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Abstract. Overpass bridge girders are susceptible to impact damage of over-height vehicles, 

creating a traffic hazard and structural deficiency. The repair for a damaged girder has to meet 

adequate criteria for the safety, repair time and economy. This paper presents a case study for the 

repair of such an impact damaged concrete girder on the Lyndon B. Johnson Express construction 

project, located on I-635 and I-35 freeways in Dallas, Texas. The impact caused concrete loss and 

exposed several restressing strands on the exterior girder. The overpass had been completed while 

the old route was open below, causing a temporary vertical lower clearance than the final design, 

leading to the impact. The novel and innovative repair process involved fiber glass (GFRP) rebars, 

bonding epoxy and repair mortar. These rebars enhanced the flexural capacity of the repaired 

section and supplemented the mortar strength. Onsite load testing was employed to verify the 

performance of the repaired structure. Theoretical model of the composite girder before and after 

repair was employed. The strain data from the model compared well with the load testing data. The 

repair scheme drastically increased the stiffness of the damaged girder, resulting in about 50% 

reduction in the bottom strains. The beneficial effect of the repair resulted in large increases in the 

net compressive stresses (200–300%) at the girder bottom through the increase of the section 

stiffness and reduction of the gravity load stresses. Stresses remained well below the elastic range 

for concrete and the GFRP rebars. 

INTRODUCTION 

Damaged or under-strength concrete bridge repair and 

strengthening is an important issue, especially with the 

current poor state of the bridge infrastructure (ASCE 

2013). The deficiency could be due to fire, poor design 

or construction, time dependent deterioration, corrosion 

or impact of vehicles. One of the most common 

problems is the impact caused by over-height vehicles 

that exceed the posted clearance for a bridge. The 

Lyndon B. Johnson (LBJ) Express construction project 

in the greater Dallas, Texas, area experienced such a 

vehicle impact event. The LBJ Freeway is a 59.5 km 

loop traversing from I-20 in the south of the city to SH 

121 to the north. In 2011, a remodeling of 21 km length 

of the LBJ Freeway between I-35 and US-75 was 

initiated with a large number of bridges and overpasses. 

One of the most important factors in the tight project 

schedule was traffic control. Keeping the traffic flowing 

to a maximum level caused the coexistence of new 

traffic routes with old or temporary routes. Bridge 54 on 

Preston Road was impact damaged during one of these 

overlapping phases. The overpass had been completed, 

while the old route was open below, causing a temporary 

vertical lower clearance than the final design leading to 

the impact and damage. The bridge has three spans in the 

north-south direction with different number of girders. 

The damaged girder was situated on the western edge on 

the middle span in the southbound direction, as shown.  

Fig. 1. Location of Damaged Girder on the Middle Southbound 

Span of Bridge 54. 

The southbound structure included 23 standard Tx46 

prestressed I-girders (TxDOT 2015) in the north span, 

nine Tx46 girders in the middle span and 11 Tx28 
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girders in the south span. The middle span had a total 

width of 29.11 m, with a precast composite deck of 203 

mm thickness. The spacing between the girders was 3.5 

m, with two overhangs having widths of 1.07 m and 0.69 

m. Table 1 shows some pertinent properties of the Tx46 

girder. 

Table 1: Tx46 Girder Section Properties 

Area, 

m2 

Strong Axis 

Moment of 

Inertia, m4 

Weak Axis 

Moment of 

Inertia, m4 

Weight, 

kN/m 

0.49 0.0824 0.0193 5.49 
 

The damaged girder had 42 low-lax prestressing 

strands (with 12.7 mm diameter each and 1861 MPa 

ultimate strength) placed according to the patterns shown 

in Fig. 2, with no debonding and four harped strands. 

 

Fig. 2 Pre-stressing Strand Patterns 

The corresponding eccentricities were 396 mm at 

mid span and 309 mm at the end. The girder concrete 

compressive strength in service was 58.6 MPa. The non-

prestressed mild steel had a yield strength of 414 MPa.  

The vehicle impact resulted in severe damage on the 

girder as seen in Fig. 3. 

