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Abstract 

REPAIR OF IMPACT-DAMAGED PRESTRESSED 

CONCRETE BRIDGE GIRDER USING 

GLASS FRP REBAR 

 

María Ángeles De La Flor Montero 

 

The University of Texas at Arlington, 2015 

 

Supervising Professor: Nur Yazdani  

Overpass girders are risked by the impact of the traffic, over height vehicle, 

travelling under the structure, creating a hazard for the drivers over and under the bridge. 

When a bridge girder is damaged the repair solution adopted has to meet the 

following criteria: 

- Safety. The repaired structure has to provide a minimum level of service 

to guarantee the safety of the traffic during the life of the structure.  

- Repair time: The repair time has to be minimized to limit risks and 

inconveniences for the traffic. 

- Economy. The adopted solution has not only to fulfill the previous 

requirements, but also has to be the most economical. 

Nowadays a lot of construction projects have to confront this kind of issue. The 

Lyndon B. Johnson (LBJ) Express construction project had to solve this problem. The 

LBJ project is located on I-635 and I-35 in North Dallas, Texas. The bridge number 54 of 

the LBJ project was hit by a truck, causing severe damage on one of its girders. The 

incident caused loss of concrete and exposed several strands. The solution adopted for 

the engineers was install fiber glass rebar and fill with repair mortar. 
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This study models the damaged girder before and after the repair to analyze its 

structural behavior. The data obtained by this model have been compared to the data 

obtained by the field test. The ABAQUS software has been used to model the girder. 

The objectives of this study are provide a better understanding of the structural 

behavior and propose adequate modeling techniques of beams repaired with GFRP 

rebar. The proposed techniques will help to establish adequate repair procedures and to 

anticipate the structural behavior of damaged girders prior to the repair process  
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Chapter 1  

INTRODUCTION 

1.1.- Introduction 

Concrete bridge repair has been an issue to be confronted by engineers almost 

from the beginning of their activity. The damage suffered by the structure may have 

different origins. They may be due to fire, to a poor design or construction, the passage of 

time or just the impact of vehicles. The assessment of damage is important in deciding 

the most suitable repair system in every situation. The types of repair can range from 

making the in situ repair with minimal disruption or inconvenience to traffic until the 

demolition of all or part of the structure and its reconstruction.  

One of the most common problems any structure has to face today is the impact 

caused by vehicles that exceed the clearance for which they are designed. The Lyndon 

B. Johnson (LBJ) Express construction project had to solve this problem. The bridge 

number 54 of the LBJ project was hit by a truck, causing severe damage on one of its 

girders. The incident caused loss of concrete and exposed several strands.  

 

1.2.- Project Background 

The LBJ Freeway is a partial loop of 37 miles (59.55 km) located in Dallas, 

Texas. It travels along the north Dallas area, starting southeast of the city at an 

intersection with I-20 and ending at its meeting with SH 121 at the north entrance to the 

Dallas-Fort Worth International Airport (Wikipedia, 2015). 

In 2011 a remodeling of the highway in the stretch running between I-35 and US 

75 began. This project will create a new section of tollway with four lanes each way. 

These four lanes added to the eight lanes of the freeway and the 3 lanes of the frontage 

road will confront the volume of traffic that flows through this segment daily.  
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Figure 1-1 LBJ Express Project Area 

 

This is a major project approximately 13 miles (20.92 km) long, with a large 

number of bridges and overpasses where about 7000 beams will be used and with a 

deadline of less than 5 years. Because of these features the work schedule has been 

critical to meet the project deadline. One of the most important factors to meet this 

schedule has been traffic control since all the construction work has been developed 

diverting the traffic flowing through this area. 

Keeping the traffic flowing caused the coexistence of new routes with old layout 

or temporary plot. It was during one of these phases of coexistence when the accident 

that damaged the structure number 54 occurred. The overpass had been completed 

while the lower trace was still the old route. This situation caused the structure to 

temporally have a lower clearance than the one it is finally design for and motivated the 

accident. 

Bridge number 54 is located on Preston road over the LBJ express freeway in 

North Dallas. It is formed by 3 spans with different number of girder in each one. The 
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span number 1 is the southernmost of the structure and the northernmost is the span 

number 3. The girders used are prestressed with depressed strands. For spans 1 and 2 

the girders are type "Tx46" girder and for span 3 are type "Tx28" girder. 

 

 

Figure 1-2 Preston Road Bridge, Bridge 54 

 

The girder damaged by the truck was the last girder of the second span in the 

westbound direction. The impact caused damage along the bottom flange losing concrete 

and exposing several strands decreasing the strength of the beam. 
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Figure 1-3 Damaged Girder 

 

The solution taken by the constructors consisted of the following steps: 

- Remove the loss concrete, 

- Chip the existing beam to provide a rough surface, 

- Drill to place number 4 transverse and longitudinal fiberglass rebar, 

- Apply bonding agent, and 

- Fill with BASF LA40 repair mortar. 

 

1.3.- Research Significance  

Determining the most appropriate solution to perform the repair of prestressed 

elements is a complicated task that requires a comprehensive study.  

Among the most used repair systems the repairs carried out using Fiber 

Reinforced Polymer (FRP) are the most common. These systems include benefits like 

cost efficiency, performance time and high section strengthening. The Glass Fiber 
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Reinforced Polymer (GFRP) system was adopted as a solution to repair the bridge 

number 54 of the LBJ Freeway. 

The fact that they are increasingly common has increased the number of 

researches or studies on the use of these systems in bridge repair application. However, 

most of these researches investigate the behavior of a particular FRP system: the 

Carbon Fiber Reinforced Polymer (CFRP).  

Chapter 2 of this thesis, literature review, includes an analysis of the studies 

found related to the use of FRP systems and its application to bridge repair. Although 

most of them are focused on the use of CFRP, the number of investigations about the 

use of GFRP systems has increased in the last years. 

These investigations are focused mainly in the use of GFRP for bridge deck 

reinforcement and in the durability of GFRP systems. The topics studied in these 

researches are varied and include the application of GFRP not only to bridge repair but 

also to strengthen other sections such as square columns or railroad crossties. 

The number of studies related to the use of GFRP for bridge girder repair is low. 

Therefore this thesis is important since it studies a use of GFRP less investigated. This 

research work establishes a finite element model to analyze the behavior of a 

prestressed concrete beam repaired with GFRP. This analysis is conducted by using a 

finite element program, ABAQUS, to later compare the results with the data from the field 

test.  

Most of the researches described in Chapter 2 obtain the results based on scale 

models or imposing a given type of impact. In this case the damaged beam is part of a 

real structure in service, it is not an isolated element, hit by a truck causing a particular 

structural damage. This is another reason that makes this thesis necessary since none of 

the researches found represents the actual structural behavior of the girder. 
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1.4.- Objective Of The Study 

The main objective of this research is to provide a better understanding of 

modeling the behavior of beams repaired with GFRP rebar. To achieve this objective, the 

girder has been modeled before and after the repair. 

The tasks to be completed are: 

- Modeling by finite element software the girder at each phase. 

- Analyze the results obtained by the theoretical model and compare them 

to the field test data.  

- Establish conclusions about the relationship between the actual behavior 

of beams repaired with GFRP and the theoretical behavior. 

 

1.5.- Thesis Organization 

This thesis has been organized as follows: 

Chapter 1 describes general aspects of the thesis as well as the need for this 

study. 

Chapter 2 reviews the literature and references available. It provides a 

description of the regulations and guidelines that can be found for bridge repair. It also 

defines and describes the different types of FRP systems. Finally it includes the studies 

and researches related to FRP systems that have been found and the software that will 

be used to perform this thesis. 

Chapter 3 includes the description of the original girder, the description of the 

damage, and the description of the repair solution adopted by the company. 

Chapter 4 describes the results of the tests carried out in the field. It shows the 

strains measured by the strain gauges during the two phases of the field test.  
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Chapter 5 explains the 3D model generated using ABAQUS. It includes all the 

data needed to model the two phases of the field test.  

Chapter 6 exhibits the results obtained from ABAQUS. It compares these results 

with the field test data summarized in Chapter 4. 

Chapter 7 establishes the study's conclusions based on Chapter 6. 

Appendix A provides the bridge drawings. 

Appendix B includes the tables of the strain measured in the field test. 

Finally, at the end of this research work it is included a list of references used to 

develop this thesis.  
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Chapter 2  

LITERATURE REVIEW 

This literature review is divided in four parts. The first part consist of the review of 

the last normative and guidelines that can be used for repairing prestressed concrete 

girders. The second part defines and describes the types of Fiber Reinforced Polymer 

(FRP) systems. The third part analyzes numerous thesis, studies and dissertations that 

have been published during the last years. Finally the fourth part describes the finite 

element software that is used for the development of this thesis. 

 

2.1.- Normative And Guidelines For Repair Prestressed Concrete Girders 

The normative and guidelines for bridges repair found are listed below: 

- AASHTO LRFD Bridge Design Specifications (AASHTO, 2012), including 

the "Guide Specifications for Design of Bonded FRP System for Repair 

and Strengthening of Concrete Bridge Elements." 

- NCHRP REPORT 654, "Evaluation and Repair Procedures for 

Precast/Prestressed Concrete Girders with Longitudinal Cracking in the 

Web," (Tadros, Badie, & Tuan, 2010). 

- NCHRP REPORT 655, "Recommended Guide Specification for the 

Design of Externally Bonded FRP Systems for Repair and Strengthening 

of Concrete Bridge Elements," (Zureick, Ellingwood, Nowak, Mertz, & 

Triantafillou, 2010). 

- NCHRP 20-07/task 307, "Updated Research for Collision Damage and 

Repair of Prestressed Concrete Beams," (Harries, Kasan, Miller, & 

Brinkman, 2012). 
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The Guide Specifications for Design of Bonded FRP Systems supplements the 

AASHTO LRFD Bridge Design Specifications. According to AASHTO, (2012)  

"These guide specifications are intended for the repair and strengthening 
of reinforced and pre-stressed highway bridge structures using externally 
bonded fiber-reinforced polymer (FRP) composite systems." 

The objective of the NCHRP REPORT 654 is to establish a guide to help the 

technical team to decide whether to accept, fix or remove the girder with longitudinal web 

cracking. This manual also includes criteria for acceptance of materials and repair 

methods for beams with end zone cracking. Depending on the crack width the guide 

recommends different types of repair systems. Table 2-1 summarizes the four criteria set: 

 

Table 2-1 NCHRP REPORT 654 Criterion (Tadros, Badie, & Tuan, 2010) 

 

 

The lack of specifications nationally recognized for the use of externally bonded 

FRP systems has hindered the use of these systems for the repair and strengthening of 

bridges. The NCHRP REPORT 655 has as a goal to establish specifications that help the 

engineer to use these systems for the repair and strengthening of prestressed or 

CRITERION

0.025 - 0.050 (0.06 - 0.13)

FOURTH Greater than 0.050 (0.13)

Rejection unless it can be shown by 
detailed analysis that structural 

capacity and long term durability are 
not compromised

Epoxy injection for cracks wider than 
0.025 in (0.06 mm) and cementitious 
packing material for cracks narrower 

than 0.025 in (0.06 mm)

THIRD

Cracks be filled with a cementitious 
packing material and then covered 

with a water resistant surface sealant.

Not Repair

RECOMMENDED SOLUTION

FIRST 0 - 0.012 (0 - 0.3)

SECOND 0.012 - 0.025 (0.3 - 0.06) 

CRACK WIDTH, in (mm)
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reinforced concrete structures. This report includes the use of thermoset polymers 

reinforced by carbon, glass or aramid fibers. In addition to six illustrative examples the 

guide provides the formulation needed to calculate bending, shear, axial, torsion and their 

combinations.  

Finally the NCHRP 20-07/task 307 is not an official publication of the National 

Cooperative Highway Research Program (NCHRP). However it was prepared as part of 

NCHRP Project 20-07, task 307 (Harries, Kasan, Miller, & Brinkman, 2012). This report 

aims to establish a foundation to help engineers in the repair of prestressed beams 

providing the necessary criteria to decide whether to repair in situ or remove the 

damaged item. This guide updates de NCHRP REPORT 280, 1985. Nine repair 

techniques are described including the following: 

- Externally Bonded Carbon Fiber Reinforced Polymer (EB-CFRP) 

- Externally Bonded Post-Tensioned Carbon Fiber Reinforced Polymer 

(bPT-CFRP) 

- Post-Tensioned Steel (PT-steel) 

- Internal Strand Splicing 

Based on the loss of strands Table 2-2 is set to provide a guide for classifying the 

prestressed concrete girder damage. 
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Table 2 -2 Damage Classification for Prestressed Concrete Girders (Harries, Kasan, 

Miller, & Brinkman, 2012) 

 

Once the type of damage has been defined the manual provides several flow 

charts based on the type of damage and beams with the solution that can be taken. 

 

Figure 2-1 Repair Selection Flow Chart For Prestressed Concrete Single-Web Girders 

(Harries, Kasan, Miller, & Brinkman, 2012) 

MINOR

MODERATE

SEVERE I

SEVERE II

SEVERE III

SEVERE IV Strand loss greater than 35%.

Camber

No effect of girder camber.

No effect of girder camber.

Partial loss of camber.

Complete loss of camber.

Vertical deflection less than 
0.5%.

Vertical deflection greater 
than 0.5%.

Strand loss

No exposed strands.

Exposed strands.                   
No severed strands.

Less than 5% strand loss.

Strand loss greater than 5%.

Strand loss exceeding 20%. 
In longer and heavily loaded 
sections, decompression 
may not occur until close to 
30% strand loss.

Concrete with shallow spalls, nicks and cracks, scrapes 
and some efflorescence, rust or water stains. Damage 
does not affect member capacity. Repairs are for 
aesthetic and preventative purpose only (NCHRP 280)

Larger cracks and sufficient spalling or loss of concrete 
to expose strands. Damage does not affect member 
capacity. Repairs are intended to prevent further 
deterioration (NCHRP 280)

Damage affects member capacity but may not be 
critical - being sufficiently minor or not located at a 
critical section along the span [2.5]. Repairs to prevent 
further deterioration are warranted although structural 
repair is typically not required.

Damage requires structural repair that can be affected 
using a non-prestressed/post-tensioned method. This 
may be considered as repair to affect the STRENGTH 
(or ultimate) limit state.

Decompression of the tensile soffit has resulted 
[2.6.1.2]. Damage requires structural repair involving 
replacement of prestressing force through new 
prestress or port-tensioning. This may be considered as 
repair to affect the SERVICE limit state in addition to the 
STRENGTH limit state.

Damage is too extensive. Repair is not practical and the 
element must be replaced.
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Therefore the AASHTO 2012 along with the different NCHRP reports form a 

good basis for carrying out the repair of damaged structures.  

 

2.2.- Fiber Reinforced Polymers (FRP) 

Two are the main components of Fiber Reinforced Polymer (FRP): polymers and 

fibers. Masuelli (2013, p. 3) defines FRP as 

"Fiber-reinforced polymer (FRP), also Fiber-reinforced plastic, is a 
composite material made of a polymer matrix reinforced with fibers."  

The polymers used are vinylester or polyester thermosetting plastic, epoxy and 

phenol formaldehyde resins. Among the most common fibers are glass, carbon, aramid 

and basalt (Masuelli, 2013). 

FRP reinforcements are easy to install, lightweighted and exhibit high tensile 

strength, which facilitates handling and accelerates the construction or repair. Other 

advantages of their use are their good long-term performance and low cost (Zureick, 

Ellingwood, Nowak, Mertz, & Triantafillou, 2010). These characteristics have made the 

use of FRP systems more common in civil engineering.  

However there are also disadvantages to consider when these systems are 

used. They have brittle failure, poor shear resistance, poor resistance to fire and high 

temperatures, loose strength upon bending and they are susceptible to stress-rupture 

effects (Masuelli, 2013). 

Because the fibers take a largest amount of volume and they resist the greater 

proportion of the load, the fibers are the main component on a fiber reinforced composite 

material. For this reason it is important to make a proper selection of the type of fiber, 

fiber length, volume occupied inside the compound and fiber orientation (Mallick, 2008). 

Nanni, Luca, & Zadeh (2014) describe the types of fibers more common as 

follows: 
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- Carbon. It exhibits modulus and strength three times higher than glass 

fiber and also it is ten times more expansive. The type of carbon fiber 

more used in civil engineering is the carbon fiber made from 

polyacrylonitrile (PAN). PAN-based carbon fiber is characterized by high 

modulus and high strength. Other kind of carbon fiber that can be found 

are the carbon fiber made from rayon, used to generate low modulus 

carbon fiber, and pitch, it has higher modulus than PAN but lower 

strength. 

