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EXECUTIVE SUMMARY 

During pre-stress transfer, the bottom portion of steel-reinforced concrete girders 

is subjected to an important compression induced by the relaxation of tension in the bars, 

which opens longitudinal cracks along the horizontal axis. Reactions at the supports 

induce shear stress, which sometimes translates into additional diagonal cracking at the 

ends of the girders. During the subsequent lifespan of the girder, a variety of crack 

patterns can occur, including longitudinal (along the beam axis), transverse 

(perpendicular to the beam axis), and diagonal cracks. At present, there is a need to assess 

the mechanical integrity and sustainability of pre-stressed concrete beams during the 

entire life cycle of the built infrastructure, which includes crack propagation, crack 

reparation, and repaired crack aging with possible re-opening. As such, this three-phase 

research program seeks to develop modeling strategies to predict the behavior of cracked 

concrete repaired by epoxy. 

The subject of this technical report is the Phase III research effort, which includes 

the experimental characterization of materials and systems for the computational (Phases 

I and II) model calibration and validation. Three main sets of experiments were 

conducted on (1) concrete and epoxy-repaired concrete cylinders, (2) mortar cylinders, 

and (3) concrete beams. 

The concrete and epoxy-repaired cylinder experiments consisted of both uniaxial 

and splitting tension tests and involved a newly developed protocol for including epoxy 

repair into these material characterization tests. The mortar cylinder experiments also 

consisted of uniaxial and splitting tension characterization. Additionally, a study as to the 

effect of specimen size for computational efficiency was conducted. 
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Both unreinforced and reinforced concrete beams were tested using a three-point 

bending procedure. In both cases, both “as-built” and epoxy-repaired specimens were 

tested for comparison and for model validation. The epoxy-repaired reinforced 

specimens were loaded to induce cracking of various levels, unloaded, repaired with 

epoxy, and reloaded to failure. In the cases where the cracks were very small (< 0.006 

in), the epoxy did not have a significant effect on the ultimate capacity, but the beam 

behaved in a more brittle fashion. Interestingly, in the experiments where the cracks 

were larger (> 0.006 in), the beams exhibited a much higher capacity than the “as-

built” and the failure mechanism and ductility of the beam was affected. Because of 

this, further research could be conducted to better understand the overall effect that 

epoxy has on larger pre-stressed beams and, subsequently, the effect on the entire 

bridge structure including loads transferred to adjacent elements.  
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CHAPTER 1. INTRODUCTION AND BACKGROUND 

1.1 Introduction 

During pre-stress transfer, the bottom portion of steel-reinforced concrete girders is 

subjected to an important compression induced by the relaxation of tension in the bars, 

which opens longitudinal cracks along the horizontal axis. Reactions at the supports 

induce shear stress, which sometimes leads to the formation of additional diagonal cracks 

at the ends of the girders. During the subsequent lifespan of the girder, a variety of crack 

patterns can occur, including longitudinal (along the beam axis), transverse 

(perpendicular to the beam axis), and diagonal cracks. When cracks occur, the National 

Cooperative Highway Research Program (NCHRP) recommends as follows (Tadros et 

al., 2010): accept the girders if longitudinal cracks are less than 0.012 in. wide; apply 

cementitious packing materials to cracks between 0.012 in. and 0.025 in. wide; inject 

epoxy in cracks that are 0.025 in. to 0.050 in. wide; and reject the girder and replace the 

girder if cracks are wider than 0.05 in. Alternatively, the Precast Concrete Institute (PCI) 

guide (2001) uses three defect categories: those that can be accepted without repair, those 

that can be repaired, and those that must be rejected. The PCI guide has more detailed 

trouble shooting and repair procedures, depending on the location, orientation, length and 

width of the cracks. It specifies a minimum width for epoxy repair beginning at 0.006 

inches. 

Experimental studies showed that cracked concrete had lower mechanical strength 

than intact concrete, and that 80% of the lost concrete strength could be recovered by 

epoxy injection (Issa and Debs, 2007). It has also been shown that epoxy injection can 

increase the fatigue resistance of cracked mortar, but that the mechanical performance of 

1 



 

 

      

         

       

     

      

        

      

        

 

  

        

       

     

      

        

      

     

       

        

        

       

          

      

repaired concrete decreases as temperature increases (Shin et al., 2011). In general, 

repaired beams exhibit a more brittle behavior than intact or corroded beams (Okada et 

al., 1988). According to the literature review completed in Phase I of this project, the 

model proposed by L. Bardella (2001) properly describes the nonlinear viscoelastic 

behavior of epoxy resins in the glassy state. However, no model has ever been proposed 

to predict the behavior of cracked concrete repaired by epoxy. At present, there is a need 

to assess the mechanical integrity and sustainability of pre-stressed concrete beams 

during the entire life cycle of the built infrastructure, which includes crack propagation, 

crack reparation, and repaired crack aging with possible re-opening. 

1.2 Prior Phases 

In Phase I of the project, the researchers calibrated a Continuum Damage 

Mechanics model (the Differential Stress-Induced Damage model, DSID) to predict the 

propagation of cracks in three directions in concrete, according to net tension and 

compression criteria (Xu and Arson, 2014; Xu et al., 2016). A static load test presented in 

Tadros et al. (2010) was simulated with ABAQUS Finite Element (FE) software for four 

types of girders (Tennesse, Florida, Virginia, and Washington State designs), with and 

without pre-loading damage in the end zone. In order to study vertical cracks, horizontal 

cracks, diagonal cracks, and cracks on the bottom flange, damage was assigned to end 

zone elements in designated space directions prior to loading. The DSID model was used 

to represent concrete and elastic bar elements were used to represent the pre-stressed steel 

reinforcements. The effect of initial cracks on deflection was minimal; increased 

displacements were only noted in the area close to the point of application of the 

clamping force. The most noticeable effects on deflection were obtained for vertical and 
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diagonal cracks. Note that these results only apply for smeared damage under a moderate 

static load. Then a portion of typical bridge deck supported by pre-stressed girders was 

modeled with the FE Method. Beam deflection and concrete damage induced by static 

loads were calculated with and without diffuse micro-cracking consecutive to pre-stress 

transfer. Initial damage configurations corresponded to typical crack patterns listed in the 

PCI bridge repair guidelines. In general, lower stress and higher deflections were found 

for higher initial damage. 

The objective of Phase II, which had an initial portion that occurred in parallel with 

Phase III, is to simulate localized fracture propagation and epoxy repair in concrete. 

Researchers modeled mortar and concrete cylinders by using the Discrete Element 

Method (DEM). Mortar DEM parameters were calibrated against Phase III mortar 

cylinder tests. Concrete aggregates were then scanned. Point clouds obtained by scanning 

were imported in MATLAB to reconstruct aggregates’ shapes. Aggregate shapes were 

then generated within the DEM mortar models, in order to match the aggregate size 

distribution of GDOT concrete. The DEM parameters of the aggregates and of the 

Interfacial Transition Zone (ITZ) between the aggregates and the mortar were then 

calibrated against the results of concrete cylinder tests performed in Phase III. DEM 

analyses allowed understanding the effects of aggregate mechanical properties and of ITZ 

adhesive properties on fracture propagation and failure mechanisms in the concrete used 

in GDOT. Notably, it was found that aggregates used in the composition of the concrete 

act as weak inclusions that decrease concrete strength. 

Researchers are now using a cohesive segment model implemented in the eXtended 

Finite Element Method (XFEM) to simulate fracture propagation in concrete. Initially, 

3 



 

 

       

       

     

       

        

         

      

         

    

 

     

      

      

       

        

        

           

           

 

    

      

       

       

the cohesive model was calibrated against shear and compression test results published in 

the literature for concrete alone. Parameters were then recalibrated when Phase III results 

on plain concrete cylinder tests and plain unreinforced concrete three-point bending tests 

became available. Researchers are now developing a Molecular Dynamics (MD) model 

to simulate pull out tests conducted on a concrete/epoxy interface. MD results will 

provide the concrete/epoxy interface energy that will be used in replacement of the 

concrete fracture energy release rate when switching from plain to repaired concrete in 

the XFEM model. XFEM simulations of repaired concrete will be compared with the 

repaired concrete cylinder and beam tests conducted in Phase III for further calibration 

and validation. 

Simulations on pre-stressed concrete beams were then conducted with the XFEM. 

Steel/concrete interface parameters were calibrated against published experimental and 

numerical datasets. A damage-plasticity model is now being calibrated to simulate three-

point bending tests done in pre-stressed concrete beams before and after reparation. The 

continuum approach has the advantage to converge more easily and to be faster than the 

XFEM. The calibration of the continuum damage-plasticity model against the same 

datasets as those used for the calibration of the XFEM model will allow calculating the 

geometric properties of fractures from the knowledge of the equivalent continuum 

damage obtained in the continuum damage-plasticity simulations. 

Lastly, pre-stress relaxation and service loads in pre-stressed steel reinforced 

concrete girders will be simulated before and after epoxy injection to check the girder 

acceptance criteria recommended by the NCHRP and by the PCI. Girders and bridge 

scale models proposed in Phase I will be used for both static and dynamic loading, and 
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the fatigue limit will be determined. In order to assess the stability and sustainability of 

damaged and repaired PSC girders, life cycles including thermal fluctuations will be 

simulated. The final product of this Phase II research will be a repair guideline that will 

help GDOT’s engineers and inspectors decide whether defects observed on girders can be 

accepted, and if not, whether they can be repaired, and by what method. 

1.3 Phase III Objectives and Summary 

Experimental data on the mechanical properties of cracked concrete repaired by 

epoxy is scarce. The research objective of Phase III was to develop and conduct 

experiments to measure the mechanical properties of cracked concrete repaired by epoxy 

in the laboratory, in order to calibrate and validate the cohesive segment models proposed 

in Phase II. The Phase III experiments evaluated three specimen types: concrete 

cylinders, mortar cylinders, and concrete beams. The concrete cylinders were evaluated 

in both compression and splitting tension and the cylinders were divided into two 

categories: plain and epoxy-repaired. The mortar cylinders were evaluated in 

compression and splitting tension. The beams consisted of both unreinforced and 

reinforced specimens; both “as-built” and epoxy-repaired specimens were experimentally 

characterized.  

1.4 Report Organization 

Chapter 2 of this report summarizes the experimental methods, specimens, and  

results of the concrete cylinder experiments, which were conducted on both plain and 

epoxy-repaired specimens. 
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Chapter 3 describes the experimental methods, specimens, and results of the 

mortar experiments. 

Chapter 4 contains the experimental methods, specimens, and results of the beam 

experiments, which were conducted on both the “as-built” and epoxy-repaired specimens. 

Chapter 5 explains the conclusions for Phase III of this research program. 

Chapter 6 lists the references cited in this report. 

The Appendices contain drawings of the experimental specimens and material 

information. 
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CHAPTER 2. CONCRETE CYLINDER EXPERIMENTS 

The experiments presented in this chapter are divided into two categories: plain 

concrete cylinder experiments (Section 2.1) and epoxy-repaired concrete cylinder 

experiments (Section 2.2). 

2.1 Plain Concrete Experiments 

The majority of the experiments were performed on cylinders of plain concrete. 

These experiments were conducted to provide both compressive and tensile data to 

calibrate the parametes of the plain concrete cohesive segment model. 

2.1.1 Specimen Size Selection 

Four initial concrete cylinder experiments were conducted to determine the 

specimen size as well as to refine the experimental protocol. Experiments were conducted 

in tension via splitting and uniaxial compression. Splitting tension experiments, 

sometimes referred to as the Brazilian test (see Section 2.1.4), were initially conducted 

on 4 inch x 8 inch cylinder specimens. The concrete behaved as expected in terms of 

strength, but upon visual inspection of each specimen after failure, it was noticed that the 

fracture occurred off-center. A primary crack formed from the side of the bearing strip 

and a secondary crack formed on the opposite side of the bearing strip, as shown in 

Figure 1. Evidence from the literature suggests that the cause of the off-center cracking 

was caused from the ratio of bearing strip width to specimen diameter (Coronado and 

Lopez, 2008). 
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The initial tensile splitting tests were also used to verify the ability to capture high 

speed video of the crack propagation through the face of the sample. These initial tests 

indicated that the fracture of the 4 inch x 8 inch cylinders happened too quickly for the 

1,000 frames per second (fps) high-speed camera to capture quality data. From the 

literature, it was found that many experiments used 6 inch x 12 inch cylinders to monitor 

the crack growth with such cameras (Ross et al., 1996; Li, 2004). As a result, it was 

determined that 6 inch x 12 inch cylinders would be used for for future experiments in the 

study in order to ensure and monitor symmetric crack propogation. 