Fig. 3 Damaged Girder Photograph 

It caused a 4.3 m long damage along the bottom 

flange with spalled concrete and three rows of exposed 

but undamaged strands (total of nine strands exposed). 

The center of the damaged area was at 6.7 m from the 

left support. A sketch of the damaged section is 

presented in Fig. 4.  

 

Fig. 4 Schematic of Damaged Section 

The study described herein theoretically modeled the 

full-scale damaged girder before and after repair to 

analyze its structural behavior through comparison with 

actual load testing information. The objectives of this 

study were to provide a better understanding of the 

structural behavior and propose adequate modeling 

techniques of beams repaired with GFRP rebars. The 

proposed techniques will help to establish adequate 

repair procedures and to anticipate the structural 

behavior of damaged girders prior to the repair process.  

Most prior investigations on bridge strengthening 

involved only the Carbon Fiber Reinforced Polymer 

(CFRP) systems. However, investigation on the use of 

GFRP systems has increased in recent years, mainly on 

the use of GFRP rebars for bridge decks and the 

durability aspects. Most of the past studies involved 

scale models in laboratories.  

Nanni et al. (2014) mentioned that carbon fibers have 

three times higher strength than glass fibers and are ten 

times more expensive.  Glass fibers, however, have good 

thermal and electrical insulation properties. Hutchinson 

(1999) found that externally bonded CFRP sheets were 

effective in improving the shear strength of prestressed 

concrete I-girders. Recommendations and guidance for 

using CFRP sheets were included. Pantelides et al. 

(2010) provided guidelines for repair of bridge girders 

using FRP wrapping. The girders considered were 

reinforced or prestressed with shear and flexural 

deficiencies from end cracking or vehicular collision. 

Hasenkamp et al. (2012) established criteria for repair 

materials and methods for prestressed concrete girders 

with end zone cracking caused by prestress release. 

Rosenboom and Rizakalla (2006) published a shear 

design model for a section repaired with CFRP. Cha 

(2001) demonstrated how the use of carbon fiber 

composites strengthened prestressed concrete beams up 

to 86% for high-strength concrete and 58% for normal 

strength concrete. Klaiber et al. (2003) inferred, based on 

laboratory investigation, that CFRP repair for prestressed 

concrete girders is feasible when about 15% of the 

strands are severed. Green and Boyd (2005) showed that 

external CFRP systems can restore up to 90% of the 
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moment capacity loss after a vehicle impact of girders. 

Brinkman (2012) studied three different types of CFRP 

repair systems: near surface mounted, externally bonded 

and bonded post-tensioned. The last system was the most 

effective in restoring the lost girder capacity. 

Rosenboom (2006) tested 30 full-scale prestressed 

concrete bridge girders retrofitted with FRP materials. 

The FRP repair and the bond behavior were studied from 

an engineering point of view. Kasan (2009) investigated 

22 prototype prestressed concrete bridge girders, 

including spread boxes, AASHTO type I girders and 

adjacent boxes, with varying degrees of damage and 

CFRP repair techniques. It was concluded that when 

25% or more of the strands no longer contributed to the 

capacity, the best option is to replace the affected girder. 

Other researchers (Bullock et al. 2011) undertook field 

investigations, analyzing the effectiveness of FRP repair 

system on I-565 bridges in Huntsville, Alabama.  

Two advantages of GFRP are corrosion resistance 

and durability. Abushagur (2004) found that the GFRP 

wrapping not only creates a corrosion protective layer 

for steel structures, but also improves the flexural 

capacity of steel sections. Ragaby (2007) investigated 

the use of GFRP bars as deck reinforcement. They were 

found to work well for bridge decks with corrosion 

problems. Bridge decks reinforced with GFRP rebars 

had superior fatigue performance. Huang (2010) 

investigated durability behavior and degradation 

mechanism of GFRP rebars in concrete. He developed 

more accurate environmental reduction factors than 

those given by the design codes. Laosiriphong (2000) 