 

 

Figure 2-2 Carbon Fiber Rebar 

 

- Glass. It has good thermal and electrical insulation properties. The main 

types of glass fiber are three: 

o Electrical (E-glass). It has high mechanical properties, low 

predisposition to moisture and high electrical insulating 

properties. 

o Alkali-Resistance (AR-glass). It resists very well the alkali attack. 
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o High- Strength (S-glass). It is more expensive than E- glass 

making it less preferable despite it has a higher modulus and 

tensile strength. 

 

 

Figure 2-3 Glass Fiber Rebar 

 

- Aramid. It offers high toughness, high impact resistance and good 

mechanical properties at low density. The most common type of aramid 

fiber is Kevlar. It is resistant to lubricants, fuels and organic solvents. Its 

high price limits its use. 
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Figure 2-4 Aramid Fiber Composite Rebar 

 

- Basalt. It has high elastic modulus and high biosolubility. Basalt fiber is 

slightly stronger than E-glass, but from an environmental point of view is 

safer since it is a non-magnetic, non-corrosive and non-toxic material. 

Also it has very good insulating characteristics and high-heat stability. 

 

 

Figure 2-5 Basalt Composite Rebar 
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2.3.- FRP Researches 

Nowadays a large number of thesis, dissertations or articles about bridge repair 

can be found. These studies investigate the structural behavior and the advantages or 

disadvantages of a particular bridge repair system, including the use of FRP. 

Between the types of FRP systems used for construction the most common is 

the CFRP. The CFRP investigations that have been developed are not only large in 

number but also they are varied. The topics vary from establishing recommendations for 

bridge repair using CFRP to studying the strengthening of prestressed concrete girder 

with CFRP. 

Another type of FRP that is used for repair is the GFRP. GFRP is used especially 

for bridge decks due to its good durability and corrosion properties. Although the number 

of investigations about the use of GFRP to repair bridge girder is low in recent years the 

number of investigations about other uses of GFRP has increased. These investigations 

have focused not only in the use of GFRP in bridge deck but also they studied its 

application in other structural members. 

 

2.3.1.- CFRP Researches 

Some of the CFRP researches develop design guidelines and recommendations 

in order to carry out the repair of the elements damaged either by vehicle impact or not.  

Hutchinson (1999) demonstrates how the use of externally bonded CFRP sheets 

is an effective solution for improving the shear strength of prestressed concrete I-girders. 

With the information obtained this dissertation establishes recommendations and 

guidance for using CFRP sheets. 

Pantelides, Reaveley, & Burningham (2010) provide a guide repair of bridge 

girders using FRP. The girders considered in this study are either reinforced or 
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prestressed concrete girders suffering from shear o flexural strength deficiencies related 

to end cracking or to vehicular collision. 

Hasenlamp, Badie, Hanna, & Tadros (2012) establish criteria for repair materials 

and methods for prestressed concrete girders with end zone cracking caused by 

prestress release. 

Rosenboom, Miller, & Rizkalla (n.d.) come through with a shear design model 

that describes precisely the shear behavior of a section repaired with CFRP.  

Not all studies on CFRP set guidelines to follow, but most of them provide 

conclusions that help future bridge repairs.  

Cha (2001) demonstrates how the use of carbon fiber composites strengthened 

the prestressed concrete beams up to 86% for high-strength concrete and 58% for 

normal strength concrete. Therefore the greatest increases in strength are obtained for 

high-strength concrete. 

Klaiber, Wipf, & Kempers (2003) based on the laboratory and field tests, they 

infer that the use of CFRP for repair prestressed concrete girder is feasible when about 

15% of the strands are severed. 

Green & Boyd (2005) conclude that the CFRP systems can restore up to 90% of 

the moment capacity loss after a vehicle impact. 

Kasan (2012) shows that the prestress structure redevelops the same strength 

once it has been repaired with CFRP. 

Brinkman (2012) studied which of the different types of CFRP is better. He made 

the comparison between three systems: near surface mounted (NSM), externally bonded 

(EB), and bonded post-tensioned (BPT). The last system was the most effective restoring 

the lost capacity. 
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Many of these researches have been conducted in laboratory using scale 

elements with a simulated damage to perform better investigations on possible repair 

solutions. Rosenboom and Kasan are two researchers who have used scale elements. 

Rosenboom (2006) tested thirty full-scale prestressed concrete bridge girders, 

twenty one of them were C-Channels girders. These girders were retrofitted with FRP 

materials. This dissertation examines not only the repair and strengthening of 

prestressed girders with FRP materials from an engineering point of view, but also the 

bond behavior and its relationship with FRP. 

Kasan (2009) investigated with twenty two prototype prestressed concrete bridge 

girders, including spread boxes (SB), AASHTO type I girders (IB), and adjacent boxes 

(AB), varying degree of damage and CFRP repair techniques. It was concluded that 

when 25% or more of the strands in a girder no longer contribute to its capacity the best 

option is to replace it. 

Other researchers like Bullock, Barnes, & Schindler (2011) base their results not 

only in tests performed in the laboratory but also in field investigations. They analyzed the 

effectiveness of the use of FRP as repair system on the I-565 in Huntsville, Alabama. The 

structure showed wide cracks as a result of thermal deformations and inadequate 

reinforcement details. They concluded that the FRP system used was an effective repair 

solution. 

 

2.3.2.- GFRP Researches 

Most of the studies about the use of FRP systems in civil engineering are about 

the use of CFRP. However, lately the number of investigations about using GFRP has 

increased.  



 

19 

Two advantages of the use of glass fiber reinforced polymers are their corrosive 

resistance and their durability. 

Abushagur (2004) found that the use of glass fiber reinforced polymer not only 

creates a corrosion protective layer for steel structures but also improves the flexural 

capacity of steel sections.  

Ragaby (2007), Liu (2011), and Besser (2011) are three authors that investigated 

about the use of GFRP bars as reinforcement. For Ragaby the use of fiber reinforced 

polymer as reinforcement for bridge deck slabs is a good solution to the corrosion 

problems suffered by bridge deck slabs. He studied the fatigue behavior and fatigue life 

of concrete bridge decks slabs reinforced with glass FRP bars. His results showed that 

the concrete bridge deck slabs reinforced with glass FRP bars had superior fatigue 

performance and longer fatigue life. 

Huang (2010) and Yan (2005) focused their investigations on the durability of the 

GFRP. Huang had as objective to achieve a better understanding of the durability 

behavior and degradation mechanism of GFRP bars in concrete environments. He 

developed more accurate environmental reduction factors that those given by the design 

codes. Yan investigated the durability of glass fiber composites as bridge deck 

reinforcement subject to weathering conditions.  

The GFRP has a varied use. It can be used to strengthen railroad crossties, to 

improve the flexural capacity of steel sections or to repair columns.  

Laosiriphong (2000) found that the use of glass fiber reinforced composites 

wraps increased the durability of railroad crossties. He tested half scale wooden crossties 

wrapped with GFRC. The glass fiber reinforcement enhanced the flexural rigidity by 44 

percent and the shear modulus by 18 percent. Therefore he concluded that railroad 

crossties are strengthened by wrapping them with GFRPC. 
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Memon (2002) investigated the use of GFRP sheets to repair square columns. 

The columns tested were under simulated earthquake loads. The study concludes that 

the use of GFR sheets can significantly enhance ductility, energy dissipation ability, and 

moment capacity of deficient square columns. 

Smith (2004) investigated the rehabilitation of timber railroad bridges using GFR 

composite materials. He tested four full scale timber stringers. Two of them were tested 

to failure in bending and then were repaired with GFRP composite wraps. The other two 

specimens were tested to failure in shear. He found that all specimens showed significant 

signs of strength regain. He concluded that the use of GFRP composite materials in the 

repair, allowed the recovery of 55%-60% of initial strength. Therefore the use of GFRP 

composite materials for rehabilitation of timber railroad bridges provides a quick and easy 

to install alternative. 

Mahmood (2002) compared the cracking of concrete members reinforced either 

with Glass FRP or steel. He concluded that there is no difference between the cracks 

width when using steel or GFRP. 

Johnson (2014) conducted an experimental program with twenty four large scale 

beams reinforced with different types of Glass FRP bars. The study concludes that the 

bent bar GFRP stirrups tested exhibit acceptable thermal and mechanical properties. 

 

2.4.- Finite Element Modeling 

In order to carry out the necessary calculations to study the behavior of damaged 

items, it is often used the Finite Element Method (FEM). To facilitate this analysis there 

are different software available to help in the modeling of these elements. 

Much of the research mentioned above used this kind of software. Ragaby 

(2007) used the software ANACAP to model bridge deck slabs. Brinkman (2012) used 
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XTRACT to obtain the flexural capacity of prestressed I-girders. The software ANSYS 

can be used to accurately predict the crack patterns and failure modes of FRP 

strengthened girders (Haque, 2014). 

The software used for the development of this thesis is ABAQUS. ABAQUS was 

created in the late seventies by David Hibbit, Bengt Karlsson, and P. Sorensen. The 

software is highly sophisticated and allows modelling the behavior of structures under 

external loads. 

One of the advantages of using ABAQUS is that it has an extensive library of 

materials, including the elastic and elastic-plastic solids, and elements, such as beams or 

plates. Its most important capabilities or abilities are: 

- Analysis of static and dynamic problems. 

- Contact between solids modelling. 

- Model changes in shape of solids. 

- Model phenomena such as buckling or vibrations. 

The use of this program will help to obtain a model that reflects the behavior of 

the prestressed girders before and after the repair.  
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Chapter 3  

CASE DESCRIPTION 

This Chapter describes the main characteristics of the problem studied in this 

thesis. The chapter is divided into three parts. The first part describes the girder damaged 

by the truck and the bridge where it is located. The second part is the damage 

description; it includes a description of the area damaged. The last part explains the 

solution adopted by the company to repair the girder. 

 

3.1.- Girder Description 

Bridge number 54 is located on Preston road over the LBJ express freeway. The 

bridge consists of two different structures, the northbound and the southbound structures.  

 

 

Figure 3-1 Bridge 54 Layout 
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Both structures have 3 spans with different number of girder in each one. The 

types of girder used for both structures are prestressed concrete I girders type Tx46 and 

Tx28. 

The southbound structure is formed by 23 prestressed I-girders type Tx46 in the 

span 1, by 9 prestressed I-girders type Tx46 in the span 2 and 11 prestressed I-girders 

type Tx28 in the span 3. Figure 3-2 shows the position and the number of the girders 

according to the drawings. 

 

 

Figure 3-2 Preston Road Southbound Girder Layout 

 

Similarly the northbound structure is formed by 21 prestressed I-girders type 

Tx46 in the span 1, 9 prestressed I-girders type Tx46 in the span 2 and 13 prestressed I-

girders type Tx28 in the span 3, Figure 3-3. 
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Figure 3-3 Preston Road Northbound Girder Layout 

 

The damaged girder is located in the span 2 of the southbound structure. The 

span 2 has a total width of 95.5 ft (29.11 m) and its slab is 8 in (203 mm) thick. The 

spacing between the girders is 11.45 ft (3.5 m). The two overhangs have a width of 3.5 ft 

(1.07 m) and 2.25 ft (0.69 m), Figure 3-4.  

 

 

Figure 3-4 Southbound Slab Section 
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According to the number given in the drawings, the damaged girder is the girder 

number 1 of the span 2. It is a simple supported beam with a total length of 86.195 ft 

(26.27 m) and a clear span of 84.667 ft (25.81 m). 

The girder number 1 of the span 2, damaged girder, is a prestressed concrete I-

girder type Tx46 with 42 low relaxation strands placed according to the strand pattern 

shown in Figure 3-5. 

 

 

Figure 3-5 Strand Pattern 

 

This is a non-standard pattern, with all strands non debonded and four of them 

harped. With this strand pattern the eccentricity is 15.6 in (396 mm) at midspan and 

12.17 in (309 mm) at end. The strands are grade 270, fpu = 270 ksi (1,861 MPa), with 0.5 

in (12.7 mm) diameter. The girder concrete strength is 8,500 psi (58.6 MPa). 

The reinforcement is made with a grade 60 steel, fy = 60 ksi (414 MPa). The bars 

used were bars number 3, 4, 5 and 6 following the TxDOT standard. The distribution of 

these bars is shown in Figure 3-6. 
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Figure 3-6 Steel Reinforcement 

 

Appendix A of this thesis includes the bridge number 54 drawings. 

 

3.2.- Damage Description 

According to the drawings, Figure 3-2, the girder damaged was the girder 

number 1 of the second span in the southbound structure. The impact caused damage 

along the bottom flange losing concrete and exposing several strands. The center of the 

impact was located at 22 ft (6.7 m) from the southernmost support, Figures 3-7 and 3-8.  
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Figure 3-7 Damage Plan View 

 

 

Figure 3-8 Damage Location 

 

The total length of the damage was about 14 ft (4.3 m), leaving three strands in 

the bottom row exposed but none of the strands was severed, Figures 3-9 and 3-10. 
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Figure 3-9 Damage 

 

 

Figure 3-10 Strands Bottom Row Exposed 

 

The damaged section is shown in Figure 3-11. 
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Figure 3-11 Damaged Section 

 

3.3.- Repair Solution Adopted 

Based on the damage classification included in NCHRP 20 07, Table 2-2, since 

the strands were exposed and none of them was severed, the damage can be classified 

as moderate. Although there was no structural damage an adequate repair was required 

to prevent further deterioration and the corrosion of the strands. 

The solution adopted by the company was based on the use of three different 

materials. These materials were: 

‐ Bonding agent, EMACO P24. It was used to ensure the bond between 

the repair mortar and the concrete. It was applied to all concrete, strands 

surfaces and fiber glass rebar. Table 3-1 shows the technical data given 

by the manufacturer. 
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Table 3-1 Bonding Agent. Technical Data 

 

 

‐ #4 Fiber Glass Rebar. The use of fiber glass rebar was motivated by its 

high resistance to corrosion. Also, this kind of solution reduces to the 

minimum the aesthetic impact of the repair; the use of wrap in a recently 

built bridge would have produced a higher impact. The rebar were 

arranged both longitudinally and transversally. The length of the 

transverse rebar were 8 in (203 mm), embedded 4 in (101 mm) inside 

the girder section. These bars and the bonding agent were placed to 

ensure the adherence between the concrete surface and the repair 

mortar surface. The rebar were spaced at 6 in (152 mm) along the length 

of the damage and located at 8.5 in (216 mm) from the bottom. The 

longitudinal rebar were placed along the damage above and below the 

transverse rebar and they had a length of 14 ft. (4.3 m). These rebar 



 

31 

enhance the flexural capacity of the repair section. They compensate the 

use of a repair mortar with a nominal strength, 

݂′௖ ൌ  ሻ, lower than the nominal strength of theܽܲܯ	ሺ41.4	݅ݏ݌	6,000

prestressed girder concrete, ݂′௖ ൌ  ሻ. The materialsܽܲܯ	ሺ58.6	݅ݏ݌	8,500

properties given by the manufacturer are shown in Table 3-2. 

 

Table 3-2 Fiber Glass Rebar. Technical Data 

 

 

‐ LA40 Repair mortar. It was applied to cover the strands exposed and the 

fiber glass rebar, restoring the section to its original shape. According to 

its manufacturer the LA40 repair mortar is a one component shrinkage-

compensated micro concrete. This mortar has been designed for large 

volume repair. Its technical data are given by Table 3-3. 
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Table 3-3 Repair Mortar. Technical Data 

 

 

The repair procedure comprised the following steps: 

1) Remove the loss concrete. 

2) Chip the existing beam to provide a rough surface. 

3) Drill to place number 4 fiber glass rebar. 

4) Place number 4 fiber glass rebar. 

5) Apply bonding agent. 

6) Install formwork. 

7) Fill with repair mortar. 
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8) Remove the formwork. 

The first and second step had the objective of obtaining a clear surface that 

allows for the perfect adherence between the parts. Chipped concrete had a minimum 

depth of 1.5 in (38 mm). Where the area of the strand exposed was greater than 25% of 

its total cross sectional area, the concrete was chipped back to allow for proper 

consolidation and bonding of concrete repair material. 

Once all the delaminated concrete was removed, the third step was carried out. 

The holes where the transverse rebar had to be placed were drilled following the sketch 

of Figure 3-12. 

 

Figure 3-12 Repair Sketch 

 

After drilling the holes and cleaning the strands of all rusty surfaces the fiber 

glass rebar were placed. Then the bonding agent was applied to all concrete, strands and 

fiber glass rebar, ensuring the bond between the concrete and the repair mortar. 
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The next step was the step number 6, the installation of a formwork on the repair 

section was necessary to ensure the shape of the original girder was restored. Once the 

formwork was installed the repair mortar was poured. 

