceable and 

perform its intended function throughout its working life. Excessive deflection should not impair 

the function of the structure or be aesthetically unacceptable. Cracks should not be unsightly or 

wide enough to lead to durability problems, Gilbert [20]. Design for the serviceability limit states 

involves making reliable predictions of the instantaneous and time-dependent deformation of the 

structure. This is complicated by the non-linear behavior of concrete caused mainly by cracking, 

tension stiffening, creep and shrinkage. Due to the brittleness of concrete, impact damage is a 

major cause of the reduction in a life span of any concrete construction. Generally, when an 

impact load is applied to a concrete structure, various forms of damages will occur during the 

loading process. The most common damages are the different types of global or localized 

damage, including flexural cracking, shear cracking, crushing of concrete beneath the projectile 

and spalling at the bottom of a concrete element. According to Gilbert [20], the broad design 

objective for a concrete structure is that it should satisfy the needs for which it was contrived. In 

doing so, the structural designer must ensure that it is both safe and serviceable so that the 

chances of it failing during its design lifetime are sufficiently small. The two primary structural 

design objectives are therefore strength and serviceability.  

It is evident that the performance of reinforced concrete member, both the ultimate state 

(strength) and the serviceability state (crack and deflection), relies on the transfer capacity of the 

interfacial regions between the concrete and the reinforcement. The transfer forces, in turn, 

depend on the bond quality between the two materials (steel and concrete)  

Laurent and Yann [17] suggested that reliable prediction of the structural response of concrete 

under impact requires the knowledge of the strain rate dependency of concrete constitutive 

behavior. The strain rate at some point within the material measures the rate at which the 

distances of adjacent parcels of the material change with time in the neighborhood of that point. 

It comprises both the rate at which the material is expanding or shrinking (expansion rate) and 

also the rate at which it is being deformed by progressive shearing without changing its volume 

(shear rate). It is zero if these distances do not change, as happens when all particles in some 

region are moving with the same velocity (same speed and direction) and/or rotating with the 

same angular velocity, as if that part of the medium were a rigid body. 
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According to Agrawal et al. [21], the understanding of the damage modes of bridges after the 

collision is crucial for the safety assessment and the consequential impact on the local 

transportation network. Despite all that, the current understanding of impact resistance for 

reinforced concrete (RC) bridge piers is still limited. Irrespective of being reliable, the high-cost 

levels and complexity associated with vehicle-bridge full-scale collision experimental tests for 

structural bridge assessment and analysis explain why most research scholars prefer numerical 

simulation of structural impact response since it is a more efficient way of testing the behavior 

of members with different characteristics. Most researchers have used the finite element analysis 

in order to predict  impact response of reinforced concrete elements with reasonable accuracy. 

According to SB-LRA [22], bridge assessment is categorized into three main types depending 

on the reasons for performing a load capacity assessment and the required level of detail varies 

with the type of assessment as shown in Figure 2-1 

 

Figure 2-1 Types of Assessment (SB-LRA, [22] ) 

A study by Tawil [23] demonstrated that numerical modeling could serve as a powerful tool to 

investigate the vulnerability of bridges or to improve general design criteria. One of the 

noticeable gaps is that most of the research carried out to date mainly considers the validation of 

already affected bridge piers and little attention is paid to assessing the maximum possible 

impact the piers can sustain during their operational stage.  

2.2 Impact Loading 

2.2.1 Impact Loading Terminology and design standards 

According to Engin et al [24], any given structure is generally under the effect of two main loads 

as static and dynamic loads. While static loads are permanent ones, dynamic loads occur 
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suddenly and affect structures for a length of time. Since destructive damages may happen due 

to dynamic loads, the response of the structure against these loads shall be estimated correctly.   

Impact effects are the changes in mechanical properties of members due to stresses occurring at 

the striking moment between objects. Car, helicopter, plane strikes, ship strikes to abutments, 

water structures, and petrol platforms, explosions in military establishments, projectile and 

missile strikes, crane accidents while carrying members and stone and rock falls to structures 

located in roadsides are the examples of impact incidents. Performing studies about impact effect 

are helpful in determining the mechanical properties of members under high-stress values Engin 

et al. [24]. 

RC structural member subjected to impact loading scenarios deform over a relatively short 

period of time, the effect of strain rate, lateral confinement, and inertia force become more 

significant. As a result, the structural response and failure mode may be different from those 

under static loads Li et. al. [25]; Chen and May [26]. 

In general, materials subjected to dynamic effects, such as impact loading, respond over a 

relatively short period of time. As a result of such high loading rate, the strain rates reach 

magnitudes considerably higher than that of static conditions CEB-FIP, [27]. Numerous 

experimental studies have demonstrated that high strain rates result in enhancing mechanical 

properties in most materials and these properties include compressive strength; ductile tensile 

strength; flexural strength; elastic modulus; Poison’s ratio, fracture toughness, and density. This 

includes the constituents of RC structures, namely: concrete and steel reinforcement. Dynamic 

increase factor (DIF) is the most popular method for taking account of strain rate effects on both 

deformation and failure Li et al. [25]. DIF which  is defined as the ratio of the dynamic to static 

strength is generally reported as a function of strain rate. Most reported relations of DIF and 

strain rate are linear-logarithmic or double logarithmic. It is important to mention that DIF is of 

direct use in FE analysis of structures subjected to dynamic loading conditions Li et al., [25]; 

Othman and Marzouk [28].  

Impact loading may be classified as hard or soft impact, depending on the deformation of the 

impactor (projectile) with respect to the deformation of the target. In hard impact, the 

deformation of the impactor is considered negligible compared with the target's deformation. In 

such an impact type, the impactor is considered rigid. In contrast, in soft impact, the impactor 

itself undergoes significant deformation and must be considered in the analysis of impact 
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problem (Li et al. [25]). In either of two impact types, the response, as well as the failure mode 

of the concrete target, may be classified as follows:  

Global response: the RC member responds globally with deformation of the entire member.  

There are two failure modes of global response for RC members: flexural failure and punching 

shear failure. Both failure modes are caused by the elastic-plastic response. Figure 2-2 shows the 

two modes of global response. The majority of global response investigations were carried out 

on RC beams. 

 

Figure 2-2 Global Response of RC Target [29]  

Local response: the RC member responds locally and the impact energy is dissipated around the 

impact zones. Most of the local impact investigations were carried out on RC plates. Local 

impact effect is briefly sub-divided into seven phenomena as classified in ( Li  et al. [25]): a) 

penetration, b) cone cracking and plugging, c) spalling, d) radial cracking  associated to (i) 

impact face and (ii) back face, e) scabbing ejection of fragments from the  back face of the target, 

f) perforation. Local impact damage mechanisms are illustrated in Figure 2-3.  

Combined response: the impact energy is dissipated through a combination of local and overall 

structure deformations.  
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Figure 2-3 Impact effects on concrete Target [25]  

A brief review of design standards 

The American Association of State Highway and Transportation Officials (AASHTO) Load and 

Resistance Factor Design (LRFD) Bridge Design Specifications (2010) requires that abutments 

and piers within 9.144 m of the roadway to be considered for the extreme event of a vehicle 

collision.  The required equivalent static force (ESF) that the structure must be designed for is a 

2,669 KN single point load applied to the pier at a height of 1.524 m above the ground and at an 

angle of incidence from 0 to 15 degrees with the edge of pavement in a horizontal plane. This 

recommendation, however, is based on experimental testing involving a single semi-tractor-

trailer(36.2 ton truck) colliding into a rigid pier at 50 mph. This leaves a large room for 

uncertainty when designing a bridge pier with different design specifications that could possibly 

undergo different loading conditions such as varying vehicle mass and velocity. Past research 

has shown that AASHTO’s design specifications underestimate the demand expected on the 

bridge pier from collision loadings according to Agrawal et al. [21]. This raises a concern of 

safety in regards to the current bridges in service today. 
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2.2.2 Review of Previous Low-velocity Impact Studies    

According to Othman [28] and Safri et al [30], There are several categories of impact loading, 

and specifically these are: low velocity (large mass), intermediate velocity, high/ballistic velocity 

(small mass), and hyper velocity impact. These categories of impact loading are important 

because there are extreme changes in energy transfer between the projectile and target, energy 

dissipation and damage propagation mechanisms as the velocity of the projectile varies (4). Low 

velocity impacts occur at a velocity below 10 m/s, intermediate impacts occur between 10 m/s 

and 50 m/s, high velocity (ballistic) impacts have a range of velocity from 50 m/s to 1000 m/s, 

and hyper velocity impacts have the range of 2 km/s to 5 km/s (5). Low and intermediate velocity 

impact studies are the common impact scenarios for civil engineering.  In High-velocity impact 

studies, the loading impulse acts over a very short time, much shorter than the natural period of 

structural member vibration by perhaps one or two orders of magnitude. As a result, the entire 

structural member has no time to respond globally and the failure of beams or plates is localized 

in the form of punching ejection cone.  

According to Othman [28], generally, the low-velocity and intermediate impact is relevant to 

most common dynamic accidental loading cases in civil engineering structures. Low and 

intermediate-velocity impact tests are commonly based on large mass low-velocity technique 

using the potential energy method to generate the impact energy. Examples of such setups 

include falling drop-weight and pendulum-type.  

Several types of impact tests exist but due to the difficulty while being performed and the 

sophisticated equipment required [32]. ACI Committee 544 [33] has proposed a drop-weight 

impact test to evaluate the impact resistance of concrete due to its simplicity and economy.  

Experimental and numerical work studying the behavior of RC beams subjected to impact loads 

by steel drop hammers and vehicles has been published ( [6], [21], [23],[31],[34], [35],[36],[37]). 

Experimental work performed by Zhou et al.[31] Fujikake et al.[34] and Saatchi and Vecchio[35]  

consisted of analyzing a beam behavior under impact which has been used in simulating the 

vehicle-pier collisions.  

Agrawal et al. [21], conducted a comprehensive investigation of the behavior of three-span 

reinforced concrete highway bridge piers (as shown in Fig 2-5) subjected to impacts by medium 

weight trucks moving at 30, 50 and 70 mph which were modelled in LS-DYNA. The behavior 

of concrete during high strain rate impact loading was modelled nonlinearly using the 
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Continuous Surface Cap Model (CSCM) concrete model in LS-DYNA so as to capture dynamic 

failure modes of the bridge pier. Various failure modes of the bridge pier have been identified 

by impacting the bridge pier by the truck as shown in Table 2-1. 

In a similar study conducted in New York El-Tawil et al. [23], used inelastic transient finite 

element simulations to investigate the structural demands generated during three accidental 

collisions between heavy vehicles and bridge piers that occurred with catastrophic consequences 

and related loss of life. In this study, the 14-kN Chevy truck and 66-kN Ford truck models 

developed by FHWA for safety/crashworthiness were used.  The two truck models were crashed 

at various approach speeds into finite element models of two bridge piers (rectangular and 

circular) with different structural characteristics. ESF were computed as a more appropriate 

measure of the design structural demand and used to critique the AASHTO-LRFD vehicle 

collision provisions. From their study, the provisions of AASHTO-LRFD were found not to be 

sufficient against some crashing situations. 

Table 2-1 Damage Classification Based on Failure Mechanism [6]  

Failure mechanisms Damage Classification 

Spalling of concrete surface; 

breakage of the pier;  

 

Repairable (minor) A bridge pier with minor damage can 

be repaired without replacement of the concrete 

component 

 

Severance of the longitudinal 

rebar and stirrups; plastic hinge 

formation in the pier;  

 

Moderate: A bridge pier with moderate damage may have 

to be repaired with structural rehabilitation. 

The crush of the bent; Flexural 

failure of the bent 

Severe: A severely damaged bridge pier may pose a high 

risk of collapse of the bridge. Hence, the bridge may have 

to be demolished and reconstructed. 

 

According to Zhou et.al. [38] in their study of a viaduct pier in Shanghai using a developed 

prototype of bridge pier (Figure 2-4) and Chinese model-Dongfeng truck developed using FEA-

MISEL company. In this study Zhou et al. [38], the vehicle-pier collision numerical model was 

developed in LS-DYNA and validated using the nonlinear material constitutive laws considering 

strain-rate effect.  The relationship between failure modes of the impacted piers and impact 

energy was analyzed and ESF as the impact force for pier design was also discussed. An impact 

mass of 1140 kg was dropped with speeds of 4.5 m/s on a 300 mm x 300 mm with a span of 

4000 mm to be used in the verification and validation of the model.  
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The work by Fujikake et al. [34] consisted of three RC beams (twelve specimens of 250 mm x 

150 mm and a span of 1700 mm) having varying longitudinal reinforcement ratio subjected to 

impact from a drop hammer. The 400 kg hammer as shown in Figure 2-4 was dropped from 

heights ranging from 0.15 to 1.20 m. Flexural failure was observed throughout all three 

specimens however the amount of local damage varied. 

The study concluded that varying amounts of longitudinal reinforcement govern the amount of 

localized damage that can accumulate within a member. Testing has shown that localized 

damage in RC beams increases with higher amounts of tensile reinforcement due to the increase 

in stiffness. It was also found that the amount of localized failure can be reduced by providing 

more reinforcement in the compressive face of the beam. 

 

Figure 2-4 Drop Hammer Impact Test Setup [34]  

Zhou and Li [37] numerically modelled and analyzed the vehicle–pier collision and concluded 

that the failure process of the impacted pier can be divided into four phases, that is, initial peak 

impact force phase, impact force of development phase, maximum peak impact force phase, and 

impact force of attenuation phase and defined the damage index as the ratio of the vehicle impact 

force to the shear capacity which can be used to assess the damage state of the impacted pier. 

Damage index was used to classify damage states as shown in Table 2-2.  

In the study performed by Saatchi and Vecchio [35], it was found that under impact loding, shear 

mechanisms were the dominating factors in the primary behavior of beams. Even in beams that 
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were statically flexure-critical, shear failure was still of main concern under impact loading. 

Adequate transverse reinforcement in the shear critical sections of the beam prevented a portion 

of the beam from failing by shear. The study consisted of four RC beams with identical 

longitudinal reinforcement and varying transverse reinforcement ratios ranging from 0 – 0.3%. 

Ozbolt and Sharma [36] studied concrete models that could accurately capture the rate and 

erosion effects of concrete under different loading situations. While it is crucial to develop 

validated models that can accurately capture a member’s response under impact, it is equally 

important for in-depth analyses to be performed as well. 

Table 2-2 Damage Index [37]  

Damage Index Values/Damage State Description of Results 

0 - 0.2: Slight damage 

 

Insignificant damage or microcracks occurred at the 

impact location. The impacted pier can be used without 

repairing 

  

0.2 - 0.6: Moderate damage Minor concrete fell off and reinforcement bent at the 

impact location. Small residual displacement remained 

at the impact location. The impacted pier can continue 

to be used with retrofit 

  

0.6 - 1.0: Severe damage 

 

 

 

 

The shear failure took place in the impacted Pier. 

Significant cracks occurred at the impact location with 

stirrups fractured. Obvious residual displacement at the 

impact location and small Vertical settlement at the top 

of the Pier remained.  

 

Greater than 1: Collapse Piers were destroyed with broken concrete and 

fractured stirrups. Excessive residual displacements 

and vertical settlement remained, resulting in 

superstructure being inclined badly or collapsed. 

Table 2-3  Design Values of RC Piers  [31]  

Section 

dimensions 

/mm2 

Height 

/m 

Compressive 

strength of 

concrete/MPa 

Yield Stress 

of 

Steel/MPa 

Reinforcement 

/mm 

Stirrup  

/mm 

1200 x 1500 6.5 31.467 414 54C32 C16@ 

100/200 
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In a drop-weight impact test conducted by Xue-Chao [32],  four different masses 0.875, 0.8, 

0.675 and 0.5 kg, of steel hammers were used with a constant height of 400 mm, the hammer 

repeatedly fell on U-shaped concrete specimen until final failure occurred. 

Brackin et al, [4]  simulated heavy vehicle and a pier model where a rigid pier was modelled 

with fixed boundary conditions at the top and bottom making it possible to determine the 

maximum force that a pier might experience when hit. Two heavy vehicle models were used: a 

tractor-trailer and Single Unit Trucks (SUT) and 36 in. in diameter and 14 ft, tall were 

investigated.  

 

Figure 2-5 L-R Numerical Model of RC Pier; Whole Bridge Pier Model [21] 

Gomez and Alipour [39] during their study, modeling controls, and material properties were 

verified by conducting an impact drop hammer experiment. The bridge pier collision models 

were validated by comparing vehicle damage and impact forces with published research results. 

Conservation of energy was also checked to assure stability within the impact simulation. Bridge 

piers subjected to vehicular collisions are exposed to significant shear forces that must be resisted 

by the concrete and steel reinforcement. A correlation was observed between the damage ratio 

of impact force over the shear resistance of a pier and the type of damage the pier experienced 

and were classified (Table 2-4).  

Table 2-4 Damage Ratio and Classification [39]  

Damage Ratio Damage Classification 

Less than 2 Minor 

2.0 – 4.0   Moderate: Bridge remains operational 

Greater than 4 Extensive: Bridge is out of operation with the possible 

collapse 
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Chen and Xiao [40] constructed a bridge model and a directly impacted pier was built with the 

detailed 3D nonlinear element, while the other piers, bent cap, and piles were modelled by elastic 

beam element, and nonlinear bar element with compression only response was used to represent 

soil. In their study they presented and discussed some simulations between medium-duty or 

heavy-duty truck and entire bridge or single pier; and the failure mode, deflection and impact 

force of each simulation. 

2.3 Modeling and Simulation 

2.3.1 Introduction 

According to Sargent [41], simulation models are increasingly being used to solve problems and 

to aid in decision-making. Model verification is often defined as “ensuring that the computer 

program of the computerized model and its implementation are correct” while model validation 

is usually defined to mean confirmation that a computerized model within its domain of 

applicability possesses a satisfactory range of accuracy consistent with the intended application 

of the model. The cost of model validation is usually quite significant, especially when extremely 

high model confidence is required.  