found that the use of GFRP wraps increased the 

durability of railroad crossties and enhanced the flexural 

rigidity by 44% and the shear modulus by 18%. Memon 

and Sheikh (2005) investigated the use of GFRP sheets 

to repair square columns under simulated earthquake 

loads. The sheets significantly enhanced ductility, energy 

dissipation ability, and moment capacity of deficient 

columns. Smith (2004) investigated the rehabilitation of 

timber railroad bridges using GFRP wraps. All 

specimens showed 55-60% recovery of initial strengths 

with GFRP retrofit. Mahmood (2002) compared the 

cracking of concrete members reinforced with GFRP and 

steel rebars. No difference between the crack widths 

with either systems was found. Johnson (2014) 

conducted an experimental program with 24 large scale 

beams with different types of GFRP rebars. The study 

concluded that the bent GFRP rebar stirrups exhibited 

acceptable thermal and mechanical properties. 

It is apparent that significant prior work has been 

undertaken with external CFRP wrapping for concrete 

bridge strengthening. Several studies have looked at 

GFRP rebar application in bridge decks and girders. 

However, no prior study has investigated the use of 

GFRP rebars in the repair and strengthening of full-scale 

impact damaged concrete bridge girders, the theoretical 

modeling aspects of this application and validation with 

in-situ load testing.  

REPAIR PROCEDURE 

Repair of a damaged bridge girder has to satisfy three 

important criteria of safety, minimum repair time and 

economy. Among other steps satisfying these factors, an 

important and novel approach herein was the use of 

transverse and longitudinal fiberglass rebars to increase 

the girder capacity and durability.  

NCHRP 20-07/task 307 report is a widely accepted 

source for classifying girder damage and associated 

repair needed (Harries et al. 2012). Based on the 

NCHRP damage classification, because the exposed 

strands on the damaged girder were not severed, the 

damage was categorized as "moderate". Although there 

was no structural damage, an adequate repair was 

required to prevent further deterioration and the 

corrosion of the strands. The repair process used three 

different materials: an adequate bonding agent, 

embedded GFRP rebars and a one component shrinkage-

compensated micro concrete mortar (designed for large 

volume repair). The use of GFRP rebars was motivated 

by its high resistance to corrosion and to reduce the 

aesthetic impact that could be caused by an external FRP 

wrapping on a new bridge. The pertinent properties of 

the rebars and mortar are presented in Tables 2 and 3, 

respectively. 

Table 2: Fiber Glass Rebar Properties 

Property Value 

Minimum guaranteed tensile strength 941 MPa 

Nominal tensile modulus 53.6 ± 2.5 GPa 

Tensile Strain 1.76% 

Poisson’s ratio 0.26 

Nominal Flexural Strength 1005 MPa 

Nominal Flexural modulus 46.8 GPa 

Flexural Strain 2.15% 

Nominal Bond Strength 14 MPa 

Bond dependent coefficient 0.8 

Glass Content 83% weight  

Weight 298 g/m 

Nominal Cross-sectional area 126.7 mm2 

 

Table 3: Repair Mortar Properties 

Property Value 

Fresh wet density 2,275 kg/m3 

Compressive strength;  76 by 152 mm 

cylinders, at 28 days 

34.5 MPa 

Flexural strength at 28 days 7.9 MPa 

Slant shear bond strength at 28 days 20.7 MPa 

Splitting tensile strength at 28 days 3.4 MPa 

Drying shrinkage, µ strain, at 28 days 350 

Drying shrinkage,  µ strain, at 21 days 611 

Freeze/thaw resistance 100 % RDM2 

Coefficient of thermal expansion 9.9 x 10-6 

cm/cm/°C 

 

The repair procedure consisted of the following 

steps: (1) remove all loose concrete; (2) chip existing 
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concrete to provide a rough surface; (3) drill holes for 

GFRP rebar placement; (4) place GFRP rebar after 

cleaning all surfaces; (5) apply bonding agent; (6) install 

formwork; (7) fill with repair mortar; and (8) remove 

formwork after 12 hours of curing. Chipped concrete had 

a minimum depth of 38 mm. The GFRP rebar placement 

scheme is shown in Fig. 5.  