Finally after twelve hours of curing period the formwork was removed, step 8. 
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Chapter 4  

FIELD TESTING 

The field tests performed consisted of monitoring the strains on the damaged 

girder before and after the repair when subjected to different loading cases. The 

monitoring was performed in two phases. The first phase monitored the damaged girder 

using six strain gauges placed on the damaged girder. The second phase was performed 

once the girder was repaired. To monitor this second phase the same gauges were uses 

plus one new gauge placed on the repaired section. For each phase a truck was placed 

in different positions and the associated strains were recorded. 

 

4.1.- Truck Description 

The truck used for the test was not the standard truck defined by AASHTO. 

AASHTO uses a design truck with a total weight of 72,000 lbs (320,272 N). The weight of 

the truck used for the test was 90,000lbs (400,340 N). This weight is distributed in six 

axles. Figure 4-1 shows the characteristics of the truck. 

 

 

Figure 4-1 Truck Characteristics 
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The total length of the truck is 42 ft (12.8 m) and its width is 8 ft (2.4 m). The 

weight transmitted for the three first axles is 18,000 lbs (80,068 N) and for the last three 

axles 12,000 lbs (53,379 N). 

 

4.2.- Phase 1: Field Test 

The first phase of the test consisted of monitoring the damaged girder strains 

with the truck placed at two different positions. The strains were measured using six 

strain gauges, enumerated from 1 to 6, placed according to Figure 4-2. 

 

 

Figure 4-2 Strain Gauges Distribution 

 

Once all gauges were placed the strain test began. The truck positions are 

described below. 
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4.2.1.-Truck Positions 

The truck was laid on the bridge first over the damaged girder, position 1 and 

then over the next undamaged girder, position 2. 

In the first position, Figure 4-3, the truck was centered on the damage over the 

damaged girder and stayed in the same position for 650 seconds. The truck was at 3.5 ft 

(1.07 m) from the barrier. 

 

Figure 4-3 Truck Position 1  

 

After 650 seconds the truck was moved to the next undamaged girder, girder 2. 

The truck remained in this position about 200 seconds. The truck was at 10.95 ft (3.34 m) 

from the barrier. This position is shown in Figure 4-4. 
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Figure 4-4 Truck Position 2  

The data collected by the strain gauges are explained below. 

 

4.2.2.- Phase 1: Experimental Data. 

The strains measured by the gauges are represented in Figures 4-5 and 4-6.  

 

Figure 4-5 Truck Position 1: Strain Measurements 

For a better understanding the strain measurements obtain for position 2 are 

shown in two different graphs. 
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Figure 4-6 Truck Position 2: Strain Measurements 

 

From both figures it can be observed how the strain measured varied from one 

truck position to another. This is because at position 1 the truck was almost over the 

damaged girder causing elevated values for the strain. However at position 2 the truck 

was moved over the next undamaged girder, therefore the strains on the damaged girder 

were reduced.  
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On both cases the strains recorded were very small, with values lower than 70 με 

in all cases. The average values of the strains for truck position 1 are given by Table 4-1. 

 

Table 4-1 Truck Position 1. Average Strain 

 

 

Similarly, Table 4-2 gives the average values for truck position 2. 

 

Table 4-2 Truck Position 2. Average Strain 

 

 

The values of the strains obtained from the field test for this phase are included 

in Appendix B. 

 

4.3.- Phase 2: Field Test 

Once the girder was repaired, the second phase of the field test was performed. 

On this second phase the strain gauges were placed at the same position that for Phase 

1, only one new strain gauge, number 7, was added. This gauge was attached to the 

bottom of the repaired flange, Figure 4-7 

 

SG 01 SG 02 SG 03 SG 04 SG 05 SG 06
55.67 31.38 22.65 20.83 66.35 55.91

Average Strain (μe)

SG 01 SG 02 SG 03 SG 04 SG 05 SG 06
13.46 9.40 3.48 3.12 12.15 11.21

Average Strain (μe)
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Figure 4-7 Strain Gauges Positions On Repaired Girder. 

 

For this second phase the truck was placed in four different positions as 

explained below. 

 

4.3.1.- Truck Positions 

First the truck was placed at 3.5 ft (1.07 m) from the barrier at the girder end, 

position 3. At this position the truck was centered over the repaired area and stopped for 

about 100 seconds. 
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Figure 4-8 Truck Position 3 

After position 3 the truck was moved to midspan at 3.5 ft (1.07 m) from barrier, 

position 4, and remained at this location for 350 seconds.  

 

Figure 4-9 Truck Position 4  

The next position, position 5, was at 10.95 ft (3.34 m) from barrier at the end of 

the girder as shown in Figure 4-10. The truck was on this position for about 220 seconds. 
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Figure 4-10 Truck Position 5  

Finally the truck moved from position 5 to position 6, at 10.95 ft (3.34 m) from 

barrier and 21.33 ft (6.5 m) from the southernmost support, Figure 4-11. The truck 

stopped about 150 seconds. 

 

Figure 4-11 Truck Position 6  

The data obtained during this phase of the field test are explained below. 
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4.3.2.- Phase 2: Experimental Data 

The strains measured by strain gauges 1 to 7 for each truck position are shown 

in Figure 4-12 through Figure 4-15. For a better understanding the strain measurements 

for each truck position have been shown in two different graphs. 

 

 

Figure 4-12 Truck Position 3: Strain Measurements 
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Figure 4-13 Truck Position 4: Strain Measurements 

 

Figure 4-14 Truck Position 5: Strain Measurements I 
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Figure 4-15 Truck Position 5: Strain Measurements II 

 

 

Figure 4-16 Truck Position 6: Strain Measurements 
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The first thing that can be observed from the graphs is that the strains measured 

for the damaged girder in Phase 2 are significantly lower than those measured in Phase 

1. The higher average strain measured for position 1 was 66.35 με with the strain gauge 

number 5. For position 3, that it is a similar position than position 1, the higher average 

strain measured was 30.69 με, Table 4-3, with the same gauge. Similarly for position 5 

the average strain measured, Table 4-5, was lower than for position 2. This trend in the 

data obtained shows that the repair method used increased the capacity of the girder. 

The graphs and tables show greater strain values for the positions where the 

truck was over the damaged girder, position 3 and 4, Tables 4-3 and 4-4.  

 

Table 4-3 Truck Position 3. Average Strain 

 

 

Table 4-4 Truck Position 4. Average Strain 

 

 

From Tables 4-5 and 4-6 it can be observed that the average strain values were 

reduced due to the movement of the truck to the next undamaged girder. 

 

Table 4-5 Truck Position 5. Average Strain 

 

 

SG 01 SG 02 SG 03 SG 04 SG 05 SG 06 SG 07
28.84 19.19 13.21 6.56 30.69 17.73 29.24

Average Strain (μe)

SG 01 SG 02 SG 03 SG 04 SG 05 SG 06 SG 07
36.50 23.70 14.38 10.04 39.13 22.41 34.48

Average Strain (μe)

SG 01 SG 02 SG 03 SG 04 SG 05 SG 06 SG 07
13.68 10.43 5.32 3.21 12.98 10.45 12.89

Average Strain (μe)
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Table 4-6 Truck Position 6. Average Strain 

 

 

On all cases the strains were very small, all values were less than 40 με 

Appendix B includes all the strains measured for each truck position for Phase 2. 

  

SG 01 SG 02 SG 03 SG 04 SG 05 SG 06 SG 07
18.18 12.57 6.60 4.80 16.16 12.93 16.71

Average Strain (μe)
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Chapter 5  

FINITE ELEMENT MODEL 

The software used for the development of this thesis is ABAQUS. It has been 

used to model the two phases of the field test. Therefore, two different models have been 

computed with their respective loading cases according to the truck position.  

 

5.1.- General Considerations 

To work with ABAQUS it is important to be consistent with the units. To facilitate 

the performance the units used have been inches, in, and pounds, lbs. For both phases 

the coordinate system used is shown in Figure 5-1. 

 

 

Figure 5-1 Coordinate System 

 

The strain measured in the field test does not include the deformation of the 

girder once in place and subjected to the self-weight of the rest of the bridge 

superstructure elements. In order to be able to compare the strains measured in the field 

tests and the strains obtained with the models developed using ABAQUS, it has been 
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necessary to compute the model only with dead load and prestress force and then with 

dead load, prestress force and live load. The strain difference between the two cases is 

then compared to the strain measured by the gauges.  

ABAQUS has eight modules. Different information is imputed in each of the 

modules. The steps followed to model each phase are: 

1) Define the geometry, part module. 

2) Define material properties, material module. 

3) Join the parts, assembly module. 

4) Define the load phases, step module. 

5) Define loads and boundary conditions, load module. 

6) Define the mesh, mesh module. 

7) Run the model, job module. 

8) Obtain the results, visualization module. 

Points 5-2 and 5-3 describe the steps from one through six for each phase. The 

last two steps, seven and eight, have been explained on Chapter 6. 

 

5.2.- Phase 1: Damaged Girder Model.  

The Phase 1 model has two loading cases corresponding with the truck position 

1 and truck position 2 of the field test. Each step followed in the development of the 

Phase 1 model has been described below. 

 

5.2.1.- Geometry 

For this step the part module has been used. In this module the different parts 

that form the section are introduced. Because of the different materials used, three 
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different parts have been defined. These parts are the concrete girder section, the 

concrete slab and haunch section, and the steel reinforcement. 

 

5.2.1.1.- Concrete Girder Section 

The concrete girder section has been defined as a 3D deformable extrusion 

solid. The total length of the girder is 1,016 in (25,806 mm) between supports. This part 

includes the damaged section. The undamaged section has been defined from z = 0 to z 

= 180 in (4,572 mm) and from z = 348 in (8,839 mm) to z = 1,016 in (25,806 mm) 

 

 

Figure 5-2 Undamaged Section 

 

The damaged section, Figure 5-3, has been introduced between the z 

coordinates 180 in (4,572 mm) to 348 in (8,839 mm), for a total length of 168 in (4,267 

mm). 
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Figure 5-3 Damaged Section 

 

Figure 5-4 gives a final view of the girder section that has been modeled. 

 

 

Figure 5-4 ABAQUS. Damaged Girder Model 
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5.2.1.2.- Concrete Slab Section 

This part includes the slab section and the haunch section. Both the haunch and 

slab section were defined as a 3D deformable extrusion solid.  

Following AASHTO LRFD provisions, a slab width equal to the effective flange 

width have been used in the model. The effective flange width defines the composite 

section and it has been calculated according to AASHTO 2012. From article 4.6.3.6, 

AASHTO 2012, the effective flange width, Figure 5-5, of a concrete deck slab is: 

 

 

Figure 5-5 Effective Flange Width 

For girder 1: 

ܾ௘ ൌ
ଵ

ଶ
ݏ ൅ ܾ௢௩௘௥௛௔௡௚    (1) 

For girder 2: 

ܾ௘ ൌ  (2)     ݏ

Where: 

ݏ ൌ   ݃݊݅ܿ݊ܽ݌ݏ	ݎ݁݀ݎ݅݃

ܾ௢௩௘௥௛௔௡௚ ൌ   ݄ݐ݀݅ݓ	݄݃݊ܽݎ݁ݒ݋

For this thesis the case to compute is the case 1. From Equation 1 the effective 

flange width is: 
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ܾ௘ ൌ
1
2
	ሺ11.45ሻ ൅ 	3.5 ൌ ݐ݂	9.22 ൌ 110.69	݅݊	ሺ2,811	݉݉ሻ 

A different width, the transformed width, btr, has to be considered when designing 

or analyzing the composite section. Since the slab and the girder have different modulus 

of elasticity, this width is used to transform the cast-in-place slab into a fictitious slab 

having the same concrete properties that the prestressed concrete girder. For the case 

studied in this thesis, this transformed width is not necessary, because the software 

ABAQUS allows the use of sections with different materials properties. Therefore the 

section used for the model is defined in Figure 5-6. 

 

 

Figure 5-6 Slab and Haunch Concrete Section 

 

The total area, AT, and height, hT, of the section defined are: 

்ܣ ൌ 	ܾ௘ ∙ ௦ݐ ൅	ܾ௛௔௨௡௖௛ ∙ ௛௔௨௡௖௛ݐ ൅  ௚   (3)ܣ

்ܣ ൌ 1718.55	݅݊ଶ	ሺ1,108,739	݉݉ଶሻ 

்݄ ൌ 	݄௚ ൅ ௛௔௨௡௖௛ݐ ൅  ௦     (4)ݐ

்݄ ൌ 56	݅݊	ሺ1,422	݉݉ሻ 
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Where: 

ܾ௘ ൌ ݄ݐ݀݅ݓ	݈݂݁݃݊ܽ	݁ݒ݅ݐ݂݂ܿ݁݁ ൌ 110.69	݅݊	ሺ2,811	݉݉ሻ  

௦ݐ ൌ ݄ݐ݌݁݀	ܾ݈ܽݏ ൌ 8	݅݊	ሺ203	݉݉ሻ  

ܾ௛௔௨௡௖௛ ൌ ݄ݐ݀݅ݓ	݄ܿ݊ݑ݄ܽ ൌ 36	݅݊	ሺ914	݉݉ሻ  

௛௔௨௡௖௛ݐ ൌ ݄ݐ݌݁݀	݄ܿ݊ݑ݄ܽ ൌ 2	݅݊	ሺ51	݉݉ሻ  

௚ܣ ൌ ܽ݁ݎܣ	ݎ݁݀ݎ݅݃ ൌ 761	݅݊ଶ	ሺ490,966	݉݉ଶሻ  

݄௚ ൌ ݐ݄݄݃݅݁	ݎ݁݀ݎ݅݃ ൌ 46	݅݊	ሺ1,168	݉݉ሻ  

The slab and haunch concrete section was placed above the girder through its 

total length to obtain the composite section modeled, Figure 5-7. 

 

 

Figure 5-7 ABAQUS. Composite Section Model 

 

5.2.1.3.- Steel Reinforcement 

This part includes all the steel reinforcement used in the fabrication of the girder. 

The bars have been introduced according to the drawings, Figure 3-6, with their 

respective dimensions. Table 5-1 shows the type of bars introduced and their 

dimensions. 
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Table 5-1 Steel Reinforcement 

 

 

The reinforcement has been defined as a deformable 3D wire with a truss 

section. Truss sections are only capable of developing axial stresses, therefore they are 

considered adequate to model the reinforcement behavior. The location of each bar into 

the model is shown in Figure 5-8. 

 

 

Figure 5-8 ABAQUS Steel Reinforcement 

 

Once all parts were defined the following step was determining the material 

properties for each part. 

 

Bars Type

A #3

C #4

R #4

T #4  0.5   (12.7)

0.11 (71)

0.20 (129)

0.20 (129)

0.20 (129)

Nominal Diameter, φ, in (mm) Nominal Area, An,  in
2 (mm2)

0.375 (9.5)

 0.5   (12.7)

 0.5   (12.7)
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5.2.2.- Material Properties 

To model the girder it was necessary to define the material properties of each 

part that forms the beam. These material properties are defined by the stress-strain 

relationship of each material used. 

 

5.2.2.1.- Concrete Girder Section 

For concrete the stress-strain relationship is not linear. The model has to be 

capable of representing the behavior of concrete in compression and tension. On both 

cases the concrete has elastic and inelastic behavior. ABAQUS software provides three 

different models for reinforced concrete elements: 

- Smeared crack concrete model: for concrete under monotonic loads. 

- Brittle crack concrete model: it is used for reinforced concrete. It 

assumes linear elastic behavior of concrete in compression and linear 

elastic concrete up to yield point in tension. Its use is limited to elastic 

behavior of concrete. 

- Concrete damaged plasticity: is the technique that best represents the 

behavior of the concrete for this study. It considers the inelastic behavior 

of concrete both in compression and tension. 