According to Zhou et.al. [31] validating a numerical model has different aspects like confirming 

the material models, contact types between different parts, failure modes of the impacted 

member, and hourglass control of the numerical result. The three chronological steps for model 

validation are; 

1) To validate the material models and contact types. 

2) To validate the failure mode and 

3) To validate the hourglass control 

There are three basic approaches used in comparing the simulation model output behaviour to 

either the system output behaviour or another model output behaviour: (1) the use of graphs to 

make a subjective decision, (2) the use of confidence intervals to make an objective decision, 

and (3) the use of hypothesis tests to make an objective decision.  

Simulation modeling and analysis is becoming increasingly popular as a technique for improving 

or investigating process performance Chung [42]. It is a cost-effective method for evaluating the 
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performance of resource allocation and alternative operating policies. In addition, it may also be 

used to evaluate the performance of capital equipment before investment. These benefits have 

resulted in simulation modeling and analysis projects in virtually every service and 

manufacturing sector. Simulation modeling and analysis is the process of creating and 

experimenting with a computerized mathematical model of a physical system.  Simulation 

modeling has specific benefits and these include: 

• Experimentation in a compressed time 

• Reduced analytic requirements 

• Easily demonstrated models 

2.3.2 Different techniques for impact load modeling   

Freefall impact can be modelled in different Finite element software’s using different techniques. 

One obvious way is to define an amplitude variation of impact load resulting from the test as an 

input. However, there are two easy techniques without prior knowledge of the impact load that 

are used for modeling. 

• The drop weight can be modelled at its initial drop-height above the specimen and allow 

the software to calculate the motion under the influence of applied gravity acceleration. 

Studies show that weight falling testing apparatus is the best way to investigate shear, 

bending failures and deformations in structural members under impact effect according 

to Engin [24]. 

• The drop-weight can be modelled at a position very close to the specimen surface with a 

predefined initial impact velocity. The first option is less practical because of the large 

number of increments required to complete the falling part of the simulation. The latter 

is the most efficient technique that was used by Othman [28]. 

Here, by conservation of the energy, the speed on impact (Vf) is calculated by the equation of 

Vf; -  

 𝒎𝒈𝒉 =
𝟏

𝟐
 𝒎 𝑽𝒇

𝟐 −
𝟏

𝟐
𝒎𝑽𝒊

𝟐 𝒃𝒖𝒕 𝑰𝒏𝒊𝒕𝒊𝒂𝒍 𝒗𝒆𝒍𝒐𝒄𝒊𝒕𝒚  𝑽𝒊 = 𝟎                              (1) 

𝑽𝒇 = √𝟐𝒈𝒉                                                                                     (2) 

where g is the acceleration due to gravity (9.806 m/s2), ℎ is the free fall height (m), 



Performance of Vulnerable Railway Bridge Piers Subjected to Vehicular Impact Loads- Case 

study: Addis Ababa Light Rail Transit 

 

MSc Thesis Page 20 
 

2.3.3 Modeling of the Geometry   

In general, the geometry of RC members should be modelled as close as possible to the real 

structure. The majority of numerical simulations of RC members have been carried out using 

two-dimensional idealization, which is valid for most cases involving static loading.   

However, impact-contact problems require an adequate representation of local and global 

responses.  3D-FE modeling would enable accurate simulation of RC plates under impact load 

since stress and strain distributions are in three dimensions especially at impact zone as described 

by Belytschko et al. [43].  Additionally, three-dimensional modeling takes into account some 

critical aspect such as confinement effect, punching, transverse shear, and dilation of concrete, 

which are difficult to model using two-dimensional simplification. 

According to Liu and Quek [44], there are numerous Computer Aided Design (CAD) software 

packages used for engineering design which can produce files containing the geometry of the 

designed engineering system. These files can usually be read in modeling software packages, 

which can significantly save time when creating the geometry of the models. In many cases, 

finely detailed geometrical features play only an aesthetic role and have negligible effects on the 

performance of the engineering system. 

2.3.4 Material Property and modeling  

The adopted material constitutive model must be capable of tracing the development and 

propagation of the yielding and inelastic flow of the material up to the failure point. In addition, 

the strain rate effect is another important issue that must also be simulated properly.  The elastic 

behavior of a material is specified by defining elastic modulus and Poisson’s ratio. The inelastic 

behavior is defined using the true stress-logarithmic plastic strain curve. According to Liu and 

Quek [44], Young’s modulus and shear modulus are required for the stress analysis of solids and 

structures, whereas the thermal conductivity coefficient will be required for thermal analysis. 

According to Liu and Quek [44], solids and structures are stressed when they are subjected to 

loads or forces. The stresses are, in general, not uniform, and lead to strains, which can be 

observed as either deformation or displacement. Materials can be anisotropic, meaning that the 

material property varies with direction. Deformation in anisotropic material caused by a force 

applied in a particular direction may be different from that caused by the same force applied in 

another direction. Composite materials are often anisotropic. Many material constants have to 

be used to define the material property of anisotropic materials. Many engineering materials are, 
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however, isotropic, where the material property is not direction-dependent. Isotropic materials 

are a special case of an anisotropic material. There are only two independent material constants 

for isotropic material. Usually, the two most commonly used material constants are Young’s 

modulus and Poisson’s ratio. 

According to Subhashini et al. [45], plasticity is a characteristic for describing the behavior of 

ductile materials that experience permanent deformations. Nevertheless, plasticity theory can 

also be used in finite element analysis of brittle behavior. Concrete also shows some ductility 

under compression loading and confining pressure. It ought to be noted that when tension is 

present, such as shear in reinforced concrete structures, plasticity theory is usually employed in 

the compression zone and that the constitutive behavior of concrete is very tedious to capture by 

using elastic damage models or elastic plastic laws since irreversible strains cannot be captured. 

On the other hand, when elastic plastic relation is adopted the strain will be overestimated since 

the unloading curve will follow the elastic slope.  

Constitutive relations define the behavior of the material in terms of stress-strain relations, 

function F (σ, ε), in a material and corresponding material stiffness. They reflect the non-linear 

material effects and failure, such as the concrete cracking or the reinforcement yielding. The 

above formulation is typically incremental. The forces, displacements, strains, and stresses are 

linearized increments within each load step. 

Cracking is the most important property of brittle materials such as masonry, concrete or rock. 

Therefore, the complete response of a structure to a given imposed loading can be obtained by 

such an analysis including stages of crack propagation in the pre-peak serviceability state, the 

failure load and failure mode and the post-peak behavior. The response of concrete can be 

divided into four stages; uncracked, cracked, yielding of the reinforcement and failure according 

to Michael and Josefine [46] as shown in Figure 2-6 

In the uncracked stage, the reinforcement has small influence and the flexural rigidity is mostly 

governed by the concrete. The response is relatively stiff and linear in this stage. This is referred 

to as state I. 

When the tensile strength of the concrete is reached in a section, a crack is formed. In the early 

stages of cracking the concrete between the cracks has a large contribution to the stiffness, this 

is called tension stiffening. When the cracks propagate in the structure the stiffness decreases 
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until the structure can be regarded as fully cracked and the stiffness is to a high degree governed 

by the reinforcement. The stiffness of the fully cracked section is referred to as state II stiffness. 

 

Figure 2-6 Modified Structural behavior of Concrete [46]  

In the third stage, the reinforcement will start to yield and the response of the structure changes 

drastically. The strain hardening of the steel allows the load on the structure to be increased 

beyond the yield strength of the steel. The failure of the structure can be brittle or ductile 

depending on the properties of the section, e.g. the amount and the ductility properties of the 

reinforcement. A formation of a plastic hinge will develop if the response of the reinforcement 

is ductile and a suitable reinforcement configuration, with regard to cross-section and concrete 

strength, is present. 

2.3.5 Strain rate effects 

The rate at which a strain is applied to a structure affects the response of the materials. When a 

strain is applied fast, materials tend to be stiffer and stronger. According to Michael and Josefine 

[46], the strain rate effect on concrete can be explained by viscous and structural effects as shown 

in Figure 2-7. 

The viscous effects have an impact on the formation of cracks in the material. During static 

loading, the crack propagates through the material slower and has time to find the weaker path. 

At high strain rates, on the other hand, the crack propagates without having time to make use of 

the same weaknesses within the material. This gives rise to a stiffer and stronger response. 
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At higher strain rates, the structural effects are influencing the strength. This is mainly due to 

inertia forces that develop at the tip of the crack. When concrete is subjected to compression, 

faster than it responds, a confinement effect will arise. This leads to a stress state close to plain 

strain which increases the strength of the concrete. 

 

Figure 2-7 Strain rates for Viscous and Structural effects are influence concrete in 

compression  [46] 

The material strain rate is the rate of strain change of a material with respect to time. Any increase 

in concrete properties under dynamic loading is typically reported as a dynamic increase factor 

(DIF). DIF is the ratio of dynamic concrete strength to static concrete strength; it is calculated 

from both the strain rate and concrete static properties. 

                    𝑫𝑰𝑭 =
𝑭𝒅𝒚𝒏

𝑭𝑺𝒕𝒂
                                                                                            (3) 

2.3.6 Mesh size dependency  

Meshing is performed to discretize the geometry created into small pieces called elements or 

cells, according to Liu and Quek [44]. One of the complexities associated with FE analysis of 

RC structures is mesh dependency of results.  Several numerical studies reported that both tensile 

and compressive post-peak behavior of concrete is mesh size dependent, in which the numerical 

results do not converge to a unique solution as the mesh is refined Othman[28]. It is more 

affected by the in-elastic uniaxial tensile response rather than compression softening behavior. 

This problem is not limited to the static or low loading rates cases but manifests identically in 



Performance of Vulnerable Railway Bridge Piers Subjected to Vehicular Impact Loads- Case 

study: Addis Ababa Light Rail Transit 

 

MSc Thesis Page 24 
 

the dynamic loading case. Mesh dependency typically occurs when a constitutive model based 

on smeared cracking approach is used to trace the damage progression in material with a stress-

strain softening response. 

According to Engin et al. [24],  two aspects should be considered to determine if a mesh is good 

or not. The first has to deal with the representation level of the domain (RLD). This variable is 

measured as the difference between the areas or volumes of the actual domain and the final mesh. 

The second aspect is quality. This is evaluated in terms of aspect ratio, warping ratio, element 

quality and Jacobian ratio. The idea of putting a lot of emphasis on quality is because bad quality 

elements can lead to several computational errors in the simulation.  

Logan [47] stated that aspect ratio is the ratio of the longest dimension to the shortest dimension 

of a quadrilateral element. In many cases, as the aspect ratio increases, the inaccuracy of the 

solution increases. 

2.3.7 Energy balance  

The law of conservation of energy explains that energy inside a system cannot be created or 

destroyed, and it can be transferred from one form into another without changing the total amount 

of energy Tony and Jason [48]. In general, the total energy (Etotal) of any system remains constant 

since the energy cannot disappear but can only be transformed. Therefore, checking the total 

energy of the system is a good way to verify the stability of the analysis. In numerical analysis, 

the total energy is not completely constant and varies with time Othman [28]. As a vehicle moves 

with a particular velocity, it contains an inherent amount of kinetic energy. Energy dissipation 

through heat and sound are neglected as they account for a relatively small amount of the total 

energy in the system. Vehicles are designed to protect the passengers by dissipating energy 

through crumple zones; where the material in parts of the vehicle are designed to yield without 

causing damage to the passenger compartment. Once the vehicle itself cannot absorb any more 

energy through deformation, the remainder of the energy is transferred into the bridge pier.  The 

amount of energy absorbed by the bridge pier is proportional to the pier’s stiffness and inertia at 

rest. Because bridge piers often possess a large amount of inertia, the force required to cause a 

displacement of the column is very large. As the column displaces due to the impact, work is 

done.  

In addition to monitoring the total energy time history, it is important to check different 

components of internal energy. The internal energy (EI) is equal to the summation of recoverable 
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elastic strain energy (EE), the energy dissipated through inelastic plasticity processes (EP), the 

energy dissipated through viscoelasticity or creep (ECD), and the artificial strain energy or 

hourglass energy (EA). The artificial strain energy is used to suppress hourglass modes and it 

includes energy stored in hourglass resistances and transverse shear in shell and beam elements.  

The artificial energy is another useful quality check and it should be minimal, typically not 

exceeding 5% of internal energy. Large values of artificial strain energy indicate that mesh 

refinement is necessary. Energy briefs that include internal energy, total energy, and specific 

energy are explained as follows according to Tony and Jason [48]; 

Internal energy: In theory, the internal energy is equal to the work (E) done by external forces 

on the system, which is equal to the product of the exerted force (F) and the distance (d) through 

which the force moves. 

Total energy: The total absorbed energy is the amount of energy that the specimen absorbed 

during the entire impact test – from start to end.  This value may be the same as energy to 

maximum load when the specimen abruptly fails at the maximum load point.  The value is 

calculated from the time the load begins to rise until the first occurrence of zero loads after the 

maximum point. This value can be used as an indicator to a materials ductility or toughness – 

the higher the value the stronger the material.  However, care needs to be taken to ensure that 

when the data collection ends, the load has fallen below the zero thresholds.  If it hasn’t, this 

value is no longer a valid number to be used. The total energy is calculated by the summation of 

energy before the crash and after the crash of the different materials.  

Specific energy: Fundamentally, the key requirement of crash protection is to absorb and 

dissipate energy. In an impact, the crash structure must dissipate the energy of the impact whilst 

ensuring that the occupants of the vehicle are not subjected to excessive accelerations/forces and 

that the “survivable” zone within the car remains intact (i.e. the crash structure does not ingress 

too far into the vehicle).  This energy dissipation is achieved through plastic work done in 

deforming the material in the crash structure known as specific energy.  

Hourglass Energy: According to Bala and Day [49], hourglassing refers to nonphysical, zero-

energy modes of deformation in solid, shell, and thick shell elements with a single integration 

point. Hourglass modes result in zero strain and no stress modes, this can affect solution accuracy 

by interfering with the structure’s true response. Hourglassing can be eliminated from the 

solution by implementing fully integrated elements but at the expense of longer analysis time.  
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Single point integration elements are more commonly used because they are much faster to 

analyze, and with the implementation of hourglass control algorithms hourglass is minimized to 

a tolerable amount; usually, less than 10% of the total energy of the system as discussed by Bala 

and Day [49]. The hourglass control algorithms apply internal forces to resist the hourglass 

modes and result in hourglass energy that is taken away from the physical energy of the system. 

Hourglass energy is controlled by viscous and stiffness formulations. Viscous and stiffness 

hourglass control formulations generate hourglass forces proportional to components of nodal 

velocity and displacement, respectively.  Viscous forms are recommended for high velocity and 

high strain rate problems such as explosives. Stiffness forms are recommended for low strain 

rate problems such as crash simulations.  

2.4 Methods of Analysis under Numerical formulations 

According to Liu and Quek [44], structural analysis is typically performed for any given structure 

to evaluate local effects such as internal forces or stresses, or global effects which involve 

displacements and reactions. For this analysis to function properly and produce decent results, 

well-defined geometry, material properties, and boundary conditions of the studied member have 

to be provided. There are three analysis methods which are commonly used by researchers:  

empirical, analytical, and numerical. Many complex engineering problems cannot be analyzed 

using the first two methods, and more practical analysis is usually carried out using numerical 

approaches.  This method involves breaking down a structure (domain) into smaller pieces (sub-

domains).  

2.4.1 Finite Difference Method (FDM) 

The finite difference method is a numerical technique frequently used to obtain approximate 

solutions of problems governed by differential equations Hutton [50]. This method generally 

involves breaking the structure into nodal regions and the governing equations are replaced by 

finite difference equations, then these equations are solved simultaneously to obtain a solution. 

However, the major drawbacks of this method is that it is impractical to apply the procedure to 

structures with complicated geometries, boundary conditions, and problems of fast-changing 

variables as in the case of stress concentration. 

2.4.2 Boundary Element Method (BEM) 

As implied by the method’s name, elements are only formed on the boundary of the structure. 

The method applies Green’s theorem as the response of the differential equation to determine 
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quantities of interest such as displacements and stresses within the closed boundary. Despite the 

efficiency of this method in terms of computation, large matrices are sometimes expected which 

makes the techniques difficult to use in nonlinear problems and structures with non- 

homogeneous media Hutton [50]. 

2.4.3 Finite Element Method (FEM) 

FEM is a numerical method seeking an approximated solution of the distribution of field 

variables in the problem domain that is difficult to obtain analytically Liu and Quek [44] . This 

method is based on the laws of mechanics and depending on the nature of the problem, it can be 

associated with solid or structural mechanics, fluid mechanics, or thermo-mechanics. The 

modeling procedure of the finite element analysis can be simply described as a loop.  The first 

step involves modeling the physical problem numerically by using the appropriate differential 

equations (also known as shape functions) to create the finite element model that is a close 

representation of the structure. Loads are then applied to the model and displacements are 

quantified at the nodes, followed by stress and strain analyses of the system.  The results obtained 

from this numerical modeling is validated against real data.  

In summary Figure 2-8 depicts the precedence of the finite element method that involves the 

choice of elements (such as truss, beam, 2D or 3D continuum), mesh, and boundary conditions. 

Understanding the boundary conditions imposed on the problem can, at times, be a difficult task 

Logan [47]. Also, it is often difficult to determine the kinds of loads that must be applied to a 

body and their magnitudes and locations. The combined solutions of all the elements form the 

solution of the entire part.  This method is typically utilized to analyze structures with complex 

features and various material properties. It also offers an effective analytical tool for studying 

the structural behavior of reinforced concrete members.  Cracking, tension stiffening, nonlinear 

material properties, interface behavior, and other mechanisms that are ignored or treated 

approximately by other numerical methods can be modelled rationally using the finite element 

method.  Nevertheless, the reliability of this method relies on the accuracy of the original model 

and the degree of agreements between the numerical results and the actual data from the 

prototype structure.   Finally, the tremendous advantages of this technique made it the method 

of choice in the numerical analysis segment of this research study. 
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Figure 2-8 Procedure of FEM Modelling of Highway Bridges/Model Validation [6]  
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2.5 SAMPLING 

2.5.1 Introduction to Sampling 

The purpose of sampling is to obtain data that enables the estimation of some statistical 

parameter, or spatial predictions of some properties over an area. Sampling is constrained by 

financial and available resources; thus, an efficient sampling strategy is sought, Minasny and 

McBratney [51]. 