 

Fig. 5 Repair Scheme 

The rebars were arranged both longitudinally and 

transversally. The length of the transverse rebars was 

203 mm, embedded 101 mm inside the girder section, 

and spaced at 152 mm along the damage and located at 

216 mm from the bottom. The longitudinal rebars were 

placed along the damage above and below the transverse 

rebars with a length of 4.3 m.  These rebars enhanced the 

flexural capacity of the repaired section and 

supplemented the mortar strength that was lower than the 

girder concrete strength.  

LOAD TESTING 

The load testing consisted of placing a loaded truck on 

the damaged span before and after the repair and 

monitoring the corresponding strains. The test protocol 

followed the AASHTO guidelines (AASHTO 2011). 

The test truck weighed 400 kN over six axles, as 

compared to the AASHTO HL-93 truck weight of 320 

kN (Fig. 6).  

 

Fig. 6 Test Truck Characteristics 

 

The truck length and width were 12.8 m and 2.4 m, 

respectively. It was placed at two different positions on 

the span. Phases 1 and 2 corresponded to load testing on 

the damaged and the repaired bridge, respectively. For 

Phase 1, as shown in Fig. 7, in truck position 1.  

 

Fig. 7 Truck Position 1, Phase 1 

The truck was centered on the damage (1.1 m from 

the barrier) for 650 sec. Thereafter, in position 2, the 

truck was moved to the adjacent undamaged girder for 

200 sec, 3.34 m from the barrier (Fig. 8). 

 

Fig. 8 Truck Position 2, Phase 1  

The same truck locations were used in Phase 2, 

creating truck positions 3 and 4 for the repaired girder. 

Six strain gages were utilized in Phase 1, while a seventh 

gage was added at the bottom of the repaired girder for 

Phase 2 (Figs. 9 and 10).  

 

Fig. 9 Strain Gage Locations, Phase 1 Damaged Girder 
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Fig. 10 Strain Gage Locations, Phase 2 Repaired Girder 

Strain data was automatically acquired through a strain 

box and data acquisition system.  

FINITE ELEMENT MODELING (FEM) 

The software used herein was ABAQUS (Dessault 

Systems 2016) to model the behavior of the girder under 

review, both in the damaged and repaired stages. The 

software is highly sophisticated and allows the 

modelling of structural behavior under external loads. 

ABAQUS has an extensive library of materials, 

including elastic and elastic-plastic solids, and elements 

such as beams or plates.  

The concrete girder as well as the deck and haunch 

sections was defined with a 3D deformable extrusion 

solid from ABAQUS. The effective girder flange width 

was calculated as 2.8 m, based on AASHTO LRFD 

provisions (AASHTO 2012). The transformed width is 

not necessary, because ABAQUS allows the use of 

sections with different material properties.   

The Concrete Damaged Plasticity (CDP) model is 

the most realistic in ABAQUS and was used herein, 

considering the inelastic behavior of concrete in both 

compression and tension. For the elastic behavior, the 

modulus of elasticity of the girder concrete was 

computed as 38.5 GPa, based on AASHTO LRFD 

(AASHTO 2012) for a concrete compressive strength of 

58.6 MPa. For the slab and haunch concrete, the 

compressive strength and elastic moduli were 27 MPa 

and 26.4 GPa, respectively.  For concrete, AASHTO 

provides a Poisson's Ratio of 0.2. The CDP default 

parameters were based on published values in the 

literature (Kmiecik and Kaminski 2011). In the absence 

of experimental data, the approach suggested by Wight 

and MacGregor (2012) for the concrete compressive 

behavior was used, valid for concrete strengths from 

13.8 to 124 MPa. The needed damage parameters were 

adopted from Birtel and Mark (2006). A maximum stress 

and the corresponding strain must be defined as a limit 

for total compression crushing failure of the concrete, 

and were taken as 0.5 and 0.3 times the concrete 

compressive strength (Wahalathantri et al. 2011). The 

resulting concrete compressive stress-strain curve is 

shown in Fig. 11.  

Fig. 11 Concrete Compressive Stress-Strain Diagram 

The tensile behavior of concrete was represented 

with a model proposed by Wahalathantri et al. (2011). 

Applying the modified tension stiffening model for 

ABAQUS, the tensile behavior of the concrete girder is 

shown in Fig. 12.  