Figure 1. Undesired tensile splitting failure of initial 4 inch x 8 inch plain concrete 
specimen. 

2.1.2 Materials 

The concrete used in these experiments was made by Thomas Concrete and 

followed the GDOT Specification for pre-stressed concrete (GDOT, 2013). The concrete 

provided by Thomas Concrete had mixture weight fractions and properties are listed in 

Table 1. Additional properties that were in the concrete mixture upon arrival are listed in 

Table 2. 
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Table 1. Concrete mix used in concrete cylinder experiments. 
Material Weight Fraction 

Cement 18.61% 
Water 5.28% 
Fine Aggregate 28.33% 
Course Aggregate 47.77% 

Table 2. Properties of concrete used in concrete cylinder experiments 
Property 

Water-cement ratio 0.3545 
Cement Type Type I 
Slump 3.25 inch 
Specific Gravity (Course Aggregate) 2.71 
Specific Gravity (Fine Aggregate) 2.69 

The composition of the coarse aggregate was granite-gneiss aggregate from 

Norcross, Georgia, distributed by Vulcan Materials Company. The coarse aggregate used 

was size 67. The granite-gneiss aggregates are formed as a banded combination of an 

igneous rock (granite) and its metamorphic rock counterpart in gneiss. Both rocks are 

primarily composed of strained and microcrystalline quartz. Given these various 

component parts, the rocks are susceptible to alkali-silica reaction (ASR), which can 

cause microcracks in the concrete due to expansion of the ASR gel with water (Alexander 

and Mindess, 2014). For the purpose of this research, it was determined that the effect of 

ASR gel on crack propagation could be ignored. 

Granite-Gneiss aggregates, as shown in Figure 2, can be classified as having a 

surface texture a crystalline, a sub-angular shape, and a low sphericity. Coarse 

aggregates’ texture and shape can affect the presence of stress concentrations and the 

overal fracture mechanisms of the concrete. Therefore, scans of individual aggregate 

were conducted to create realistic and precise aggregate shapes for the Phase II models in 
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order to facilitate more accurate prediction of the location and timing of microcracking. A 

Matter and Form 3D Tabletop Scanner, as shown in Figure 3, was used to create three-

dimensional point cloud files to generate realistic shapes of aggregate within the model. 

Examples of the point cloud aggregate scans from this research are shown in Figure 4. 

Figure 2. Granite-Gneiss aggregate used in concrete cylinder mix. 

Figure 3. Matter and Form 3D Tabletop Scanner used for developing realistic aggregate 
models. 
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Figure 4. Point cloud renderings from aggregate scans. 

2.1.3 Uniaxial Compression Experiments 

To understand and quantify the compressive behavior of plain concrete, a uniaxial 

compression experiment was used. In this experiment, compressive strength can be found 

by uniformly loading a sample axially until failure. The strength is defined as the ultimate 

compression load per cross-sectional area. Compressive strength is typically obtained 

using cubical or cylindrical samples. Cubical specimens are prevalent in Europe while 

cylindrical samples are standard in the United States, Canada, and Australia. The 

standard cylinder size is 6 inch x 12 inch, although other sizes are permitted. This 

research used ASTM C39 procedures to determine the compressive behaviour of plain 

concrete. The SATEC PRISM MKIII-C machine with INSTRON 59-R7 controller 

located at the Georgia Institute of Technology Structural Engineering and Materials 

Laboratory was used to conduct the uniaxial compression experiments. The experiments 

were conducted with a loading rate of 60 kips per minute. An example of the test setup is 

shown in Figure 5. When loaded in uniaxial compression following ASTM C39, concrete 

typically fails in one of the six fracture patterns; these patterns are illustrated in Figure 6. 
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The plain concrete cylinder experiments are categorized in two groups. Group 1 

includes concrete samples that were cured and aged in a controlled fog room environment 

for the duration of their sample age. Group 2 includes samples that were removed from 

the controlled environment at 56 days and were then allowed to age at ambient lab 

temperatures until their test date. Group 2 cylinders are the concrete cylinder samples 

used to determine the compressive strength of the concrete used for the beams tested (see 

Chapter 4). Therefore, these cylinders were removed from the controlled environment of 

the fog room in order to have the same aging environment and moisture content as those 

of the beams that were removed from the fog room at 56 days for storage. The 

compressive strengths of the cylinders are reported in Table 3. Figure 7 shows the data 

graphically by group. 

Figure 5. Uniaxial compression setup as outlined in ASTM C39. 
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Figure 6. Schematics of typical uniaxial compression fracture patterns (ASTM, 2018). 

Table 3. Summary of plain concrete cylinder average compressive strengths. 

Sample Age 
(days) 

Compressive Strength, f’c 
(ksi) Group Category 

28 4.72 1 
49 4.68 1 
74 5.17 2 
95 5.13 2 
104 5.03 2 
112 5.13 2 
119 5.06 2 
133 5.66 2 

Figure 7. Concrete cylinder average compressive strength at different ages. 
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As discussed previously, the compressive strengths of the plain concrete cylinders 

were determined using ASTM C39 procedures. However, since the Group 2 samples 

were not at the standard moisture content of Saturated Surface Dry (SSD), a slightly 

modified ASTM C39 procedure was used. This modification allowed for a lower-than-

standard moisture content of the concrete cylinders in order to remain consistent with the 

beam experiments, which are presented in Chapter 4. Figure 8 illustrates the differences 

between the compressive stress-strain curves of the Group 1 and Group 2 samples. The 

Group 1 samples demonstrated a higher modulus of elasticity than the Group 2 samples. 

This difference is consistent with the literature (Reinhardt et al., 1990) that states that 

concrete with a higher moisture content can exhibit higher modulus as the moisture 

increases the stiffness of the concrete. The difference in compressive strength between 

Group 1 and Group 2 cylinders can also be attributed to the difference in sample age 

between the groups. All Group 2 samples were older than all Group 1 cylinders. 

Figure 8. Compressive test results of plain 6 inch x 12 inch concrete cylinders. 
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Although the two groups exhibited different stress-strain behaviors, both groups had 

similar failure modes. Utilizing the classifications given in Figure 6, the cylinders 

primarily demonstrated a columnar failure mode. A posttest photo showing the failure 

from an example experiment is given in Figure 9. 

Figure 9. Typical plain concrete behavior indicative of a type 3 columnar failure. 

2.1.4 Splitting Tension Experiments 

One of the most widely used methods to determine the tensile strength of concrete 

is the split cylinder test, sometimes known as the Brazilian test or Splitting Tension test. 

The split cylinder test was developed by Professor Fernando L.L.B Carneiro and 

presented at the 5th meeting of the Brazilian Association for Technical Rules in 1943 

(Monteiro, 2006). The experiment involves applying a vertical compressive force 

perpendicular to the cylindrical axis of the sample. The load is increased until the 

cylinder ruptures. Figure 10 illustrates the test set up and schematics of the split cylinder 
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test. The methodology and procedures of the test followed in this research were that of 

ASTM C496 (ASTM, 2017). 

Figure 10. Splitting tension test schematic. 

From this setup, the tensile strength is thus assumed to be governed by linearly elastic 

behavior as stated in Equation 1 

!!�!" = 
!"# 

Equation 1 

where fst is the ultimate splitting tensile strength, P is the maximum applied load as 

indicated by the testing machine, L is the length of the cylinder, and d is the diameter. For 

this research, the SATEC PRISM MKIII-C with INSTRON 59-R7 controller located at 

the Georgia Institute of Technology Structural Engineering and Materials Laboratory was 

used to load at 11.3 kips per minute. The experimental setup is shown in Figure 11. 
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Figure 11. Splitting tension experimental setup. 

The splitting tension cylinder samples were categorized in the same two 

groupings as the uniaxial compression test sample groupings: Group 1 is included 

concrete samples that were cured and aged in a controlled fog room environment for the 

duration of their sample age, while Group 2 included samples that were removed from 

the controlled environment at 56 days and allowed to age at ambient lab temperatures 

until their test date. As previously stated, Group 2 cylinders are the concrete cylinder 

samples used to determine the corresponding splitting tensile strength of the concrete 

used in the beams tested (see Chapter 4). Therefore, these cylinders were removed from 

the controlled environment of the fog room to have the same aging environment and 

moisture content as those of the beams, which were removed from the fog room at 56 

days. Similar to the compressive strength test, the splitting tensile strengths of the plain 

concrete cylinders were found using ASTM C496 procedures. However, since the Group 
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2 samples were not at the standard moisture content of Saturated Surface Dry (SSD), a 

slightly modified ASTM C496 procedure was used. The splitting tensile strengths of 

cylinders are listed in Table 4. 

Table 4. Summary of plain concrete cylinder average ulimate tensile strengths. 
Sample Age 

(days) 
Ultimate Tensile Strength 

(ksi) Group Category 

28 0.357 1 
49 0.411 1 
104 1.36 2 
112 1.31 2 
119 1.12 2 

Due to the different curing times and environments, the stress-strain behavior of 

Group 1 and Group 2 differ. The differences in the stress-strain behavior between Group 

1 and Group 2 are illustrated in Figure 12. The Group 2 samples have significantly higher 

ultimate splitting tensile stress than the Group 1 samples. Although part of the increase of 

strength can be attributed to the age of the samples when tested, the differences in the 

initial slope indicate that the differences in moisture content likely affected the splitting 

tension strength. The lower moisture content of the samples in Group 2 likely affected the 

internal friction and cohesion on the macroscopic scale of the concrete and contributed to 

the Group 2 samples’ higher tensile strength. This is consistent with the work of Guo et. 

al, which suggest that the critical stress needed to fracture the concrete is lowered when 

the amount of water absorbed is increased (Guo and Waldron, 2001). 
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Figure 12. Splitting tension test results of plain 6 inch x 12 inch concrete cylinders. 

In addition to the measurements taken by the testing machine (i.e., load and 

displacement), the tensile behavior was recorded for visual analysis of the crack 

propagation with a high-speed camera. A Sony RX10 digital camera was used to monitor 

the fracture mechanisms. The camera is capable of filming 1,000 fps over a four second 

duration. The typical failure pattern and propagation from an example experiment is 

shown in Figure 13. Figure (a) denotes the crack initiation and is highlighted for clarity in 

red. Figure (b) shows the fully formed crack, Figure (c) shows the crack at the ultimate 

tensile stress, and Figure (d) shows the specimen post-fracture. 
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Figure 13. Example tension splitting crack propagation in plain concrete from high-
speed camera: (a) crack initiation (highlighted in red for clarity); (b) fully formed crack 

(c) at failure; (d) post fracture. 

Although the split cylinder test can determine the ultimate tensile strength of a 

specimen, it does not provide an accurate depiction of softening response because of the 

test’s instability and the nonuniform stress gradient (Gergely and Sozen, 1967). As a 

result, an additional indirect tension test was necessary to determine the required fracture 

energy needed for the fracture mechanics model. This method is discussed in Chapter 4. 

2.2 Epoxy-repaired Concrete Experiments 

In addition to the plain concrete cylinders, an experimental procedure was created 

to evaluate the models’ ability to simulate epoxy-repaired concrete cylinders. The epoxy 

used was a Sealate T-70 High Molecular Weight Methacrylate (HMWM) by Transpo 
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Industries (see Appendix B). This type of epoxy, recommended by GDOT for this 

research, is used in situations with thin cracks which require the gravity feed application 

type. Similar to the plain concrete experiments, the repaired concrete cylinders were 

tested in uniaxial compression and splitting tension to evaluate the strength and 

mechanisms of failure. 

2.2.1 Specimens 

In order to have a controlled cylinder geometry and design, plain concrete 

cylinders were modified such that they could be repaired with epoxy. Plain concrete 

cylinders were first cut on a tile cutter lengthwise as illustrated in Figure 14a and b. Then, 

in order to test the effect of cylinder size, some samples were cut into smaller sections. A 

series of 6 inch x 6 inch samples and 6 inch x 4 inch samples were created by cutting the 

lengthwise cut cylinders again as illustrated Figure 14c and d. 