2.5.2 Types of Sampling 

There are basically two major categories of Sampling [52] [53]and these are as follows; - 

Probabilistic sampling; this consists of Simple random sampling; Systematic sampling; 

Stratified random sampling; Cluster sampling and Area sampling. 

Non- Probabilistic Sampling: This consists of Convenience sampling; Purposive 

sampling; Quota sampling and Snowball sampling. 

2.5.2.1 Systematic Sampling  

According to Zhang [54], Systematic sampling is a widely used technique in survey sampling. 

It is easy to execute, whether the units are to be selected with equal probability or with 

probabilities proportional to auxiliary sizes. It can be very efficient if one manages to achieve 

favorable stratification effects through the listing of units. The main disadvantages are that there 

is no unbiased method for estimating the sampling variance and that systematic sampling may 

be poor when the ordering of the population is based on inaccurate knowledge. It is shown that 

in a number of common situations, where Systematic sampling has on average the same 

efficiency as the corresponding random sampling alternatives under an assumed model for the 

population, the sampling variance fluctuates much more with the Systematic sampling. The use 

of Systematic sampling is associated with a risk that in general increases with the sampling 

fraction. This can be highly damaging for large samples from small populations in the case of 

single-stage sampling, or large sub-samples from small sub-populations in the case of multi-

stage sampling. Systematic sampling technique is operationally more convenient than Simple 

random sampling. It also ensures at the same time that each unit has an equal probability of 

inclusion in the sample.  
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2.5.2.2 Latin Hypercube Sampling (LHS) 

An important part of the analysis of any engineering structure is to calculate the probabilities of 

failure or of unacceptable structural performance, Olsson et al. [55]. Since modern structures 

require more critical and complex designs, the need for accurate approaches to assess 

uncertainties in loads, geometry, material properties, analysis processes, and designing has 

increased significantly. However, computational structural mechanics has evolved to a level of 

sophistication that merits consideration of newer methods for incorporating uncertainty in the 

design process, Bhattacharjee et al. [56] and this usually comes with some degree of uncertainty. 

Chu et al. [57] stated that uncertainty is an inevitable issue in the process of manufacture, 

infrastructure, and engineering design. Quantifying and propagating the uncertainty in the 

simulation or design process is a key component of risk analysis, robustness evaluation or 

reliability-based optimization that attracts the attention of researchers and designers. In all 

engineering structural system design, uncertainties are unavoidable due to the stochastic nature 

of the material and imperfect nature of the mathematical model. These uncertainties can be 

accounted through reliability analysis i.e., through failure probability distribution of load and 

resistance Bhattacharjee et al.  [56]. 

The traditional deterministic model is not effective for structural analysis because of avoiding 

the effects of uncertainties in the parameters. Uncertainties and randomness associated with both 

loads and structural characteristics introduce variability in structural response. The predicted 

response of structure based on mathematical and statistical models with imperfect knowledge 

tends to depart from reality, Bhattacharjee et al. [56]. Recent developments in the area of 

probabilistic methods and statistical inference offer a mathematical basis that will enable the 

designer to incorporate the influence of variability and uncertainties arising from a variety of 

sources more effectively into the design process.  

To consider parameter fluctuation in the real operation environment, Monte Carlo simulation 

(MCS) is chosen to perform stochastic simulation.  When the probabilities of failure are small, 

however, as they usually are in reliability analysis, such an analysis is extremely time-consuming 

and expensive in terms of computer resources due to a very large number of iterations that are 

performed. Alternative methods such as Latin Hypercube Sampling should, therefore, be 

considered since it is one of the most popular discrete algorithm for uncertainty analyses and 

used with increasing frequency results through systems of linked models. According to Novak 
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et al. [58], Latin hypercube sampling technique appeared to be a very efficient technique in this 

context because it requires rather a small number of simulations for accurate results.  

LHS has been a powerful tool for sampling statistical distributions in uncertainty analyses for 

more than 15 years. Key to its success has been its flexibility, the ability to perform traditional 

Monte Carlo uncertainty analyses and more advanced Latin hypercube sampling and to perform 

both using either random or restricted pairing techniques. The upgraded capabilities such as the 

added distribution types, the computation of point estimate values, and the ability to identify 

individual random variables by user-defined names, enable LHS to remain a viable uncertainty 

analysis tool for many years to come. 

LHS program has been successfully used to generate multivariate samples of statistical 

distributions. Its ability to use either LHS or  MCS  with both random and restricted pairing 

methods has made it an important part of uncertainty analyses in areas ranging from probabilistic 

risk assessment (PRA) to complex simulation modeling according to Wyss and Jorgensen [59]. 

LHS is a widely-used method to generate controlled random samples.  McKay et al. [60] in their 

study that involved comparison of three methods (Random sampling, Stratified sampling and 

Latin Hypercube sampling)  for selecting values of input variables in the analysis of output from 

a computer code, Latin Hypercube Sampling method was found to be a good method to use for 

selecting values of input variables because it improves upon simple random sampling when 

certain monotonicity conditions hold. To obtain the Latin hypercube sample the range of each 

input variable Xi with i = 1, 2……. n was stratified into 2𝑛 intervals of equal probability. In 

Latin Hypercube Sampling approach, the range of all random input variables is divided into n 

intervals with equal probability, which is restricted within the respective interval to avoid the 

disadvantage of clustering together, Chu et al. [57]. 

LHS is a stratified random procedure that provides an efficient way of sampling variables from 

their multivariate distributions. The goal of Latin hypercube sampling is to spread out the sample 

points so that low, high and moderate values of each variate are all contained in the sample. 

In general, Latin hypercube sampling performs well whenever the quantity to be averaged is a 

sum of univariate functions and also requires estimators of the mean, the variance, and the 

population distribution function of the output of a computer code when the inputs are treated as 

random variables [60] [58] [61]. The basic idea is to make sampling point distribution close to 

probability density function (PDF), Larson et al. [62]. 
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In order to obtain an analytical model that can be used to predict intricate relationships between 

input variables and a certain output, broad numerical study of estimates of commonly used 

statistical parameters accomplished by Florian [63]. 

LHS ensures that the entire range of each input variable is completely covered without regard to 

which single variable or combination of variables might dominate the computer model 

response(s).The three related measures of dispersion, standard deviation, mean and Coeffiecient 

of variation are helpful in obtaining parameters for use by LHS. To provide a measure of 

dispersion, it is convenient to define a value that is expressed as a fraction or percentage of the 

mean value. The most commonly used measure of dispersion is the coefficient of variation (V ), 

which is the standard deviation (σ) divided by the mean value (¯x): 

2.6 Sensitivity Analysis 

According to Saltelli A [64], sensitivity analyses help to identify key model features, effects of 

uncertainty, unnecessary model detail, and important areas for future data collection. Sensitivity 

studies are also used to predict outcomes for parameter sets which have not been used as input 

to the simulation program, and parameter modifications which will achieve optimal or desired 

simulated outcomes. These analyses are increasingly important as model complexity grows, and 

questions about the validity, interpretation, and usefulness of the model arise. The identification 

and representation of the implications of uncertainty are widely recognized as a fundamental 

component of analyses of complex systems Helton et al. [65] [66]. The study of uncertainty is 

usually subdivided into two closely related activities referred to as uncertainty analysis and 

sensitivity analysis, where  

1) Uncertainty analysis involves the determination of the uncertainty in analysis results that 

derives from uncertainty in analysis inputs. There are two types of uncertainty: parameter 

uncertainty and model uncertainty. 

• Parameter uncertainty: In statistics, a measure of uncertainty in the parameter 

estimation is the standard error (this should not be confused with the standard deviation). 

Parameter uncertainty can reduce if a larger sample is used; the standard error also 

depends on the standard deviation. 

• Model Uncertainty: Model uncertainty is the uncertainty around the assumptions of the 

model. While models tend to report single summary outcomes, the interpretation of those 

results will largely depend on the level of confidence or uncertainty in various factors. 
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2) Sensitivity analysis involves the determination of relationships between the uncertainty 

in analysis results and the uncertainty in individual analysis inputs. 

Sensitivity analysis is generally conducted to rank the predictors (input parameters) in terms of 

their contribution to the uncertainty in each of the responses (model outcomes). In simple terms, 

it is essentially the study of how changes in model inputs affect model outputs This can be 

achieved in several ways involving primarily the calculation of correlation coefficients and 

regression analysis and variance-based methods. According to Othman,[28], sensitivity analysis 

has to be carried out to identify the factors that most contribute to high probabilities of failure of 

a given structure. 

A variety of approaches to uncertainty and sensitivity analysis are in use [65], [66] including; - 

(i) Differential analysis, which involves approximating a model with a Taylor series and 

then using variance propagation formulas to obtain uncertainty and sensitivity 

analysis results   

(ii) Response surface methodology, which is based on using classical experimental 

designs to select points for use in developing a response surface replacement for a 

model and then using this replacement model in subsequent uncertainty and 

sensitivity analyses based on Monte Carlo simulation and variance propagation. 

(iii) Fourier amplitude sensitivity test (FAST) and other variance decomposition 

procedures, which involve the determination of uncertainty and sensitivity analysis 

results on the basis of the variance of model predictions and the contributions of 

individual variables to this variance. 

(iv) Fast probability integration, which is primarily an uncertainty analysis procedure 

used to estimate the tails of uncertainty distributions for model predictions. 

(v) Sampling-based (i.e. Monte Carlo) procedures, which involve the generation and 

exploration of a probabilistically based mapping from analysis inputs to analysis 

results. Additional information on uncertainty and sensitivity analysis. 

Types of sensitivity analyses [65]: 

1) Deterministic: This involves choosing and changing values for one or more parameters 

at a time keeping the rest constant. The standard way of presenting one-way sensitivity 
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analyses results is to plot the parameter you are changing in the x-axis and output of 

interest on the y-axis 

2) Probabilistic: This involves assigning parameters a probability distribution and use 

simulations to compute new combinations. This type of sensitivity analysis assumes that 

a parameter has a probability distribution and thus assigns a probability to each possible 

outcome of a random variable. It can be described using the probability parameters for 

example, a normal distribution can be described by its mean and variance (two-

parameters). 

Tests for Hypothesis 

A statistical hypothesis is a statement about the parameters of one or more populations. Statistical 

hypothesis testing and confidence interval estimation of parameters are the fundamental methods 

used at the data analysis stage of a comparative experiment, in which the engineer is interested, 

for example, in comparing the mean of a population to a specified value. These simple 

comparative experiments are frequently encountered in practice and provide a good foundation 

for the more complex experimental design problems. The hypothesis can be a two-sided 

alternative hypothesis. or one-sided alternative hypothesis [53] [52]. 

A procedure leading to a decision about a particular hypothesis is called a test of a hypothesis. 

Hypothesis-testing procedures rely on using the information in a random sample from the 

population of interest. If this information is consistent with the hypothesis, we will conclude that 

the hypothesis is true; however, if this information is inconsistent with the hypothesis, we will 

conclude that the hypothesis is false. 

Stepwise results/Regression based Analysis 

Stepwise regression is probably the most widely used variable selection technique. The 

procedure iteratively constructs a sequence of regression models by adding or removing 

variables at each step [53].The standardized rank regression coefficient (SRRC) is used as a 

measure of variable importance during sensitivity analysis. Inspection of the results obtained 

with the individual replicates is supposed to be very consistent.  This similarity includes the order 

in which variables are selected in the stepwise process, the SRRCs associated with individual 

variables, and the R2 value of the final regression model, Helton [65].  
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Sensitivity analysis without regression  

Some analyses are quite good, with R2 values above 0.9 and others not quite so good, with R2 

values in the range from 0.6 to 0.8.  This implies that the failure to account for uncertainty as 

measured by R2 values probably derives from the sensitivity analysis technique in use (i.e. 

stepwise regression analysis with rank-transformed data) rather than from an overly small 

sample size Helton et al.[65]. 

When regression-based approaches to sensitivity analysis do not yield satisfactory insights, 

important variables can be searched for by attempting to identify patterns in scatterplots between 

sampled and predicted variables with techniques that are not predicated on searches for linear or 

monotonic relationships. Possibilities include use of (i) the F-statistic to identify changes in the 

mean value of y across the range of x, (ii) the c2-statistic to identify changes in the median value 

of y across the range of x, (iii) the Kruskal–Wallis statistic to identify changes in the distribution 

of y across the range of x, and (iv) the c2-statistic to identify a non-random joint distribution 

involving y and x .  

When the relationship between variables is not monotonic or when measurements are arbitrarily 

or irregularly distributed, regression analysis is more appropriate than simple correlation 

coefficients, Hoare et al. [67]. A regression equation provides an expression of the relationship 

between two (or more) variables algebraically and indicates the extent to which a dependent 

variable can be predicted by knowing the values of other variables, or the extent of the 

association with other variables. 

In effect, the regression model is a surrogate for the true computational model. Accordingly, the 

coefficient of determination, R2, should be calculated with all regression models and the 

regression analysis should not be used if R2 is low (arbitrarily, less than ~ 0.6). R2 indicates the 

proportion of the variability in the data set that is explained by the fitted model and is calculated 

as the ratio of the sum of squares of the residuals to the total sum of squares. The adjusted R2 

statistic is a modification of R2 that adjusts for the number of explanatory terms in the model. R2 

will tend to increase with the number of terms in the statistical model and therefore cannot be 

used as a meaningful comparator of models with different numbers of covariants (e.g., linear 

versus quadratic). The adjusted R2, however, increases only if the new term improves the model 

more than would be expected by chance and is therefore, preferable for making such 

comparisons Hoare et al. [67].  
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Regression analysis seeks to relate a response, or output variable, to a number of predictors or 

input variables that affect it, Hoare et al. [67]. Although higher-order polynomial expressions 

can be used, constructing linear regression equations with interaction terms or full quadratic 

responses is recommended. This is in order to include direct effects of each input variable and 

also variable cross interactions and nonlinearities; that is, the effect of each input variable is 

directly accounted for by linear terms as a first-order approximation but we also include the 

effects of second-order nonlinearities associated with each variable and possible interactions 

between variables.  

One of the values of regression analysis is that results can be inspected visually. If there is only 

a single explanatory input variable for an outcome variable of interest, then the regression 

equation can be plotted graphically as a curve; if there are two explanatory variables then a three-

dimensional surface can be plotted. For greater than two explanatory variables the resulting 

regression equation is a hypersurface. Although hypersurfaces cannot be shown graphically, 

contour plots can be generated by taking level slices, fixing certain parameters. Further, complex 

relationships and interactions between outputs and input parameters are simplified in an easily 

interpreted manner, Hoare et al. [67].  

Although regression analysis can be useful to predict a response based on the values of the 

explanatory variables, the coefficients of the regression expression do not provide mechanistic 

insight nor do they indicate which parameters are most influential in affecting the outcome 

variable. This is due to differences in the magnitudes and variability of explanatory variables, 

and because the variables will usually be associated with different units. These are referred to as 

unstandardized variables and regression analysis applied to unstandardized variables yields 

unstandardized coefficients. The independent and dependent variables can be standardized by 

subtracting the mean and dividing by the standard deviation of the values of the unstandardized 

variables yielding standardized variables with a mean of zero and variance of one. Standardized 

coefficients should be interpreted carefully – indeed, unstandardized measures are often more 

informative, Helton et al.[65]. 

The regression equation can provide more meaningful sensitivity than correlation coefficients as 

it can be shown that an x% decrease in one parameter can be offset by a y% increase/decrease 

in another, simply by exploring the coefficients of the regression equation. It must be noted that 

this is true for the statistical model, which is a surrogate for the actual model. The degree to 
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which such claims can be inferred to the true model is determined by the coefficient of 

determination, R2. 

According to Manache and Melching [68], the sensitivity contribution of the model input 

variables to the model output can be quantified by various measures. For the uncertainty analysis, 

the mean, standard deviation, and other statistics of the model output are calculated and used to 

parameterize assumed probability distributions for the model output. These probability 

distributions can then be used to estimate the probability that design or planning goals will be 

achieved. 
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Chapter 3 : AALRT BRIDGE PIERS VULNERABILITY 

3.1 Introduction 

This stage of the study involved identification and categorization of  vulnerable bridge piers at 

risk of being subjected to vehicular impact load along AALRT. The identification, 

categorization, and ranking of vulnerable piers was done according to section 2.2.2.2 of NYSDT 

[69]. 

3.1.1 Vulnerability assessment 

The vulnerability assessment process is used to determine the relative vulnerability to collision 

impact damage failure of bridges. The process consists of a classification step and rating step. 

The classifying step used information such as impact factors, exposure factors, characteristics of 

traffic and geometries of the structure and its approaches to evaluate the vulnerability of the pier 

to collision. The result of this step is a vulnerability classification score and a high, medium or 

low vulnerability class is later on assigned to individual piers. The classification score quantified 

the collision vulnerability class for a structure as indicated in APPENDIX A. The vulnerability 

classes describe the relative potential a structure has for failure due to collision impact damage, 

and it is used to determine the vulnerability rating for a structure. 

The rating step is intended to provide a uniform measure of a structure’s vulnerability to failure 

on the basis of the likelihood of a failure occurring and the consequences of failure. There are 

six possible ratings usually done for the entire bridge structure, from 1 to 6, with 1 being the 

worst possible rating and 5 being the best. Structures for which this assessment procedure is not 

applicable are rated 6. These indicate what types of corrective actions are needed and the urgency 

in which these actions should be implemented. Based on the rating, an interim action such as 

load posting or closing a bridge may be necessary until an evaluation can be completed and 

vulnerability reduction measures taken. 

3.1.2 Collision Vulnerability Classes 

The higher the vulneralibility class for a given pier the more the risk it has to collision. This 

however does not mean that low class is not susceptible to collision, though the probability of 

such an occurance is too minimal.[69]. The bridge rating was not done because this study was 

only focused on bridge pier vulnerability assessment for simulation purpose. 
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High: Conditions exist on a structure which create a significant potential for failure due to 

collision impact damage. Bridges in this class will typically have primary members exposed to 

direct vehicle, water vessel or railroad impact. If a protection system exists, it has failed or is 

inadequate. It is quite likely that during the structure’s remaining life it may receive an impact 

capable of causing failure. 