 

Fig. 12 Concrete Tension Stress-Strain Diagram 

The steel and GFRP rebars were represented with 3D 

deformable wires with a truss section. Elastic-plastic 

stress-strain behavior was assumed for the regular steel 

rebars. For the steel elastic behavior, an elastic modulus 

of 200 GPa and a Poisson’s Ratio of 0.3 were assumed. 

The ABAQUS assembly module was used to embed the 

rebars into the concrete girder. The union between the 

girder and the slab/haunch was performed via interaction 

ties. These two interactions constrain the nodal degrees 

of freedom in contact, and guarantee the compatibility of 

deformation and adequate stress transmission. The 

elastic stress-strain diagram for the GFRP rebars is 

shown in Fig. 13.  

The modulus of elasticity and Poisson's ratio were 

53.6 GPa and 0.26, respectively. 

The effective prestress was obtained using AASHTO 

LRFD procedure (AASHTO 2012). The total loss of 

prestress was determined as the sum of the short-term 

losses (elastic shortening) of 98.2 MPa and long-term 

losses (shrinkage/creep, steel relaxation) of 154 MPa, 

resulting in a total loss of 252.2 MPa. The approximate 

method given by AASHTO LRFD, article 5.9.5.3, was 

used herein to find the long-term losses, with an assumed 

relative humidity of 70%. A relaxation loss of 16.5 MPa 

for low-lax strands was used.  The resulting effective 

prestress was 1144 MPa. To reduce the computational 

time and because the contribution of prestressing steel to 
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the girder stiffness was negligible, the prestressing 

strands were not directly modeled in the FEM. Instead, 

equivalent forces were applied using the load-balancing 

method. The prestress force was equivalent to a 

combination of a compressive axial force equal to the 

effective prestress in each strand (113 kN) and a vertical 

force component applied at the draping points of 9.1 kN.  

 

Fig. 13 GFRP Rebar Stress-Strain Diagram 

The girder was considered as simply supported on 

elastomeric bearing pads. In order to compare the FEM 

results and the load test data, the input loads were not 

factored. The load case modeled was dead load plus 

prestress force plus live load for various truck positions. 

The dead loads came from the barrier, slab, haunch and 

girder. A C221 type barrier was used on the bridge with 

a weight of 7.34 kN/m. The slab tributary area and the 

haunch were assumed to have a concrete weight of 23.8 

kN/m3. The live load transmitted by each truck axle was 

found by the lever rule. To introduce the live loads into 

ABAQUS, they were applied on a surface equivalent to 

the tire contact area over the deck, assumed as 232,257 

mm2.  

The computation was performed first using 381 mm 

mesh size and then gradually reduced to 76 mm. Mesh 

sizes smaller than 76 mm resulted in very long 

computational times. Therefore, a 76 mm mesh size was 

used herein (Fig. 14).  

 

Fig. 14 Damaged Girder FEM with 76 mm Mesh Size 

RESULTS AND DISCUSSION 

To compare the FEM strains to the average strains 

measured from load testing, the FEM strains from the 

closest nodes to each strain gage were used herein. 

Figure 15 presents the FEM strains for Phase 1 loading 

and truck position 1. 

 

Fig. 15 FEM Model Strains, Phase 1, Truck Position 1 

The deformed shape of the girder and the stress 

concentration around the damaged area are evident. The 

time variation of the measured strains for Phase 1 truck 

position 1 is shown in Fig. 16.  

 

Fig. 16 Phase 1, Truck Position 1 Strain Measurements 

The strains for each gage remained about constant 

with time with minor fluctuations. This trend was 

demonstrated in results from other gages and truck 

positions. 

The strains from the model and the load testing are 

presented in Fig. 17. 

Most of the FEM strains were slightly higher than 

those from the load testing for truck position 1. For 

position 2, the live loads applied on the girder were 

lower than those from position 1, resulting in decreased 

strains (Figure 17b). The model prediction was more 

accurate for truck position 2 than position 1.  The 

difference between the strains from the model and the 

testing are small; the greatest difference was about 6.3 

micron. This validates the Phase 1 FEM model. In Phase 

2 repaired girder, truck position 3, the strains (Fig. 17c) 

decreased from those for truck position 1 by about 50%. 