For the elastic behavior the data needed are the modulus of elasticity and the 

Poisson's ratio. The modulus of elasticity has been computed using article 5.4.2.4 of 

AASHTO 2012: 

௖௚ܧ ൌ 33,000 ∙ ݇ଵ ∙  ௖ଵ.ହඥ݂′௖    (5)ݓ

Where: 

݇ଵ ൌ 1  

௖ݓ ൌ ݐ݄݃݅݁ݓ݂݈݁ݏ	݁ݐ݁ݎܿ݊݋ܿ ൌ 0.150	݂݇ܿ	ሺ23.8	ܭ ܰ ݉ଷ⁄ ሻ  
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݂′௖ ൌ ݄ݐ݃݊݁ݎݐݏ	݁ݐ݁ݎܿ݊݋ܿ ൌ   ሻܽܲܯ	ሺ58.61	݅ݏ݌	8,500

௖௚ܧ ൌ 55.893 ∙ 10ହ	݅ݏ݌	ሺ38,537	ܽܲܯሻ 

For prestressed concrete AASHTO 2012 gives as Poisson's ratio the following: 

ߥ ൌ 0.2 

To use the concrete damaged plasticity (CDP) model it is necessary to input 

different data for the compression and tension behavior. The first data that ABAQUS 

required when using CDP model is the default parameters. These parameters have been 

obtained from Kmiecik & Kamiski, (2011). They recommend using the following default 

parameters values: 

‐ Dilatation angle: 36 

‐ Eccentricity: 0.1 

‐ ௕݂଴ ௖݂଴⁄ ൌ 1.16  

‐ k = 0 

‐ Viscosity parameter: 0 

After introducing this data, it was necessary to define the stress-strain 

relationship for both compression and tension. The stress-strain curves are different for 

each type of concrete; they depend on their concrete strength. In the absence of 

experimental data to characterize the behavior of the concrete used to fabricate the 

girder the following model for the stress-strain curve were used. 

 

1) The equation propose by Wight & Macgregor, (2012), for compression 

2) The equation given by Wahalathantri, et al. (2011), for tension. 

 

Wight & Macgregor, (2012), give an equation for the compressive behavior of the 

concrete valid for concrete strength from 2,000 psi (13.8 MPa) to 18,000 psi (124 MPa). 
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They establish a relationship between the stress, fc, and the corresponding strain, εc. The 

compressive stress-strain diagram has been obtained from equation:  

௙೎
௙ᇱ೎

ൌ
௡ቀఌ೎ ఌబൗ ቁ

௡ିଵା	ቀఌ೎ ఌబൗ ቁ
೙ೖ    (6) 

Where: 

݂′௖ ൌ peak stress obtained from a cylinder test 

௖ߝ ൌ strain when fc reaches f'c 

݊ ൌ a curve-fitting factor equal to ܧ௖ ሺܧ௖ െ ⁄௖ሻ′ܧ  

௖ܧ ൌ initial tangent modulus (when ߝ௖ ൌ 0) 

௖′ܧ ൌ 	݂′௖ ⁄଴ߝ   

݇ ൌ a factor to control the slopes of the ascending and descending branches of 

the stress-strain curve, taken equal to 1 for ߝ௖ ⁄଴ߝ  less than 1 and taken greater than 1 for 

௖ߝ ⁄଴ߝ  greater than 1. 

For normal density concrete: 

݊ ൌ 0.8 ൅	ቀ
௙ᇱ೎
ଶହ଴଴

ቁ    (7) 

Where f'c is in psi. 

For ߝ௖ ⁄଴ߝ ൑ 1.0 

݇ ൌ 1 

For ߝ௖ ⁄଴ߝ ൐ 1.0 

݇ ൌ 0.67 ൅	
݂′௖
9000

	൒ 1.0	ሺ݅ݏ݌ሻ 

In this case: 

݂ᇱ௖ ൌ  ሻܽܲܯ	ሺ58.6	݅ݏ݌	8,500

௖ܧ ൌ 55.893	 ∙ 	10ହ	݅ݏ݌	ሺ38,537	ܽܲܯሻ 
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The compressive stress-strain curve obtained by substituting these values into 

Equation 6 is given by Table 5-2. Figure 5-9 shows the stress-strain diagram. 

 

Table 5-2 Concrete Girder Section: Compressive Stress-Strain Values 

 

 

Figure 5-9 Concrete Girder Section. Compressive Stress-Strain Diagram 

 

k εc 

1 0 0.00 (0)

1 0.00025 1397.26 (9.63)

1 0.0005 2792.06 (19.25)

1 0.00075 4170.64 (28.76)

1 0.001 5495.11 (37.89)

1 0.00125 6693.67 (46.15)

1 0.0015 7662.65 (52.83)

1 0.00175 8290.22 (57.16)

1.6144 0.002 8489.38 (58.53)

1.6144 0.00225 7380.02 (50.88)

1.6144 0.0025 5730.55 (39.51)

1.6144 0.00275 4104.28 (28.3)

1.6144 0.003 2817.21 (19.42)

1.6144 0.00325 1907.93 (13.15)

σ, psi  (MPa)

0
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7000
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9000
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ec Note: 1 psi = 0.007 MPa



 

61 

Elastic behavior has been considered up to 0.5	 ∙ ௖௨ߪ ௖௨ withߪ ൌ maxߪ ൌ ݂′௖ ൌ

  .ሻܽܲܯ	ሺ58.6	݅ݏ݌	8,500

The inelastic behavior for compression started at ߪ ൌ  ሻ. Theܽܲܯ	ሺ29.3	݅ݏ݌	4,250

values of the stresses and their corresponding inelastic strains have been given to model 

the inelastic behavior of concrete in compression. 

To model the tensile behavior of concrete with ABAQUS it has been used the 

model proposed by Wahalathantri, et al., (2011). Their model is an adaptation for 

ABAQUS of the tension stiffening model given by Nayal & Rasheed, (2006), Figure 5-10. 

 

Figure 5-10 Tension Stiffening Model For Concrete (Nayal & Rasheed, 2006) 

 

The modified tension stiffening model used by Wahalathantri, et al., (2011), that 

has been used for this thesis is shown in Figure 5-11. 

 

Figure 5-11 Tension Stiffening Model for ABAQUS (Wahalathantri, et al., 2011) 
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From Figures 5-10 and 5-11 it can be observed that the points that define the 

different cracking stages are not the same. To model the tensile behavior of concrete for 

ABAQUS Wahalathantri, et al. (2011), used the values (1.25 εcr, 0.77 σt0) and (8.7 εcr, 

0.10 σt0) instead of (εcr, 0.8 σt0) and (10 εcr, 0) to avoid ABAQUS run time errors.  

Applying the modified tension stiffening model for ABAQUS, the tensile behavior 

of the concrete girder is given by Figure 5-12. 

 

 

Figure 5-12 Concrete Girder Section. Tensile Stress -Average Tensile Strain Diagram 

 

To obtain this diagram it is required to calculate the values of the tensile stress 

(σt) and the averaged tensile strain (εt). The maximum tensile stress is: 

௧ߪ ൌ ௧଴ߪ ൌ ௖௥ߪ ൌ ௥݂ ൌ 0.24	 ∙ ඥ݂′௖ ൌ  ሻܽܲܯ	ሺ4.82	݅ݏ݌	699.71

The maximum tensile strain is: 

௧ߝ ൌ ௖௥ߝ ൌ ௖ܧ/௖௥ߪ ൌ 0.00013 

0
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800
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Knowing the two values given before it was possible to obtain the diagram and 

therefore the values needed to introduce into ABAQUS to model the tensile behavior of 

concrete, Table 5-3. 

 

Table 5-3 Concrete Girder Section. Tensile Stress-Strain Values 

 

 

Finally, to complete the data required to use the concrete damage plasticity 

model, the damage parameters have to be specified. The damage parameters are two, 

the compressive damage, dc, and the tensile parameter, dt. Both values have been 

obtained using the equations given by Birtel & Mark, (2006). 

The compressive damage is given by:  

݀௖ ൌ 1 െ
ఙ೎ா೎

షభ

ఌ೎
೛೗ሺଵ ௕೎ିଵ⁄ ሻାఙ೎ா೎

షభ
     (8) 

Where: 

௖ߝ
௣௟ ൌ ௖ߝ െ  ௖ିଵ     (9)ܧ௖ߪ

ܾ௖ ൌ 0.7 

௖ߝ
௣௟ ൌ inelastic compressive strain 

௖ߝ ൌ compressive strain 

௖ߪ ൌ compressive stress 

௖ܧ ൌ concrete modulus of elasticity 

ܾ௖ ൌ constant factor determined experimentally 

eela
cr eine

cr 

699.71 (4.82) 1.25E-04 0.00E+00

538.78 (3.71) 9.64E-05 6.01E-05

314.87 (2.17) 5.63E-05 4.44E-04

69.97 (0.48) 1.25E-05 1.08E-03

σt ,  psi (MPa)
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Evaluating the stresses and strains obtained from the compressive behavior into 

Equation 8, the values of the compressive damage parameter used in the development of 

the models with ABAQUS are represented in Figure 5-13. 

 

 

Figure 5-13 Concrete Girder Section. Compressive Inelastic Strain - Compressive 

Damage Diagram 

 

The tensile damage parameter, dt, depends on the inelastic strain and an 

experimentally determined parameter, bt. The equation to obtain this parameter is:  

݀௧ ൌ 1 െ
ఙ೟ா೎

షభ

ఌ೟
೛೗ሺଵ ௕೟ିଵ⁄ ሻାఙ೎ா೎

షభ
     (10) 

With: 

௧ߝ
௣௟ ൌ ௧ߝ െ  ௖ିଵ     (11)ܧ௧ߪ

ܾ௧ ൌ 0.1 

௧ߝ
௣௟ ൌ inelastic tensile strain 

௧ߝ ൌ tensile strain 

௧ߪ ൌ tensile stress 
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௖ܧ ൌ concrete modulus of elasticity 

ܾ௧ ൌ constant factor determined experimentally 

The data introduced into ABAQUS is represented by Figure 5-14. 

 

 

Figure 5-14 Concrete Girder Section. Tensile Inelastic Strain - Tensile Damage Diagram 

 

5.2.2.2.- Concrete Slab Section 

The material properties of slab and haunch section were defined following the 

same model used for the concrete girder section, concrete damaged plasticity model. 

The data introduced is described below. 

For elastic behavior: 

‐ ݂′௖ ൌ   ሻܽܲܯ	ሺ27.6	݅ݏ݌	4000

௖ܧ ‐ ൌ 38.34 ∙ 10ହ	݅ݏ݌	ሺ26,436	ܽܲܯሻ	. 

ߥ ‐ ൌ 0.2  

For concrete damaged plasticity: 

Default parameters: 

‐ Dilatation angle: 36 
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‐ Eccentricity: 0.1 

‐ ௕݂଴ ௖݂଴⁄ ൌ 1.16  

‐ k = 0 

‐ Viscosity parameter: 0 

Compressive stress-strain relationship: From Equation 6 the stress-strain 

relationship is given by Table 5-4 and Figure 5-15. 

 

Table 5-4 Concrete Slab and Haunch Section: Compressive Stress-Strain Values 

 

k ec 

1 0 0.00 ( 0.00)

1 0.00025 952.51 ( 6.57)

1 0.0005 1854.92 ( 12.79)

1 0.00075 2641.31 ( 18.21)

1 0.001 3257.66 ( 22.46)

1 0.00125 3680.06 ( 25.37)

1 0.0015 3916.87 ( 27.01)

1 0.00175 3998.69 ( 27.57)

1.114 0.002 3905.87 ( 26.93)

1.114 0.00225 3718.49 ( 25.64)

1.114 0.0025 3486.00 ( 24.06)

1.114 0.00275 3236.59 ( 22.32)

1.114 0.003 2988.16 ( 20.60)

1.114 0.00325 2751.03 ( 18.97)

1.114 0.0035 2530.39 ( 17.45)

1.114 0.00375 2328.26 ( 16.05)

1.114 0.004 2144.81 ( 14.79)

1.114 0.00425 1979.17 ( 13.65)

1.114 0.0045 1830.02 ( 12.62)

1.114 0.00475 1695.82 ( 11.69)

1.114 0.005 1575.03 ( 10.86)

1.114 0.00525 1466.19 ( 10.11)

1.114 0.0055 1367.96 ( 9.43)

1.114 0.00575 1279.13 ( 8.82)

1.114 0.006 1198.61 ( 8.26)

1.114 0.00625 1125.48 ( 7.76)

1.114 0.0065 1058.88 ( 7.30)

1.114 0.00675 998.10 ( 6.88)

1.114 0.007 942.50 ( 6.50)

σ, psi (MPa)
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Figure 5-15 Concrete Slab and Haunch Section. Compressive Stress-Strain Diagram 

 

The elastic behavior for compression has been assumed until 0.5	 ∙ ௖௨ߪ ൌ 0.5	 ∙

݂′௖ 	ൌ 0.5	 ∙ 4,000 ൌ  .ሻܽܲܯ	ሺ13.8	݅ݏ݌	2,000

Using the model proposed by Wahalathantri, et al., (2011), the tensile stress-

strain relationship given by Table 5-5, is shown in Figure 5-16. 

 

Table 5-5 Concrete Slab and Haunch Section: Tensile Stress-Strain Values 
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cr eine

cr 

480.00 (3.31) 1.25E-04 0.00E+00

369.60 (2.55) 9.64E-05 6.01E-05

216.00 (1.49) 5.63E-05 4.44E-04

48.00 (0.33) 1.25E-05 1.08E-03

σt, psi (MPa)
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Figure 5-16 Concrete Slab and Haunch Section. Tensile Stress -Average Tensile Strain 

Diagram 

 

Finally, Figures 5-17 and 5-18 show the damage parameters introduced into 

ABAQUS obtained from Equation 8 and 10.  

 

 

Figure 5-17 Concrete Slab and Haunch Section. Compressive Inelastic Strain - 

Compressive Damage Diagram 
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Figure 5-18 Concrete Slab and Haunch Section. Tensile Inelastic Strain - Tensile 

Damage Diagram 

 

5.2.2.3.- Steel Reinforcement 

The steel used for the reinforcement was a grade 60 steel. The behavior 

considered for the steel reinforcement is represented in the following stress-strain 

diagram: 

 

Figure 5-19 Steel Reinforcement. Stress-Strain Diagram 
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This is an elastic-plastic behavior. For the elastic behavior it has been introduced 

the following modulus of elasticity and Poisson's ratio. 

௦ܧ ൌ 29 ∙ 10଺	݅ݏ݌	ሺ199,948	ܽܲܯሻ 

ߥ ൌ 0.3 

For the plastic behavior the yield stress considered has been: 

௬݂ ൌ  ሻܽܲܯ	ሺ413.7	݅ݏ݌	60,000

Once all the material properties were defined the following step consisted of 

assembling the parts to generate the complete girder model. 

 

5.2.3.- Assembly 

The assembly module is used to assemble the different parts defined in the 

model. Before joining the parts, each of them were placed into its final position according 

to the drawings. Then the parts were joined using the command interaction. For the steel 

reinforcement the interaction defined was embedment, the bars were embedded into the 

concrete girder. The union between the girder and the slab and haunch was performed 

by the type of interaction tie. These two types of interactions constrain the degrees of 

freedoms of the nodes in contact, and guarantee the compatibility in the deformation of 

the different elements and, therefore, an adequate stress transmission. 

 

5.2.4.- Step 

This module is used to define the type of problem to be solved and the output 

variables to be obtained.  

A new step, step 1, was defined to introduce the loads. The type of problem 

defined for step 1 was static-general. 
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The variables selected to be computed were stresses, strains and 

displacements. 

 

5.2.5.- Load 

The loads and boundary conditions were defined into the load module. The girder 

has been considered as simply supported at both ends. All loads were introduced into 

step 1. 

In order to establish a comparison between the results obtained by the model 

and the data obtained by the field test, the loads were not factored. Therefore, only one 

load combination has been considered for each phase, dead load plus live load, DL + LL. 

The model was not only subjected to dead and live loads but also to the prestress force. 

The live load is the load transmitted by the truck used for the field test at each 

position, Figure 4-1. 

For Phase 1 two different loading cases have been studied corresponding to 

truck position 1 and truck position 2. Both loading cases have the same dead loads and 

prestress force. However the live load varies according to the truck position. The loading 

cases computed have been: 

1) Dead load + prestressed force + live load for truck position 1. 

2) Dead load + prestressed force + live load for truck position 2. 

 

5.2.5.1.- Dead Loads 

The dead loads that have been considered are the dead loads from the barrier, 

the slab, the haunch and the girder. These dead loads have been defined by the self-

weight of each part. Their characteristic are:  
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- Barrier: the type of barrier used was C221. It is a 1 ft wide barrier and its 

length is the same that the beam, 1,016 in (25,806 mm). According to the 

drawings from appendix A, the railing weight, wr, is 495 plf (7,340 N/m). 

- Slab: The wide of slab considered is the effective flange, be = 110.69 in 

(2,811 mm). Its depth is 8 in (203 mm) and the concrete weight, wcs, is 

150 pcf (23,829 N/m3). 

- Haunch: The haunch has the same width that the top flange of the girder, 

that is 36 in (914 mm), and its depth is 2 in (51 mm). The weight of the 

concrete for the haunch is the same that the concrete used for slab, 150 

pcf (23,829 N/m3). 