Medium: Conditions exist on a structure which create a recognizable potential for failure due to 

collision impact damage. Bridges in this class will typically have primary members exposed to 

direct vehicle, water vessel, or railroad impact. A protection system exists, but may not protect 

the primary member from severe impact damage, possibly causing failure, and may thereby need 

to be upgraded or enhanced. 

Low: Conditions exist on a structure which reveal little or no potential for failure due to collision 

impact damage. These bridge types, while recognized as having primary members susceptible 

to a collision impact damage failure, have adequate protection to protect against failure. 

3.2 Bridge Pier Vulnerability Classification 

Pier vulnerability classification was done following data collection. The data that was collected 

was of two categories and these were primary and secondary data. Primary data was collected 

through field surveys that required making the required observations and measurements along 

the study route while secondary data was collected from review of existing data from different 

agencies, previous research, and published documents and literature.  

3.2.1 Preliminary investigation and desktop study 

3.2.1.1 Route segmentation  

AALRT route was divided into four main segments so as to be able to separately understand the 

level of vulnerability of piers in each section for the safety analysis of the piers. The segments 

under which the piers were categorized are: - 

1. Tangent Section 

2. Round-about Section 

3. Signalized Intersection 

4. Curved Section 
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3.2.1.2 Pier designation 

Piers were generally designated as line- pier number, for the purpose of this research the 

following were adopted for the different categories; Lines were categorized into three; - NS; EW 

and NS-EW.  

• North-South (NS): - applicable to stretches from Atikiltera to Darmar; Stadium to Nefas 

Silk2; 

• East-West (EW): - applicable to stretches from Coca-Cola to St-Lideta and Stadium to 

Bambis. 

• Common Line (NS-EW): -applicable to the common stretch which is from St-Lideta to 

Stadium. 

 A total of 276 piers were considered  for the purpose of this research with; 93 piers designated 

NS-01 to NS-93 being found between Atikiltera and Darmar; 28 piers designated NS-207 to NS-

234 being found between Stadium and  Nefas Silk2; 6 piers designated EW-235 to EW-240 

being found between Coca-Cola and St-Lideta; 36 piers designated EW-241 to EW-276 being 

found between Stadium and Bambis  and 113 piers designated NS-EW-94 toNS-EW-206 from 

St-Lideta to Stadium. 

3.2.2 Main Stage Investigation  

3.2.2.1 Field visits  

Preliminary visual inspection of all the piers was done in order to identify bridge pier 

particularities such as the structural system, possible damages and all the stipulated parameters 

based on (Appendix A) so as to complete the bridge pier vulnerability evaluation and 

classification. Upon classification of the piers, a supplementary field visit was done to enable 

picking of coordinates and as built dimensions of the vulnerable piers so as to draft a 

Vulnerability Pier Map 

3.2.2.2 Supplementary information 

Traffic Characteristics: For the purpose of complete assessment, review of documentation 

related to vulnerability classification was undertaken.  Average Daily Truck Traffic (ADTT) 

data was obtained from Addis Ababa Transport Authority and thereafter adopted for the  bridge 

pier vulnerability classification in this work. 
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Weight of the Superstructure: The weight classification was assumed as follows:  

⎯ Light:- All double track areas except for stations and turn out areas. 

⎯ Medium: - All Station platform areas 

⎯ Heavy: - The two main turn out areas ( next to Stadium and St-Lideta) 

3.3 Pier Vulnerability Ranking, Sampling, and Mapping 

3.3.1 Pier Vulnerability Ranking 

Out of the 276 piers that were visually inspected and classified, it was found out that 6 piers 

corresponding to 2.174 % are highly susceptible to vehicle impact, while 269 piers (97.463%) 

are moderately exposed and 1 pier (0.3623%) was found to be of low exposure to impact.  

Further analysis of the highly and moderately exposed piers shows that by location, 35.273% are 

located along curved sections while 56.727% are located along the tangent section, 4.727% are 

located along roundabouts and 3.273% are at intersections as summarized in Figure 3-1 . 

Whereas by the availability of protective barrier for the highly exposed piers also showed that; 

59.091% had no protection at all while 40.909%  had a sub-standard protective measure. A 

detailed consideration of the ranking is attached in APPENDIX A. 

 

Figure 3-1 AALRT Pier Vulnerability by Location 
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3.3.2 Pier Sampling 

Upon ranking of the piers in the different created strata as shown in Table A-1 in Appendix A, 

the most vulnerable piers were systematically chosen from each category. The chosen piers were 

then considered for the drafting of the Pier Vulnerability Map.  

3.3.3 Pier Vulnerability Map 

A GPS was used to pick coordinates of the identified piers as in Table 3-1. The accuracy of the 

ground-truthed GPS points were confirmed by importing the coordinates to Google Earth Maps 

which confirmed the points as being along AALRT. Using ArcGIS, the Vulnerability Map was 

generated as shown in Figure 3-2. 
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Table 3-1 Vulnerable Piers for Simulation 

S/NO TYPE OF 

SECTION 

PIER CODE Structural 

Redundancy 

PIER TYPE NUMBER 

OF PIERS 

1.1 TANGENT NS-EW-96 Simple Frame Type 3 

  

   

NS-EW - 97 

NS-EW - 98 

1.2 TANGENT NS-EW-102 Simple Solid 

Hammered 

Head 

4 

  

  

  

   

NS-EW-103 

NS-EW-104 

NS-EW-105 

2 CURVED NS-EW-190 Simple Frame Type 4 

  

  

  

  

NS-EW-191 

NS-EW-192 

NS-EW-193 

3 ROUNDABOUT NS-EW-138 Simple Solid 

Hammered 

Head 

4 

  

  

   

NS-EW-139 

NS-EW-140 

NS-EW-141 

4.1 INTERSECTION 1 EW-255   

Simple 

  

Solid 

Hammered 

Head 

 4 

  

  

  

  

  

   

EW-256 

EW-257 

EW-258 

4.2 INTERSECTION 2 NS-30 Simple Frame Type 3 

  

  

  

  

NS-31 Simple Solid 

Hammered 

Head NS-32 Continuous 

4.3 INTERSECTION 3 EW-241 Simple Solid 

Hammered 

Head 

3 

  

   

EW-242 

EW-243 
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Figure 3-2 AALRT Pier Vulnerability Map 
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Chapter 4 : FINITE ELEMENT MODELLING AND VALIDATION 

4.1 Introduction 

Validation is required when using any given software so as to ensure that the finite element 

analysis for the model accurately represents what is being depicted. Physical characteristics that 

include boundary conditions, material properties, and geometry, have to be modelled to match 

to a greater extent that of the experimental test setup being used. The model can be validated by 

matching displacements and forces with experimental results and at times by comparing the 

crack patterns. Since experimental data for vehicle collisions with bridge piers was very limited, 

an experiment representing a similar impact phenomenon was used for validation purposes. For 

the purpose of this study the experiments conducted by Fujikake et al.[34] were used for 

validating the finite element controls and material properties for the vehicle-pier impact 

simulations. The experiment consisted of a reinforced concrete beam subjected to a drop hammer 

that was being dropped at different heights where crack patterns were captured and used for 

validation. The following finite element models were created in units of N, mm, and seconds. 

4.2 Beam Impact Experiment Setup 

250 mm depth, 150 mm and 1700 mm length different sets of reinforced concrete beams as 

prepared by Fujikake et al. [34] were subjected to impact loads. The beams have a clear span of 

1,400 mm and were supported by two specially designed support devices which allowed free 

rotation of the beam but prevented the beam from displacing longitudinally and vertically as 

shown in Figure 2-8.  

A concrete cover of 40 mm was provided around the reinforcement cage, except at the ends 

which had 25 mm of cover and all beams consisted of four longitudinal reinforcing bars, with 

two for tension and two for compression and with 22 transverse reinforcing bars 75mm apart as 

shown in Figure 4-1. The longitudinal reinforcing bars which consisted of D13, D16, and D22 

with yield strengths of 397, 426, and 418 MPa, respectively as shown in Table 4-1, while the 

transverse reinforcing bars consisted of  D10 bars with a yield strength of 295 MPa.  The concrete 

compressive strength at the time of testing was 42.0 MPa. 
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Figure 4-1 Beam Cross Section (Top) and Longitudinal Section (Bottom) [34] 

Table 4-1 Beam Test Series [34]  

Beam 

Designation 

Compression 

Bars 

Tension 

Bars 

The ratio of longitudinal reinforcement to the 

gross cross-sectional area of the beam % -  

S1616 2 D16 2 D16 2.12 

S1322 2 D13 2 D22 2.40 

S2222 2 D22 2 D22 4.13 

The reinforced concrete beam specimens were subjected to impact loads using a drop hammer 

impact loading machine. The drop hammer had a hemispherical striking head with a radius of 

90 mm and a mass of 400 kg. The hammer was dropped freely onto the top surface of the 

reinforced concrete beam at mid-span from varying heights as shown in Table 4-2. 

Table 4-2 Drop Heights for Different Beam Series [34] 

HAMMER DROP HEIGHTS FOR DIFFERENT BEAMS (m) 

S1616 S1322 & S2222 

0.15 0.3 

0.3 0.6 

0.6 1.2 

1.2 2.4 
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ANSYS is a general-purpose finite element modeling package for numerically solving a wide 

variety of mechanical problems. These problems include static/dynamic structural analysis (both 

linear and non-linear), heat transfer and fluid problems, as well as acoustic and electromagnetic 

problems, UOA [70], [71]. A general-purpose Multiphysics software-ANSYS was chosen 

because of having an Explicit dynamic component which is great in simulating high energy 

dynamic conditions in addition to its availability and ease of application. Explicit dynamics of 

ANSYS- workbench was chosen because it models and analyses extremely well impact load 

simulations. The modeling is done in two main stages and these are; - Pre-processing and Post-

Processing. Pre-processing consists of creating the geometry, assigning material models, 

boundary conditions, and all other required parameters. The post-processing mainly involves 

analyzing the results Hutton[50]. 

4.2.1 Geometry 

The reinforced concrete beam geometry was created with the DesignModeler in Explicit 

Dynamics tool of workbench. The beam was created with the following mesh results-Element 

Quality of 0.5721-1, Aspect ratio of 1-3.7171 and with a Jacobian ratio of 1 – 3.6106. which 

clearly signifies a good mesh quality of element size 5 mm with a total number of 663,780 

elements and 705,436 nodes while the drop hammer was modelled using eight nodes, constant 

stress, single-point integration solid elements. The drop hammer consisted of 133,579 nodes and 

125,580 solid elements. 

A major portion of the beam impact test setup which consisted of the beam, supports and 

impactor were created using the SOLID body type with an automatic shared topology in 

DesignModeler. The steel reinforcement cage was created as line bodies and later assigned cross-

sectional area as per the required diameter corresponding to that of a given beam designation 

based on Table 4-1 series.  

As a way of ensuring that the reinforcement cage created and the concrete act as a single 

component of reinforced concrete, a new body interaction in the connection of ANSYS 

AUTODYN Prepost is created and assigned as REINFORCEMENT type of interaction. This 

enables ANSYS to consider all line bodies created within the SOLID bodies as reinforcements 

for simulations to run. 
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Figure 4-2 FE Model Used in the Impact Test 

 

Figure 4-3 Reinforcement Cage for Impact Test Model 

4.2.2 Material Models 

All materials used during the study were defined with a Lagrangian reference frame and flexible 

stiffness behavior. They were assigned non-linear and thermal strain effects for the purpose of 

this study. 

Concrete: The concrete behavior of the beam was modelled using Explicit material Model 37 

(CONC-35MPA) from the Engineering Data Sources-5 (Explicit materials) as outlined by  
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Riedel et al. [72].  This is a continuous elastic surface cap model that is available for use as an 

Explicit Material in the Engineering Data of ANSYS Workbench. The material model defined 

the required strength, stiffness, hardening, softening, and rate effect parameters as a function of 

concrete density, specific heat, compressive and tensile strength, failure surface, fracture strength 

and damage constant, among others.  Damage to the concrete elements is tracked through ductile 

and brittle damage parameters. Ductile damage occurs when stress is applied to the element in 

compression. Brittle damage occurs when stress is applied to the element in tension. The damage 

parameters range from 0 - no damage to 1- complete damage. Damage is initiated when strain-

based energy terms exceed a specified damage threshold. The strength and stiffness of an 

element will be equal to zero when one of the damage parameters approaches a value of 1. The 

concrete that was modelled had a mass density of 2,274 for the Hammer test and 2,400 kg/m3 

for all the other simulations, an unconfined compressive strength of 42 MPa with damage 

constants D1 and D2 as 0.04 and 1 respectively. 

Steel Reinforcement: Based on the Engineering data sources available in ANSYS general 

materials, material model 12 was chosen and used for modeling the steel reinforcements. It is an 

elastoplastic material model that accounts for a stress-strain curve and strain rate dependency. 

The main material property that was varied for the study was the tensile and compressive yield 

strength of the reinforcement bars that is D10; D13; D16 and D22 as 295, 397, 426, and 418 

MPa, respectively. The following material properties were left constant input for each different 

size reinforcement bar include mass density (7,850 kg/m3), Tensile Ultimate Strength (460 

MPa); Modulus of elasticity (200 GPa), Poisson’s ratio (0.3).   

Drop Hammer: The drop hammer was modelled using material model 12 but with a higher 

stiffness though as a flexible material-modulus of elasticity of  400 GPA and Poisson’s ratio 0.1. 

The drop hammer had a volume of approximately 0.014239 m3 and a mass of 400 kg, mass 

density of 28,091.86 kg/m3. 

4.2.3 Finite Element Modeling Controls 

The accuracy of the finite element model is highly dependable on the finite element controls, 

such as boundary conditions, initial conditions, contact between objects, and analysis controls. 

The following section describes how these conditions were accounted for in the modeling 

process. 
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4.2.3.1 Boundary Conditions 

The modelled beams used for the beam impact experiment were assumed to be automatically 

constrained through the automatic contact generated at the supports between the beam and the 

supports while the bases of the support were fixed.  

4.2.3.2 Initial Conditions and Loads 

The Pre-stress environment was set to none and pressure initialization was set to ‘from deformed 

state’ Initial velocity was applied and the drop hammer was selected as the body corresponding 

to the drop height for a particular simulation. Impact velocities shown in Table 4-3 were 

calculated using Equation- 2 (as shown in chapter 2) based on the corresponding drop hammer 

free fall heights. 

Table 4-3 Drop Test Impact Velocities 

DROP HEIGHT (m) IMPACT VELOCITY (mm/s) 

0.15 1720 

0.30 2432 

0.60 3440 

1.20 4865 

2.4 6880 

4.2.3.3 Contact 

ANSYS software automatically generates a connection between bodies. The contact relation 

between two closely placed bodies is automatically generated together with the nature of body 

interaction between the different bodies. Under the body interaction in order to have a realistic 

simulation a friction coefficient (0.3), dynamic coefficient (0.3) and decay constant of 0.001 

were applied for the entire bodies.  

4.2.3.4 Analysis Control 

Explicit dynamics like any other simulation software requires an end time to determine whether 

the analysis has run for a sufficient amount of time to acquire the desired solution. An end time 

of 0.005 seconds was selected because it efficiently generated the desired output for the impact 

and its response in a timely manner from the drop hammer experiment. Erosion is a numerical 

mechanism for the automatic removal (deletion) of elements during a simulation. The primary 
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reason for using erosion is to remove very distorted elements from a simulation before the 

elements become inverted (degenerate). This ensures that the stability timestep remains at a 

reasonable level and solutions can continue to the desired termination time. Erosion can also be 

used to allow the simulation of material fracture, cutting and penetration. There are a number of 

mechanisms available to initiate erosion of elements and these are;- geometric strain, timestep, 

material failure and retained inertia. The erosion options can be used in any combination. 

Elements will erode if any of the criteria are met [41]  [70]. 

4.2.3.5 Hourglass Energy Control 

The hourglass damping was automatically done in Explicit dynamics however the maximum 

energy error coefficient had to be fixed to 0.01. At all times the energy summary from the 

solution output was observed to ensure that the error was within acceptable levels, errors for case 

(b) were always adopted as they provided slightly better results as compared to those shown in 

(a) in  Figure 4-4. 

 

(a) 
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(b) 

Figure 4-4 (a) and (b) Typical Hourglass Energy from the Energy Summary 

4.3 Numerical Results 

The experimental results reported by Fujikake et al. [34]  were compared with the numerical 

simulation for mid-span crack patterns as a way of validating the models. The analytical results 

for maximum mid-span deflection were compared for the different experiments as shown in 

Figures 4-5, 4-6, 4-7, the crack profiles of the analytical and experimental results were compared. 

Where (a),(c),(e) and (g) are experimental results while (b), (d),(f) and (h) are simulation results 

as shown in Figures 4-8; 4-9 and 4-10. 

Upon comparison of the different cracks generated it is worth noting that the validation of the 

beam impact experiment has been done and therefore, it was concluded that the finite element 

procedures used in this study can be applied to develope vehicle impact simulations with bridge 

piers based on the selected material models. Explicit material model 37 [72] and General material 

model 12 can be used to represent the material properties of concrete and steel reinforcement, 

respectively, under dynamic impact loading simulations. Therefore, the generated automatic 

connections that comprise of contacts and body interactions effectively represent the interaction 

between the two impacting objects. The allowable maximum energy error coefficient of 0.01 

represents an allowable energy glass hour.  
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Figure 4-5 Maximum Mid Span Deflection -S1616 

 

 

Figure 4-6 Maximum Mid Span Deflection S1322 
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Figure 4-7 Maximum Mid Span Deflection – S2222 
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  (a)

  (b) 

  (c)

 (d) 

  (e)

  (f) 

  (g)

  (h) 

Figure 4-8 S1616 Crack Patterns at different drop height 
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 (a) 

  (b) 

  (c) 

  (d)  

  (e) 

  (f) 

 (g) 

 (h) 

Figure 4-9 S1322 Crack Patterns at different drop Heights 
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   (a) 

  (b) 

  (c) 

  (d) 

  (e) 

  (f) 

 (g) 

 (h) 

Figure 4-10 S2222 Crack Patterns at different drop heights 
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4.4 Finite Element Modeling of Vehicle Collisions with Bridge Piers 

The following section outlines the process and results of the finite element modeling of the 

vehicle collision with bridge pier simulations. These simulations are an efficient and cost-

effective way of studying vehicle collisions with bridge piers. This is because many simulations 

can be conducted to fully understand all the mechanics involved in a collision event. No vehicle 

model validation was done during the study since the interest was the pier behavior in 

relationship to a vehicle (impacting object) in terms of its mass, velocity and impact angle which 

were used during modeling of vehicle collisions with bridge piers. The vehicle impact 

simulations were validated by comparing results to published reports using relevant simulations 

but with keen interest to the shear failure mode and deformation. 