Once cut, the two halves’ faces were ground flat in order to have a smooth surface 

for bonding. Construction silicon caulk was then applied to the edges of the sides of the 

two halves and a slim cardboard spacer was placed at the top and bottom to create a 

“crack.” The two halves were then pushed and tightened together using hose clamps, as 

illustrated in Figure 15. The silicon caulk was allowed to cure for 24 hours. 
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Figure 14. Epoxy-repaired specimens: (a) diagram of lengthwise cut on cylinders; (b) 
cutting of cylinder on tile cutter; (c) cut locations for 6 inch Samples; (d) cut locations 

for 4 inch samples. 

Figure 15. Preparation of epoxy-repaired cylindrical specimen prior to inclusion of 
epoxy. 
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The epoxy was a three-part mixture using three ingredients: Cobalt Napthenate 

promoter, CHP initiator, and propietary Sealate Resin. The ratio of the three ingredients 

was 75 mL : 150 mL: 1 gal, respectively (Transpo Industries, 2017). The epoxy was 

created using the following steps: 

1. The Cobalt Napthenate was measured in a clean gradient container. 

2. The CHP initiator was measured in its own container.  

3. The resin was measured in its own container. 

4. The resin was poured into a heatproof mixing container, as the reaction is 

exothermic. 

5. The Cobalt Napthenate was added to the resin in the mixing container. 

6. The Cobalt Napthenate–resin mixture was stirred for 2 minutes. 

7. The CHP initiator was added to the stirred Cobalt Napthenate–resin mixture and 

stirred again for 2 minutes. 

The epoxy was poured into the top opening of the sample until the newly 

constructed “crack” was completely filled with High Molecular Weight Methacrylate as 

shown in Figure 16. The epoxy-repaired plain concrete was then allowed to cure for at 

least 48 hours before testing. 
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Figure 16. Preparation of epoxy-repaired cylindrical specimen - inclusion of epoxy. 

2.2.2 Uniaxial Compression Experiments 

Six inch x 12 inch epoxy-repaired concrete cylinders were tested in uniaxial 

compression. As these pre-repaired concrete cylinders were from the same batch as the 

plain concrete uniaxial compression cylinders, their sample age at testing was 153 days. 

Before modifications and repair, the concrete cylinders had cured and aged in the 

controlled fog room environment for 140 days. After the epoxy repair was completed and 

the epoxy was allowed to fully cure, the cylinders were tested in uniaxial compression 

following a procedure based on ASTM C39. This procedure used the same methodology 

as ASTM C39, but was performed on the repaired concrete cylinders so as to have data 

that was comparable to the plain concrete uniaxial compression experiments. 

The stress-stain behavior of the epoxy-repaired cylinders in compression, 

compared to the previously described Group 1 and Group 2 compression cylinders is 

shown in Figure 17. The epoxy-repaired concrete cylinders exhibited a similar elastic 

modulus as that of the Group 1 plain concrete cylinders. The similarity in modulus is 

likely due to the fact that the moisture content of the repaired concrete samples was 

closer to the moisture content of the Group 1 cylinders than the Group 2 cylinders. Using 

24 



 

 

          

         

        

             

  

 
   

  

     

     

          

       

           

          

           

the interpolation of data shown in Figure 7, it was determined that the approximate 

compressive strength of the concrete at 153 days is 5.5 ksi. The ultimate compressive 

strengths of the three repaired specimens are 5.49 ksi, 5.87 ksi, and 6.28 ksi, with an 

average of 5.88 ksi. It is assumed that the differences of strengths is associated with the 

the variability of concrete samples in compression, not the epoxy repair. 

Figure 17. Compressive stress-strain behavior of epoxy-repaired specimens compared 
with plain concrete cylinder specimens of the same 6 inch x 12 inch size. 

During the experiment, the epoxy-repaired cylinders first fractured along the 

epoxy-repaired spline as shown in Figure 18a and they then failed in a columnar failure 

mode as shown in Figure 18b. From high-speed camera photographs, it was noted that the 

repaired concrete cylinders fractured at the concrete/epoxy interface well before any 

fracture was noticed in the concrete itself. This outcome supports the conclusion that the 

compressive strength of the repaired concrete is similar to the compressive strength of the 

plain concrete, as the early fracture of the epoxy-concrete interface does not affect the 
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load transfer or contribute to any strengthening of the surrounding concrete, which 

dominates the response. 

Figure 18. (a) Epoxy-repaired specimen at time 0:19; (b) compressive columnar failure 
at time 2:59. 

2.2.3 Splitting Tension Experiments 

Epoxy-repaired concrete cylinders were tested in splitting tension. As these pre-

repaired concrete cylinders were from the same batch as the plain concrete splitting 

tension cylinders, their sample age upon testing was 153 days. Before modifications and 

repair, the concrete cylinders had cured and aged in the controlled fog room environment 

for 140 days. After the epoxy repair was completed and the epoxy was allowed to fully 

cure, the 6 inch x 12 inch splitting tension samples were tested following a procedure 

based on ASTM C496. This procedure used the same methodology as ASTM C496, but 

was performed on the repaired concrete cylinders so as to have data comparable to the 

plain concrete uniaxial compression data. The stress-stain behaviour of the epoxy-
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repaired cylinders in splitting tension, compared to the previously described Group 1 and 

Group 2 samples, is shown in Figure 19. 

Figure 19. Splitting tension test results of epoxy-repaired cylinder specimens compared 
with plain cylinder specimens of the same 6 x 12 inch size. 

The 6 inch x 12 inch splitting tension epoxy-repaired concrete specimens behaved 

similarly to the Group 1 plain concrete cylinders in terms of their elastic modulus. Like 

the repaired concrete compression samples, the repaired concrete tension samples had a 

moisture content that was more similar to the Group 1 plain concrete samples than to the 

Group 2 plain concrete samples. However, unlike the repaired concrete compression 

samples, the repaired concrete tension samples showed a visible decrease in tensile 

capacity comparised to the Group 1 splitting tension plain concrete cylinders. The 

decrease in capacity is likely due to the weakness of the epoxy-concrete interface in 

tension, which involved a smooth surface of the concrete. This theory is supported by the 

literature, in which is was noted that an increase of surface roughness of concrete 

subsequently increases the bond adhesion between the epoxy and the concrete due to the 
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mechanical interlock that a roughened surface provides (Courard, 2014; Czarnecki and 

Hola, 2016). 

As with the plain concrete samples, a high-speed camera was used to capture the 

crack evolution of the repaired concrete in tension, which allowed for observational 

details of when and how the epoxy-repaired concrete failed. This is of particular 

importance for the repaired concrete samples, because the failure initiation location was 

not clear from post-test visual inspection. It was the high-speed video that demonstrated 

the interface of the epoxy and concrete was the primary initial fracture location. The 

typical failure mechanisms of the repaired concrete specimens in splitting tension is 

shown in Figure 20. 

Figure 20. Repaired concrete tension behavior at interface: (a) before failure, (b) crack 
initiation, and (c) at failure. 

2.2.4 Specimen Size Effect for Computational Efficiency 

In order to evaluate the effect of sample size of the epoxy-repaired cylinders, six 6 

inch x 6 inch and six 6 inch x 4 inch cylinders of epoxy-repaired concrete were tested and 

compared to the 6 inch x 12 inch cylinders. The primary goal was provide additional data 

at a reduced size in order to allow using smaller models in Phase II, hence decreasing 

runtimes. The stress-strain behavior of the repaired cylinder samples in splitting tension 

is shown in Figure 21 and the results are summarized in Table 5. 
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Figure 21. Splitting tension test results of epoxy repaired concrete cylinder specimens of 
various sizes. 

Table 5. Summary of tensile strength of concrete cylinder specimens of various sizes. 

Sample Size Average Tensile Strength 
(ksi) 

Percent Difference 
From 6 inch x 12 inch 

6 inch x 12 inch 0.23 0% 
6 inch x 6 inch 0.20 13% 
6 inch x 4 inch 0.13 46% 

The impact of the dimensions of the repaired cylinder on the average tensile 

strength was characterized by the percent difference between the average tensile strength 

of the smaller sample to the average tensile strength of the 6 inch x 12 inch repaired 

samples. A clear impact of the size of the sample is seen in the testing of the 6 inch x 4 

inch samples with a 46% difference with the 6 inch x 12 inch samples. In comparison, the 

difference between the 6 inch x 6 inch samples and the 6 inch x 12 inch samples was only 

13%. As such, it was recommended that the smallest size the model should use was a 6 

inch x 6 inch cylinder in order to minimize the size effect on the ultimate tensile strength 

of epoxy-repaired concrete.  

29 



 

 

   

   

       

        

        

         

         

     

        

   

     

         

 

  

       

        

         

        

  

  

CHAPTER 3.MORTAR CYLINDER EXPERIMENTS 

3.1 Plain Mortar Experiments 

DEM models in Phase II are tasked with characterizing fracture patterns in plain 

concrete. The models require calibrating the mechanical parameters of particulate 

elements and bonds. The calibration is done in two steps: (i) calibration of the parameters 

of particulate elements and bonds in mortar; (ii) calibration of the parameters of 

particulate elements and bonds in aggregates and calibration of the parameters of the 

mortar/aggregate bonds. In order to fulfill objective (i), mortar cylinder tests were 

conducted. Similar to plain concrete, a series of tests were developed to evaluate the 

fracture behavior in the mortar subjected to both uniaxial compression and splitting 

tension loads. The Phase II models were then validated by simulating the location and 

behavior of microcracks in the mortar matrix, coarse aggregate, and at the interface of the 

two throughout the duration of a tensile splitting experiment simulation. 

3.1.1 Material 

The mix design of the mortar was very similar to the mix design used in the plain 

concrete cylinder experiments. The mortar samples were made using the same ratio of 

cement to water (0.38) and the same ratio of cement to fine aggregates (0.72) as for the 

mortar matrix of the plain concrete samples. The mix design of mortar used is given in 

Table 6. 
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Table 6. Mortar mix properties. 
Material Weight Fraction 

Cement 36% 
Water 50% 
Fine Aggregates 14% 

The mortar was mixed by hand using the following steps: 

1. The fine aggregate (sand) and cement were added to a large container 

2. The sand and cement were fully mixed together using a mortar hoe 

3. The water was added to mixture 

4. The mortar mixture was fully combined using a mortar hoe 

5. The mixture was poured into cylinder molds 

3.1.2 Specimens 

Two batches of mortar were produced. The first batch of mortar was made to 

determine the size effect of the mortar cylinders for specimen selection. Due to 

computational constraints, the model could only consider cylinders of 6 inch x 6 inch in 

tension. Sample sizes of 6 inch x 4 inch, 6 inch x 3 inch, and 6 inch x 2 inch are more 

computationally efficient. In order to ensure the most reliable tests, experiments were 

conducted to find the sample size that ensured the most consistent results. The following 

samples were cast and tested: 

• Three 6 inch x 12 inch mortar in splitting tension 

• Three 6 inch x 4 inch mortar in splitting tension 

• Three 6 inch x 3 inch mortar in splitting tension 

• Two 6 inch x 2 inch in splitting tension 
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The tensile stress-strain results of the splitting tension experiments for specimens 

of various sizes are shown in Figure 22. A summary of the average ultimate values as 

well as the coefficients of varitaion (COV) are given in Table 7. 

Figure 22. Splitting tension test results of mortar cylinder specimens of various sizes. 

Table 7. Summary of average tensile strength and coeffiecient of variation of mortar 
specimens of various sizes. 

Sample Size Average Tensile 
Strength (ksi) 

Coefficient of 
Variation (COV) 

6 inch x 12 inch 0.351 18% 
6 inch x 4 inch 0.558 3% 
6 inch x 3 inch 0.376 12% 
6 inch x 2 inch 0.455 N/A 

The choice of which specimen size to use was judged based on the cofficient of 

variation (COV) of each size, consistency in failure mode, and average tensile strength. 