- Girder: According to the drawings the girder weight, wg, used has been 

793 plf (11,760 N/m).  

 

5.2.5.2.- Prestress Force 

To obtain the effective prestress force, Fe, for each strand it was necessary to 

compute the effective stress, fpe, and then multiply this value by the nominal area, An, of 

one strand.  

The effective stress has been obtained using AASHTO 2012. The effective stress 

is the stress that remains after all losses have occurred. According to article 5.9.5.1. from 

AASHTO 2012, the total loss of prestress is obtained as: 

∆ ௣்݂ ൌ ∆ ௣݂ாௌ ൅ ∆ ௣݂௅்    (12) 

Where: 

∆ ௣்݂ ൌ Total loss (ksi) 

∆ ௣݂ாௌ ൌ Sum of all losses or gains due to elastic shortening or extension at the 

time of application of prestress and/or external loads (ksi) 
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∆ ௣݂௅் ൌ Losses due to long-term shrinkage and creep of concrete, and relaxation 

of the steel (ksi). 

The elastic shortening has been obtained from article 5.9.5.2.3 of AASHTO 2012. 

For pretensioned members the loss due to elastic shortening is: 

∆ ௣݂ாௌ ൌ
ாು
ா೎೟

௖݂௚௣     (13) 

Where: 

௣ܧ ൌ modulus of elasticity of prestressing steel (ksi) 

௖௧ܧ ൌ modulus of elasticity of concrete at transfer or time of load application (ksi) 

௖݂௚௣ ൌ the concrete stress at the center of gravity of prestressing tendons due to 

the prestressing force immediately after transfer and the self-weight of the member at the 

section of maximum moment (ksi). 

From the commentary section the loss due to elastic shortening in pretensioned 

member may be determined as follow: 

∆ ௣݂ாௌ ൌ
஺೛ೞ∙௙೛್೟∙൫ூ೒ା௘೘

మ∙஺೒൯ି௘೘∙ெ೒∙஺೒

஺೛ೞ∙൫ூ೒ା௘೘మ∙஺೒൯ା
ಲ೒∙಺೒∙ಶ೎೔

ಶ೛

   (14) 

Where: 

௣௦ܣ ൌ area of prestressing steel (in2) 

௚ܣ ൌ gross area of section (in2) 

௖௜ܧ ൌ modulus of elasticity of concrete at transfer (ksi) 

௣ܧ ൌ modulus of elasticity of prestressing tendons (ksi) 

݁௠ ൌ average prestressing steel eccentricity at midspan (in) 

௣݂௕௧ ൌ stress in prestressing steel immediately prior to transfer (ksi) 

௚ܫ ൌ moment of inertia of gross concrete section (in4) 

௚ܯ ൌ midspan moment due to member self-weight (kip-in) 
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From drawings: 

௣௦ܣ ൌ ௡ܣ	 ∗ ்݊ ൌ 0.153 ∗ 42 ൌ 6.43	݅݊ଶ	ሺ4,148	݉݉ଶሻ 

௚ܣ ൌ 761	݅݊ଶ	ሺ490,966		݉݉ଶሻ	 

From article 5.4.4.2 of AASHTO 2012: 

௣ܧ ൌ  ሻܽܲܯ	ሺ196,500	݅ݏ݇	28500

From article 5.4.2.4 of AASHTO 2012: 

௖௜ܧ ൌ 33,000 ∙ ଵܭ ∙  ௖ଵ.ହඥ݂′௖௜    (15)ݓ

Where: 

݇ଵ ൌ 1 

௖ݓ ൌ 0.15	݂݇ܿ	ሺ23.8	 ݇ܰ ݉ଷ⁄ ሻ 

݂′௖௜ ൌ  ሻܽܲܯ	ሺ43.4	݅ݏ݇	6.3

Substituting the values: 

௖௜ܧ ൌ  ሻܽܲܯ	ሺ33,177	݅ݏ݇		4811.95

From Table 5.9.3-1, AASHTO 2012, for low relaxation strands: 

௣݂௕௧ ൌ 0.75 ∗ ௣݂௨      (16) 

௣݂௕௧ ൌ 0.75 ∗ 270 ൌ  ሻܽܲܯ	ሺ1,396	݅ݏ݇	202.5

The moment at midspan due to the self-weight is: 

௚ܯ ൌ
௪∗௟మ

଼
     (17) 

For ߱ ൌ 	ሺ11,760.2	݂݈݌	793 	ܰ ݉⁄ ሻ and ݈ ൌ  ݉ሻ	ሺ25.81	ݐ݂	84.667

௚ܯ ൌ .݌݅݇	710.6 ݐ݂ ൌ .݌݅݇	8526.93 ݅݊	ሺ937	݇ܰ.݉ሻ 

Finally the loss due to elastic shortening is: 

∆ ௣݂ாௌ ൌ  ሻܽܲܯ	ሺ14.24	݅ݏ݇	14.24

To obtain the prestress losses due to creep, shrinkage and relaxation, or time 

dependent losses, AASHTO 2012 provides two different methods. The first method or 
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approximate method uses an equation to compute the time dependent losses, obtained 

as an approximation of the refined method for a wide range of standard prestressed 

concrete I-beam. This method is conservative. The second method is more accurate, it is 

the refined method. This method provides a better estimate of the time dependent losses. 

To compute this method it is necessary to provide the time between transfer and deck 

placement and the time between deck placement and final time. Since there is not 

enough data for the time between transfer and deck placement for this case, the 

approximate method given by AASHTO 2012, article 5.9.5.3 has been used. The long 

term prestress loss, ∆ ௣݂௅், has been estimated using the following formula: 

∆ ௣݂௅் ൌ 10 ∙
௙೛೔∙஺೛ೞ

஺೒
∙ ௛ߛ ∙ ௦௧ߛ ൅ 12 ∙ ௛ߛ ∙ ௦௧ߛ ൅ ∆ ௣݂ோ   (18) 

In which: 

௛ߛ ൌ 1.7 െ  (19)    ܪ0.01

௦௧ߛ ൌ
ହ

ଵ	ା	௙ᇱ೎೔
     (20) 

௣݂௜ ൌ prestressing steel immediately prior to transfer (ksi) 

௣݂௜ ൌ 0.75 ∗ ௣݂௨ ൌ  ሻܽܲܯ	ሺ1,396	݅ݏ݇	202.5

ܪ ൌ the average annual ambient relative humidity (%) 

ܪ ൌ 70% 

௛ߛ ൌ correction factor for relative humidity of ambient air 

௛ߛ ൌ 1 

௦௧ߛ ൌ correction factor for specified concrete strength at time of prestress transfer 

to the concrete member 

௦௧ߛ ൌ 0.685 

∆ ௣݂ோ ൌ an estimate of relaxation loss taken 2.4 ksi for low relaxation strand. 

Substituting the values: 
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∆ ௣݂௅் ൌ 11.71 ൅ 8.22 ൅ 2.4 ൌ  ሻܽܲܯ	ሺ154	݅ݏ݇	22.33

Finally the total value of the prestress losses is: 

∆ ௣்݂ ൌ ∆ ௣݂ாௌ ൅ ∆ ௣݂௅்    (21) 

∆ ௣்݂ ൌ 14.24 ൅ 22.33 ൌ  ሻܽܲܯ	ሺ252	݅ݏ݇	36.572

The effective stress in strand, fpe, is obtained as: 

௣݂௘ ൌ 	 ௣݂௜ െ	∆ ௣்݂    (22) 

௣݂௘ ൌ 	202,500 െ 36,572 ൌ  ሻܽܲܯ		ሺ1,144	݅ݏ݌	165,928

Effective prestress force for each strand: 

௘ܨ ൌ 	 ௣݂௘ ∗  ௡     (23)ܣ	

௘ܨ ൌ  ܰሻ	ሺ112,927	ݏܾ݈		25,387	

To reduce the computational cost and because the contribution of prestressing 

steel to the stiffness of the girder section is minimum (Saiedi, 2007), the prestressing 

strands have not been included in the ABAQUS model as a part. 

The modeling of the prestress strands has been realized introducing in ABAQUS 

their equivalent forces. These equivalent forces have been obtained using the load-

balancing method, Figure 5-20. 

 

 

Figure 5-20 Load-Balancing Method 

 

According to this method the prestress force is equivalent to a combination of two 

forces. These two forces are: 
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- Compressive axial force, Pe, equal to: 

௘ܲ ൌ  ௘     (24)ܨ

- Vertical force, Pev, applied on the draped points, equal to:  

௘ܲ௩ ൌ ௘ܨ ∙ sin  (25)    ߙ

Where α is the angle of the depressed strand. 

For the girder studied the compressive axial force has been applied at the ends 

of the girder for each strand. The value of this force is equal to the effective prestress 

force of the strand. 

௘ܲ ൌ ௘ܨ ൌ  ܰሻ	ሺ112,927	ݏܾ݈		25,387	

The vertical force is zero for straight strands and equal to Pev for the depressed 

strands. This force has been applied at each draped point, located respectively at 5 ft 

(1.52 m) and 2 in (51 mm) from midspan.  

௘ܲ௩ ൌ ௘ܨ ∙ sin ߙ ൌ  ܰሻ	ሺ9,085	ݏܾ݈	2,042

With:  

௘ܨ ൌ  ܰሻ	ሺ112,927	ݏܾ݈		25,387	

ߙ ൌ  ݀ܽݎ	0.08

 

5.2.5.3.- Live Load: Truck Position 1 

The characteristics of the truck used to compute the live load are: 

- Total weight, wT = 90,000 lbs (400,340 N) 

- Number of axles, N =6 

- Truck width, B = 8 ft (2.44 m) 

- Load for axle 1 to 3, P1 = 18,000 lbs (80,068 N) 

- Load for axle 4 to 6, P2 = 12,000 lbs (53,379 N) 

- Total length, lT = 42 ft (12.8 m) 
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- Distance between axle 1 and 2, l1 = 12 ft (3.66 m) 

- Distance between axle 2 and 3, l2 = 4 ft (1.22 m) 

- Distance between axle 3 and 4, l3 = 18 ft (5.49 m) 

- Distance between axle 4 and 5, l4 = 4 ft (1.22 m) 

- Distance between axle 5 and 6, l5 = 4 ft (1.22 m) 

 

At truck position 1, the truck was centered over the damage at 3.5 ft (1.07 m) 

from the barrier, see Figure 4-3. To compute the load it has been considered that the axle 

number six was 1 ft (0.3 m) from support ant the axle number 1 at 43 ft (13.11 m) from 

the southernmost support. 

To obtain the load transmitted for each axle to the damaged girder, it has been 

used the lever rule. The final loads to be applied to the girder models are calculated by 

applying the distribution factor given by this method to the total axle’s load. According to 

NCHRP Report 592, (2007): 

"the lever rule is defined as an approximate distribution factor method 
that assumes no transverse deck moment continuity at interior beams, 
which renders the transverse deck cross section statically determinate." 

This is equivalent to establish a hinge in the interior beam doing the bending 

moment zero at this point. Hence it is possible to take moment about this point and 

determine a distribution factor.  

For truck position 1 the distribution factor obtained applying the lever rule is 

determined as follows: 

Case 1: Truck positioned over damaged girder at 3.5 ft (1.07 m) from barrier: 
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Figure 5-21 Lever Rule. Case 1 

 

Taking moment about point A the distribution factor is: 

෍ܯ஺ ൌ 0 ൌ 	
ܲ
2
∙ ሺݏ െ ݀௘ሻ ൅	

ܲ
2
∙ ሺݏ െ ݀௘ െ ሻܤ െ 	ܴ ∙  ݏ

ܲ
2
∙ ሺ2ݏ െ 2݀݁ െ ሻܤ ൌ ܴ ∙  ݏ

ଵܨܦ ൌ
ோ

௉
ൌ 1 െ

ௗ೐
௦
െ

஻

ଶ௦
     (26) 

For truck position 1, at 3.5 ft (1.07 m) from barrier: 

݀௘ ൌ  ݉ሻ	ሺ0.3	ݐ݂	1

ݏ ൌ  ݉ሻ	ሺ3.5	ݐ݂	11.45

ܤ ൌ  ݉ሻ	ሺ2.44	ݐ݂	8

ଵܨܦ ൌ 0.563 

Applying this distribution factor, the live loads transmitted for each axle are: 

For axles 1, 2 and 3, P1 = 18,000 lbs (80,068 N) 

௚ܲଵ ൌ ଵܨܦ ∙ ଵܲ ൌ  ܰሻ	ሺ45,101	ݏܾ݈	10,139

For axles 4, 5 and 6, P2 = 12,000 lbs (53,379 N) 

௚ܲଶ ൌ ଵܨܦ ∙ ଶܲ ൌ  ܰሻ	ሺ30,067	ݏܾ݈	6,759.37

To introduce the live loads into ABAQUS, these loads have been applied on a 

surface equivalent to the tire contact area of the wheel over the girder. This contact area 
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has been taken as 360 in2 (232,257 mm2). Table 5-6 shows the value of the live load 

introduced for each axle and the center location of each load. 

 

Table 5-6 Live Load. Truck Position 1 

 

 

5.2.5.4.- Live Load: Truck Position 2 

At truck position 2, the truck was over girder 2, at 10.95 ft (3.34 m) from barrier, 

see Figure 4-4 

For this position the distribution factor is: 

Case 2: Truck positioned over next undamaged girder at 10.95 ft (3.34 m) from 

barrier: 

 

Figure 5-22 Lever Rule. Case 2 

 

Taking moment about point A the distribution factor is: 

෍ܯ஺ ൌ 0 ൌ	
ܲ
2
∙ ݀௘ െ 	ܴ ∙  ݏ

 Axle 1 28.16 (0.19) 43 (13.11)

 Axle 2 28.16 (0.19) 31 (9.45)

 Axle 3 28.16 (0.19) 27 (8.23)

 Axle 4 18.78 (0.13) 9 (2.74)

Axle 5 18.78 (0.13) 5 (1.52)

 Axle 6 18.78 (0.13) 1 (0.3)

 z, ft (m)Live Load, psi (MPa)



 

81 

ܲ
2
∙ ݀௘ ൌ ܴ ∙  ݏ

ଶܨܦ ൌ
ோ

௉
ൌ

ௗ೐
ଶ௦

     (27) 

The distribution factor that has been applied for truck position 2 is: 

݀௘ ൌ  ݉ሻ	ሺ0.91	ݐ݂	3

ݏ ൌ  ݉ሻ	ሺ3.5	ݐ݂	11.45

ܤ ൌ  ݉ሻ	ሺ2.44	ݐ݂	8

ଶܨܦ ൌ 0.131 

For this distribution factor, the live loads transmitted for each axle are: 

For axles 1, 2 and 3, P1 = 18,000 lbs (80,068 N) 

௚ܲଵ ൌ ଶܨܦ ∙ ଵܲ ൌ  ܰሻ	ሺ10,490	ݏܾ݈	2,358.3

For axles 4, 5 and 6, P2 = 12,000 lbs (53,379 N) 

௚ܲଶ ൌ ଶܨܦ ∙ ଶܲ ൌ  ܰሻ	ሺ6,993	ݏܾ݈	1,572.2

The live loads introduced into ABAQUS on an area of 360 in2 (232,257 mm2) can 

be shown in Table 5-7.  

 

Table 5-7 Live Load. Truck Position 2 

 

 

5.2.6.- Mesh 

This module is used to define the size and type of elements that form the mesh. 

Smaller elements lead to more accurate results. However the use of smaller elements 

 Axle 1 6.55 (0.05) 43 (13.11)

 Axle 2 6.55 (0.05) 31 (9.45)

 Axle 3 6.55 (0.05) 27 (8.23)

 Axle 4 4.37 (0.03) 9 (2.74)

 Axle 5 4.37 (0.03) 5 (1.52)

 Axle 6 4.37 (0.03) 1 (0.3)

Live Load, psi (MPa)  z, ft (m)
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involves greater computational cost. Therefore it is important to balance the 

computational cost with the element size. 

In order to obtain a structured mesh the element type used has been the 3D solid 

tetrahedral elements, C3D4, for concrete elements and 3D truss elements, T3D2, for the 

wires. 

 

 

Figure 5-23 Tetrahedral Elements 

 

 

 

Figure 5-24 3D Truss Elements 
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The computation was performed first using 15 in (381 mm) elements size. After 

checking that the model did not have errors, the size of the elements was gradually 

reduced to 3 in (76.2 mm). Size elements smaller than 3 in (76.2 mm) had a great 

computational cost that overcame the capacity of the computer used. Therefore, the 

element used for the mesh had a maximum size of 3 in (76.2 mm), Figure 5-25. 