4.4.1 Vehicle -Pier Collision Validation 

4.4.1.1 Pier Geometry 

The vehicle geometry was generated to a shape as shown in Figure 4-10 and the pier geometry 

was as described by El-Tawil et al. [23]. The validation exercise consisted of the vehicle models 

crashing into a circular reinforced concrete column at 110 km/h. The piers investigated consisted 

of circular reinforced concrete columns, 1,075 mm in diameter, 9,930 mm in height, and 

reinforced with fourteen No. 36 longitudinal bars and No. 16 transverse hoops spaced at 127 mm 

on center. The column rests on a pile cap 1,075 mm in depth and embedded 830 mm into the 

ground. The top of the column is loaded with a 32.5 Metric Tonne block to represent the mass 

of the supported superstructure. The concrete had cylinder compressive strength of 23 MPa and 

was modelled using Explicit material model 37. The steel reinforcement had a yield strength of 

420 MPa and was modelled using General material model 12. Because the impact forces were 

the only result of interest for validation, the base of the column was constrained and assumed 

fixed rather than modeling the whole pile foundation.  The simulation based Shear failure model 

as shown in Figure 4-10 was compared to that of Figure 4-8 and Figure 4-9 and used as a basis 

for validation of the Vehicle-Pier collision. 

4.4.1.2 Boundary Conditions and Initial Conditions and Loads 

The foundation of the column was constrained in the horizontal and vertical directions along the 

length of the section and over the entire base.  
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Vehicle impact simulations were conducted with a speed of 110 km/h. The initial translational 

velocities were applied to the vehicles in the global x-direction using the initial velocity  

4.4.1.3 Contact 

Automatic surface-to-surface contact algorithms were utilized to model the interactions between 

the vehicles and the bridge piers.  All the other parameters were not varied as they were kept 

constant from the impact test experiment. 

 

Figure 4-11 Shear failure mechanism due to vehicle Impact force [4] 
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Figure 4-12 Plastic Strain Contours for the F800 SUT [23] 

 

Figure 4-13 Vehicle -Pier  impact Shear response   
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Chapter 5 : VEHICLE-BRIDGE PIER RESPONSE -AALRT 

5.1 Introduction 

Bridges should be designed to avoid undesirable structural or psychological effects due to their 

deformations. The level of acceptable damage should be proportionate to the size of attack. For 

example, linear behavior and/or local damage should be expected under a small-size attack, 

while significant permanent deformations and significant damage and/or partial failure of some 

components should be acceptable under larger size attacks. AASHTO [73]. For this study the 

structural strength of the AALRT piers will be assessed depending on their ability to resist 

damage from impact loads due to vehicular collision.  The piers identified in Chapter 3 were 

subjected to a 70.6 tonne mass for speeds of 70 Km/hr (Vehicle mass and speed values obtained 

from Chapter 6). based on the validation parameters obtained in chapter 4 especially for 

developing the model. It is important to note that this study was based on a combination of field 

measurements and preliminary design reports and not as-built designs. 

5.2 AALRT Vehicle- Bridge Pier Response 

Eight different pier cross-section dimensions as obtained from the field visits were prepared as 

shown in Table 5-1 and these were corresponding to the vulnerable piers identified in                     

Chapter 3. An average pier height of 6000 mm was used for the various simulations since the 

actual height could not be easily ascertained, and a uniform superstructure span of 25000 mm 

obtained from the design location plan was adopted.  

A vehicle model of 12500 mm long  X 4600 mm height X 2600 mm wide in geometry was 

developed with a yield strength of 460 MPa was adopted and used in the simulations. All 

geometrical models were developed in AUTOCAD and later imported into ANSYS and edited 

for the addition of reinforcement, assigning of materials, meshing, boundary conditions, loads 

and final processing.  

Simulation Speeds adopted 

70 Km/hr is the maximum speed obtained from the travel time speeds study for periods between 

(8:00 Am to 10:00 Pm) as shown in Table 7-5 APPENDIX C and this was adopted as the the 

currently existing worst-case scenarios of speeding around AALRT. 
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However to cater for off peak hours, several speeds from 75 to 120 Km/hr were randomly used 

during simulations to check the behavior of the piers in case the vehicle was moving at speeds 

before impact. More detailed input and output data for the different simulations are as shown in 

Appendix B.  

Impact angle adopted 

Though it was greatly observed from the field investigation that the orientation of the piers in 

relationship to the direction of traffic flow limits the occurance of vehicular impact occurring at 

an angle of zero due to being parallel on a great length across AALRT route, zero impact angle 

was adopted for this study simply because it provides maximum possible deformation there 

would be incase such an even occurred, therefore zero impact angle of impact was adopted for 

this study. 
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Table 5-1 Dimensioned Vulnerable Piers for Simulation 

DIMENSIONED VULNERABLE PIERS FOR SIMULATION  
                  

S/NO 
TYPE OF 
SECTION 

PIER CODE 
Structural 

Redundancy 

PIER TYPE NUMBER 
OF 
PIERS 

LOCATION 
Pier Dimension & 

Number 

              
Dimension 

Simulation 
Number 

                  
1.1 TANGENT NS-EW - 96 

Simple Frame Type 3 
Darmar to 
St Lideta 

2.1 X1.6 PIER 8 
    NS-EW - 97     
    NS-EW - 98     
                  

1.2 TANGENT NS-EW-102 

Simple 
Solid 

Hammered 
Head 

4 
St-Lideta to 
Tegbared 

    

    NS-EW-103 1.8 X 1.5 PIER 5 

    NS-EW-104     

    NS-EW-105     

                  

2 CURVED NS-EW-190 

Simple Frame Type 4 
Leghar to 
Stadium 

    
    NS-EW-191 1.8 X 1.5 PIER 7 
    NS-EW-192     
    NS-EW-193     

                  

3 ROUND ABOUT NS-EW-138 

Simple 
Solid 

Hammered 
Head 

4 
TEGBARED 
to Mexico 

    

    NS-EW-139 1.7 X 1.3 PIER 3 

    NS-EW-140     

    NS-EW-141     

                  

4.1 
INTERSECTION 
1 EW-256 

Simple 
Solid 

Hammered 
Head 

  Stadium to 
St - 

Estifanos 

    

    EW-257   2 X 1.5 PIER 2 

    EW-258       

                  

4.2 
INTERSECTION 
2 NS-30 Simple 

Frame Type 

3 

Gojam 
Berenda to 

Autobustera 2.8 X 1.8 PIER 4 

    NS-31 

Simple 
Solid 

Hammered 
Head 

Autobus 
Tera to 
Sebatagna 1.8 X 1.5 PIER 5 

    NS-32 Continuous   1.8 X 1.5 PIER 5 

                  

4.3 
INTERSECTION 
3 EW-241 

Simple 
Solid 

Hammered 
Head 

3 
Stadium to 

St - 
Estifanos 

2 X 1.5 PIER 2 
    EW-242     
    EW-243     
                  

    OTHERS   

   CURVED  NS-EW-94   Solid Hammered Head 
Darmar to 
St-Lideta 1.4 x 1.2 PIER 1 

                  

   CURVED  NS-EW-166   Solid Hammered Head 
Mexico to 
Leghar 1.7 x 1.3 PIER 3 

                  

   TANGENT NS-EW-204   Frame Type 
Leghar to 
Stadium 2.4 X 1.8 PIER 6 
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Table 5-2 AALRTs’ Deformation and Damage Ratios (extracted from Table 7-2)  

PIER & CONNECTION 
Deformation 

(mm) Damage Ratio 

Pier 
Condition 

PIER 1 1400 X 1200       

SIMPLE 3.87530 0.080 Excellent 

  3.84500 0.078 Excellent 

  4.30680 0.083 Excellent 

PIER 2 2000 X 1500       

SIMPLE 0.00000 0.000 Excellent 

  0.00000 0.000 Excellent 

  0.00000 0.000 Excellent 

PIER 3 1700 X 1300       

SIMPLE 4.67450 0.092 Excellent 

  4.14740 0.075 Excellent 

  4.11250 0.048 Excellent 

PIER 4 2800 X 1800 (WITH 1200 X 

1800 2N0 COMBINED PIERS)       

SIMPLE 2.58540 0.057 Excellent 

  2.58540 0.057 Excellent 

  2.82880 0.058 Excellent 

PIER 5 1800 X 1500       

SIMPLE 5.72910 0.098 Excellent 

  5.73310 0.098 Excellent 

  5.77350 0.099 Excellent 

PIER 5 1800 X 1500       

CONTINOUS 5.10617 0.054 Excellent 

  5.43210 0.054 Excellent 

  5.64938 0.054 Excellent 

PIER 6 2400 X 2200       

CONTINOUS 0.68875 0.000 Excellent 

  0.63370 0.000 Excellent 

  0.48223 0.000 Excellent 

PIER 7 1800 X 1500       

SIMPLE 5.39958 0.120 Excellent 

  5.45783 0.123 Excellent 

  6.38814 0.138 Excellent 

PIER 8 2100 X 1600       

SIMPLE 4.12226 0.092 Excellent 

  4.41271 0.099 Excellent 

  5.28473 0.118 Excellent 
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Figure 5-1 Pier 2 Damage Ratio Response 

 

Figure 5-2 Pier 3 Damage ratio at 70 Km/hr 

 

Figure 5-3 Pier 3 Damage Ratio at 120 Km/hr. 
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Figure 5-4 Typical of Pier 4 

 

 

Figure 5-5 Pier 1 Damage Ratio (Stirrup @ c/c 141) 

 

 

Figure 5-6 Pier 1 Damage at 70 Km/Hr. (Stirrup @ 173 c/c) 
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Figure 5-7 Pier 1 Maximum Damage at 120 Km/Hr. 

 

 

Figure 5-8 Pier 2 Damage Ratio at 70 Km/hr. 

5.3 Findings: 

The average damage ratio obtained from the 25 investigated simulations for the 8 different piers 

along AALRT gave a damage ratio of 0.066 on a scale of 1 as shown in Figure 5-9 is a very 

insignificant damage only capable of causing micro cracks at the impact location which is a clear 

indicator that the piers can be  repairable (minor) without replacement of the concrete component 

or any major effect on the operation of the train. Based on deformation as a serviceability 

requirement for structural performance, a deformation of up to a maximum of 6.4 mm is equally 

too small to lower the confidence of the train users. 
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Figure 5-9 Damage extent of AALRT Piers 

 

Only a combination of 70.6 tone vehicle traveling at speeds of 120 km/hr and over are capable 

of causing total failure of the piers without sudden warning. This combination itself makes it 

even more difficult to have such a failure as a result of the vehicle -bridge pier collision. 
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Chapter 6 : PARAMETRIC STUDY AND SENSITIVITY ANALYSIS 

6.1 Introduction 

To evaluate the influence of different parameters, such as vehicle mass, vehicle velocity, 

concrete compressive strength, stirrup spacing and varying number of longitudinal 

reinforcements required the generation of different models with probabilistic inputs generated 

using Latin Hypercube sampling software. Pier deformation and damage ratios were considered 

as ideal for this study in relation to bridge safety. Deterministic studies such as vehicle impact 

angle, pier cross section (circular Vs rectangular) and foundation-pier-superstructure connection 

to vehicle-pier response were also conducted. 

6.2 Deterministic Approach   

6.2.1 Effect of Vehicle Impact Angle 

Impact angles of 0; 2.5, 7.0, 10, and 12.5 degrees were considered for this study at fixed vehicle 

mass of 60 Tones with varying speeds of 75, 140 and 240 Km/hr. 

The diameter of the circular pier was taken as 1500 mm and cross section area of 1500 mm X 

1180 mm for the rectangular pier both with a fixed connection at footing-pier and pier-

superstructure. Explicit material model 37 was used with a density of 2400 Kg/m3 and 

compressive strength of 20 MPa keeping all other Parameters constant.   

 

Figure 6-1 Deformation for Changing Impact Angle-Circular Pier 
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Figure 6-2 Stress Intensity- for Changing Impact Angle - Circular Pier 

 

 

Figure 6-3 Zero Degree Impact Angle Deformation of Circular Pier 
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Figure 6-4 Zero degrees Impact angle deformation of rectangular Pier 

   

(a) – 2.5 Degrees                                                     (b) 7.5 Degrees 

Figure 6-5 Impact Angle Model 
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Figure 6-6 Changing Impact Angle and Rectangular Pier Deformation 

 

 

Figure 6-7 Stress Intensity- Rectangular Pier at Different Speeds 
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6.2.2 Effect of compressive strength on Damage time 

The effect of compressive strength of concrete and speed were also studied in terms of time 

required to cause maximum damage to the pier elements. 

 

Figure 6-8 Effect of Compressive Strength on Damage Time 75 Km/hr 

 

 

Figure 6-9 Effect of Compressive Strength on damage time (140 Km/hr.) 
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Pinned - Pinned: The connection between the foundation and pier is pinned and is similar to 

that between the pier and superstructure. In the geometry that was used this resulted in three 

different bodies that make up the complete model. 

Fixed – Pinned: This type of connection allows for a fixed connection between the footing and 

pier while the superstructure and pier have got a pinned connection. In the model, this resulted 

in two main bodies as a component of the pier Geometric model used in the simulation. This 

type of connection is assumed to be a connection where a bridge bearing is used between the 

superstructure and pier and was found to be the most common type of connection for Addis 

Ababa Light Rail Transit.  

Fixed - Fixed: This is a type of connection where both ends of the Pier are fixed. This type of 

connection results in one single geometry being used for simulation. This kind of connection 

was observed along curved areas,  turnouts and switches. 

A circular pier of diameter 1200 mm was used keeping the height as described before in section 

6.2.1. Only Explicit material Model 37 was revised and compressive strength of 35 MPa was 

used with other parameters kept constant. 

 

Figure 6-10 Comparison of deformation based on Geometry connection 
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Figure 6-11 Pinned-Pinned Connection 

 

Figure 6-12 Fixed-Pinned Connection 

0

200

400

600

800

100 200 300 400 500

D
ef

o
rm

at
io

n
 (

m
m

)

Vehicle Speed (km/hr)

Connection Effect on Pier & Vehicle 

Deformation

Pier Vehicle

0

200

400

600

800

100 200 300 400 500

D
ef

o
rm

at
io

n
 (

m
m

)

Vehicle Speed (Km/hr)

Connection Effect on Pier & Vehicle 

Deformation

Pier Vehicle



Performance of Vulnerable Railway Bridge Piers Subjected to Vehicular Impact Loads- Case 

study: Addis Ababa Light Rail Transit 

 

MSc Thesis Page 76 
 

 

Figure 6-13 Connection effect on Pier-Vehicle Deformation  

 

Figure 6-14 Deformation of Fixed-Fixed connection Pier 
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Table 6-1 Pier Cross Section used in deterministic Modelling 

Pier 

Code 

Rectangular 1 

Dimension (mm) 

Rectangular 2 

Dimension (mm) 

Circularr 

Diameter (mm) 

S1 1500 X 1180 1180 X 1500 1500 

S2 1200 X 942.5 942.5 X 1200 1200 

S3 1075 X 845 845 X 1075 1075 

S4 900 X 710 710 X 900 900 

S5 800 X 630 630 X 800 800 

S6 600 X 475 475 X 600 600 

 

 
Figure 6-15 Deformation of Different Cross- Sections -140 Km/hr. 
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Figure 6-16 Deformation of different Cross Sections -240 Km/hr. 

  

Figure 6-17 L-R Deformation of 600 mm; 900 mm Modelled Circular Piers 
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model had a constant volume of 119 m3. The vehicle model was generated at a distance of 2000 

mm above the footing top surface. A distance of 1524 is provided as the distance recommended 

as per AASHTO while a distance of 476 mm is allowed to cater for fill material onto the footing. 

All models were generated using AUTOCAD and later exported as IGES files into ANSYS for 

modeling. 

The pier cap and pile cap footing were considered as unreinforced while the pier reinforcement 

was made up of 32 mm diameter longitudinal steel and 10 mm diameter stirrup. The quantiy of 

both the longitudinal steel and stirrup was varied according to the combinations generated by 

LHS for the different simulations done. 

6.3.2 Probabilistically Generated Input Parameters 

According to Novak et al. [58], Latin Hypercube Sampling software requires the mean and 

standard deviations of the parameters to be used are provided so that it can generate the required 

number of inputs in terms of a different number of combinations. Since the number of parameters 

that is vehicle speed, vehicle mass, unconfined concrete compressive strength, stirrup spacing 

and area of longitudinal bars was the chosen parameters to be studied, their means and standard 

deviations were obtained as discussed in the following paragraphs. The required number of 

parameters ultimately gave the minimum number of layers or combinations to be generated by 

LHS, that is 2n where n = 5; the generated input combinations were therefore 32. 

Vehicle Speed 

Based on a spot speed study conducted by Emebet [74], mean speed and standard deviation of 

49.125 Km/hr. and 9.476 Km/hr. were obtained respectively. These were compared to the spatial 

travel time corresponding speeds that were obtained using a stop clock between three main 

sections (CBE New headquarters building to Stadium-0.82 km, UNECA Headquarters to 

Estifanos 0.31 Km and Dembel to Estifanos 0.61 km) obtained randomly, the mean speed and 

standard deviations from this approach were 46.439 Km/hr. and 10.896 Km/hr. respectively. 