According to the literature, mortar alone should have a higher strength than the 

equivalent concrete matrix with the same water to cement ratio (Hillerborg, 1985; 

Alexander and Mindess, 2014). The 6 inch x 4 inch samples were chosen because they 
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had the lowest COV, provided the most consistent failure mode, and had a tensile 

strength greater than the concrete at 28 days. An example of the 6 inch x 4 inch typical 

breaking pattern is illustrated in Figure 23. 

Figure 23. Typical failure patterns of a 6 inch x 4 inch mortar specimen. 

3.1.3 Compression Experiments 

A second batch of mortar using the same mix design and process was produced. 

This mixture was used to cast 6 inch x 4 inch mortar tension samples and 4 inch x 8 inch 

mortar compression samples. The results of the compression experiments are presented in 

this section and the following. 

The 4 inch x 8 inch mortar compression specimens were tested to find the uniaxial 

compression strength using a method based on ASTM C39. The compressive stress-strain 

behaviour for the three samples is shown in Figure 24. The average compressive strength 

of the mortar was 9.53 ksi. Consistent with the literature, the compressive strength of the 

mortar was found to be roughly twice that of the plain concrete with the same water 

content. The shear and columnar failure patterns exhibited by the mortar samples in 

compression are shown in Figure 25. 
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Figure 24. Compressive test results of mortar 4 inch x 8 inch cylinder specimens. 

Figure 25. Typical failure pattern of a mortar specimen. 

3.1.4 Splitting Tension Experiments 

The 6 inch x 4 inch mortar tension specimens made of the second batch were 

tested to determine the splitting tensile strength using a method based on ASTM C496. In 

addition to the 6 inch x 4 inch samples, the three 4 inch x 8 inch mortar samples were 

tested to obtain additional comparative data points for future research as the computer 

models are refined. The splitting tensile stress-strain curves are shown in Figure 26. 
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Consistent with the literature (Monteiro, 2006; Alexander and Mindess, 2014), the 

splitting tensile strength of the mortar (0.68 ksi) was found to be roughly twice that of the 

plain concrete (0.36 ksi) at the same water content. An example of the typical crack 

propagation of the 6 inch x 4 inch mortar sample is shown in Figure 27. The figure shows 

the specimen before any cracks develop, at the onset of cracking near the midline, and the 

specimen at the ultimate tensile strength. 

Figure 26. Splitting tension test results of mortar cylinder specimens of various sizes. 

Figure 27. Behavior of mortar during splitting tension test: (a) before crack develops; (b) 
at onset of cracking; (c) at ultimate strength. 
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CHAPTER 4. BEAM EXPERIMENTS 

The experiments presented in this chapter are divided into two categories: 

unreinforced concrete beam experiments (Section 4.1) and reinforced concrete beam 

experiments (Section 4.2). For both categories, experiments were conducted on “as-built” 

and epoxy-repaired concrete beams. 

4.1 Unreinforced Beam Experiments 

The unreinforced beams were designed to be experimentally characterized using 

Hillerborg’s three-point bend test. To determine the flexural strength and fracture energy 

of the concrete, a specialized three-point bend test on a notched beam was used. This test 

was derived from Hillerborg and others’ experiments during their development of the 

ficitious crack model (FCM) (Hillerborg, 1985). A diagram of the fracture energy three-

point bend test developed by Hillerborg is shown in Figure 28. With some geometric 

design variations, multiple past studies successfully used this method to find the fracture 

energy of concrete (Bazant, 1992; Lee and Lopez, 2014). 

Figure 28. Schematic of notched three-point bend test. 
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4.1.1 Specimens 

The unreinforced beams were cast using the same concrete that was used to 

produce the concrete cylinders discussed in Section 2.1.2. Since the three-point bend test 

is sensitive to the length of the beam, beams of both three-foot and four-foot lengths were 

cast using in-house using wooden formworks, shown in Figure 29. Beams of both lengths 

had a cross-section of 6 inch x 10 inch. Drawings of the beams are included in Appendix 

A. Seventy-two hours after casting, the beams were demolded and placed in a controlled 

fog room environment for curing. At 56 days, the beams were removed from the 

controlled environment and allowed to age at ambient temperatures until their test date. 

As previously discussed in Chapter 2, plain concrete cylinder samples were tested in 

uniaxial compression and splitting tension each week throughout the duration of beam 

testing to quantify the compressive and tensile strength of the beam. The unreinforced 

beams were notched using a masonry saw to a notch depth of 3.25 inch, shown in Figure 

30. 

Figure 29. Concrete beam formwork. 
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Figure 30. Notching of concrete beams with masonry saw. 

To achieve a “repaired” concrete state, the unreinforced beams of both 3 feet and 

4 feet of length were cut completely into two halves and then reattached by the same 

HMWM epoxy as the one used in the repaired concrete cylinders. The following 

describes the methodology used to prepare the unreinforced beam for repair with epoxy: 

1. The unreinforced beam was cut into two halves with a masonry saw (Figure 31). 

Figure 31. Preparation of epoxy-repaired beam: beam cut in half with masonry saw. 
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2. The notched region was prepared by inserting a single wall corrugated cardboard 

with thickness of 0.125 inch between the two halves (Figure 32a). 

3. Construction silicon caulk was applied at the border of the repaired section on one 

half of the beam (Figure 32b). 

Figure 32. Preparation of epoxy-repaired beam: (a) diagram of silicon caulk and spacer 
placement; (b) silicon edging and cardboard spacer. 

4. The two halves were compressed together, making sure they were aligned, and 

were tighten using long clamps (Figure 33). 

Figure 33. Preparation of epoxy-repaired beam: repaired beam clamped together for 
curing. 
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5. Any silicon that escaped the notch was smoothed out and more silicon was 

applied to securely seal the repaired section, if needed. 

6. The silicon was allowed to cure for at least 24 hours before applying epoxy. 

Once the silicon was cured, the HWMM was mixed. The epoxy was a three-part 

mixture using three ingredients with a 75 mL:150 mL:1 gal ratio of Cobalt Napthenate 

promoter, CHP initiator, and propietary Sealate Resin, respectively (Transpo Industries, 

2017). The epoxy was mixed with the same steps as with the epoxy-repaired cylinders, 

given in Section 2.2.1. The epoxy was then poured into the created “crack,” shown in 

Figure 34a. Steel plates were used to guide the epoxy into the “crack” until it was 

completely full of the HWMM as shown in Figure 34b. After the crack was filled with 

epoxy, sponge paintbrushes were used to ensure the crack was completely filled with 

epoxy and level with the top of the beam. The epoxy was allowed to set for at least 48 

hours. 

Figure 34. Preparation of epoxy-repaired beam: (a) "crack" opening of the repaired 
concrete beam; (b) pouring epoxy into “crack” 
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4.1.2 Experimental Setup 

The setup of the three-point bend experiment is shown in Figure 35. A 50-kip, 

Interface 1220AO-50k load cell was connected to an Interpac hydraulic jack to apply a 

load at a rate of approximately 2 kips per minute. The notched unreinforced beams were 

set on roller supports to limit the effect of friction on the results. As the focus of these 

tests was to determine the fracture energy of the concrete, the two measurements of 

interest were global deflection and crack opening versus the load applied. 

Figure 35. Three-point bend experimental setup. 

To ensure redundancy in measuring the crack opening, two methods of 

measurement were used: a lateral variable differential transmitter (LVDT) and an 

extensometer. The RDP DCTH200AG LVDT used in this experiment had a maximum 

travel of +/- 0.2 inch. The extensometer used in this experiment was an MTS 6.3203E-20 

clip-on extensometer with a maximum travel of +/-0.15 inch. Both measuring devices are 

shown in the photo in Figure 36. 
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Figure 36. Crack opening instrumentation: LDVT and extensometer. 

To ensure redundancy in measuring the global deflection of the beam, two 

methods of measurement were used: a stringpot gauge and digital image correlation 

(DIC). A Celesco PT1A-50-UP-500-M6_SG stringpot gauge was connected to a hook 

attached to the front face of the beam. This attachment is shown in Figure 37. The hook 

was connected to the beam using a small L-brace and fishing wire in order to prevent 

warping in the string pot. 

Figure 37. Deflection instrumentation: stringpot. 

Digital Image Capture (DIC) was used to globally evaluate how the beam reacted 

to the applied load. A Sony RX10 Digital camera, which is capable of filming 1,000 fps 
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over a four second duration was used to measure the beam, which had its entire front face 

painted white and marked with black dots for tracking. This treatment is referred to as a 

“DIC surface,” for simplicity. Although, the DIC system was not sensitive enough to 

measure the relatively small deflection of the unreinforced notched beams before total 

failure, it did provide valuable information about the beam’s global behavior. As a result, 

the stringpot was the main source of quantitative deflection data for the unreinforced 

notched beams. 

4.1.3 Results 

One of objectives of the three-point bend test was to find the fracture energy 

directly from the unreinforced notched beams. The crack mouth opening displacement 

was successfully captured by both the extensometer and the LVDT until the peak load. 

After peak load, the beams failed in a brittle maner within a short period of time, usually 

less than 1 second. As a result of this brittle failure and the associated sudden dramatic 

increase of crack opening, the extensometer and LVDT typically detach from the beam. 

Therefore, the results were reliably captured until the peak load but not after the peak 

load. 

4.1.3.1 Three-foot Beam Experiments 

Five three-foot beams were successfully tested: three “as-built” specimens and 

two epoxy-repaired specimens. The applied load versus deflection behavior and the 

corrosponding crack opening displacement of the three-foot unreinforced notched beams 

are shown in Figure 38. In general, the epoxy-repaired beams performed better in terms 

of ultimate capacity than the intact concrete beams and also exhibited a slightly greater 

stiffness. An image of the typical failure of an “as-built” unreinforced notched three-foot 
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beam can be seen in Figure 39 and the epoxy-repaired behavior can be seen in Figure 40. 

The epoxy-repaired concrete exhibited cracking within the concrete rather than along the 

interface. 

Figure 38. Test results of three-foot unreinforced concrete beams: (a) applied load 
versus vertical deflection at mid-span; (b) applied load versus crack opening 

displacement at mid-span. 
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Figure 39. Three-foot “as-built” unreinforced concrete beam behavior. 

Figure 40. Three-foot epoxy-repaired unreinforced concrete beam behavior. 

4.1.3.2 Four-foot Beam Experiments 

After testing the three-foot beams, four four-foot beams were tested: two “as-

built” specimens and two epoxy-repaired specimens. The experimental setup was altered 

to accommodate the larger beams by moving the location of the roller supports on the 

reaction frame. The load versus deflection curves and the corrosponding crack opening 

displacement of the four-foot unreinforced notched beams is shown in Figure 41. Similar 

to the three-foot beams, the epoxy-repaired beams, in general, performed better in terms 

of ultimate capacity than the “as-built” concrete beams. A photo of the typical failure of 
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an “as-built” unreinforced notched four-foot beam can be seen in Figure 42 and the 

epoxy-repaired behavior can be seen in Figure 43. The epoxy-repaired concrete exhibited 

cracking within the concrete rather than along the interface. 

Figure 41. Test results of four-foot unreinforced concrete beams: (a) applied load versus 
vertical deflection at mid-span; (b) applied load versus crack opening displacement at 

mid-span. 
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Figure 42. Four-foot “as-built” unreinforced concrete beam behavior. 

Figure 43. Four-foot epoxy-repaired unreinforced concrete beam behavior. 
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4.2 Reinforced Beam Experiments 

The second beam type tested were reinforced concrete beams and included 

experiments of both “as-built” and epoxy-repaired specimens. In total, four reinforced 

concrete beams were tested. These beams were used to understand and quantify the effect 

of epoxy repair of various size cracks on the beam’s capacity with an application that is 

similar to that in the field. 

4.2.1 Specimens 

The beams were constructed in a manner similar to those described in Section 

4.1.1, but these beams had the inclusion of reinforcing steel and no notch was cut. The 

beams were cast on the same day as the notched beams and the concrete cylinders. Thus, 

the cylinder experiments of Chapter 3 can be used to quantify the material parameters of 

the beams. The beams were 4 feet in length and had a 6 inch x 10 inch cross section. The 

beams were longitudinally reinforced with two #6 rebars of 60 ksi steel. Structural 

drawings are located in Appendix A. 

4.2.2 Experimental Setup & Procedure 

The reinforced concrete beams used the same test setup as the unreinforced 

beams, except that crack monitoring gauges were not used because there was no notch. 