 

 

Figure 5-25 Damaged Girder Mesh 

 

This size element was used for modeling not only phase 1 but also Phase 2.  

The definition of the mesh was the last step needed to compute the model. The 

results obtained from the model developed with ABAQUS are explained in Chapter 6. 

 

5.3.- Phase 2: Repaired Girder Model 

To model the Phase 2 of the field test four different loading cases corresponding 

with truck position 3 to 6 have been analyzed. The model was performed following the 

same steps than for the Phase 1 model. 
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5.3.1.- Geometry 

To model the Phase 2, five different parts were introduced: 

1) Concrete girder section 

2) Concrete slab and haunch section 

3) Steel reinforcement 

4) Concrete repaired section 

5) Fiber glass rebar 

Three of these parts, part 1 through part 3, were the same parts defined for the 

Phase 1 model. The geometry of the two news parts is defined below. 

 

5.3.1.1.- Concrete Repaired Section 

This part was defined as a 3D deformable extrusion solid. It has the same length 

than the damage. Its dimensions and position into the ABAQUS model are shown in 

Figures 5-26 and 5-27.  

 

 

Figure 5-26 Concrete Repaired Section 
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Figure 5-27 ABAQUS Concrete Repaired Section 

 

5.3.1.2.- Fiber Glass Rebar 

The fiber glass rebar have been defined as a 3D deformable wire with a truss 

section. The dimensions of the fiber glass rebar used are defined by Table 5-8. 

 

Table 5-8 Fiber Glass Rebar 

 

 

The rebar were placed according to the repair sketch shown in Figure 5-28.  

 

Figure 5-28 Fiber Glass Rebar Sketch 

Type

#4 0.5 (12.7 mm) 0.1963 (127)

Nominal Diameter, φ, in (mm) Nominal Area, An, in
2(mm2)
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5.3.2.- Material Properties 

The material properties for parts 1, 2 and 3 are the same than the ones used for 

the same parts in the Phase 1 model.  

 

5.3.2.1.- Concrete Repaired Section 

To model the concrete repaired section the material properties were defined 

following the same criteria used for the concrete girder section. Therefore, the concrete 

damaged plasticity model was used. The data introduced into ABAQUS are described 

below. 

For elastic behavior: 

‐ ݂′௖ ൌ   ሻܽܲܯ	ሺ41.4	݅ݏ݌	6,000

௖ܧ ‐ ൌ 43.25 ∙ 10ହ	݅ݏ݌	ሺ29,822	ܽܲܯሻ 

ߥ ‐ ൌ 0.2  

For concrete damaged plasticity: 

Default parameters: 

‐ Dilatation angle: 36 

‐ Eccentricity: 0.1 

‐ ௕݂଴ ௖݂଴⁄ ൌ 1.16  

‐ k = 0 

‐ Viscosity parameter: 0 

Compressive stress-strain relationship: From Equation 6 the stress - strain 

values are given by Table 5-9. Figure 5-29 shows the stress-strain diagram.  
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Table 5-9 Concrete Repaired Section: Compressive Stress-Strain Values 

 

 

 

Figure 5-29 Concrete Repaired Section. Compressive Stress-Strain Diagram 

 

k εc 

1 0 0.00 (0.00)

1 0.00025 1080.72 (7.45)

1 0.0005 2151.42 (14.83)

1 0.00075 3183.05 (21.95)

1 0.001 4126.90 (28.45)

1 0.00125 4923.20 (33.94)

1 0.0015 5517.01 (38.04)

1 0.00175 5875.74 (40.51)

1 0.002 5999.49 (41.37)

1.34 0.00225 5643.58 (38.91)

1.34 0.0025 5060.29 (34.89)

1.34 0.00275 4390.60 (30.27)

1.34 0.003 3729.00 (25.71)

1.34 0.00325 3129.29 (21.58)

1.34 0.0035 2612.50 (18.01)

1.34 0.00375 2179.94 (15.03)

1.34 0.004 1823.47 (12.57)

1.34 0.00425 1531.77 (10.56)

1.34 0.0045 1293.47 (8.92)

σ, psi (Mpa)
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The inelastic behavior for compression has been assumed to begin at 0.5	 ∙ ௖௨ߪ ൌ

0.5	 ∙ ݂′௖ 	ൌ 0.5	 ∙ 6,000 ൌ  .ሻܽܲܯ	ሺ20.7	݅ݏ݌	3,000

The tensile stress-strain values are given by Table 5-10. The diagram is shown in 

Figure 5-30. 

 

Table 5-10 Concrete Repaired Section: Tensile Stress-Strain Values 

 

 

 

Figure 5-30 Concrete Repaired Section. Tensile Stress -Average Tensile Strain Diagram 

 

From Equations 8 and 10 the damage parameters for the concrete repaired 

section are shown in Figures 5-31 and 5-32. 
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cr 
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Figure 5-31 Concrete Repaired Section. Compressive Inelastic Strain - Compressive 

Damage Diagram 

 

 

Figure 5-32 Concrete Repaired Section. Tensile Inelastic Strain - Tensile Damage 

Diagram 

 

5.3.2.2.- Fiber Glass Rebar 

The behavior considered for the fiber glass rebar was elastic. The stress-strain 

diagram is shown in Figure 5-33. 
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Figure 5-33 Fiber Glass Rebar. Stress-Strain Diagram 

 

For the elastic behavior it has been introduced the following modulus of elasticity 

and Poisson's ratio: 

௦ܧ ൌ 77.68 ∙ 10ହ	݅ݏ݌	ሺ53,558	ܽܲܯሻ 

ߥ ൌ 0.26 

 

5.3.3.- Assembly 

The same criteria and procedures followed in the development of the Phase 1 

model have been used. The two new parts were incorporated into their final position. The 

fiber glass rebar were embedded into the girder and the repaired sections. 
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5.3.4.- Step 

It was defined a new step, step 1, in which the loads were introduced. The 

problem type was static general. The variables defined were stresses, strains and 

displacements. 

 

5.3.5.- Load 

For Phase 2 the dead loads and the prestress force used have been the same 

than the loads obtained for Phase 1. 

Similarly to the live loads obtained for Phase 1, the live loads for Phase 2 have 

been computed using the lever rule. 

 

5.3.5.1.- Live Load: Truck Position 3 

At truck position 3, the truck was at end of the damaged girder at 3.5 ft (1.07 m) 

from the barrier, see Figure 4-8. The axle number six was 1 ft (0.3 m) from support and 

the axle number 1 at 43 ft (13.11 m) from the southernmost support. 

Using the case 1 of the lever rule the distribution factor applied for truck position 

3, at 3.5 ft from barrier is: 

ଵܨܦ ൌ 0.563 

Therefore, the live loads transmitted for each axle are: 

For axles 1, 2 and 3, P1 = 18,000 lbs (80,068 N) 

௚ܲଵ ൌ ଵܨܦ ∙ ଵܲ ൌ  ܰሻ	ሺ45,101	ݏܾ݈	10,139

For axles 4, 5 and 6, P2 = 12,000 lbs (53,379 N) 

௚ܲଶ ൌ ଵܨܦ ∙ ଶܲ ൌ  ܰሻ	ሺ30,067	ݏܾ݈	6,759.37
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The values of the live loads introduced for each axle applied over a contact area 

of 360 in2 (232,257 mm2) are shown in Table 5-11. This table also includes the center 

location of each live load. 

 

Table 5-11 Live Load. Truck Position 3 

 

 

5.3.5.2.- Live Load: Truck Position 4 

For truck position 4, the truck was at 3.5 ft (1.07 m) from the barrier, Figure 4-9. 

In this case the axle number six was at 21.33 ft (6.50 m) from support and the axle 

number 1 at 63.33 ft (19.30 m) from the southernmost support. 

The distribution factor applied was the same that the distribution factor for truck 

position 3, DF1, case 1 of the lever rule. Although the live load values obtained are the 

same than those for truck position 3, the points of application are different. Table 5-12 

gives the values and the center location of each live load. 

 

Table 5-12 Live Load. Truck Position 4 

 

 Axle 1 28.16 (0.19) 43 (13.11)

 Axle 2 28.16 (0.19) 31 (9.45)

 Axle 3 28.16 (0.19) 27 (8.23)

 Axle 4 18.78 (0.13) 9 (2.74)

Axle 5 18.78 (0.13) 5 (1.52)

 Axle 6 18.78 (0.13) 1 (0.3)

 z, ft (m)Live Load, psi (MPa)

 Axle 1 28.16 (0.19) 63.33 (19.30)

 Axle 2 28.16 (0.19) 51.33 (15.65)

 Axle 3 28.16 (0.19) 47.33 (14.43)

 Axle 4 18.78 (0.13) 29.33 (8.94)

 Axle 5 18.78 (0.13) 25.33 (7.72)

 Axle 6 18.78 (0.13) 21.33 (6.50)

Live Load, psi (MPa)  z, ft (m)
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5.3.5.3.- Live Load: Truck Position 5 

In this case to obtain the live loads, case 2 of the lever rule has been used. For 

truck position 5 the truck was at 10.95 ft (3.34 m) from the barrier, Figure 4-10. 

The distribution factor used was: 

ଶܨܦ ൌ 0.131 

The live loads transmitted for each axle are: 

For axles 1, 2 and 3, P1 = 18,000 lbs (80,068 N) 

௚ܲଵ ൌ ଶܨܦ ∙ ଵܲ ൌ  ܰሻ	ሺ10,490	ݏܾ݈	2,358.3

For axles 4, 5 and 6, P2 = 12,000 lbs (53,379 N) 

௚ܲଶ ൌ ଶܨܦ ∙ ଶܲ ൌ  ܰሻ	ሺ6,993	ݏܾ݈	1,572.2

Table 5-13 shows the live loads introduced into ABAQUS.  

 

Table 5-13 Live Load. Truck Position 5 

 

 

5.3.5.4.- Live Load: Truck Position 6 

The last live load computed was the live load for truck position 6, Figure 4-11. At 

this position the truck was located at 10.95 ft (3.34 m) from the barrier, case 2 lever rule. 

Therefore the distribution factor applied has been the same than the distribution factor 

used for truck position 5. 

The values of the live loads are given by Table 5-14. 

 Axle 1 6.55 (0.05) 43 (13.11)

 Axle 2 6.55 (0.05) 31 (9.45)

 Axle 3 6.55 (0.05) 27 (8.23)

 Axle 4 4.37 (0.03) 9 (2.74)

 Axle 5 4.37 (0.03) 5 (1.52)

 Axle 6 4.37 (0.03) 1 (0.3)

Live Load, psi (MPa)  z, ft (m)
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Table 5-14 Live Load. Truck Position 6 

 

 

5.3.6.- Mesh 

The mesh used to model the Phase 2 has the same characteristic than the mesh 

used to model the damaged girder. That is: 

Size of element: 3 in (76.2 mm) 

Type of element: 

 Tetrahedral, C3D4, for concrete elements 

 3D truss element, T3D2, for wires. 

With these characteristics the mesh created for Phase 2 have been the same for 

the different truck positions considered. Figure 5-34 shows the mesh generated using 

these elements: 

 

Figure 5-34 Repaired Girder Mesh 

The results obtained for Phase 2 are explained in Chapter 6. 

  

 Axle 1 6.55 (0.05) 63.33 (19.30)

 Axle 2 6.55 (0.05) 51.33 (15.65)

 Axle 3 6.55 (0.05) 47.33 (14.43)

 Axle 4 4.37 (0.03) 29.33 (8.94)

 Axle 5 4.37 (0.03) 25.33 (7.72)

 Axle 6 4.37 (0.03) 21.33 (6.50)

Live Load, psi (MPa)  z, ft (m)
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Chapter 6  

RESULTS 

This chapter analyzes the results obtained from the finite element models 

generated using ABAQUS. It is divided in two parts. The first part studies the strains 

given by the model for each phase and compares these values to the strains measured 

by the gauges in the field testing. This comparison also serves to validate the finite 

element model. The second part of this chapter discusses the stresses obtained from 

ABAQUS at a section located at the center of the repaired section. 

 

6.1.- Strains 

To compare the strains given by ABAQUS to the average strains measured from 

the field testing the strains values of the closer nodes to the location of the strain gauges 

have been used. The coordinates of each strain gauge and its corresponding node refer 

to the models coordinate systems are given by Table 6-1. 

 

Table 6-1 Strain Gauges Coordinates & Nodes 

 

 

As explained before, the strain values to be compared to the strains measured by 

the gauges have been obtained by the difference of two strains. The first strain was the 

strain corresponding to the state 0, where only dead loads and prestress force were 

SG 01 18 (457.2) 0 (0.0) 516 (13106.4)
SG 02 23 (584.2) 15 (381.0 516 (13106.4)
SG 03 21.5 (546.1) 22 (558.8) 312 (7924.8)
SG 04 21.5 (546.1) 22 (558.8) 288 (7315.2)
SG 05 18 (457.2) 0 (0.0) 264 (6705.6)
SG 06 13 (330.2) 15 (381.0) 264 (6705.6)
SG 07 6 (152.4) 0 (0.0) 264 (6705.6)

3008
303

22424
4334

x

Coordinate, in (mm)

y z

15006
14998
17870

Gauge Node



 

96 

applied. The second strain was the strain obtained from a state with dead loads, 

prestress force and its corresponding live load, state 1. This was due to the fact that the 

strain measured in the field test did not include the deformation of the girder once in 

place and subjected to the self-weight of the rest of the bridge superstructure elements.  

 

6.1.1.- Phase 1 

As mentioned before, Phase 1 includes two loading cases. These two loading 

cases correspond to the two truck positions of the field testing for Phase 1. 

The strain values from the field test for each strain gauge are shown in Table 6-2. 

 

Table 6-2 Strains Phase 1 Field Testing 

 

 

For this phase the strains obtained for the state 0 are shown in Figure 6-1. 

 

Figure 6-1 Strains. State 0 

 Truck Position 1  Truck Position 2
SG 01 5.567E-05 1.346E-05
SG 02 3.138E-05 9.400E-06
SG 03 2.265E-05 3.480E-06
SG 04 2.083E-05 3.120E-06
SG 05 6.635E-05 1.215E-05
SG 06 5.591E-05 1.121E-05

Gauge 
Strain
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Figure 6-1 shows the maximum and minimum strain values that have been 

obtained for the damaged girder. However the values that have been used are those 

corresponding with the nodes given by Table 6-1. Table 6-3 gives the strains of these 

nodes for state 0. 

 

Table 6-3 Strains. State 0 Phase 1 

 

 

6.1.1.1.- Truck Position 1 

Figure 6-2 shows the strains obtained from ABAQUS for state 1. 

 

 

Figure 6-2 Strains. Truck Position 1 

 

The values of the strains given by this model and their difference with respect to 

state 0 for each gauge are given by Table 6-4. 

State 0

SG 01 -1.785E-04
SG 02 -1.637E-04
SG 03 -1.266E-04
SG 04 -1.298E-04
SG 05 -1.653E-04
SG 06 -1.431E-04

Gauge Node
Strain

22424
4334
15006
14998
17870
3008
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Table 6-4 Strains. Truck Position 1 

 

 

In this case the maximum value of strain is 79.61 με, for the node closer to the 

position of the strain gauge number 5. The lower value is obtained for the node close to 

gauge 3, 34.77 με. 

The comparison between the strains from the model and the field test is shown in 

Figure 6.3.  

 

 

Figure 6-3 Comparison Model-Field Testing Truck Position 1 

 

Looking at Figure 6-3 it can be observed that most of the values obtained from 

ABAQUS are slightly higher than those given by Table 6-2. Although for the strain gauge 

number six the strain given by ABAQUS is lower than the strain measured in the field 

State 1 Difference

SG 01 -1.059E-04 7.262E-05
SG 02 -1.182E-04 4.558E-05
SG 03 -9.181E-05 3.477E-05
SG 04 -9.741E-05 3.243E-05
SG 05 -8.568E-05 7.961E-05
SG 06 -9.625E-05 4.681E-05

State 1: Truck Position 1

Gauge Node
Strain
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test, the difference between the values is less than 9.5 με. Therefore for this loading case 

the model is conservative. 

 

6.1.1.2.- Truck Position 2 

At this position the live loads applied were lower than those from position 1, then 

the strains values were lower, Figure 6-4. 

 

 

Figure 6-4 Strains. Truck Position 2 

 

From Table 6-5 it can be observed that the strains are lower than those from 

truck position 1 as a result of a lower load. 