The greatest difference between the FEM and actual 

strains was for gage number 4. Gages 3 and 4 were 

located at the same height in the girder cross section and 

separated 0.61 m longitudinally. Therefore, the measured 
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strains in the gages should have been similar. The FEM 

strains for these two gages were close. It may be inferred 

that gage 4 was not placed appropriately or did not work 

properly during load testing.  

 

 
Fig. 17 Theoretical and Measured Strains 

 

Because the loads applied to the girder for truck 

position 4 were lower than those for position 3, the 

strains values were relatively lower as well, with a 

maximum strain of about 17 micron. Figure 17d shows 

that the differences between the theoretical and actual 

strains were small. › 

In general, for a prestressed girder, the bottom fiber 

stress can be obtained as the summation of the 

compressive stress caused by the prestress force and the 

tensile stress due to the gravity loads, as shown in Eq. 1: 

      (1) 

Where:  

 net stress 

P = prestress force 

A = cross section area 

M = bending moment from gravity loads 

y = distance from the neutral axis to the bottom fiber 

I = moment of inertia 

The repair procedure was expected to recover the 

damaged section capacity by primarily increasing its 

moment of inertia, through which the gravity tensile 

stresses would be reduced. This should result in 

increased compressive stresses at the bottom fiber of the 

repaired girder. To demonstrate this, FEM stresses at the 

girder bottom fiber at the center of the damage (located 

at 6.7 m from the left support), were reviewed herein. 

For Phase 1, stresses from FEM nodes closest to points 

1, 2 and 3, shown in Fig. 18a, were considered. 

 

Fig. 18a. Analyzed Stress Points 

For Phase 2, in addition to the three points, two 

additional points 4 and 5 were considered (Fig. 18b).  

 

Fig. 18b. Analyzed Stress Points 

The corresponding FEM stresses are presented in 

Table 4. For the damaged girder, the maximum 

compression occurred at point 3 for both truck positions, 

while the minimum compression occurred at point 1 

which was closest to the damage.  

Table 4: FEM Stresses at Girder Bottom 

Location 

Stress, MPa 

Truck Position 

1 2 3 4 

1 -2.97 -5.39 -8.25 -8.93 

2 -3.30 -5.66 -8.13 -8.81 

3 -4.07 -6.32 -8.03 -8.70 

4 N/A N/A -6.45 -6.99 

5 N/A N/A -6.43 -7.40 
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As expected, for the repaired girder, the compressive 

stress values are quite a bit greater than those obtained 

for the damaged girder. At point 1, the compressive 

stress after repair is nearly three times that from before 

repair. At point 2, the increase is almost 50%. The 

increase in the moment of inertia for the repaired girder 

and corresponding decrease in the tensile stresses from 

gravity loads are evident. For both phases, the stress 

values obtained indicated that the girder was under 

elastic behavior. The maximum compressive stress for 

the repaired girder concrete was 8.93 MPa, well below 

the assumed concrete compressive elastic limit of 29.3 

MPa.  

The maximum stresses developed in the longitudinal 

GFRP rebars in the repaired girder are given in Table 5. 

Table 5 : Maximum Stresses in GFRP Rebars 

Rebar 

Stress, MPa 

Truck Position 

3 4 

1 -14.16 -14.77 

2 -13.62 -14.18 
 

It can be observed that the rebar compressive stresses 

decreased slightly from truck position 3 to 4. This is 

expected, because for these truck positions the loads 

applied on the girder were greater than those applied for 

the other two positions. The stresses in the GFRP rebars 

were under the elastic limit.  

CONCLUSIONS 

The following conclusions can be drawn based on the 

results from this study: 

1. GFRP rebars, together with an appropriate bonding 

agent and repair mortar, can be effectively used to 

repair and strengthen prestressed concrete bridge 

girders damaged due to impact from an over-height 

vehicle. These rebars enhance the flexural capacity 

of the repaired section and supplement the repair 

mortar strength if it is lower than the girder 

concrete strength. 