Instead, only the stringpot and DIC were used to measure the beam’s deflection. The first 

experiment used a beam in its “as-built” configuration. The beam was tested to failure. 

The failure of the control beam is shown in Figure 44. This beam was used to observe the 

various crack sizes that were formed under different applied loadings (with associated 

displacements). 
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Figure 44. Behavior of “as-built” reinforced concrete beam at failure. 

The remaining three reinforced concrete beams were loaded until minor hairline 

cracks (second beam) and major cracks (third and fourth beam) formed. Note that the 

definition of “minor” and “major” cracks was internal to Georgia Tech and does not 

necessarily correspond to any internal GDOT definitions of crack sizes. “Minor cracking” 

refers to cracks under the 0.006 in PCI minimum for epoxy injection. “Major cracking” 

refers to cracks at or above that limit. Once the cracks developed, the beams were 

unloaded and prepared for repair using the epoxy. The beams were removed from the 

frame and laid on their sides. The change in orientation of the beam allowed gravity to 

assist the epoxy flow as it filled the cracks. The epoxy and its preparation were the same 

as the previous concrete repair experiments. The epoxy was applied by coating the 

surface of the beams with several layers of epoxy using a foam paintbrush. Once applied, 

the epoxy was allowed to cure for at least 48 hours before testing. Once fully cured, the 

beams were placed back on the testing frame and tested to failure using the same three-
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point bend test setup as was used in the four-foot unreinforced four-foot beam 

experiments. 

4.2.3 Results 

The load versus deflection curve of the “minor crack” repair beam in comparison 

to the “as-built” beam is shown in Figure 45. The first peak shown on the graph 

represents the loading until the minor crack formed, as shown in Figure 46a. At this 

point, the beam was unloaded and repaired by epoxy. After the epoxy repair had finished 

curing, the beam was reloaded until the second peak occurred. Marked on the graph, this 

point represents the failure of the beam post-repair. This failure can be seen in Figure 

46b. The repaired reinforced beam with minor cracking had a capacity similar to the “as-

built” beam. In addition, the failure pattern of the repaired beam and the “as-built” beam 

were very similar. However, the “minor crack” repaired beams exhibited a more brittle 

behavior than the “as-built” beam, notably having a large reduction in capactity at about 

25% of the ultimate strain of the “as-built” beam.    
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Figure 45. Load-deflection behavior of reinforced concrete beam repaired after minor 
cracks compared to as-built beam. 

Figure 46. Behavior of reinforced concrete beam: (a) at minor crack development; (b) at 
failure. 

The experiment was repeated on two beams that exhibited major cracks before 

repair. The load versus deflection behavior of the “major crack” repaired beams in 
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comparison to the “as-built” beam is shown in Figure 47. The first peak shown on the 

graph represents the loading until the major crack formed. The DIC analysis of this is 

shown in Figure 48a. As shown in the analysis, the major crack appears in the 

concentrated red section as the dots in this region displaced the most from their original 

position. The second peak before complete failure represents the capacity of the beam 

after the epoxy repair. The DIC analysis of this event is shown in Figure 48b and a 

posttest photo is shown in Figure 49. In both cases, the beams repaired by epoxy after a 

major crack had developed were able to sustain approximately twice the load of the “as-

built” beam. Interestingly, the failure strains of the beams were not the same and in one 

case, the failure strain was significantly less than the failure strain of the “as-built” beam. 

Figure 47. Load-deflection behavior of reinforced concrete beams repaired after major 
cracks compared to as-built beam. 
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Figure 48. Behavior of epoxy-repaired reinforced concrete beam via DIC: (a) at major 
crack development; (b) at failure. Values in inches. 

Figure 49. Behavior of epoxy-repaired reinforced concrete beam at failure. 

The beams that were repaired after major cracks showed significant increases in 

capacity compared to both the as-built beam and the beam repaired after minor cracking. 
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One possible reason is that the relatively wider cracks on the beams loaded to major 

cracking allowed the epoxy to penetrate more deeply into the beam. During the repair of 

beams after major cracking, visible epoxy droplets formed on the other side of the beams, 

indicating that the epoxy went through the entire section of the cracked beams. In 

contrast, this phenomena was not observed during the repair of the beam after minor 

cracking, indicating that the relatively narrower cracks on the beam loaded to minor 

cracking tended to prevent the epoxy from fully penetrating. 

Another possible reason for this capacity change is that epoxy repair may alter the 

force distribution inside the beam, and thus, the failure mechanisms and changed the 

overall capacity. As Figure 48 shows, major cracks appeared on the right side of the 

beam when initially loaded. After unloading and repairing, the beam failed with major 

cracks on the left side when it was loaded again. This is possibly because the epoxy 

repair penetrated into the right side of the beam through major crackes, which occurred 

during initial loading. This increased the strength of the local region on the right hand 

side. As a result, when the beam was loaded again, the left side was relatively weaker 

than the right side. Because of this difference in strength, the beam started to form new 

cracks at the left side instead of reopening the existing repaired cracks on the right side. 

The increase of ulitimate capacity may be related to the formation of new cracks on the 

left side of the beam. 
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CHAPTER 5. SUMMARY & CONCLUSIONS 

The main contributions and conclusions from the the Phase III research project as are 

follows: 

1. The research team developed and executed an experimental method to 

characterize epoxy-repaired concrete cylinders via uniaxial compression and 

splitting tension. The experiments, which included cutting plain concrete 

cylinders and repairing them using epoxy, were conducted to provide mechanical 

properties as well as qualititative data (via high-speed cameras) to calibrate the 

Phase II models. 

2. Uniaxial and splitting tension experiments were conducted on plain mortar 

cylindrical specimens in order to provide mechanical properties of the mortar as a 

separate material. Studies on specimen size effect were conducted in order to 

determine the most computationally-efficient DEM sample size for the Phase II 

models. 

3. Unreinforced concrete beam experiments were conducted on notched specimens. 

These tests included both plain concrete beams and beams that were repaired with 

an epoxy layer at a cut made directly above the notch. In all experiments 

involving the epoxy-repaired specimens, the crack initiated at the notch and then 

propagated through the concrete, away from the interface. The epoxy-repaired 

specimens exhibited slightly higher ultimate strengths than the plain, notched 

specimens. These experiments provided calibration data for the Phase II models. 

4. Five reinforced concrete beam experiments were conducted on “as-built” and 

epoxy-repaired specimens in order to provide simple validation data on the 
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system level. The epoxy-repaired specimens were loaded to induce cracking of 

various levels, unloaded, repaired with epoxy, and then reloaded to failure. In the 

cases where the cracks were very small (< 0.006 in), the epoxy did not have a 

significant effect on the ultimate capacity, but the beam behaved in a more brittle 

fashion. Interestingly, in the experiments where the cracks were larger (> 0.006 

in), the epoxy-repaired beams exhibited a much higher capacity than the “as-

built” structures. The failure mechanism and ductility of the beam were also 

affected. Because the repair significantly changed the overall behavior of the 

beam, it is recommended that additional research be conducted to understand the 

overall effect that using HWMM has on larger pre-stressed beams and, 

subsequently, the effect it has on the entire bridge structure including loads 

transferred to adjacent elements.  
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	EXECUTIVE SUMMARY 
	During pre-stress transfer, the bottom portion of steel-reinforced concrete girders is subjected to an important compression induced by the relaxation of tension in the bars, which opens longitudinal cracks along the horizontal axis. Reactions at the supports induce shear stress, which sometimes translates into additional diagonal cracking at the ends of the girders. During the subsequent lifespan of the girder, a variety of crack patterns can occur, including longitudinal (along the beam axis), transverse 
	The subject of this technical report is the Phase III research effort, which includes the experimental characterization of materials and systems for the computational (Phases I and II) model calibration and validation. Three main sets of experiments were conducted on (1) concrete and epoxy-repaired concrete cylinders, (2) mortar cylinders, and (3) concrete beams. 
	The concrete and epoxy-repaired cylinder experiments consisted of both uniaxial and splitting tension tests and involved a newly developed protocol for including epoxy repair into these material characterization tests. The mortar cylinder experiments also consisted of uniaxial and splitting tension characterization. Additionally, a study as to the effect of specimen size for computational efficiency was conducted. 
	Both unreinforced and reinforced concrete beams were tested using a three-point bending procedure. In both cases, both “as-built” and epoxy-repaired specimens were tested for comparison and for model validation. The epoxy-repaired reinforced specimens were loaded to induce cracking of various levels, unloaded, repaired with epoxy, and reloaded to failure. In the cases where the cracks were very small (< 0.006 in), the epoxy did not have a significant effect on the ultimate capacity, but the beam behaved in 
	-
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	CHAPTER 1. INTRODUCTION AND BACKGROUND 
	1.1 Introduction 
	During pre-stress transfer, the bottom portion of steel-reinforced concrete girders is subjected to an important compression induced by the relaxation of tension in the bars, which opens longitudinal cracks along the horizontal axis. Reactions at the supports induce shear stress, which sometimes leads to the formation of additional diagonal cracks at the ends of the girders. During the subsequent lifespan of the girder, a variety of crack patterns can occur, including longitudinal (along the beam axis), tra
	Experimental studies showed that cracked concrete had lower mechanical strength than intact concrete, and that 80% of the lost concrete strength could be recovered by epoxy injection (Issa and Debs, 2007). It has also been shown that epoxy injection can increase the fatigue resistance of cracked mortar, but that the mechanical performance of 
	Experimental studies showed that cracked concrete had lower mechanical strength than intact concrete, and that 80% of the lost concrete strength could be recovered by epoxy injection (Issa and Debs, 2007). It has also been shown that epoxy injection can increase the fatigue resistance of cracked mortar, but that the mechanical performance of 
	repaired concrete decreases as temperature increases (Shin et al., 2011). In general, repaired beams exhibit a more brittle behavior than intact or corroded beams (Okada et al., 1988). According to the literature review completed in Phase I of this project, the model proposed by L. Bardella (2001) properly describes the nonlinear viscoelastic behavior of epoxy resins in the glassy state. However, no model has ever been proposed to predict the behavior of cracked concrete repaired by epoxy. At present, there

	1.2 Prior Phases 
	In Phase I of the project, the researchers calibrated a Continuum Damage Mechanics model (the Differential Stress-Induced Damage model, DSID) to predict the propagation of cracks in three directions in concrete, according to net tension and compression criteria (Xu and Arson, 2014; Xu et al., 2016). A static load test presented in Tadros et al. (2010) was simulated with ABAQUS Finite Element (FE) software for four types of girders (Tennesse, Florida, Virginia, and Washington State designs), with and without
	In Phase I of the project, the researchers calibrated a Continuum Damage Mechanics model (the Differential Stress-Induced Damage model, DSID) to predict the propagation of cracks in three directions in concrete, according to net tension and compression criteria (Xu and Arson, 2014; Xu et al., 2016). A static load test presented in Tadros et al. (2010) was simulated with ABAQUS Finite Element (FE) software for four types of girders (Tennesse, Florida, Virginia, and Washington State designs), with and without
	diagonal cracks. Note that these results only apply for smeared damage under a moderate static load. Then a portion of typical bridge deck supported by pre-stressed girders was modeled with the FE Method. Beam deflection and concrete damage induced by static loads were calculated with and without diffuse micro-cracking consecutive to pre-stress transfer. Initial damage configurations corresponded to typical crack patterns listed in the PCI bridge repair guidelines. In general, lower stress and higher deflec

	The objective of Phase II, which had an initial portion that occurred in parallel with Phase III, is to simulate localized fracture propagation and epoxy repair in concrete. Researchers modeled mortar and concrete cylinders by using the Discrete Element Method (DEM). Mortar DEM parameters were calibrated against Phase III mortar cylinder tests. Concrete aggregates were then scanned. Point clouds obtained by scanning were imported in MATLAB to reconstruct aggregates’ shapes. Aggregate shapes were then genera
	Researchers are now using a cohesive segment model implemented in the eXtended Finite Element Method (XFEM) to simulate fracture propagation in concrete. Initially, 
	Researchers are now using a cohesive segment model implemented in the eXtended Finite Element Method (XFEM) to simulate fracture propagation in concrete. Initially, 
	the cohesive model was calibrated against shear and compression test results published in the literature for concrete alone. Parameters were then recalibrated when Phase III results on plain concrete cylinder tests and plain unreinforced concrete three-point bending tests became available. Researchers are now developing a Molecular Dynamics (MD) model to simulate pull out tests conducted on a concrete/epoxy interface. MD results will provide the concrete/epoxy interface energy that will be used in replaceme

	Simulations on pre-stressed concrete beams were then conducted with the XFEM. Steel/concrete interface parameters were calibrated against published experimental and numerical datasets. A damage-plasticity model is now being calibrated to simulate three-point bending tests done in pre-stressed concrete beams before and after reparation. The continuum approach has the advantage to converge more easily and to be faster than the XFEM. The calibration of the continuum damage-plasticity model against the same dat
	Lastly, pre-stress relaxation and service loads in pre-stressed steel reinforced concrete girders will be simulated before and after epoxy injection to check the girder acceptance criteria recommended by the NCHRP and by the PCI. Girders and bridge scale models proposed in Phase I will be used for both static and dynamic loading, and 
	Lastly, pre-stress relaxation and service loads in pre-stressed steel reinforced concrete girders will be simulated before and after epoxy injection to check the girder acceptance criteria recommended by the NCHRP and by the PCI. Girders and bridge scale models proposed in Phase I will be used for both static and dynamic loading, and 
	the fatigue limit will be determined. In order to assess the stability and sustainability of damaged and repaired PSC girders, life cycles including thermal fluctuations will be simulated. The final product of this Phase II research will be a repair guideline that will help GDOT’s engineers and inspectors decide whether defects observed on girders can be accepted, and if not, whether they can be repaired, and by what method. 