 

Table 6-5 Strains. Truck Position 2 

 

State 1 Difference

SG 01 -1.616E-04 1.691E-05
SG 02 -1.531E-04 1.060E-05
SG 03 -1.185E-04 8.102E-06
SG 04 -1.223E-04 7.554E-06
SG 05 -1.468E-04 1.852E-05
SG 06 -1.322E-04 1.089E-05

State 1: Truck Position 2

Gauge Node

3008

Strain

22424
4334
15006
14998
17870
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Figure 6-5 shows the strains obtained from ABAQUS and the strains from the 

field testing. 

 

 

Figure 6-5 Comparison Model-Field Testing Truck Position 2 

 

Looking at Figure 6-5 and comparing the values from Table 6-5 to those from 

Table 6-2 for this position it can be observed that in this case the model is more accurate. 

The differences between the model and the field testing are minimum; the greatest 

difference is about 6.3 με.  

The fact that for the second loading case the 3D model was closer to the 

measurements suggests that the model for Phase 1 is valid. The greater differences 

obtained from the first loading case can be due to inaccuracies in the truck position 

considered. Since the position of the truck was not controlled using topographical 

equipment it is possible that the position of the truck was not the one indicated by the 

field testing.  

 

6.1.2.- Phase 2 

For Phase 2 the number of loading cases were four, corresponding to truck 

position 3 to truck position 6. 
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The data obtained from the field testing for this phase is given by Table 6-6. 

 

Table 6-6 Strains Phase 2 Field Testing 

 

 

Table 6-7 gives the strain values obtained for the state 0 for Phase 2.  

 

Table 6-7 Strains. State 0 Phase 2 

 

 

6.1.2.1.- Truck Position 3 

Figure 6-6 shows the strains given by ABAQUS for this loading case. 

 

 Truck Position 3  Truck Position 4  Truck Position 5  Truck Position 6

SG 01 2.884E-05 3.650E-05 1.368E-05 1.818E-05
SG 02 1.919E-05 2.370E-05 1.043E-05 1.257E-05
SG 03 1.321E-05 1.438E-05 5.320E-06 6.600E-06
SG 04 6.560E-06 1.004E-05 3.210E-06 4.800E-06
SG 05 3.069E-05 3.913E-05 1.298E-05 1.616E-05
SG 06 1.773E-05 2.241E-05 1.045E-05 1.293E-05
SG 07 2.924E-05 3.448E-05 1.289E-05 1.671E-05

Strain
Gauge 

State 0

SG 01 -1.786E-04
SG 02 -1.646E-04
SG 03 -1.677E-04
SG 04 -1.715E-04
SG 05 -2.437E-04
SG 06 -1.998E-04
SG 07 -2.503E-04

Gauge Node

22424

Strain

17870
3008
303

4334
15006
14998
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Figure 6-6 Strains. Truck Position 3 

 

The differences between the strains given by this model and the strains from 

state 0 at the position of the gauges are given by Table 6-8. 

 

Table 6-8 Strains. Truck Position 3 

 

 

For this case the strains values have decreased with respect to the values 

obtained for the position 1 of the Phase 1. For this loading case the strain obtained for 

the node closer to gauge number 5 is about 32 με while for the same node the value was 

about 79 με for position 1. The lower value given for position 3 is 12.3 με. 

State 1 Difference

SG 01 -1.466E-04 3.200E-05
SG 02 -1.451E-04 1.959E-05
SG 03 -1.541E-04 1.364E-05
SG 04 -1.592E-04 1.230E-05
SG 05 -2.109E-04 3.278E-05
SG 06 -1.812E-04 1.856E-05
SG 07 -2.163E-04 3.401E-05

State 1: Truck Position 3

Gauge Node

22424

Strain

17870
3008
303

4334
15006
14998
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The comparison between the strains from the field testing and the ABAQUS 

model is shown in Figure 6-7. 

 

 

Figure 6-7 Comparison Model-Field Testing Truck Position 3 

 

From Figure 6-7 it can be observed that the values are almost the same. The 

greatest difference is obtained for the strain gauge number 4. In this case the value from 

the field test was 6.56 με while the value obtained from the ABAQUS model was 12.30 

με. Looking at the position of the strains gauges, Figure 4-7, it can be observed that the 

strain gauges 3 and 4 are located at the same height in the girder cross section and 

separated 2 ft (0.61 m) longitudinally. Therefore it is expected that the values from both 

strain were similar. However for the strain gauge number 3 the value measured was 

12.21 με, which differs from 6.56 με. On the other hand the strain given by ABAQUS for 

the node closer to the strain gauge 3 was 13.64 με, which is a very similar value to 12.30 

με. Based on the results obtained, it can be concluded for this position the strain gauge 

number 4 was not placed appropriately or did not work properly. It can be said that the 

model is adequate for this case. 
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6.1.2.2.- Truck Position 4 

At this position the loads were applied at midspan and the strains values 

obtained were greater than those for the truck position 3, Figure 6-8. 

 

 

Figure 6-8 Strains. Truck Position 4 

 

The data obtained for each node and their difference with the state 0 are given 

by Table 6-9. 

 

Table 6-9 Strains. Truck Position 4 

 

 

State 1 Difference

SG 01 -1.242E-04 5.444E-05
SG 02 -1.296E-04 3.502E-05
SG 03 -1.507E-04 1.708E-05
SG 04 -1.555E-04 1.592E-05
SG 05 -2.004E-04 4.325E-05
SG 06 -1.760E-04 2.375E-05
SG 07 -2.053E-04 4.500E-05

State 1: Truck Position 4

Strain

22424
4334
15006
14998
17870

Node

3008
303

Gauge 
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From this table it can be observed that the maximum value is obtained for the 

node 22424 and it is 54.4 με. The minimum value, 17 με, is given by the node closer to 

the strain gauge number 3. 

The comparison between these values and the values obtained from the field 

testing is shown by Figure 6-9 

 

 

Figure 6-9 Comparison Model-Field Testing Truck Position 4 

 

For this case the values obtained from ABAQUS are greater than those obtained 

from the field test. The greater difference is obtained for the gauge number 1 and it is 

about 17 με. Then the 3D model is conservative for this truck position.  

 

6.1.2.3.- Truck Position 5 

The strains obtained from ABAQUS are shown in Figure 6-10. 
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Figure 6-10 Strains. Truck Position 5 

 

Since the loads applied for this position are lower than those for position 3 and 4, 

the strains values are lower. The values obtained for each node and their difference with 

the state 0 are given by Table 6-10. 

 

Table 6-10 Strains. Truck Position 5 

 

 

In general the values are low; the maximum strain value was about 17 με. When 

comparing this data to the data obtained from the field, Figure 6-11, it can be observed 

that the difference is minimum. Therefore the 3D model for this truck position is accurate. 

 

State 1 Difference

SG 01 -1.617E-04 1.690E-05
SG 02 -1.541E-04 1.058E-05
SG 03 -1.616E-04 6.144E-06
SG 04 -1.658E-04 5.685E-06
SG 05 -2.284E-04 1.526E-05
SG 06 -1.912E-04 8.591E-06
SG 07 -2.344E-04 1.587E-05

State 1: Truck Position 5

Strain

22424
4334
15006
14998
17870
3008
303

Gauge Node
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Figure 6-11 Comparison Model-Field Testing Truck Position 5 

 

6.1.2.4.- Truck Position 6 

For this case the strains values, Figure 6-12, were a little higher than those 

obtained for the position 5 but lower than the values given by the truck position 3 and 4 

models. 

 

 

Figure 6-12 Strains. Truck Position 6 

 

Table 6-11 gives the differences between the strain values from state 0 and the 

state 1 for each node studied. 
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Table 6-11 Strains. Truck Position 6 

 

 

The maximum strain value is obtained for the node closer to the strain gauge 

number 5 and it is 17.7 με.  

Looking at the graph given below, Figure 6-13, it can be observed that the strains 

values obtained from the finite element model and the field testing are almost the same. 

Therefore the 3D model is accurate.  

 

 

Figure 6-13 Comparison Model-Field Testing Truck Position 6 

 

Finally it can be observed that for all cases the finite element model is accurate 

or conservative, therefore the model has been validated and it can be used to study 

similar problems.  

State 1 Difference

SG 01 -1.565E-04 2.212E-05
SG 02 -1.505E-04 1.416E-05
SG 03 -1.608E-04 6.950E-06
SG 04 -1.649E-04 6.527E-06
SG 05 -2.260E-04 1.770E-05
SG 06 -1.900E-04 9.799E-06
SG 07 -2.319E-04 1.842E-05

State 1: Truck Position 6

Strain

22424
4334
15006
14998
17870
3008
303

Gauge Node
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6.2.- Stresses 

Once the finite element model has been validated, the stresses were analyzed.  

In a general case, for a prestressed girder under dead and live load the stresses 

at the bottom fiber can be obtained as the summation of the compressive stress caused 

by the prestress force and the tensile stress due to the gravity loads. Figure 6-14 shows 

the effects of a prestress force and a distributed load on a rectangular beam. 

 

 

Figure 6-14 Concrete Fiber Stress Distribution in a Rectangular Beam with Concentric 

Straight Tendon (Nawy, 2010) 

 

The prestress force produces a compression on the girder, the stress, σc, is 

given by:  

௖ߪ ൌ
ܲ
ܣ

 

Where:  

௖ߪ ൌ Compressive stress 

P = Prestress force 

A = Area of the section 

The dead and live loads, gravity loads, generate tensions on the girder bottom 

fiber. The tensile stress, σt, obtained is: 

௧ߪ ൌ 	
ܯ ∙ ݕ
ܫ
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Where: 

M = Flexural moment produced by the gravity load, w 

y = c = Distance from the neutral axis to the fiber investigated. 

I = Moment of inertia of the section. 

The total stress, σ, is given by the following equation: 

ߪ ൌ ௧ߪ ൅ ௖ߪ ൌ
ܯ ∙ ݕ
ܫ

െ	
ܲ
ܣ

 

The main objective of the repair procedure presented is recovering the section 

capacity lost by increasing its moment of inertia. By doing so, based on the previous 

equation, the tensile stresses caused by the gravity loads are reduced. Consequently 

higher compressive stresses at the bottom fiber are expected to be obtained for the 

repaired girder model compared to the ones obtained for the damaged girder model. 

 

6.2.1. Stresses: Concrete Sections 

The stresses analyzed were the stresses at the section bottom fiber given by the 

3D model at a section located 22 ft (6.71 m) from the southernmost support. This section 

corresponds to the center of the damage. 

For Phase 1, the values obtained are the values from the nodes closer to the 

following coordinates, (10, 0, 264), (18, 0, 264), and (34, 0, 264). These coordinates 

correspond to points 1, 2 and 3 of Figure 6-15. 
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Figure 6-15 Phase 1: Stress Points Analyzed 

 

For Phase 2 the points analyzed were the same ones that those for Phase 1. 

Additionally, two new points, 4, (8, 0, 264), and 5, (2, 0, 264) located at the repaired 

section have been checked, Figure 6-16. 

 

Figure 6-16 Phase 2: Stress Points Analyzed 
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The nodes corresponding to these points are shown in Table 6-12. 

 

Table 6-12 Stresses. Nodes 

 

 

At these nodes the stresses obtained for Phase 1 are given by Table 6-13 

Table 6-13 Stresses. Phase 1 

 

 

The maximum compression is obtained for point 3. For both truck positions the 

minimum compression value is obtained for the point closer to the damage, point 1.  

As expected, for Phase 2 the compressive stress values are greater than those 

obtained for Phase 1, Table 6-14.  

 

Table 6-14 Stresses. Phase 2 

 

1 10 (254) 0 (0) 264 (6,705) 3997
2 18 (457) 0 (0) 264 (6,705) 17870
3 34 (863) 0 (0) 264 (6,705) 4758
4 8 (203) 0 (0) 264 (6,705) 303
5 2 (50.8) 0 (0) 264 (6,705) 38

Point Node 
yx z

Coordinate, in (mm) 

3997 -431.28 (-2.97) -781.97 (-5.39)
17870 -478.28 (-3.3) -820.33 (-5.66)
4758 -590.95 (-4.07) -916.73 (-6.32)

Stress, psi  (MPa)
Node

Truck Position 1 Truck Position 2

3997 (-8.25) (-7.84) -1294.69 (-8.93) -1280.86 (-8.83)
17870 (-8.13) (-7.73) -1277.61 (-8.81) -1263.91 (-8.71)
4758 (-8.03) (-7.66) -1261.61 (-8.7) -1248.43 (-8.61)
303 (-6.45) (-6.12) -1013.52 (-6.99) -1002.49 (-6.91)
38 (-6.43) (-6.12) -1073.52 (-7.4) -999.23 (-6.89)

-1136.40
-1120.79
-1110.90

Stress, psi  (MPa)
Node

-1195.91
-1179.54
-1165.13
-935.12

Truck Position 3 Truck Position 4 Truck Position 5 Truck Position 6

-933.04
-887.60
-886.96



 

113 

For this phase when the truck was at positions 5 and 6 the compressive values 

were greater than for positions 3 and 4. This was because for position 3 and 4 the loads 

applied on the girder were greater, therefore the flexural moment was greater too 

resulting in higher tensile stress σt.  

From Tables 6-13 and 6-14, it can be observed that for points 1, 2 and 3, the 

compressive values are greater for truck positions 3 and 5 than for truck positions 1 and 

2, similar positions for both phases. This means that as was expected the compressive 

stresses increased once the girder was repaired. As explain before, the increase in the 

moment of inertia resulted in lower tensile stresses due to the bending action. 

It can be said that once the girder was repaired the compressive stress at the 

bottom fiber increased. 

For both phases the stress values obtained indicated that the girder was under 

elastic behavior. From Tables 6-13 and 6-14 the maximum compressive stress for the 

concrete girder section was 1,294.69 psi, (8.93 MPa), that is a value lower than the 

elastic limit for this section, 4,250 psi, (29.3 MPa). Similarly for the repaired section the 

maximum compressive stress, 1,073.52 psi, (7.4 MPa), was lower than the yield stress, 

3,000 psi, (20.68 MPa).  

 

6.2.2.- Stresses: Fiber Glass Rebar.  

The longitudinal fiber glass rebar were placed with the objective of increasing the 

strength of the repaired section to compensate the use of a material, grout, with a lower 

strength than the original one, concrete. The maximum stresses developed by the 

longitudinal fiber glass rebar for each truck position are given by Table 6-15. 
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Table 6-15 Maximum Stresses. Fiber Glass Rebar 

 

 

The fiber glass rebar number 1 correspond to the rebar placed at 7.5 in (190 mm) 

from the bottom flange and the rebar placed at 10 in (254 mm) from bottom is the fiber 

glass rebar number 2. 

From Table 6-15 it can be observed that the minimum compressive stress value 

is obtained for the positions 3 and 4. This is the expected result since for these truck 

positions the loads applied on the girder were greater than those applied for the other two 

positions. The tensile stresses transmitted by the live loads were greater making the 

compressive stress values lower.  

For the fiber glass rebar all the stresses values were under the elastic limit 

considered for the rebar. Therefore the rebar had an elastic behavior.  

 

  

1 -2054.4 (-14.16) -2034.72 (-14.03) -2142.44 (-14.77) -2137.89 (-14.74)

2 -1975.7 (-13.62) -1957.96 (-13.50) -2056.26 (-14.18) -2052.19 (-14.15)

Truck Position 4
Fiber Glass Rebar

Stress, psi (Mpa)

Truck Position 3 Truck Position 6Truck Position 5
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Chapter 7  

SUMMARY AND CONCLUSIONS 

This chapter is divided into two parts. The first part includes a brief summary of 

what has been studied in this thesis. The second part contains the conclusions that have 

been derived after performing the study.  

 

7.1.- Summary 

This thesis has analyzed the strains and stresses generated in a girder damaged 

by a truck and repaired with fiber glass rebar.  

The damaged girder was located in the bridge number 54 of the LBJ project.  

The girder hit by a truck was the girder number 1 of the span 2 in the southbound 

structure. The damage was 14 ft (4.27 m) long at the bottom flange of the beam. It had 

several strands exposed but none of them was severed. The solution adopted by the 

company was based on the use of three materials: bonding agent, fiber glass rebar, and 

repair mortar. 

To study the behavior of the girder the developer conducted two field tests. On 

both field test several strains gauges were placed at different positions. The first test was 

performed before repairing the girder and the second test was conducted once the girder 

was repaired. For both phases the data given by the strains gauges were recorded.  

For this thesis two different finite element models were generated to analyze de 

behavior of both the damaged and the repaired girder. This allowed the comparison 

between the results from the model and the data from the field tests. The software 

ABAQUS was used in the development of the finite element models. 