Therefore, comparing the coefficient of variations of 0.193 and 0.235 for the first and second 

data sets, the first was adopted due to its lower coefficient of variation. 

Vehicle Mass 

A combination of weights adopted from 2 weighbridges at Modjo and Holeta as investigated by 

Biniam [75]  were adopted and integrated with some COMESA regional countries permissible 
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maximum combination for determination of mean masses and their corresponding standard 

deviations. The mean and standard deviations were thus obtained as 56342 Kgs and 6635.21 Kg 

respectively. 

Concrete Compressive Strength 

Based on the required cube strength for AALRT of 45 MPa a corresponding cylinder strength of 

36 MPa was adopted and standard deviation of 2.33 MPa was adopted in comformity to AREMA 

article 1.12.5.3 volume 2 which were adopted for this study. 

Stirrup Spacing 

A 10 mm diameter bar was adopted for use in this study on article 2.11.2 AREMA [77], and 

based on article 5.10.6.2 of AASHTO [73], 152.4 mm was adopted as the average stirrup 

spacing. [Working with a 95% level of confidence, using a Wararit [78] table 3 as shown in 

Table 7-3 in APPENDIX C]. A corresponding value of coefficient is interpolated between 0.05; 

0.9502 and 0.10; 0.9494 at 0.95 was obtained as 0.062. Using this coefficient of variation, a 

corresponding standard deviation of 9.525 mm was obtained and used in conjunction with the 

mean spacing of 152.4 mm.  

Longitudinal Steel Reinforcement Ratio 

This was obtained in terms of the area and was based on Article 2.11.1 of AREMA [77]. Since 

the reported steel ratio of 0.0157 provided is acceptable, it was considered as the mean 

longitudinal steel reinforcement ratio. This mean ratio of reinforcement of 0.0157 and using a 

coefficient of variation of 0.062 obtained from Table 7-3, generated a standard deviation of 

9.734E-4. 

Table 6-2 LHS Input Parameters 

 ID Parameter Mean Standard 

Deviation 

Units 

1 Vehicle Speed 49.125 9.476 Km/hr. 

2 Vehicle Mass 56342.143 6635.207 Kg 

3 Compressive Strength 36 2.33 MPa 

4 Stirrup Spacing 152.400 9.525 mm 

5 Longitudinal Steel 

Reinforcement Ratio 

0.0157 9.734X10^-4 x Gross Area(mm2) 
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Based on the above inputs (As shown in Table 6-2) 32 different combinations of vehicle speed, 

mass, compressive strength, stirrup spacing, and longitudinal steel reinforcement ratio were 

generated and used to develop different simulations as shown in Table 6-3.  

Masses of the vehicle were attained by varying the density of General Material Model 12 shown 

in Table 6-3 all the other vehicle parameters like Modulus of elasticity were kept constant except 

for the yield strength that was set to 460 MPa.  The vehicle mass was taken to impact the pier at 

an impact angle of 0 degrees. During this study, only the compressive strength and tensile 

strength of the concrete as Explicit Material Model 37 were varied keeping all other parameters 

constant. Tensile strength of concrete according to AS3600 [79] was calculated using Equation 

4. With all the other Explicit material model 37 properties being kept constant density being 

considered such as the density 2400 kg/m3, the compressive strength The Tensile Strength ratio 

𝑓𝑡 𝑓𝑐⁄  which was computed for different classes as indicated in Table 6-3. 

𝒇
𝑻
𝟏 = 𝟎 ⋅ 𝟒√𝒇

𝑪
𝟏
                                                                            (4) 

 𝑓𝑐
1 is the specified compressive strength of concrete at 28 days. 

 

6.4 Regression-Based Sensitivity Analysis 

Sensitivity analysis was done by conducting a multiple regression-based analysis and checking 

the corresponding level of significance in terms of their relationship with the outcome 

(deformation).  A hypothesis test for individual parameters was conducted based on [52] [53]; 

Null Hypothesis, Ho; βi = 0 

Alternative Hypothesis, Ha; βi ≠ 0 

Reject the null hypothesis Ho; if P-Value ≤ Level of significance (α), else fail to reject the null 

hypothesis when P-Value ˃ Level of significance (α). 

Where; 

βi is the slope of the ith parameter being investigated. If H0: βj = 0 is not rejected, this indicates 

that the regressor Xi can be deleted from the model. 

The backward eleimination step-wise multiple linear regression analyses were conducted at the 

level of confidence of 99% and the Adjusted R2 value was observed since many regression users 

prefer to use an adjusted R2 statistics [53]. 

Based on how significantly each parameter (vehicle speed, vehicle mass, compressive strength, 

stirrup spacing and longitudinal steel ratio) was related to deformation during the vehicle-pier 
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collision, individual parameters were eliminated until two parameters remained. Vehicle speed 

was found to be the most critical parameter at a level of confidence of 99% while stirrup spacing 

is a leading deformation resisting component of the pier at a level of confidence of 95%. The 

sensitivity process based on the level of significance in terms of the relationship between the 

different parameters and deformation are as shown in Table 6.3 and the ANOVA output values 

obtained during the different multiple regression analyses are as indicated in APPENDIX D. 

 

Function: 

 

𝐷𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 

=  −8.322218284 + 0.14186516 ∗ 𝑆 + 1.42117𝐸 − 06 ∗ 𝑉𝑀

− 0.003416035 ∗ 𝐶𝑆 + 0.058624075 ∗ 𝑆𝑆 − 38.11216896 𝑆𝑅 

 

Where; S Vehicle Speed; VM- Vehicle Mass;    CS- Compressive strength(Cylinder) , SS- 

Stirrup Spacing , SR- Longitudinal Steel Ratio
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Table 6-3 LHS Output (Column 1;2;4;7; & 8) ANSYS output (Column 12 & 13) 

 

NO. 1 2 3 4 5 6 7 8 9 10 11 12 13 

Data 
Set 

Vehicle Speed 
Km/hr   

Vehicle 
Mass 
(Kg) 

Vehicle 
Density 

Concrete 
Compressive 
Strength 
(Mpa) 0.4*Sqrt(fIc)   

Tensile 
Strength 

10mm(2.11.2 
AREMA) 
Stirrup 
Spacing 
(mm) 

#5#16 Rebar 
(2.11.1- 
AREMA 
2010-Vol2) 
Area of 
Rebars 1200*1400 

Equivalent 
Area 

Area of 1 
Bar 
(200mms) 
No of Bars 

Deformation 
(mm) Damage  

1 56.99 15831.92 51535 432 33.49 2.31 0.07 141 0.01552 1680000 26077.98 32 7.33 0.111 

2 41.26 11459.74 60496 507 32.70 2.29 0.07 154 0.01681 1680000 28235.55 34 5.93 0.105 

3 40.15 11153.69 62624 525 32.10 2.27 0.07 166 0.01645 1680000 27631.73 34 6.36 0.106 

4 50.99 14164.64 64502 541 38.21 2.47 0.06 144 0.01610 1680000 27048.99 33 6.76 0.111 

5 38.91 10809.57 50060 420 35.35 2.38 0.07 145 0.01473 1680000 24746.8 30 5.14 0.111 

6 55.06 15293.87 56082 470 34.31 2.34 0.07 154 0.01459 1680000 24516.45 30 7.88 0.113 

7 50.24 13955.83 49193 412 37.24 2.44 0.07 161 0.01530 1680000 25703.01 31 7.61 0.117 

8 37.47 10408.57 55034 461 36.84 2.43 0.07 158 0.01538 1680000 25831.48 32 5.54 0.112 

9 43.19 11997.80 57650 483 36.09 2.40 0.07 159 0.01545 1680000 25956.13 32 6.46 0.112 

10 55.99 15552.92 70633 592 35.73 2.39 0.07 148 0.01419 1680000 23841.98 29 7.70 0.110 

11 45.71 12697.89 50832 426 30.98 2.23 0.07 139 0.01559 1680000 26197.93 32 5.75 0.107 

12 48.01 13335.84 54500 457 35.54 2.38 0.07 146 0.01505 1680000 25280.53 31 6.45 0.112 

13 48.75 13542.71 67462 566 39.90 2.53 0.06 164 0.01764 1680000 29632.66 36 7.58 0.112 

14 69.54 19315.32 55561 466 39.30 2.51 0.06 136 0.01698 1680000 28519.71 35 8.67 0.116 

15 28.71 7976.36 63491 532 34.96 2.37 0.07 151 0.01721 1680000 28910.02 35 3.99 0.103 

16 52.54 14593.78 52803 443 36.27 2.41 0.07 142 0.01581 1680000 26554.06 32 6.82 0.113 

17 59.34 16482.09 58185 488 33.13 2.30 0.07 152 0.01602 1680000 26920.51 33 8.41 0.110 

18 42.26 11738.75 56602 474 34.76 2.36 0.07 153 0.01514 1680000 25429.34 31 5.98 0.110 

19 33.24 9234.39 46935 393 34.06 2.33 0.07 157 0.01618 1680000 27182.51 33 4.83 0.110 

20 44.91 12474.24 61149 513 37.04 2.43 0.07 173 0.01626 1680000 27322.66 33 7.47 0.113 

21 51.76 14376.78 58732 492 37.69 2.46 0.07 132 0.01566 1680000 26316.76 32 6.13 0.111 

22 53.34 14817.43 52188 437 33.79 2.33 0.07 157 0.01588 1680000 26674.01 33 7.86 0.112 

23 46.49 12914.89 57124 479 37.94 2.46 0.06 156 0.01595 1680000 26795.87 33 6.75 0.113 

24 49.50 13748.95 59295 497 36.46 2.42 0.07 147 0.01495 1680000 25120.27 31 6.71 0.112 

25 35.69 9913.88 45222 379 38.87 2.49 0.06 149 0.01667 1680000 28005.2 34 4.83 0.114 

26 47.26 13127.03 53953 452 38.51 2.48 0.06 143 0.01574 1680000 26435.23 32 6.17 0.113 

27 58.10 16137.97 59881 502 35.16 2.37 0.07 163 0.01522 1680000 25569.48 31 8.93 0.114 

28 60.78 16883.10 61853 519 37.46 2.45 0.07 155 0.01442 1680000 24232.29 30 8.81 0.116 

29 62.56 17377.79 48182 404 35.91 2.40 0.07 160 0.01376 1680000 23119.34 28 9.41 0.120 

30 65.01 18057.28 65749 551 41.02 2.56 0.06 150 0.01655 1680000 27807.53 34 9.04 0.116 

31 54.18 15049.89 53389 448 34.54 2.35 0.07 168 0.01485 1680000 24944.47 30 8.68 0.115 

32 44.07 12241.78 42051 353 36.65 2.42 0.07 151 0.01635 1680000 27471.47 34 6.09 0.115 
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Table 6-4 Regression based sensitivity Analysis 

RUN 

NO 

Parameters 

Considered  

Adjusted 

R Square 

Parameter P-

Value 

Level of 

Significance - α 

Hypothesis 

Test Result 

Decision Taken 

1 Vehicle Speed 0.99785 

 

 

3.01523E-35 

 

 

0.01 P ˂ α The parameter with the highest P-Value is neglected 

in the next level because it has a low level of 

significance when it comes to its relationship with 

deformation, therefore, Compressive Strength is 

neglected. 

 Vehicle Mass  0.448908374 

 

 

0.01 P ˃ α  

 Compressive 

Strength 

 

 0.533423941 

 

 

0.01 P ˃ α  

 Stirrup  

Spacing 

 

 1.16331E-26 

 

 

0.01 P ˂ α  

 Longitudinal 

Steel Ratio  

 

 0.013915248 

 

0.01 P ˃ α  

2 Vehicle Speed 

 

0.953895 

 

3.01523E-35 

 

 

0.01 P ˂ α The parameter with the highest P-Value is neglected 

in the next level because it has a low level of 

significance when it comes to its relationship with 

deformation, therefore, vehicle mass is neglected. 

 

 Vehicle Mass 

 

 0.448908374 

 

 

0.01 P ˃ α  

 Stirrup spacing 

 

 1.16331E-26 

 

 

0.01 

 

 

P ˂ α 
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Longitudinal 

Steel ratio  

0.013915248 

 

0.01 P ˃ α 

       

3 Vehicle Speed 0.955416 

 

3.01523E-35 

 

 

0.01 P ˂ α The parameter with the highest P-Value is neglected 

in the next level because it has a low level of 

significance when it comes to its relationship with 

deformation, therefore, Longitudinal steel ratio is 

neglected. 

 

 Longitudinal 

Steel ratio 

 0.013915248 

 

 

 

0.01 P ˃ α  

 Stirrup  

Spacing 

 1.16331E-26 

 

0.01 P ˂ α  

       

4 Vehicle Speed 0.956836 3.01523E-35 

 

 

0.01 P ˂ α Vehicle speed from the impactor and stirrup Spacing 

from the resisting side are the two critical 

parameters,  

       

 Stirrup  

Spacing 

 1.16331E-26 

 

0.01 P ˂ α  

 

 



Performance of Vulnerable Railway Bridge Piers Subjected to Vehicular Impact Loads- Case 

study: Addis Ababa Light Rail Transit 

 

MSc Thesis Page 86 
 

Chapter 7  CONCLUSIONS AND RECOMMENDATIONS 

7.1 CONCLUSIONS 

A total of 276 piers were investigated to ascertain the extent of the vulnerability, it was found 

out that 6 piers corresponding to 2.174 % are Highly susceptible to vehicle impact, while 269 

Piers (97.464%) are moderately exposed and 1 pier (0.362%) was of low exposure to vehicle 

collision. Further analysis of the highly and moderately exposed piers shows that by location, 

35.273% are located along curved sections while 56.727% are located along the tangent section, 

4.727% are located along roundabouts and 3.273% are at intersections. 

Though most of the piers were found to be moderately and highly vulnerable to vehicle impact 

collision this study has found out that they are highly resistant to failure as a result of damage 

from vehicular impact load of a 70.6-ton vehicle traveling at speeds of upto 100 km/hr  as 

evidenced in the average damage index of 0.066 which does not in any way affect  the load-

carrying capacity of the Pier. The obtained deformation of up to a maximum of 6.4 mm is too 

small to cause to be noticed.  

It is worth noting that the bridge piers located along AALRT route are satisfactorily strong to 

avoid any form of catastrophe as a result of bridge pier-vehicle collision. This could be due to 

factors such as the sizes of the piers being greater than 1200 mm x 1400mm, the nature of pier-

super structure being fixed and the parallel nature of orientation of the piers as much as possible 

in areas where high vehicular impacts are expected. 

Regression-based sensitivity analysis of the five main parameters that were considered       

(vehicle speed, vehicle mass, compression strength, stirrup spacing and longitudinal steel ratio) 

showed that vehicle speed  as an aspect of the impacting force was to a level of confidence of 

95%. This is the most sensitive parameter for causing deformation while for the pier resisting 

aspect, stirrup spacing to a level of confidence was responsible for resisting deformation. This 

is similar to the findings of Gomez and Alipour [39] who concluded that, the spacing of 

transverse hoop reinforcement was observed to have a significant impact on the performance of 

the bridge piers subjected to vehicular collisions. Close spacing 100 to 165 mm of the transverse 

reinforcement provided greater shear resistance in the pier and resulted in only minor damage to 

the concrete cover. 
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It was also observed that an increase in the longitudinal steel resulted into increased damage 

which is similar to the findings reported by Fujikake et al.[34] who reported that localized 

damage in RC beams increases with higher amounts of tensile reinforcement due to the increase 

in stiffness.  

7.2 RECOMMENDATIONS 

Minimum pier cross-section size of 1200 mm X 1400 mm with a fixed- continuous 

superstructure connection between the pier and superstructure with a minimum compressive 

strength of 35 MPa, with a minimum longitudinal steel ratio of 0.0157 and stirrup spacing of 

150 mm was found to be adequate when subjected to vehicular impact loads. 

As much as possible for rectangular piers, the pier length must be made parallel to the direction 

of vehicle traffic to minimize the effect of damage to the pier. Vehicle speeds should be restricted 

in areas where highly susceptible piers are identified to a maximum of 50 Km/hr.  

7.3 FUTURE WORK: 

The effect of vehicular impact can be studied to cater for the effect of variation of Stirrup 

diameter, slenderness ratio, effect of pier surrounding soils on impact resistance by the pier and 

repeated impact loading including the effect of spirals and ties in resisting damage. Similar study 

can also be conducted to include the effect of environmental change on the performance of 

concrete.This study can also be re-done for AALRT based on the as-built drawings. 

A soft impact study in which the deformation of the vehicle is also considered can be conducted 

to determine the response of the piers along AALRT. 
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APPENDIX A  

This appendix provides details about the photographic evidence of field survey for the 

capture of a pier susceptible to overhead impact, posted speeds along the AALRT route 

(these speeds were adopted for ranking of pier vulnerability) evidence of damage to the 

Piers and extent of protection to the piers. 

Field-based Photos: These simply show some of the evidence that is entailed in Table 7-1 

Table 7-1, Shows the Pier Vulnerability ranking, the Final score being 0.9 X Summation 

for each individual Pier. 