	1.3 Phase III Objectives and Summary 
	Experimental data on the mechanical properties of cracked concrete repaired by epoxy is scarce. The research objective of Phase III was to develop and conduct experiments to measure the mechanical properties of cracked concrete repaired by epoxy in the laboratory, in order to calibrate and validate the cohesive segment models proposed in Phase II. The Phase III experiments evaluated three specimen types: concrete cylinders, mortar cylinders, and concrete beams. The concrete cylinders were evaluated in both 
	1.4 Report Organization 
	Chapter 2 of this report summarizes the experimental methods, specimens, and  results of the concrete cylinder experiments, which were conducted on both plain and epoxy-repaired specimens. 
	Chapter 3 describes the experimental methods, specimens, and results of the mortar experiments. Chapter 4 contains the experimental methods, specimens, and results of the beam 
	experiments, which were conducted on both the “as-built” and epoxy-repaired specimens. Chapter 5 explains the conclusions for Phase III of this research program. Chapter 6 lists the references cited in this report. The Appendices contain drawings of the experimental specimens and material 
	information. 
	CHAPTER 2. CONCRETE CYLINDER EXPERIMENTS 
	The experiments presented in this chapter are divided into two categories: plain concrete cylinder experiments (Section 2.1) and epoxy-repaired concrete cylinder experiments (Section 2.2). 
	2.1 Plain Concrete Experiments 
	The majority of the experiments were performed on cylinders of plain concrete. These experiments were conducted to provide both compressive and tensile data to calibrate the parametes of the plain concrete cohesive segment model. 
	2.1.1 Specimen Size Selection 
	Four initial concrete cylinder experiments were conducted to determine the specimen size as well as to refine the experimental protocol. Experiments were conducted in tension via splitting and uniaxial compression. Splitting tension experiments, sometimes referred to as the Brazilian test (see Section 2.1.4), were initially conducted on 4 inch x 8 inch cylinder specimens. The concrete behaved as expected in terms of strength, but upon visual inspection of each specimen after failure, it was noticed that the
	The initial tensile splitting tests were also used to verify the ability to capture high speed video of the crack propagation through the face of the sample. These initial tests indicated that the fracture of the 4 inch x 8 inch cylinders happened too quickly for the 1,000 frames per second (fps) high-speed camera to capture quality data. From the literature, it was found that many experiments used 6 inch x 12 inch cylinders to monitor the crack growth with such cameras (Ross et al., 1996; Li, 2004). As a r
	Figure
	Figure 1. Undesired tensile splitting failure of initial 4 inch x 8 inch plain concrete specimen. 
	2.1.2 Materials 
	The concrete used in these experiments was made by Thomas Concrete and followed the GDOT Specification for pre-stressed concrete (GDOT, 2013). The concrete provided by Thomas Concrete had mixture weight fractions and properties are listed in Table 1. Additional properties that were in the concrete mixture upon arrival are listed in Table 2. 
	Table 1. Concrete mix used in concrete cylinder experiments. 
	Material 
	Material 
	Material 
	Weight Fraction 

	Cement 
	Cement 
	18.61% 

	Water 
	Water 
	5.28% 

	Fine Aggregate 
	Fine Aggregate 
	28.33% 

	Course Aggregate 
	Course Aggregate 
	47.77% 


	Table 2. Properties of concrete used in concrete cylinder experiments 
	Property 
	Property 
	Property 

	Water-cement ratio 
	Water-cement ratio 
	0.3545 

	Cement Type 
	Cement Type 
	Type I 

	Slump 
	Slump 
	3.25 inch 

	Specific Gravity (Course Aggregate) 
	Specific Gravity (Course Aggregate) 
	2.71 

	Specific Gravity (Fine Aggregate) 
	Specific Gravity (Fine Aggregate) 
	2.69 


	The composition of the coarse aggregate was granite-gneiss aggregate from Norcross, Georgia, distributed by Vulcan Materials Company. The coarse aggregate used was size 67. The granite-gneiss aggregates are formed as a banded combination of an igneous rock (granite) and its metamorphic rock counterpart in gneiss. Both rocks are primarily composed of strained and microcrystalline quartz. Given these various component parts, the rocks are susceptible to alkali-silica reaction (ASR), which can cause microcrack
	Granite-Gneiss aggregates, as shown in Figure 2, can be classified as having a surface texture a crystalline, a sub-angular shape, and a low sphericity. Coarse aggregates’ texture and shape can affect the presence of stress concentrations and the overal fracture mechanisms of the concrete. Therefore, scans of individual aggregate were conducted to create realistic and precise aggregate shapes for the Phase II models in 
	Granite-Gneiss aggregates, as shown in Figure 2, can be classified as having a surface texture a crystalline, a sub-angular shape, and a low sphericity. Coarse aggregates’ texture and shape can affect the presence of stress concentrations and the overal fracture mechanisms of the concrete. Therefore, scans of individual aggregate were conducted to create realistic and precise aggregate shapes for the Phase II models in 
	order to facilitate more accurate prediction of the location and timing of microcracking. A Matter and Form 3D Tabletop Scanner, as shown in Figure 3, was used to create three-dimensional point cloud files to generate realistic shapes of aggregate within the model. Examples of the point cloud aggregate scans from this research are shown in Figure 4. 

	Figure
	Figure 2. Granite-Gneiss aggregate used in concrete cylinder mix. 
	Figure
	Figure 3. Matter and Form 3D Tabletop Scanner used for developing realistic aggregate models. 
	Figure
	Figure 4. Point cloud renderings from aggregate scans. 
	2.1.3 Uniaxial Compression Experiments 
	To understand and quantify the compressive behavior of plain concrete, a uniaxial compression experiment was used. In this experiment, compressive strength can be found by uniformly loading a sample axially until failure. The strength is defined as the ultimate compression load per cross-sectional area. Compressive strength is typically obtained using cubical or cylindrical samples. Cubical specimens are prevalent in Europe while cylindrical samples are standard in the United States, Canada, and Australia. 
	The plain concrete cylinder experiments are categorized in two groups. Group 1 includes concrete samples that were cured and aged in a controlled fog room environment for the duration of their sample age. Group 2 includes samples that were removed from the controlled environment at 56 days and were then allowed to age at ambient lab temperatures until their test date. Group 2 cylinders are the concrete cylinder samples used to determine the compressive strength of the concrete used for the beams tested (see
	Figure
	Figure 5. Uniaxial compression setup as outlined in ASTM C39. 
	Figure
	Figure 6. Schematics of typical uniaxial compression fracture patterns (ASTM, 2018). Table 3. Summary of plain concrete cylinder average compressive strengths. 
	Sample Age (days) 
	Sample Age (days) 
	Sample Age (days) 
	Compressive Strength, f’c (ksi) 
	Group Category 

	28 
	28 
	4.72 
	1 

	49 
	49 
	4.68 
	1 

	74 
	74 
	5.17 
	2 

	95 
	95 
	5.13 
	2 

	104 
	104 
	5.03 
	2 

	112 
	112 
	5.13 
	2 

	119 
	119 
	5.06 
	2 

	133 
	133 
	5.66 
	2 


	Figure
	Figure 7. Concrete cylinder average compressive strength at different ages. 
	13 
	As discussed previously, the compressive strengths of the plain concrete cylinders were determined using ASTM C39 procedures. However, since the Group 2 samples were not at the standard moisture content of Saturated Surface Dry (SSD), a slightly modified ASTM C39 procedure was used. This modification allowed for a lower-thanstandard moisture content of the concrete cylinders in order to remain consistent with the beam experiments, which are presented in Chapter 4. Figure 8 illustrates the differences betwee
	-

	Figure
	Figure 8. Compressive test results of plain 6 inch x 12 inch concrete cylinders. 
	Although the two groups exhibited different stress-strain behaviors, both groups had similar failure modes. Utilizing the classifications given in Figure 6, the cylinders primarily demonstrated a columnar failure mode. A posttest photo showing the failure from an example experiment is given in Figure 9. 
	Figure
	Figure 9. Typical plain concrete behavior indicative of a type 3 columnar failure. 
	2.1.4 Splitting Tension Experiments 
	One of the most widely used methods to determine the tensile strength of concrete is the split cylinder test, sometimes known as the Brazilian test or Splitting Tension test. The split cylinder test was developed by Professor Fernando L.L.B Carneiro and presented at the 5meeting of the Brazilian Association for Technical Rules in 1943 (Monteiro, 2006). The experiment involves applying a vertical compressive force perpendicular to the cylindrical axis of the sample. The load is increased until the cylinder r
	One of the most widely used methods to determine the tensile strength of concrete is the split cylinder test, sometimes known as the Brazilian test or Splitting Tension test. The split cylinder test was developed by Professor Fernando L.L.B Carneiro and presented at the 5meeting of the Brazilian Association for Technical Rules in 1943 (Monteiro, 2006). The experiment involves applying a vertical compressive force perpendicular to the cylindrical axis of the sample. The load is increased until the cylinder r
	th 

	test. The methodology and procedures of the test followed in this research were that of ASTM C496 (ASTM, 2017). 

	Figure
	Figure 10. Splitting tension test schematic. 
	Figure 10. Splitting tension test schematic. 


	From this setup, the tensile strength is thus assumed to be governed by linearly elastic behavior as stated in Equation 1 
	P
	𝑓= Equation 1 where st is the ultimate splitting tensile strength, P is the maximum applied load as indicated by the testing machine, L is the length of the cylinder, and d is the diameter. For this research, the SATEC PRISM MKIII-C with INSTRON 59-R7 controller located at the Georgia Institute of Technology Structural Engineering and Materials Laboratory was used to load at 11.3 kips per minute. The experimental setup is shown in Figure 11. 
	 
	 
	f

	Figure
	Figure 11. Splitting tension experimental setup. 
	Figure 11. Splitting tension experimental setup. 


	The splitting tension cylinder samples were categorized in the same two groupings as the uniaxial compression test sample groupings: Group 1 is included concrete samples that were cured and aged in a controlled fog room environment for the duration of their sample age, while Group 2 included samples that were removed from the controlled environment at 56 days and allowed to age at ambient lab temperatures until their test date. As previously stated, Group 2 cylinders are the concrete cylinder samples used t
	The splitting tension cylinder samples were categorized in the same two groupings as the uniaxial compression test sample groupings: Group 1 is included concrete samples that were cured and aged in a controlled fog room environment for the duration of their sample age, while Group 2 included samples that were removed from the controlled environment at 56 days and allowed to age at ambient lab temperatures until their test date. As previously stated, Group 2 cylinders are the concrete cylinder samples used t
	2 samples were not at the standard moisture content of Saturated Surface Dry (SSD), a slightly modified ASTM C496 procedure was used. The splitting tensile strengths of cylinders are listed in Table 4. 