To model the two phases the following considerations were taken into account: 
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1) The concrete damaged plasticity model was used to model the concrete 

behavior of the elements. This model performed the inelastic behavior of 

the concrete both in compression and tension. 

2) The prestress force was modeled using the balancing method. This 

method allows modeling the effect of depressing a strand by the 

introduction of a vertical reaction at the hold down points.  

3) The live loads applied on the studied girder were calculated using the 

lever rule. The lever rule provided a distribution factor to apply on the live 

loads transmitted by the truck resulting in the live load applied on the 

girder studied.  

Once the model was performed the comparison between the strains given by the 

ABAQUS model and the average strains given by the strain gauges was done. This 

comparison allowed the validation of the model. 

 

7.2.- Conclusions 

Once the results have been analyzed the following conclusions can be drawn: 

1) The strain comparison between the model and the field test showed that 

the values given by ABAQUS were similar to those given by the strain 

gauges. The small differences found between some measurements may 

be due to the fact that the truck was not placed on the position indicated 

by the field test or that some strain gauge did not work properly. Then 

the 3D model is adequate. It can be concluded that the software 

ABAQUS can be used to model this kind of problem. 
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2) The concrete damaged plasticity model, the balancing method and the 

lever rule, were good approximations of the structural behavior of the 

girder. Therefore these considerations can be used for future modeling. 

3) Both the field test and the 3D model gave lower strain values for the 

repaired girder than those obtained for the damaged girder. This is one 

indication that the repair method used worked. 

4) The stresses given by ABAQUS were the expected. Greater 

compression stresses for the repair girder than for the damage girder 

were expected. It can be said that once the girder was repaired the 

strength of the girder increased due to the repair technique used. 

5) From the stress values obtained from the model it can be observed that 

all the values were lower than the elastic limit considered for each 

material. Then it can be concluded that the model could have been made 

only by defining elastic behavior to reduce the computational cost. 

6) It can be said that the use of the provisions given by AASHTO to obtain 

the composite section of bridge girder is conservative and it can be used 

in the development of finite element models. 

7) The behavior of the interface between the concrete of the girder and the 

repair mortar in the repaired section has been modeled using a tie 

interaction from ABAQUS. This type of interaction constrains the degrees 

of freedoms of the nodes in contact and guarantees the compatibility in 

the deformation of the different elements and, therefore an adequate 

stress transmission. Since the results from the model are similar to the 

measurements from the field test it can be concluded that the solution 

consisting of applying a bonding agent and using transverse fiber glass 
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rebar is adequate to guarantee the adherence between the two 

materials. 

8) The longitudinal fiber glass rebar were under an elastic behavior, having 

greater compressive values when the load were low, truck position 5 and 

6, and decreasing these values for the other two positions. These rebar 

contributed to increase the strength of the girder. 

9) The objectives of this study have been achieved. A better understanding 

of the structural behavior of the repaired girder has been provided. Also, 

an adequate modeling technique for beams repaired with GFRP rebar 

has been proposed that will help to establish adequate repair procedures 

and to anticipate the structural behavior of damaged girders prior to the 

repair process. 
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Appendix A 

Drawings 
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Appendix B 

Field Testing
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PHASE 1 MONITORING. TRUCK POSITION 1

SG 01 SG 02 SG 03 SG 04 SG 05 SG 06
0 54.73 32.61 23.8 19.54 66.12 54.75
10 54.25 31.65 22.85 20.02 65.65 54.27
20 55.21 31.17 23.8 20.02 65.65 54.27
30 55.69 30.69 23.33 19.54 65.65 54.27
40 56.17 32.13 22.85 20.5 65.65 54.75
50 56.17 32.61 22.85 20.5 65.65 54.75
60 55.69 32.61 22.37 18.59 64.7 56.19
70 56.17 32.13 22.37 19.07 65.65 55.23
80 58.09 31.17 22.37 20.5 66.12 55.23
90 56.17 31.17 23.33 18.59 65.65 55.71

100 57.13 30.69 21.9 20.5 65.65 54.75
110 54.25 31.17 23.8 19.54 66.12 54.75
120 56.17 31.17 22.85 19.07 66.6 54.75
130 55.69 30.69 23.33 19.54 66.6 54.27
140 56.17 30.21 22.85 20.02 65.17 56.19
150 56.17 31.17 23.33 20.5 66.12 55.23
160 56.17 30.69 22.37 20.02 65.65 55.71
170 55.69 31.65 23.8 19.54 66.12 53.79
180 55.21 30.69 22.85 19.54 66.12 54.27
190 56.17 29.73 23.8 20.02 66.6 55.23
200 55.69 30.69 22.37 19.54 66.6 55.71
210 56.17 31.17 21.9 20.5 66.12 55.23
220 54.73 31.17 23.8 20.5 65.65 54.75
230 56.17 32.13 20.94 20.5 66.12 56.19
240 56.17 32.61 22.37 20.02 65.65 55.71
250 56.17 31.17 22.37 19.07 66.6 55.71
260 56.65 31.17 23.33 19.54 65.65 55.71
270 56.65 31.17 21.9 20.5 66.6 55.23
280 56.17 30.69 22.85 20.5 65.65 55.23
290 56.17 29.73 22.85 19.54 65.17 56.19
300 55.21 30.69 22.85 20.5 66.12 55.71
310 57.61 29.73 22.85 19.54 66.12 56.19
320 55.69 30.69 22.85 19.54 65.65 55.71
330 54.73 31.65 22.85 20.5 66.12 55.71
340 56.17 30.69 21.9 20.02 66.12 55.71
350 56.17 32.13 21.9 19.54 66.6 56.19
360 55.21 31.65 21.42 20.5 66.6 56.19
370 55.69 30.21 22.85 19.54 67.07 54.75
380 56.17 31.65 22.85 19.54 67.07 55.71
390 57.13 31.65 23.8 20.02 66.12 54.75
400 55.21 31.65 22.85 19.07 66.6 54.27
410 56.65 31.65 22.37 19.54 66.12 55.71
420 56.17 31.17 22.85 24.79 66.6 54.75
430 57.61 31.65 22.85 24.31 65.65 56.19

Strain (μe)
TIME (seconds)
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440 55.69 32.61 20.94 22.88 66.6 55.71
450 55.69 32.13 21.9 22.41 65.65 56.19
460 55.21 32.13 22.37 22.88 66.6 55.71
470 57.61 30.69 21.9 22.88 65.65 55.71
480 56.17 29.25 23.8 22.88 66.12 55.71
490 55.21 32.13 20.94 22.88 65.65 56.19
500 56.17 31.65 20.47 21.93 65.65 56.67
510 54.73 32.61 21.9 21.45 65.65 55.23
520 56.65 30.69 22.85 21.45 67.07 55.23
530 55.21 31.17 22.85 22.41 68.5 57.63
540 55.21 31.17 23.8 22.41 67.55 57.63
550 54.25 31.65 21.9 22.41 67.07 58.11
560 54.73 31.65 23.8 22.88 67.55 57.63
570 55.69 30.69 22.85 23.36 67.55 59.55
580 54.73 31.65 22.37 21.45 67.55 59.07
590 53.29 31.65 23.33 21.45 67.07 58.11
600 55.21 32.61 21.9 22.41 67.55 58.11
610 52.81 32.61 22.37 22.41 68.5 58.59
620 54.25 31.65 22.85 22.41 68.5 58.11
630 53.77 32.61 22.37 22.88 67.55 58.11
640 53.77 32.61 22.85 22.41 67.55 57.63
650 54.73 31.17 21.9 21.93 66.6 58.11

SG 01 SG 02 SG 03 SG 04 SG 05 SG 06
55.67 31.38 22.65 20.83 66.35 55.91

Average Strain (μe)
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PHASE 1 MONITORING. TRUCK POSITION 2

SG 01 SG 02 SG 03 SG 04 SG 05 SG 06
783 14.88 9.11 2.86 4.29 11.89 11.04
793 12 9.11 3.81 2.38 12.37 11.04
803 12.96 10.55 2.86 2.38 12.37 10.08
813 12.96 10.07 3.33 3.81 12.37 11.53
823 14.88 9.59 3.81 3.81 12.37 10.56
833 14.4 8.63 3.81 2.38 12.37 11.53
843 12 8.63 4.28 2.38 12.84 10.56
853 13.44 10.55 3.81 2.38 11.89 12.49
863 12.96 10.07 2.86 4.29 11.89 11.53
873 14.4 8.15 3.81 2.38 12.84 10.56
883 12 9.11 3.81 4.29 12.37 10.08
893 13.92 10.07 2.38 3.81 12.37 10.56
903 12.96 10.55 3.33 2.38 12.37 10.56
913 14.88 8.15 2.86 3.81 11.42 11.04
923 12.96 8.15 4.28 2.38 11.89 9.6
933 12.96 10.07 2.86 2.38 11.42 10.56
943 14.88 8.63 3.33 4.29 11.89 12.49
953 13.92 10.07 2.86 3.81 11.89 13.93
963 12.96 9.11 4.76 2.38 12.84 12.97
973 12.96 9.59 3.81 2.38 11.42 11.53

SG 01 SG 02 SG 03 SG 04 SG 05 SG 06
13.46 9.40 3.48 3.12 12.15 11.21

Average Strain (μe)

TIME (seconds)
Strain (μe)
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PHASE 2 MONITORING. TRUCK POSITION 3

SG 01 SG 02 SG 03 SG 04 SG 05 SG 06 SG 07
0 28.32 19.954 12.37 6.2 32.67 19.69 28.98
10 29.76 19.954 14.28 7.63 29.513 18.25 27.54
20 30.24 18.381 13.32 6.67 31.614 17.29 28.98
30 31.68 18.381 13.32 6.2 30.041 15.37 28.98
40 28.32 18.381 13.32 6.2 30.569 17.29 30.43
50 30.24 21.538 11.9 6.67 30.041 18.25 29.95
60 29.76 18.381 13.32 6.2 30.569 16.81 28.98
70 26.4 19.954 13.32 7.63 30.569 16.81 28.98
80 29.28 19.437 12.37 7.15 30.569 18.73 29.95
90 27.36 18.909 13.32 6.67 32.142 17.77 29.47

100 26.4 19.437 12.85 6.67 29.513 16.81 28.98
110 28.8 18.909 14.28 5.24 30.041 18.73 29.95
120 28.32 17.853 13.8 6.2 31.086 18.73 28.98

SG 01 SG 02 SG 03 SG 04 SG 05 SG 06 SG 07
28.84 19.19 13.21 6.56 30.69 17.73 29.24

TIME (seconds)
Strain (μe)

Average Strain (μe)
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PHASE 2 MONITORING. TRUCK POSITION 4

SG 01 SG 02 SG 03 SG 04 SG 05 SG 06 SG 07
130 34.08 24.684 13.32 8.58 35.31 19.21 32.37
140 35.04 24.156 12.85 9.54 39.523 21.13 34.78
150 35.52 22.583 15.23 11.92 40.051 22.09 33.82
160 36 23.639 15.7 9.54 38.467 22.57 35.75
170 37.44 23.639 13.8 9.54 38.995 22.09 35.26
180 36.48 22.583 15.23 10.49 37.411 21.61 34.3
190 35.04 24.684 14.28 9.06 38.467 21.13 34.78
200 38.88 24.684 11.42 9.54 40.579 21.61 34.3
210 34.08 24.684 14.75 10.49 39.523 22.09 34.3
220 36.96 24.156 14.28 9.54 40.051 22.57 35.26
230 37.92 23.639 14.75 9.54 40.051 23.53 34.78
240 36.96 23.639 14.75 10.01 38.995 22.57 34.3
250 36 23.639 14.75 9.54 40.051 23.05 33.82
260 38.88 22.583 14.75 10.97 40.579 22.09 34.78
270 37.92 24.156 14.75 9.54 38.995 22.57 35.75
280 38.88 26.785 13.8 9.54 40.051 23.05 35.26
290 36.96 24.156 14.28 10.97 38.995 22.57 34.78
300 37.92 24.684 14.28 10.97 37.939 21.61 34.78
310 38.88 23.111 13.32 10.01 40.051 23.53 34.78
320 35.52 23.111 15.7 9.54 40.051 24.01 34.3
330 37.92 23.639 14.75 11.92 38.995 22.57 35.26
340 35.52 24.156 13.32 10.49 40.051 23.05 34.3
350 36.96 20.482 15.23 10.97 38.467 23.05 34.3
360 37.44 24.156 14.28 9.54 38.995 23.53 34.78
370 38.88 23.639 13.8 9.54 40.579 22.57 34.78
380 36.96 23.639 14.75 9.54 39.523 23.53 35.26
390 36 25.212 13.32 10.49 40.579 22.09 34.78
400 36.96 22.055 15.23 11.44 41.107 23.53 34.78
410 34.08 24.684 14.75 9.54 39.523 23.53 34.78
420 36 23.639 13.8 10.49 40.051 22.57 34.78
430 36.48 22.583 16.18 10.01 38.467 22.09 34.3
440 29.28 21.538 14.75 8.58 31.614 20.17 28.98

SG 01 SG 02 SG 03 SG 04 SG 05 SG 06 SG 07
36.50 23.70 14.38 10.04 39.13 22.41 34.48

Average Strain (μe)

TIME (seconds)
Strain (μe)
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PHASE 2 MONITORING. TRUCK POSITION 5

SG 01 SG 02 SG 03 SG 04 SG 05 SG 06 SG 07
500 12.96 9.977 4.76 2.86 18.447 10.08 12.56
510 12 9.449 4.76 4.29 16.335 9.12 12.56
520 13.44 11.033 5.71 0.95 16.335 11.04 14.01
530 12.48 9.977 4.76 3.81 16.335 10.08 13.04
540 12.48 12.078 5.23 0.95 14.751 10.56 13.53
550 14.88 11.033 5.71 2.86 12.122 11.04 13.53
560 12.96 11.033 4.76 3.81 13.706 10.56 12.56
570 12.96 9.977 4.76 3.81 11.066 10.08 13.04
580 13.44 11.033 4.28 4.29 12.65 10.08 12.56
590 13.92 10.505 5.71 3.34 12.122 9.6 13.04
600 12.96 11.55 6.66 2.38 11.066 10.56 13.04
610 14.88 9.449 4.76 2.86 11.594 11.52 13.04
620 13.92 10.505 5.23 4.77 12.122 10.56 14.01
630 12.48 11.55 6.66 2.86 10.538 12 13.53
640 15.84 11.033 3.81 4.29 12.122 11.04 12.56
650 12.96 9.977 7.14 3.81 10.538 9.12 12.56
660 14.4 9.977 5.23 2.86 12.65 10.08 13.04
670 14.88 9.977 5.71 4.29 11.066 9.12 12.08
680 14.88 9.449 5.71 2.86 12.122 10.56 12.08
690 13.92 10.505 4.76 2.86 13.178 11.04 12.56
700 13.92 9.977 5.23 4.77 12.122 10.08 11.59
710 14.4 9.449 5.71 0.95 12.65 12 13.04

SG 01 SG 02 SG 03 SG 04 SG 05 SG 06 SG 07
13.68 10.43 5.32 3.21 12.98 10.45 12.89

Average Strain (μe)

TIME (seconds)
Strain (μe)
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PHASE 2 MONITORING. TRUCK POSITION 6

SG 01 SG 02 SG 03 SG 04 SG 05 SG 06 SG 07
720 17.76 11.55 6.66 3.81 15.807 12.48 15.94
730 16.8 14.707 6.66 5.24 16.335 12.96 16.91
740 16.32 13.651 5.71 4.77 16.863 12.96 16.91
750 18.72 11.033 7.14 4.77 16.863 13.92 15.94
760 18.72 12.078 6.19 4.77 15.807 12.48 16.91
770 19.68 12.078 5.71 5.24 16.863 12.96 16.91
780 17.28 13.134 7.61 6.2 16.863 12.96 16.42
790 19.68 13.134 7.61 4.29 16.863 13.44 16.42
800 18.24 12.078 5.71 5.24 16.863 13.44 17.39
810 18.72 12.078 6.66 3.34 15.279 11.52 17.39
820 19.68 12.078 7.14 5.24 15.807 12.96 16.91
830 18.72 13.651 5.71 4.77 14.751 12.48 16.91
840 18.72 13.651 7.14 4.77 15.807 12.96 16.91
850 17.76 11.55 7.14 3.81 14.751 13.44 16.91
860 15.84 12.078 6.19 5.72 16.863 12.96 15.94

SG 01 SG 02 SG 03 SG 04 SG 05 SG 06 SG 07
18.18 12.57 6.60 4.80 16.16 12.93 16.71

Average Strain (μe)

TIME (seconds)
Strain (μe)
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