2. GFRP rebars can impart durability to the repaired 

section due to its high resistance to corrosion. The 

rebars can help in reducing the aesthetic impact that 

could be caused by an external FRP wrapping on a 

new bridge.  

3. The damaged and the repaired girders on the LBJ 

Express Project were effectively modeled with a 

finite element software with appropriate model 

parameters for concrete, steel and GFRP rebars.  

4. In-situ full scale load testing with various loaded 

truck positions on the composite bridge showed 

good comparison with the FEM results. Strain 

values from the theoretical modeling were slightly 

larger than those from actual strain gage readings, 

meaning that the modeled bridge was slightly less 

stiff than the actual bridge.  The theoretical model 

and load testing accurately predicted the reduction 

of strain in the girder when the truck position 

moved away from on top of the girder.  

5. The repair scheme drastically increased the 

stiffness of the damaged girder, resulting in about 

50% reduction in the bottom strains, as evidenced 

in the theoretical and actual values.  

6. The beneficial effect of the repair resulted in large 

increases in the net compressive stresses (by about 

200-300%) at the girder bottom through the 

increase of the section stiffness and reduction of the 

gravity load stresses.  Stresses remained well below 

the elastic range for concrete. 

7. The stresses in the GFRP rebars after repair also 

remained well below the elastic limit. 

REFERENCES 

1. American Association of State Highway and 

Transportation Officials (AASHTO). 2012. 

AASHTO LRFD Bridge Design Specifications, 

Washington, DC 

2. American Association of State Highway and 

Transportation Officials (AASHTO). 2011. The 

Manual of Bridge Evaluation, Washington, DC. 

3. Abushagur, M., Youssef, M. and El Damatty, A. 

2003.  Experimental and Analytical Investigation 

of Steel Beams Rehabilitated Using GFRP Sheets. 

Steel and Composite Structures, 3(6), pp. 421-428. 

4. , MS Thesis. 

5. American Society of Civil Engineers (ASCE). 2015. 

Report card for America’s infrastructure, Reston, 

VA. http://www.infrastructurereportcard.org/  

Accessed 25 February 2015. 

6. Britle, V., & Mark, P. 2006. Parameterised finite 

element modelling of RC beam shear failure, 

ABAQUS User's Conference, 95-108. 

7. Brinkman, R.J. 2012. Carbon fiber reinforced 

polymer repairs of impact-damaged prestressed I-

girders. University of Cincinnati. Cincinnati, Ohio. 

8. Bullock, W.O., Barnes, R.W., Schindler, A.K. 2011. 

Repair of cracked prestressed concrete girders, I-

565. Samuel Ginn College of Engineering, Aubrun, 

AL. 

9. Cha, J.Y. 2001. Analysis of prestressed concrete 

beams strengthened with carbon fiber composites. 

Rutgers University, New Brunswick, NJ. 

10. Dessault Systems 2016. ABAQUS Unified FEA. 

http://www.3ds.com/products-

services/simulia/products/abaqus/. Accessed 8 April 

2015 

11. Green, P.S., & Boyd, A.J. 2005. CFRP repair of 

impact-damaged bridge girders. University of 

Florida, Gainesville, Florida.  

12. Hasenkamp, C.J., Badie, S.S., Hanna K.E., Tadros, 

M.K. 2012. Proposed evaluation and repair 

procedures for precast, prestressed concrete girders 

with end zone cracking. PCI Journal. V. 57 No. 2 

pp. 94-119. 

MATEC Web of Conferences 199, 09007 (2018) https://doi.org/10.1051/matecconf/201819909007
ICCRRR 2018

8

http://www.infrastructurereportcard.org/.%20Accessed
http://www.infrastructurereportcard.org/.%20Accessed
http://www.3ds.com/products-services/simulia/products/abaqus/
http://www.3ds.com/products-services/simulia/products/abaqus/


 

13. Huang, J. 2010. Durability design of GFRP bar 

reinforced concrete members: a new approach. ACI 

Special Publication. Tampa, FL. 