	Table 4. Summary of plain concrete cylinder average ulimate tensile strengths. 
	Sample Age (days) 
	Sample Age (days) 
	Sample Age (days) 
	Ultimate Tensile Strength (ksi) 
	Group Category 

	28 
	28 
	0.357 
	1 

	49 
	49 
	0.411 
	1 

	104 
	104 
	1.36 
	2 

	112 
	112 
	1.31 
	2 

	119 
	119 
	1.12 
	2 


	Due to the different curing times and environments, the stress-strain behavior of Group 1 and Group 2 differ. The differences in the stress-strain behavior between Group 1 and Group 2 are illustrated in Figure 12. The Group 2 samples have significantly higher ultimate splitting tensile stress than the Group 1 samples. Although part of the increase of strength can be attributed to the age of the samples when tested, the differences in the initial slope indicate that the differences in moisture content likely
	Figure
	Figure 12. Splitting tension test results of plain 6 inch x 12 inch concrete cylinders. 
	Figure 12. Splitting tension test results of plain 6 inch x 12 inch concrete cylinders. 


	In addition to the measurements taken by the testing machine (i.e., load and displacement), the tensile behavior was recorded for visual analysis of the crack propagation with a high-speed camera. A Sony RX10 digital camera was used to monitor the fracture mechanisms. The camera is capable of filming 1,000 fps over a four second duration. The typical failure pattern and propagation from an example experiment is shown in Figure 13. Figure (a) denotes the crack initiation and is highlighted for clarity in red
	Figure
	Figure 13. Example tension splitting crack propagation in plain concrete from high-speed camera: (a) crack initiation (highlighted in red for clarity); (b) fully formed crack (c) at failure; (d) post fracture. 
	Figure 13. Example tension splitting crack propagation in plain concrete from high-speed camera: (a) crack initiation (highlighted in red for clarity); (b) fully formed crack (c) at failure; (d) post fracture. 


	Although the split cylinder test can determine the ultimate tensile strength of a specimen, it does not provide an accurate depiction of softening response because of the test’s instability and the nonuniform stress gradient (Gergely and Sozen, 1967). As a result, an additional indirect tension test was necessary to determine the required fracture energy needed for the fracture mechanics model. This method is discussed in Chapter 4. 
	2.2 Epoxy-repaired Concrete Experiments 
	In addition to the plain concrete cylinders, an experimental procedure was created to evaluate the models’ ability to simulate epoxy-repaired concrete cylinders. The epoxy used was a Sealate T-70 High Molecular Weight Methacrylate (HMWM) by Transpo 
	In addition to the plain concrete cylinders, an experimental procedure was created to evaluate the models’ ability to simulate epoxy-repaired concrete cylinders. The epoxy used was a Sealate T-70 High Molecular Weight Methacrylate (HMWM) by Transpo 
	Industries (see Appendix B). This type of epoxy, recommended by GDOT for this research, is used in situations with thin cracks which require the gravity feed application type. Similar to the plain concrete experiments, the repaired concrete cylinders were tested in uniaxial compression and splitting tension to evaluate the strength and mechanisms of failure. 

	2.2.1 Specimens 
	In order to have a controlled cylinder geometry and design, plain concrete cylinders were modified such that they could be repaired with epoxy. Plain concrete cylinders were first cut on a tile cutter lengthwise as illustrated in Figure 14a and b. Then, in order to test the effect of cylinder size, some samples were cut into smaller sections. A series of 6 inch x 6 inch samples and 6 inch x 4 inch samples were created by cutting the lengthwise cut cylinders again as illustrated Figure 14c and d. 
	Once cut, the two halves’ faces were ground flat in order to have a smooth surface for bonding. Construction silicon caulk was then applied to the edges of the sides of the two halves and a slim cardboard spacer was placed at the top and bottom to create a “crack.” The two halves were then pushed and tightened together using hose clamps, as illustrated in Figure 15. The silicon caulk was allowed to cure for 24 hours. 
	Figure
	Figure 14. Epoxy-repaired specimens: (a) diagram of lengthwise cut on cylinders; (b) cutting of cylinder on tile cutter; (c) cut locations for 6 inch Samples; (d) cut locations for 4 inch samples. 
	Figure 14. Epoxy-repaired specimens: (a) diagram of lengthwise cut on cylinders; (b) cutting of cylinder on tile cutter; (c) cut locations for 6 inch Samples; (d) cut locations for 4 inch samples. 


	Figure
	Figure 15. Preparation of epoxy-repaired cylindrical specimen prior to inclusion of epoxy. 
	Figure 15. Preparation of epoxy-repaired cylindrical specimen prior to inclusion of epoxy. 


	The epoxy was a three-part mixture using three ingredients: Cobalt Napthenate promoter, CHP initiator, and propietary Sealate Resin. The ratio of the three ingredients was 75 mL : 150 mL: 1 gal, respectively (Transpo Industries, 2017). The epoxy was created using the following steps: 
	1. 
	1. 
	1. 
	The Cobalt Napthenate was measured in a clean gradient container. 

	2. 
	2. 
	The CHP initiator was measured in its own container.  

	3. 
	3. 
	The resin was measured in its own container. 

	4. 
	4. 
	The resin was poured into a heatproof mixing container, as the reaction is exothermic. 

	5. 
	5. 
	The Cobalt Napthenate was added to the resin in the mixing container. 

	6. 
	6. 
	The Cobalt Napthenate–resin mixture was stirred for 2 minutes. 

	7. 
	7. 
	The CHP initiator was added to the stirred Cobalt Napthenate–resin mixture and stirred again for 2 minutes. 


	The epoxy was poured into the top opening of the sample until the newly constructed “crack” was completely filled with High Molecular Weight Methacrylate as shown in Figure 16. The epoxy-repaired plain concrete was then allowed to cure for at least 48 hours before testing. 
	Figure
	Figure 16. Preparation of epoxy-repaired cylindrical specimen -inclusion of epoxy. 
	Figure 16. Preparation of epoxy-repaired cylindrical specimen -inclusion of epoxy. 


	2.2.2 Uniaxial Compression Experiments 
	Six inch x 12 inch epoxy-repaired concrete cylinders were tested in uniaxial compression. As these pre-repaired concrete cylinders were from the same batch as the plain concrete uniaxial compression cylinders, their sample age at testing was 153 days. Before modifications and repair, the concrete cylinders had cured and aged in the controlled fog room environment for 140 days. After the epoxy repair was completed and the epoxy was allowed to fully cure, the cylinders were tested in uniaxial compression foll
	The stress-stain behavior of the epoxy-repaired cylinders in compression, compared to the previously described Group 1 and Group 2 compression cylinders is shown in Figure 17. The epoxy-repaired concrete cylinders exhibited a similar elastic modulus as that of the Group 1 plain concrete cylinders. The similarity in modulus is likely due to the fact that the moisture content of the repaired concrete samples was closer to the moisture content of the Group 1 cylinders than the Group 2 cylinders. Using 
	The stress-stain behavior of the epoxy-repaired cylinders in compression, compared to the previously described Group 1 and Group 2 compression cylinders is shown in Figure 17. The epoxy-repaired concrete cylinders exhibited a similar elastic modulus as that of the Group 1 plain concrete cylinders. The similarity in modulus is likely due to the fact that the moisture content of the repaired concrete samples was closer to the moisture content of the Group 1 cylinders than the Group 2 cylinders. Using 
	the interpolation of data shown in Figure 7, it was determined that the approximate compressive strength of the concrete at 153 days is 5.5 ksi. The ultimate compressive strengths of the three repaired specimens are 5.49 ksi, 5.87 ksi, and 6.28 ksi, with an average of 5.88 ksi. It is assumed that the differences of strengths is associated with the the variability of concrete samples in compression, not the epoxy repair. 

	Figure
	Figure 17. Compressive stress-strain behavior of epoxy-repaired specimens compared with plain concrete cylinder specimens of the same 6 inch x 12 inch size. 
	Figure 17. Compressive stress-strain behavior of epoxy-repaired specimens compared with plain concrete cylinder specimens of the same 6 inch x 12 inch size. 


	During the experiment, the epoxy-repaired cylinders first fractured along the epoxy-repaired spline as shown in Figure 18a and they then failed in a columnar failure mode as shown in Figure 18b. From high-speed camera photographs, it was noted that the repaired concrete cylinders fractured at the concrete/epoxy interface well before any fracture was noticed in the concrete itself. This outcome supports the conclusion that the compressive strength of the repaired concrete is similar to the compressive streng
	During the experiment, the epoxy-repaired cylinders first fractured along the epoxy-repaired spline as shown in Figure 18a and they then failed in a columnar failure mode as shown in Figure 18b. From high-speed camera photographs, it was noted that the repaired concrete cylinders fractured at the concrete/epoxy interface well before any fracture was noticed in the concrete itself. This outcome supports the conclusion that the compressive strength of the repaired concrete is similar to the compressive streng
	load transfer or contribute to any strengthening of the surrounding concrete, which dominates the response. 

	Figure
	Figure 18. (a) Epoxy-repaired specimen at time 0:19; (b) compressive columnar failure at time 2:59. 
	Figure 18. (a) Epoxy-repaired specimen at time 0:19; (b) compressive columnar failure at time 2:59. 


	2.2.3 Splitting Tension Experiments 
	Epoxy-repaired concrete cylinders were tested in splitting tension. As these prerepaired concrete cylinders were from the same batch as the plain concrete splitting tension cylinders, their sample age upon testing was 153 days. Before modifications and repair, the concrete cylinders had cured and aged in the controlled fog room environment for 140 days. After the epoxy repair was completed and the epoxy was allowed to fully cure, the 6 inch x 12 inch splitting tension samples were tested following a procedu
	Epoxy-repaired concrete cylinders were tested in splitting tension. As these prerepaired concrete cylinders were from the same batch as the plain concrete splitting tension cylinders, their sample age upon testing was 153 days. Before modifications and repair, the concrete cylinders had cured and aged in the controlled fog room environment for 140 days. After the epoxy repair was completed and the epoxy was allowed to fully cure, the 6 inch x 12 inch splitting tension samples were tested following a procedu
	-
	-

	repaired cylinders in splitting tension, compared to the previously described Group 1 and Group 2 samples, is shown in Figure 19. 

	Figure
	Figure 19. Splitting tension test results of epoxy-repaired cylinder specimens compared with plain cylinder specimens of the same 6 x 12 inch size. 
	Figure 19. Splitting tension test results of epoxy-repaired cylinder specimens compared with plain cylinder specimens of the same 6 x 12 inch size. 


	The 6 inch x 12 inch splitting tension epoxy-repaired concrete specimens behaved similarly to the Group 1 plain concrete cylinders in terms of their elastic modulus. Like the repaired concrete compression samples, the repaired concrete tension samples had a moisture content that was more similar to the Group 1 plain concrete samples than to the Group 2 plain concrete samples. However, unlike the repaired concrete compression samples, the repaired concrete tension samples showed a visible decrease in tensile
	The 6 inch x 12 inch splitting tension epoxy-repaired concrete specimens behaved similarly to the Group 1 plain concrete cylinders in terms of their elastic modulus. Like the repaired concrete compression samples, the repaired concrete tension samples had a moisture content that was more similar to the Group 1 plain concrete samples than to the Group 2 plain concrete samples. However, unlike the repaired concrete compression samples, the repaired concrete tension samples showed a visible decrease in tensile
	mechanical interlock that a roughened surface provides (Courard, 2014; Czarnecki and Hola, 2016). 

	As with the plain concrete samples, a high-speed camera was used to capture the crack evolution of the repaired concrete in tension, which allowed for observational details of when and how the epoxy-repaired concrete failed. This is of particular importance for the repaired concrete samples, because the failure initiation location was not clear from post-test visual inspection. It was the high-speed video that demonstrated the interface of the epoxy and concrete was the primary initial fracture location. Th
	Figure
	Figure 20. Repaired concrete tension behavior at interface: (a) before failure, (b) crack initiation, and (c) at failure. 
	Figure 20. Repaired concrete tension behavior at interface: (a) before failure, (b) crack initiation, and (c) at failure. 