Figure 7-1 Clearly shows the flow path taken for every individual Pier in Table A-1 to 

finally come up with the ranks. 
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Field-Based Photos 

   
Susceptible to Overhead Collision 

   
Posted Speed Limits 
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Impact with Barriers 

   
Unprotected Bridge Piers
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Table 7-1 Pier Vulnerabiltity Ranking 

                         

Pier Designation 

Nature 
of 

Section Pier Type 
Protective 

Barrier 
Pedestrian 

Bridge 
Structural 

Redundancy 

Characteristic
s of Traffic 

(Under ADTT) 

Horizontal 
Clearance 
(Edge of 

Roadway to 
face of Pier) 

Weight of 
Superstructu

re 

Posted 
Speed 
Limit 

(Km/hr) 

Evidence of 
Previous 
Impact 

Damage 

Orientation 
of Piers with 
the direction 

of Traffic 
Under the 

Bridge 
Final 
Score 

Vulne
rabilit
y 
CLASS 

LINE 
Pier 
No   Type Score Type Score YES Score SPE Score Type Score Type Score Type Score Type Score Type 

Sco
re Type 

Scor
e     

ATIKILTERA - GOJAM BERENDA                                           
NS 1 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS 2 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS 3 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 EWR 5 PAR 0 43.2 M 
NS 4 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS 5 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS 6 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS 7 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS 8 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS 9 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS 10 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS 11 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS 12 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS 13 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS 14 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS 15 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS 16 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS 17 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS 18 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS 19 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS 20 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

GOJAM BERENDA TO AUTOBUS TERA                                         
NS 21 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 EWR 5 SKE 4 46.8 M 
NS 22 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 EWR 5 SKE 4 46.8 M 
NS 23 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 EWR 5 SKE 4 46.8 M 

NS 24 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 EWR 5 SKE 4 46.8 M 
NS 25 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 EWR 5 SKE 4 46.8 M 
NS 26 CURVED SP 0 SBR 10 YES 5 SPE 4 > 5000 15 B 4 MDT 4 Y 2 EWR 5 SKE 4 47.7 M 
NS 27 CURVED SP 0 SBR 10 YES 5 SPE 4 > 5000 15 B 4 MDT 4 Y 2 EWR 5 SKE 4 47.7 M 
NS 28 CURVED SP 0 SBR 10 YES 5 SPE 4 > 5000 15 B 4 MDT 4 Y 2 EWR 5 SKE 4 47.7 M 
NS 29 CURVED SP 0 SBR 10 YES 5 SPE 4 > 5000 15 B 4 MDT 4 Y 2 EWR 5 SKE 4 47.7 M 
NS 30 CURVED SP 0 SBR 10 YES 5 SPE 4 > 5000 15 B 4 MDT 4 Y 2 EWR 5 SKE 4 47.7 M 
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Pier 
Designation 

Nature 
of 

Section Pier Type 
Protective 

Barrier 
Pedestrian 

Bridge 
Structural 

Redundancy 

Characteristics 
of Traffic 

(Under ADTT) 

Horizontal 
Clearance 
(Edge of 

Roadway to 
face of Pier) 

Weight of 
Superstructure 

Posted 
Speed Limit 

(Km/hr.) 

Evidence of 
Previous 
Impact 

Damage 

Orientation 
of Piers 
with the 

direction of 
Traffic 

Under the 
Bridge 

Final 
Score 

Vulnerability 
CLASS 

LINE 
Pier 
No   Type Sco Type Score YES Score SPE Score Type Score Type Score Type Score Type Score Type Score Type Score     

Autobus Tera to Sebatagna                                       
NS 31 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 SKE 4 45.9 M 

NS 32 CURVED SP 0 SBR 10 NO 0 CTS 0 > 5000 15 A 8 MDT 4 Y 2 DNE 0 SKE 4 38.7 M 
NS 33 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS 34 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 

NS 35 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 

NS 36 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 
NS 37 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 

NS 38 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 

NS 39 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 

NS 40 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 

NS 41 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 

NS 42 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 

NS 43 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 

NS 44 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 

NS 45 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 
NS 46 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 

Abnet Station                                       
NS 47 CURVED SP 0 SBR 10 YES 5 SPE 4 > 5000 15 B 4 MDT 4 Y 2 EWP 15 SKE 4 56.7 H 

NS 48 TANG SP 0 SBR 10 YES 5 SPE 4 > 5000 15 B 4 MDT 4 Y 2 EWR 5 PAR 0 44.1 M 
NS 49 TANG SP 0 SBR 10 YES 5 SPE 4 > 5000 15 B 4 MDT 4 Y 2 EWR 5 PAR 0 44.1 M 
NS 50 TANG SP 0 SBR 10 YES 5 SPE 4 > 5000 15 B 4 MDT 4 Y 2 EWR 5 PAR 0 44.1 M 

Abnet to Darmar                                       

NS 51 CD-RA  SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS 52 CD-RA  SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS 53 CD-RA  SP 0 SBR 10 NO 0 SPE 4 > 5000 15 C 0 LGT 8 Y 2 DNE 0 SKE 4 38.7 M 
NS 54 CD-RA  SP 0 SBR 10 NO 0 SPE 4 > 5000 15 C 0 LGT 8 Y 2 DNE 0 SKE 4 38.7 M 
NS 55 CD-RA  SP 0 SBR 10 NO 0 CTS 0 > 5000 15 B 4 MDT 4 Y 2 DNE 0 SKE 4 35.1 M 

NS 56 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 

NS 57 CURVED SP 0 SBR 10 NO 0 CTS 0 > 5000 15 B 4 MDT 4 Y 2 DNE 0 SKE 4 35.1 M 

NS 58 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS 59 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS 60 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS 61 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
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Pier Designation 

Nature 
of 

Section Pier Type 
Protective 

Barrier 
Pedestrian 

Bridge 
Structural 

Redundancy 

Characteristics 
of Traffic 

(Under ADTT) 

Horizontal 
Clearance 
(Edge of 

Roadway to 
face of 
Pier) 

Weight of 
Superstructure 

Posted 
Speed 
Limit 

(Km/hr) 

Evidence of 
Previous 
Impact 

Damage 

Orientation 
of Piers 
with the 

direction of 
Traffic 

Under the 
Bridge 

Final 
Score 

Vulnerability 
CLASS 

LINE Pier No   Type Sco Type Score YES Score SPE Score Type Score Type Score Type Score Type Score Type Score Type Score     

NS 62 CURVED SP 0 SBR 10 NO 0 CTS 0 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 35.1 M 

NS 63 CURVED SP 0 SBR 10 NO 0 CTS 0 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 35.1 M 

NS 64 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS 65 CURVED SP 0 SBR 10 NO 0 CTS 0 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 35.1 M 

NS 66 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS 67 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS 68 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS 69 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS 70 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS 71 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS 72 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS 73 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS 74 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS 75 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS 76 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS 77 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS 78 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS 79 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS 80 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Z 0 DNE 0 PAR 0 36.9 M 
NS 81 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Z 0 DNE 0 PAR 0 36.9 M 
NS 82 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Z 0 DNE 0 PAR 0 36.9 M 

NS 83 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Z 0 DNE 0 PAR 0 36.9 M 

NS 84 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Z 0 DNE 0 PAR 0 36.9 M 

NS 85 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Z 0 DNE 0 PAR 0 36.9 M 

NS 86 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Z 0 DNE 0 PAR 0 36.9 M 

NS 87 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS 88 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS 89 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS 90 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS 91 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS 92 CURVED SP 0 SBR 10 NO 0 CTS 0 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 35.1 M 
NS 93 CURVED SP 0 SBR 10 NO 0 CTS 0 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 35.1 M 
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Nature 
of 

Section Pier Type 
Protective 

Barrier 
Pedestrian 

Bridge 
Structural 

Redundancy 

Characteristics 
of Traffic 

(Under ADTT) 

Horizontal 
Clearance(Edge 
of Roadway to 

face of Pier) 

Weight of 
Super 

structure 

Posted 
Speed Limit 

(Km/hr) 

Evidence of 
Previous 
Impact 

Damage 

Orientation 
of Piers with 
direction of 

Traffic 
Under the 

Bridge 
Final 
Score 

Vulnerability 
CLASS 

LINE 
Pier 
No   Type Sco Type Score YES Score SPE Score Type Score Type Score Type Score Type Score Type Score Type Score     

Common - 
Section                                                 

Darmar to St Lideta                                       
NS-EW 94 CURVED SP 0 NN 20   0 SPE 0 > 5000 15 A 8 LGT 8 Z 0 EWB   SKE 4 49.5 M 
NS-EW 95 CURVED SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Z 0 DNE 0 PAR 0 49.5 M 
NS-EW 96 TANG SP 0 NN 20   5   4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 PAR 0 55.8 H 
NS-EW 97 TANG SP 0 NN 20   5   4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 PAR 0 55.8 H 
NS-EW 98 TANG SP 0 NN 20   5   4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 PAR 0 55.8 H 
NS-EW 99 CURVED SP 0 SBR 10 YES 5 SPE 4 > 5000 15 B 4 MDT 4 Z 0 DNE 0 SKE 4 41.4 M 
NS-EW 100 CURVED SP 0 SBR 10 YES 5 SPE 4 > 5000 15 B 4 MDT 4 Z 0 DNE 0 SKE 4 41.4 M 
NS-EW 101 CURVED SP 0 SBR 10 YES 5 SPE 4 > 5000 15 B 4 MDT 4 Z 0 DNE 0 SKE 4 41.4 M 

St-Lideta to Tegbared                                       
NS-EW 102 CURVED SP 0 SBR 10 YES 5 SPE 4 > 5000 15   4 MDT 4 Z 0 DNE 0 SKE 4 41.4 M 
NS-EW 103 TANG SP 0 NN 20 YES 5 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 PAR 0 55.8 H 
NS-EW 104 TANG SP 0 NN 20 YES 5 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 PAR 0 55.8 H 
NS-EW 105 TANG SP 0 SDD 0 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 29.7 L 
NS-EW 106 TANG SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 PAR 0 51.3 M 
NS-EW 107 TANG SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 PAR 0 51.3 M 
NS-EW 108 TANG SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 PAR 0 51.3 M 
NS-EW 109 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 110 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 111 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 112 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 113 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 114 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 115 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 116 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 117 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 118 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 119 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 120 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 EWR 5 SKE 4 46.8 M 
NS-EW 121 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 122 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 123 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 124 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 125 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 126 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 127 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 128 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
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of 
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Protective 

Barrier 
Pedestrian 

Bridge 
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the Bridge 
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Vulnerability 
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LINE Pier No   Type Sco Type Score YES Score SPE Score Type Score Type Score Type Score Type Score Type Score Type Score     
TEGBARED to Mexico                                       

NS-EW 129 TANG SP 0 NN 20 YES 5 SPE 4 > 5000 15 A 8 MDT 4 Y 2 DNE 0 PAR 0 52.2 M 
NS-EW 130 TANG SP 0 NN 20 YES 5 SPE 4 > 5000 15 A 8 MDT 4 Y 2 DNE 0 PAR 0 52.2 M 
NS-EW 131 TANG SP 0 NN 20 YES 5 SPE 4 > 5000 15 A 8 MDT 4 Y 2 DNE 0 PAR 0 52.2 M 
NS-EW 132 TANG SP 0 NN 20 YES 5 SPE 4 > 5000 15 A 8 MDT 4 Y 2 DNE 0 PAR 0 52.2 M 
NS-EW 133 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 134 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 135 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 136 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 137 CURVED SP 0 SDD 0 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 33.3 M 
NS-EW 138 CD-RA  SP 0 SDD 0 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 33.3 M 
NS-EW 139 CD-RA  SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 
NS-EW 140 CD-RA  SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 
NS-EW 141 CD-RA  SP 0 SDD 0 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 33.3 M 
NS-EW 142 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 
NS-EW 143 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 144 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 145 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 146 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 147 TA-INT SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 EWB 5 PAR 0 43.2 M 
NS-EW 148 TA-INT SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 EWB 5 PAR 0 43.2 M 
NS-EW 149 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 150 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
                                                  
NS-EW 151 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 152 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 153 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 154 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 155 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 156 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
NS-EW 157 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

Mexico to Leghar                                       
NS-EW 158 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 MDT 4 Y 2 DNE 0 PAR 0 35.1 M 
NS-EW 159 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 MDT 4 Y 2 DNE 0 PAR 0 35.1 M 
NS-EW 160 TANG SP 0 SBR 10 YES 5 SPE 4 > 5000 15 B 4 MDT 4 Y 2 DNE 0 PAR 0 39.6 M 
NS-EW 161 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 MDT 4 Y 2 DNE 0 PAR 0 35.1 M 
NS-EW 162 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 
NS-EW 163 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 
NS-EW 164 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 
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NS-EW 165 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 

NS-EW 166 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 

NS-EW 167 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 

NS-EW 168 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS-EW 169 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS-EW 170 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS-EW 171 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS-EW 172 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS-EW 173 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS-EW 174 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS-EW 175 CURVED SP 0 NN 20 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 51.3 M 

NS-EW 176 CURVED SP 0 NN 20 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 51.3 M 

NS-EW 177 CURVED SP 0 NN 20 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 51.3 M 

NS-EW 178 CURVED SP 0 NN 20 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 51.3 M 

NS-EW 179 CURVED SP 0 NN 20 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 51.3 M 

Leghar to Stadium                                       

NS-EW 180 TA-INT SP 0 SDD 0 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 EWB 5 SKE 4 37.8 M 

NS-EW 181 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 MDT 4 Y 2 DNE 0 PAR 0 35.1 M 

NS-EW 182 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 MDT 4 Y 2 DNE 0 PAR 0 35.1 M 

NS-EW 183 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 MDT 4 Y 2 DNE 0 PAR 0 35.1 M 

NS-EW 184 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 MDT 4 Y 2 DNE 0 PAR 0 35.1 M 

NS-EW 185 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS-EW 186 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS-EW 187 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS-EW 188 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS-EW 189 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

NS-EW 190 CURVED SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 SKE 4 54.9 M 

NS-EW 191 CURVED SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 SKE 4 54.9 M 

NS-EW 192 CURVED SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 SKE 4 54.9 M 

NS-EW 193 CURVED SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 SKE 4 54.9 M 

NS-EW 194 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 

NS-EW 195 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 

NS-EW 196 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 

NS-EW 197 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 

NS-EW 198 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 

NS-EW 199 TANG SP 0 SBR 10 YES 5 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 43.2 M 

NS-EW 200 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 MDT 4 Y 2 DNE 0 PAR 0 35.1 M 

NS-EW 201 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 MDT 4 Y 2 DNE 0 PAR 0 35.1 M 

NS-EW 202 TANG SP 0 SBR 10 YES 5 SPE 4 > 5000 15 B 4 MDT 4 Y 2 DNE 0 PAR 0 39.6 M 
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    Nature of 

Section 

Pier Type Protective 

Barrier 

Pedestrian 

Bridge 

Structural 

Redundancy 

Characteristics 

of Traffic (Under 

ADTT) 

Horizontal 

Clearance(Edge 

of Roadway to 

face of Pier) 

Weight of 

Super 

structure 

Posted Speed 

Limit (Km/hr) 

Evidence of 

Previous 

Impact 

Damage 

Orientation of 

Piers with 

direction of 

Traffic Under 

the Bridge 

Final 

Score 

Vulnerability 

CLASS 

LINE Pier 

No 

  Type Sco Type Score YES Score SPE Score Type Score Type Score Type Score Type Score Type Score Type Score     

NS-EW 203 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 HVY 0 Y 2 DNE 0 PAR 0 31.5 M 

NS-EW 204 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 HVY 0 Y 2 DNE 0 PAR 0 31.5 M 

NS-EW 205 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 HVY 0 Y 2 DNE 0 PAR 0 31.5 M 

NS-EW 206 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 HVY 0 Y 2 DNE 0 PAR 0 31.5 M 

Stadium- Meshwelkya   NO                                   

NS 207 CURVED SP 0 SDD 0 NO 0 CTS 0 > 5000 15 B 4 MDT 4 Y 2 EWB 5 SKE 4 30.6 M 

NS 208 CURVED SP 0 SBR 10 YES 5 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 46.8 M 

NS 209 TANG SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 PAR 0 51.3 M 

NS 210 TANG SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 PAR 0 51.3 M 

NS 211 TANG SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 PAR 0 51.3 M 

NS 212 TANG SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 PAR 0 51.3 M 

Lancha to Nefas Silk2                                       

NS 213 TANG SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 PAR 0 51.3 M 

NS 214 TANG SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 PAR 0 51.3 M 

NS 215 TANG SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 PAR 0 51.3 M 

NS 216 TANG SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 PAR 0 51.3 M 

NS 217 TANG SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 PAR 0 51.3 M 

NS 218 TANG SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 PAR 0 51.3 M 

NS 219 TANG SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 PAR 0 51.3 M 

NS 220 TA-INT SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 SKE 4 54.9 M 

NS 221 TA-INT SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 SKE 4 54.9 M 

NS 222 CURVED SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 SKE 4 54.9 M 

NS 223 CURVED SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 SKE 4 54.9 M 

NS 224 CURVED SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 SKE 4 54.9 M 

NS 225 CURVED SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 SKE 4 54.9 M 

NS 226 CURVED SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 SKE 4 54.9 M 

NS 227 CURVED SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 SKE 4 54.9 M 

NS 228 CURVED SP 0 NN 20 NO 0 SPE 4 > 5000 15 C 0 LGT 8 X 4 DNE 0 SKE 4 49.5 M 

NS 229 CURVED SP 0 NN 20 NO 0 SPE 4 > 5000 15 C 0 LGT 8 X 4 DNE 0 SKE 4 49.5 M 

NS 230 CURVED SP 0 NN 20 NO 0 SPE 4 > 5000 15 C 0 LGT 8 X 4 DNE 0 SKE 4 49.5 M 

NS 231 CURVED SP 0 NN 20 NO 0 SPE 4 > 5000 15 C 0 LGT 8 X 4 DNE 0 SKE 4 49.5 M 

NS 232 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 X 4 DNE 0 SKE 4 44.1 M 

NS 233 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 X 4 DNE 0 SKE 4 44.1 M 

NS 234 CURVED SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 X 4 DNE 0 SKE 4 44.1 M 

CocaCola to St Lideta                                       

EW 235 TANG SP 0 SDD 0 YES 5 SPE 4 > 5000 15 B 4 LGT 8 X 4 DNE 0 PAR 0 36.0 M 

EW 236 TANG SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 PAR 0 51.3 M 

EW 237 CD-RA  SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 X 4 DNE 0 PAR 0 40.5 M 

EW 238 CD-RA  SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 HVY   Z 0 DNE 0 SKE 4 33.3 M 
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    Nature 
of 
Section 

Pier Type Protective 
Barrier 

Pedestrian 
Bridge 

Structural 
Redundancy 

Characteristics of 
Traffic (Under 
ADTT) 

Horizontal 
Clearance(Edge of 
Roadway to face of 
Pier) 

Weight of 
Super 
structure 

Posted Speed 
Limit (Km/hr) 