14. Hutchinson, R.I. 1999. The use of externally bonded 

CFRP sheets for shear strengthening of I-shape 

prestressed concrete bridge girders. University of 

Manitoba, Winnipeg, Manitoba.  

15. Johnson, D.T. 2014. Investigation of glass fibre 

reinforced polymer (GFRP) bars as internal 

reinforcement for concrete structures. University of 

Toronto, Canada.  

16. Kasan, J.L. 2009. Structural repair of prestressed 

concrete bridge girders. University of Pittsburgh, 

Pittsburgh, PA.  

17. Klaiber, F.W., Wipf, T.J., & Kempers, B.J. 2003. 

Repair of damaged prestressed concrete bridges 

using CFRP. Proceedings of the 2003 Mid-

Continent Transportation Research Symposium, 

Ames, IA.  

18. Kmiecik, P., & Kaminski, M. 2011. Modelling of 

reinforced concrete structures and composite 

structures with concrete strength degradation taken 

into consideration. Elsevier Urban & Partner Sp. 

z.o.o.  

19. Laosiriphong, K. 2000. Development and evaluation 

of glass fiber reinforced composite/wood railroad 

crossties. West Virginia University, Morgantown, 

WV. oai:wvuscholar.wvu.edu:5017 

20. Mahmood, H. 2002. Cracking of concrete members 

reinforced with glass fiber reinforced polymer bars. 

21. Memon, M.S., & Sheikh, S.A. 2005. Seismic 

resistance of square concrete columns retrofitted 

with glass fiber -reinforced polymers. ACI 

Structural Journal. V. 102 No. 5 Sept.-Oct. pp. 774-

783. 

22. Nanni, A., Luca, A.D., & Zadeh, H.J. 2014. 

Reinforced concrete with FRP bars: mechanics and 

design. CRC Press Taylor & Francis Group, 

Florida. 

23. Harries, K.A., Kasan, J., Miller, R., & Brinkman, R. 

2012. Updated research for collision damage and 

repair of prestressed concrete beams. National 

Cooperative Highway Research Program (NCHRP). 

24. Pantelides, C.D., Reaveley, L.D., & Burningham, 

C.A. 2010. Repair of prestressed concrete girder 

ends and girder collision repair. Utah Department of 

Transportation Research Division. Salt Lake City, 

UT. 

25. Ragaby, A.E. 2007. Fatigue behavior of concrete 

bridge deck slabs reinforced with glass FRP bars. 

Université de Sherkrooke, Quebec, Canada. 

26. Rosenboom, OA. 2006. Behavior of FRP 

repair/strengthening systems for prestressed 

concrete. North Carolina State University, Raleigh 

NC. 

27. Rosenboom, OA., & Rizkalla, S., 2006. Behavior of 

prestressed concrete strengthened with various 

CFRP systems subjected to fatigue loading. ASCE 

Journal of Composites for Construction. V. 10 No. 6 

pp. 492-502. 

28. Gangarao, H., Vijay, P. V. and Abhari, R. S..  2010. 

Rehabilitation of timber railroad bridges using 

GFRP composites.2010 Joint Rail Conference, 

Urbana, Illinois. 

29. Texas Department of Transportation (TxDOT) 

2015. Bridge Standards. 

https://www.dot.state.tx.us/insdtdot/orgchart/cmd/cs

erve/standard/bridge-e.htm. Accessed 11 May 2015 

30. Wahalathantri, L.B., Thambiratnam, D.P., & Chan 

T.H.T., Fawzia, S. 2011. A material model for 

flexural crack simulation in reinforced concrete 

elements using ABAQUS. Queensland University of 

Technology, Brisbane, Aus 

31. Wight, J.K., & MacGregor, J.G. 2012. Reinforced 

Concrete Mechanics & Design. Pearson Education, 

Inc.  

MATEC Web of Conferences 199, 09007 (2018) https://doi.org/10.1051/matecconf/201819909007
ICCRRR 2018

9

https://www.dot.state.tx.us/insdtdot/orgchart/cmd/cserve/standard/bridge-e.htm
https://www.dot.state.tx.us/insdtdot/orgchart/cmd/cserve/standard/bridge-e.htm