Evidence of 
Previous Impact 
Damage 

Orientation of 
Piers with 
direction of 
Traffic Under 
the Bridge 

Final 
Score 

Vulnerability 
CLASS 

LINE Pier 
No 

  Type Sco Type Score YES Score SPE Score Type Score Type Score Type Score Type Score Type Score Type Score     

EW 239 CD-RA  SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 HVY   Z 0 DNE 0 SKE 4 33.3 M 

EW 240 CD-RA  SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 HVY   Z 0 EWB 5 SKE 4 37.8 M 

Stadium to St - Estifanos                                       

EW 241 TA-INT SP 0 SBR 10 NO 0 SPE 4 > 5000 15   4 HVY   Y 2 EWR 5 SKE 4 39.6 M 

EW 242 TA-INT SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 MDT 4 Y 2 DNE 0 SKE 4 51.3 M 

EW 243 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

EW 244 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

EW 245 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

EW 246 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

EW 247 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

EW 248 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

EW 249 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

EW 250 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

EW 251 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

EW 252 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

EW 253 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

EW 254 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

EW 255 TA-INT SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

EW 256 TA-INT SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 

EW 257 TA-INT SP 0 SDD 0 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 EWB 5 SKE 4 41.4 M 

EW 258 TA-INT SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 SKE 4 42.3 M 

EW 259 TANG SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 MDT 4 Y 2 DNE 0 SKE 4 51.3 M 

EW 260 TANG SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 PAR 0 51.3 M 

EW 261 TANG SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 PAR 0 51.3 M 

EW 262 TANG SP 0 NN 20 NO 0 SPE 4 > 5000 15 A 8 LGT 8 Y 2 DNE 0 PAR 0 51.3 M 

EW 263 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

EW 264 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

EW 265 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

EW 266 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

EW 267 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 MDT 4 Y 2 DNE 0 PAR 0 35.1 M 

EW 268 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 MDT 4 Y 2 DNE 0 PAR 0 35.1 M 

EW 269 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 MDT 4 Y 2 DNE 0 PAR 0 35.1 M 

EW 270 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 MDT 4 Y 2 DNE 0 PAR 0 35.1 M 

St-Estiphanos to Bambis                                       

EW 271 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

EW 272 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

EW 273 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

EW 274 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

EW 275 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 

EW 276 TANG SP 0 SBR 10 NO 0 SPE 4 > 5000 15 B 4 LGT 8 Y 2 DNE 0 PAR 0 38.7 M 
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KEY & SCALE 

NATURE OF SECTION 

TANG TANGENT 

CA-RA ROUNDABOUT 

TA-INT INTERSECTION 

PIER TYPE  

SP Solid Pier 

MC Multi Column 

OTC One or Two Column 

Protective Barrier  

NN None 

SBR Substandard Barrier/Railings 

SDD Standard 

Structural Redundancy  

CTS CONTINOUS 

SPE SIMPLE 

Horizontal Clearance (Edge of Roadway to face of 

Pier) 

 

A  -< 9.144 m without Barrier & 

Mound 

B - < 9.144 with Barrier or 

Mound 

C - > 9.144 m 

Weight of Superstructure  

LGT - LIGHT 

MDT - MODERATE 

HVY -HEAVY 

Posted Speed Limit (Km/hr.)  

W 88.5 to 104.61 

X 64.4 to 80 

Y 48.3 to 56.3 

Z < 48.3  

Evidence of Previous Impact Damage  

EWP Damage Exists with Pier 

EWB Damage Exists with Barrier 

EWR Damage Exists with Railings 

DNE Damage Does not exist 

Orientation of Piers with the direction of Traffic 

Under the Bridge 

 

SKE  - Skewed 

PAR  - Parallel 

VULNERABILITY SCALE  

< 30 LOW EXPOSURE -L 

30<=55 MODERATE EXPOSURE- M 

>55 HIGH EXPOSURE -H 
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Pier Type

1 or 2 Columns Multi Column Solid Pier

(15) (10) (0)

Protective Barriers and/or Railing Under

None      Substandard Railing        Standard Railing & or Barrier

(20)                (10)     (0)

Pedestrian Bridge

YES NO

(5) (0)

Evidence of Previous Impact Damage

Evidence of prior                          No evidence of Prior Impact 

collision Impact damage Damage exists

(15) (0)

Over road way support by Pier

Does the Under Roadway Carry Truck traffic

Structural Redundancy 

Simple Continuous

(4) (0)

Truck Traffic (Under) (ADTT)

>5,000 >2,500 >1,000 >200 200 & Below

(15) (12) (8) (4) (0)

Horizontal Clearance (Edge of Roadway to face of Pier)

<30' w/o barrier or Mound <30' W/ Barrier or Mound >30'

(8) (4) (0)

Weight of Super structure

Light  Moderate  Heavy

(8) (4) (0)

Posted Speed Limit (mph)

55-65 40-50 30-35 <30

(8) (4) (2) (0)

Orientation of Pier(s) with the Direction of Traffic Under the Bridge

Skewed Parallel

(4) (0)

NO STOP score is 0

NO

STOP score is 0

YES

YES

Impact of Collision

Exposure of Pier

Characteristics of Traffic

Geometry 

of Road

 
Figure 7-1-Pier Ranking Flow Chart - NYSDT [46] 
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APPENDIX B 

This section seeks to illustrate the different parameters that were used in assessing the 

performance of AALRT identified vulnerable piers when subjected to vehicular impact 

loads.  

Area of rebars in column 6 was referenced based on the Ethiopia -Djibouti lines due to 

lack of detailed drawings at the time of the study. 

During the study of the piers, the effect of spirals and ties were neglected, though this 

could have a significant effect on the outcome of the pier in terms of its resistance to 

damage. 

The nominal stirrup spacing for the links was 150 mm but due to variations that usually 

take place during construction two more spacings that is 145 mm and 155 mm were also 

considered for simulation purposes. 
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Table 7-2 – SIMULATION DETAILS OF AALRT 

Pier-Super 

structure 

Connection 

Vehicle 

Speed 

Km/hr 

Vehicle 

Mass 

(Kg) 

Concrete 

Compressive 

Strength 

(Mpa) 

12 mm  

Stirrup 

Spacing 

(mm) 

 Area of 

Rebars 

Pier Cross 

Sectional 

Area 

(mm2)  

Equivalent 

Longitudinal 

Steel Area 

Area of 1 

Bar 

(200mms) 

No of Bars 

No Of 

Bars 
Deformation 

(mm) 

Damage 

Ratio 

PIER 1 1400 X 1200                 

SIMPLE 70 70633 30.98 141 0.0157 1680000 26376.9979 804.2477194 32 3.87530 0.080 

      36.00 151           3.84500 0.078 

      41.02 173           4.30680 0.083 

SIMPLE 120 70633 30.98 141 0.0157 1680000 26376.9979 804.2477194 32 76.18600 1.000 

      36.00 151           76.72700 1.000 

      41.02 173           81.48300 1.000 

PIER 2 2000 X 1500                 

SIMPLE 70 70633 30.98 141 0.0157 3000000 47101.782 804.2477194 58 0.00000 0.000 

      36.00 151           0.00000 0.000 

      41.02 173           0.00000 0.000 

                        

SIMPLE                       

  120 70633 30.98 141 0.0157 3000000 47101.782 804.2477194 58 0.00000 0.000 

      36.00 151           0.00000 0.000 

      41.02 173           0.00000 0.000 

                        

PIER 3 1700 X 1300                 

SIMPLE 70 70633 30.98 141 0.0157 2210000 34698.3127 804.2477194 44 4.67450 0.092 

      36.00 151           4.14740 0.075 

      41.02 173           4.11250 0.048 
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Pier-Super 

structure 

Connection 

Vehicle 

Speed 

Km/hr 

Vehicle 

Mass 

(Kg) 

Concrete 

Compressive 

Strength 

(Mpa) 

12 mm  

Stirrup 

Spacing 

(mm) 

 Area 

of 

Rebars 

Pier Cross 

Sectional Area 

(mm2)  

Equivalent 

Longitudinal 

Steel Area 

Area of 1 

Bar 

(200mms) 

No of Bars 

No 

Of 

Bars 
Deformation 

(mm) 

Damage 

Ratio 

SIMPLE 120 70633 30.98 141 0.0157 2210000 34698.3127 804.2477194 44 78.38800 1.000 

      36.00 151           77.95000 1.000 

      41.02 173           83.42600 1.000 

                        

PIER 4 2800 X 1800 (WITH 1200 X 1800 2N0 COMBINED PIERS)             

SIMPLE 70 70633 30.98 141 0.0157 2160000 33913.283 804.2477194 42 2.58540 0.057 

      36.00 151           2.58540 0.057 

      41.02 173           2.82880 0.058 

SIMPLE 120 70633 30.98 141 0.0157 2160000 33913.283 804.2477194 42 41.85093 0.337 

      36.00 151           41.86860 0.355 

      41.02 173           46.38090 0.466 

PIER 5 1800 X 1500               

SIMPLE 70 70633 30.98 141 0.0157 2700000 42391.6038 804.2477194 52 5.72910 0.098 

      36.00 151           5.73310 0.098 

      41.02 173           5.77350 0.099 

SIMPLE 120 70633 30.98 141 0.0157 2700000 42391.6038 804.2477194 52 72.32331 1.000 

      36.00 151           77.73700 1.000 

      41.02 173           80.89120 1.000 

PIER 5 1800 X 1500               

CONTINOUS 70 70633 30.98 141 0.0157 2700000 42391.6038 804.2477194 52 5.10617 0.054 

      36.00 151           5.43210 0.054 

      41.02 173           5.64938 0.054 
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Pier-Super 

structure 

Connection 

Vehicle 

Speed 

Km/hr 

Vehicle 

Mass 

(Kg) 

Concrete 

Compressive 

Strength 

(Mpa) 

12 mm  

Stirrup 

Spacing 

(mm) 

 Area of 

Rebars 

Pier 

Cross 

Sectional 

Area 

(mm2)  

Equivalent 

Longitudinal 

Steel Area 

Area of 1 

Bar 

(200mms) 

No of Bars 

No 

Of 

Bars 
Deformation 

(mm) 

Damage 

Ratio 

CONTINOUS 120 70633 30.98 141 0.0157 2700000 42391.6038 804.2477194 52 77.39866 1.000 

      36.00 151           82.33900 1.000 

      41.02 173           85.63256 1.000 

PIER 6 2400 X 2200                 

CONTINOUS 70 70633 30.98 141 0.0157 5280000 82899.1363 804.2477194 104 0.68875 0.000 

      36.00 151           0.63370 0.000 

      41.02 173           0.48223 0.000 

  120 70633 30.98 141 0.0157 5280000 82899.1363 804.2477194 104 18.31140 0.401 

      36.00 151           18.78042 0.410 

      41.02 173           22.39600 0.451 

PIER 7 1800 X 1500                 

SIMPLE 70 70633 30.98 141 0.0157 2700000 42391.6038 804.2477194 52 5.39958 0.120 

      36.00 151           5.45783 0.123 

      41.02 173           6.38814 0.138 

SIMPLE 120 70633 30.98 141 0.0157 2700000 42391.6038 804.2477194 52.71 70.43308 1.000 

      36.00 151           73.56912 1.000 

      41.02 173           86.09931 1.000 

PIER 8 2100 X 1600                 

SIMPLE 70 70633 30.98 141 0.0157 3360000 52753.9958 804.2477194 65.59 4.12226 0.092 

      36.00 151           4.41271 0.099 

      41.02 173           5.28473 0.118 
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APPENDIX C 

This shows the data that was adopted for the calculation of mean and standard deviation 

values for speed and axle loads. It also gives the table from which the coefficient of 

variation was adopted for the calculation of standard deviation given the mean value. 

Table 7-3 Vehicle Masses   [75] 

  
REC- COMESA 
COUNTRY 

PERMISSIBLE 
MAXIMUM 
COMBINATION (MASS-
KG) 

M-
MEAN VALUE   

1 ANGOLA 38000 -18342 336434204.6   

2 MALAWI 56000 -342 117061.7347   

3 NAMIBIA 56000 -342 117061.7347   

4 SWAZILAND 50200 -6142 37725918.88   

5 ZAMBIA 56000 -342 117061.7347   

6 ZIMBABWE 56000 -342 117061.7347   

7 ETHIOPIA 58000 1658 2748490.306   

8   61380 5038 25380004.59   

9   57800 1458 2125347.449   

10   64240 7898 62376147.45   

11   62780 6438 41446004.59   

12   60540 4198 17622004.59   

13   63860 7518 56518176.02   

14   58080 1738 3020147.449   

15   60860 4518 20411033.16   

16   62080 5738 32923004.59   

17   58900 2558 6542633.163   

18   58260 1918 3678176.02   

19   62980 6638 44061147.45   

20   57420 1078 1161776.02   

21   60180 3838 14729147.45   

22   62180 5838 34080576.02   

23   58840 2498 6239290.306   

24 ERITREA 46000 -10342 106959918.9   

25 DJIBOUTI 46000 -10342 106959918.9   

26 KENYA 53000 -3342 11169918.88   

27 SUDAN 46000 -10342 106959918.9   

28 UGANDA 46000 -10342 106959918.9   

    1577580   1188701071   

  MEAN 56342   44025965.61 6635.207 

  SD       6635.207 
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Table 7-4  Probabilities and COV [78] 
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Table 7-5 Field based Travel time Speeds 

Stretch 
1 0.82 km       Strecth 2 0.96 km 

   

Veh. 
No 

Time 
(Seconds) 

Ave. 
Speed  Veh. No 

Time 
(Seconds) 

Ave. 
Speed 

   1 65.6 45  1 115.2 30 

   2 55.7 53  2 98.7 35 

   3 84.4 35  3 123.5 28 

   4 48 62  4 62.9 55 

   5 72 41  5 86.4 40 

   6 82 36  6 69.2 50 

   7 98.4 30  7 138.3 25 

   8 72 41  8 98.8 35 

   9 61.5 48  9 88.7 39 

   10 70.3 42  10 50.9 68 

   11 55.7 53  11 104.8 33 

   12 46.9 63  12 82.3 42 

   13 42.3 70  13 76.8 45 

   14 46.2 64  14 73.6 47 

   15 105.5 28  15 98.8 35 

   16 77.7 38  16 104.7 33 

   17 67.1 44  17 49.4 70 

   18 49.2 60  18 57.6 60 

   19 42.8 69  19 84.3 41 

   20 118.8 25  20 91 38 

   21 45 66  21 98.8 35 

   22 47.4 62  22 115.2 30 

   23 54.7 54  23 78.6 44 
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   24 55.8 53  24 84.3 41 

   25 55.4 53  25 86.4 40 

   26 52.7 56  26 65.2 53 

   27 59.1 50  27 93.4 37 

   28 67.1 44  28 84.3 41 

   29 45.5 65  29 46.1 75 

   30 54.7 54  30 55 63 

   31 73.8 40  31 86.4 40 

   32 65.6 45  32 69.2 50 

   33 59.1 50  33 62.9 55 

   34 63.6 46  34 96 36 

   35 57.9 51  35 76.8 45 

   36 86.9 34  36 53.2 65 

   37 61.5 48  37 58.6 59 

   38 65.6 45  38 98.8 35 

   39 84.4 35  39 86.4 40 

   40 77.7 38  40 72 48 

       1935 3715 46.43908337   1780 
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Table 7-6  Vehicle Spot Speeds [74] 

Speed Class Km/hr(x) Frequency (f)-1 Frequency (f)-1 Frequency (f)-1 Frequency (f) F (x) X2 FX2 

35 1 0 1 2 70 1225 2450 

38 6 1 3 10 380 1444 14440 

41 7 3 6 16 656 1681 26896 

44 4 4 5 13 572 1936 25168 

47 3 5 7 15 705 2209 33135 

50 4 3 2 9 450 2500 22500 

53 2 2 2 6 318 2809 16854 

56 1 4 2 7 392 3136 21952 

59 0 2 2 4 236 3481 13924 

62 1 1 1 3 186 3844 11532 

65 0 2 1 3 195 4225 12675 

68 2 3 0 5 340 4624 23120 

71 1 1 0 2 142 5041 10082 

74 0 1 0 1 74 5476 5476 

  32 32 32 96 4716   240204 
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Table 7-7 LHS Input and Output Data 
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APPENDIX D 

This appendix gives the details of the different stages of multiple regression analyses that 

were conducted based on the ANSYS simulations for the generation of deformation, as 

shown for the different number of parameters that were considered  as shown in Table 7.2 

The adjusted R Square values and P-Values were obtained from the different stages of 

multiple regression analyses. 
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Table 7-8 Regression Analysis and ANOVA results 

SUMMARY OUTPUT         

         

Regression Statistics        
Multiple R 0.999098081        
R Square 0.998196975        
Adjusted R Square 0.997850239        
Standard Error 0.063845236        
Observations 32        

         
ANOVA         

  df SS MS F 
Significance 

F    
Regression 5 58.6738872 11.7347774 2878.842182 8.58717E-35    
Residual 26 0.10598157 0.00407621      
Total 31 58.7798688          

         

  Coefficients 
Standard 

Error t Stat P-value Lower 95% Upper 95% 
Lower 
95.0% 

Upper 
95.0% 

Intercept 
-

8.322218284 0.3363843 -24.74021 1.34881E-19 -9.01366612 
-

7.63077044 -9.0136661 -7.63077 
Vehicle Speed Km/hr 0.14186516 0.00140718 100.81543 3.01523E-35 0.138972666 0.14475765 0.13897267 0.1447577 
Vehicle Mass (Kg) 1.42117E-06 1.8484E-06 0.76885374 0.448908374 -2.3783E-06 5.2207E-06 -2.378E-06 5.221E-06 
Concrete Compressive Strength 
(Mpa) 

-
0.003416033 0.00541202 -0.6311939 0.533423941 -0.01454059 0.00770853 -0.0145406 0.0077085 

10 mm Stirrup Spacing (mm) 0.058624075 0.00124945 46.9200373 1.16331E-26 0.056055801 0.06119235 0.0560558 0.0611923 

Longitudinal Steel Ratio  
-

38.11216896 14.450659 -2.6374001 0.013915248 -67.815924 
-

8.40841392 -67.815924 -8.408414 

 