	2.2.4 Specimen Size Effect for Computational Efficiency 
	In order to evaluate the effect of sample size of the epoxy-repaired cylinders, six 6 inch x 6 inch and six 6 inch x 4 inch cylinders of epoxy-repaired concrete were tested and compared to the 6 inch x 12 inch cylinders. The primary goal was provide additional data at a reduced size in order to allow using smaller models in Phase II, hence decreasing runtimes. The stress-strain behavior of the repaired cylinder samples in splitting tension is shown in Figure 21 and the results are summarized in Table 5. 
	Figure
	Figure 21. Splitting tension test results of epoxy repaired concrete cylinder specimens of various sizes. 
	Figure 21. Splitting tension test results of epoxy repaired concrete cylinder specimens of various sizes. 


	Table 5. Summary of tensile strength of concrete cylinder specimens of various sizes. 
	Sample Size 
	Sample Size 
	Sample Size 
	Average Tensile Strength (ksi) 
	Percent Difference From 6 inch x 12 inch 

	6 inch x 12 inch 
	6 inch x 12 inch 
	0.23 
	0% 

	6 inch x 6 inch 
	6 inch x 6 inch 
	0.20 
	13% 

	6 inch x 4 inch 
	6 inch x 4 inch 
	0.13 
	46% 


	The impact of the dimensions of the repaired cylinder on the average tensile strength was characterized by the percent difference between the average tensile strength of the smaller sample to the average tensile strength of the 6 inch x 12 inch repaired samples. A clear impact of the size of the sample is seen in the testing of the 6 inch x 4 inch samples with a 46% difference with the 6 inch x 12 inch samples. In comparison, the difference between the 6 inch x 6 inch samples and the 6 inch x 12 inch sample
	CHAPTER 3.MORTAR CYLINDER EXPERIMENTS 
	3.1 Plain Mortar Experiments 
	DEM models in Phase II are tasked with characterizing fracture patterns in plain concrete. The models require calibrating the mechanical parameters of particulate elements and bonds. The calibration is done in two steps: (i) calibration of the parameters of particulate elements and bonds in mortar; (ii) calibration of the parameters of particulate elements and bonds in aggregates and calibration of the parameters of the mortar/aggregate bonds. In order to fulfill objective (i), mortar cylinder tests were co
	3.1.1 Material 
	The mix design of the mortar was very similar to the mix design used in the plain concrete cylinder experiments. The mortar samples were made using the same ratio of cement to water (0.38) and the same ratio of cement to fine aggregates (0.72) as for the mortar matrix of the plain concrete samples. The mix design of mortar used is given in Table 6. 
	Table 6. Mortar mix properties. 
	Material 
	Material 
	Material 
	Weight Fraction 

	Cement 
	Cement 
	36% 

	Water 
	Water 
	50% 

	Fine Aggregates 
	Fine Aggregates 
	14% 


	The mortar was mixed by hand using the following steps: 
	1. 
	1. 
	1. 
	The fine aggregate (sand) and cement were added to a large container 

	2. 
	2. 
	The sand and cement were fully mixed together using a mortar hoe 

	3. 
	3. 
	The water was added to mixture 

	4. 
	4. 
	The mortar mixture was fully combined using a mortar hoe 

	5. 
	5. 
	The mixture was poured into cylinder molds 


	3.1.2 Specimens 
	Two batches of mortar were produced. The first batch of mortar was made to determine the size effect of the mortar cylinders for specimen selection. Due to computational constraints, the model could only consider cylinders of 6 inch x 6 inch in tension. Sample sizes of 6 inch x 4 inch, 6 inch x 3 inch, and 6 inch x 2 inch are more computationally efficient. In order to ensure the most reliable tests, experiments were conducted to find the sample size that ensured the most consistent results. The following s
	• 
	• 
	• 
	Three 6 inch x 12 inch mortar in splitting tension 

	• 
	• 
	Three 6 inch x 4 inch mortar in splitting tension 

	• 
	• 
	Three 6 inch x 3 inch mortar in splitting tension 

	• 
	• 
	Two 6 inch x 2 inch in splitting tension 


	The tensile stress-strain results of the splitting tension experiments for specimens of various sizes are shown in Figure 22. A summary of the average ultimate values as well as the coefficients of varitaion (COV) are given in Table 7. 
	Figure
	Figure 22. Splitting tension test results of mortar cylinder specimens of various sizes. 
	Figure 22. Splitting tension test results of mortar cylinder specimens of various sizes. 


	Table 7. Summary of average tensile strength and coeffiecient of variation of mortar specimens of various sizes. 
	Sample Size 
	Sample Size 
	Sample Size 
	Average Tensile Strength (ksi) 
	Coefficient of Variation (COV) 

	6 inch x 12 inch 
	6 inch x 12 inch 
	0.351 
	18% 

	6 inch x 4 inch 
	6 inch x 4 inch 
	0.558 
	3% 

	6 inch x 3 inch 
	6 inch x 3 inch 
	0.376 
	12% 

	6 inch x 2 inch 
	6 inch x 2 inch 
	0.455 
	N/A 


	The choice of which specimen size to use was judged based on the cofficient of variation (COV) of each size, consistency in failure mode, and average tensile strength. According to the literature, mortar alone should have a higher strength than the equivalent concrete matrix with the same water to cement ratio (Hillerborg, 1985; Alexander and Mindess, 2014). The 6 inch x 4 inch samples were chosen because they 
	The choice of which specimen size to use was judged based on the cofficient of variation (COV) of each size, consistency in failure mode, and average tensile strength. According to the literature, mortar alone should have a higher strength than the equivalent concrete matrix with the same water to cement ratio (Hillerborg, 1985; Alexander and Mindess, 2014). The 6 inch x 4 inch samples were chosen because they 
	had the lowest COV, provided the most consistent failure mode, and had a tensile strength greater than the concrete at 28 days. An example of the 6 inch x 4 inch typical breaking pattern is illustrated in Figure 23. 

	Figure
	Figure 23. Typical failure patterns of a 6 inch x 4 inch mortar specimen. 
	Figure 23. Typical failure patterns of a 6 inch x 4 inch mortar specimen. 


	3.1.3 Compression Experiments 
	A second batch of mortar using the same mix design and process was produced. This mixture was used to cast 6 inch x 4 inch mortar tension samples and 4 inch x 8 inch mortar compression samples. The results of the compression experiments are presented in this section and the following. 
	The 4 inch x 8 inch mortar compression specimens were tested to find the uniaxial compression strength using a method based on ASTM C39. The compressive stress-strain behaviour for the three samples is shown in Figure 24. The average compressive strength of the mortar was 9.53 ksi. Consistent with the literature, the compressive strength of the mortar was found to be roughly twice that of the plain concrete with the same water content. The shear and columnar failure patterns exhibited by the mortar samples 
	Figure
	Figure 24. Compressive test results of mortar 4 inch x 8 inch cylinder specimens. 
	Figure 24. Compressive test results of mortar 4 inch x 8 inch cylinder specimens. 


	Figure
	Figure 25. Typical failure pattern of a mortar specimen. 
	Figure 25. Typical failure pattern of a mortar specimen. 


	3.1.4 Splitting Tension Experiments 
	The 6 inch x 4 inch mortar tension specimens made of the second batch were tested to determine the splitting tensile strength using a method based on ASTM C496. In addition to the 6 inch x 4 inch samples, the three 4 inch x 8 inch mortar samples were tested to obtain additional comparative data points for future research as the computer models are refined. The splitting tensile stress-strain curves are shown in Figure 26. 
	Consistent with the literature (Monteiro, 2006; Alexander and Mindess, 2014), the splitting tensile strength of the mortar (0.68 ksi) was found to be roughly twice that of the plain concrete (0.36 ksi) at the same water content. An example of the typical crack propagation of the 6 inch x 4 inch mortar sample is shown in Figure 27. The figure shows the specimen before any cracks develop, at the onset of cracking near the midline, and the specimen at the ultimate tensile strength. 
	Figure
	Figure 26. Splitting tension test results of mortar cylinder specimens of various sizes. 
	Figure 26. Splitting tension test results of mortar cylinder specimens of various sizes. 


	Figure
	Figure 27. Behavior of mortar during splitting tension test: (a) before crack develops; (b) at onset of cracking; (c) at ultimate strength. 
	Figure 27. Behavior of mortar during splitting tension test: (a) before crack develops; (b) at onset of cracking; (c) at ultimate strength. 


	CHAPTER 4. BEAM EXPERIMENTS 
	The experiments presented in this chapter are divided into two categories: unreinforced concrete beam experiments (Section 4.1) and reinforced concrete beam experiments (Section 4.2). For both categories, experiments were conducted on “as-built” and epoxy-repaired concrete beams. 
	4.1 Unreinforced Beam Experiments 
	The unreinforced beams were designed to be experimentally characterized using Hillerborg’s three-point bend test. To determine the flexural strength and fracture energy of the concrete, a specialized three-point bend test on a notched beam was used. This test was derived from Hillerborg and others’ experiments during their development of the ficitious crack model (FCM) (Hillerborg, 1985). A diagram of the fracture energy three-point bend test developed by Hillerborg is shown in Figure 28. With some geometri
	Figure
	Figure 28. Schematic of notched three-point bend test. 
	Figure 28. Schematic of notched three-point bend test. 


	4.1.1 Specimens 
	The unreinforced beams were cast using the same concrete that was used to produce the concrete cylinders discussed in Section 2.1.2. Since the three-point bend test is sensitive to the length of the beam, beams of both three-foot and four-foot lengths were cast using in-house using wooden formworks, shown in Figure 29. Beams of both lengths had a cross-section of 6 inch x 10 inch. Drawings of the beams are included in Appendix 
	A. Seventy-two hours after casting, the beams were demolded and placed in a controlled fog room environment for curing. At 56 days, the beams were removed from the controlled environment and allowed to age at ambient temperatures until their test date. As previously discussed in Chapter 2, plain concrete cylinder samples were tested in uniaxial compression and splitting tension each week throughout the duration of beam testing to quantify the compressive and tensile strength of the beam. The unreinforced be
	Figure
	Figure 29. Concrete beam formwork. 
	Figure 29. Concrete beam formwork. 


	Figure
	Figure 30. Notching of concrete beams with masonry saw. 
	Figure 30. Notching of concrete beams with masonry saw. 


	To achieve a “repaired” concrete state, the unreinforced beams of both 3 feet and 4 feet of length were cut completely into two halves and then reattached by the same HMWM epoxy as the one used in the repaired concrete cylinders. The following describes the methodology used to prepare the unreinforced beam for repair with epoxy: 
	1. 
	1. 
	1. 
	The unreinforced beam was cut into two halves with a masonry saw (Figure 31). 

	2. 
	2. 
	The notched region was prepared by inserting a single wall corrugated cardboard with thickness of 0.125 inch between the two halves (Figure 32a). 

	3. 
	3. 
	Construction silicon caulk was applied at the border of the repaired section on one half of the beam (Figure 32b). 

	4. 
	4. 
	The two halves were compressed together, making sure they were aligned, and were tighten using long clamps (Figure 33). 

	5. 
	5. 
	Any silicon that escaped the notch was smoothed out and more silicon was applied to securely seal the repaired section, if needed. 

	6. 
	6. 
	The silicon was allowed to cure for at least 24 hours before applying epoxy. 


	Figure
	Figure 31. Preparation of epoxy-repaired beam: beam cut in half with masonry saw. 
	Figure 31. Preparation of epoxy-repaired beam: beam cut in half with masonry saw. 


	Figure
	Figure 32. Preparation of epoxy-repaired beam: (a) diagram of silicon caulk and spacer placement; (b) silicon edging and cardboard spacer. 
	Figure 32. Preparation of epoxy-repaired beam: (a) diagram of silicon caulk and spacer placement; (b) silicon edging and cardboard spacer. 


	Figure
	Figure 33. Preparation of epoxy-repaired beam: repaired beam clamped together for curing. 
	Figure 33. Preparation of epoxy-repaired beam: repaired beam clamped together for curing. 


	Once the silicon was cured, the HWMM was mixed. The epoxy was a three-part mixture using three ingredients with a 75 mL:150 mL:1 gal ratio of Cobalt Napthenate promoter, CHP initiator, and propietary Sealate Resin, respectively (Transpo Industries, 2017). The epoxy was mixed with the same steps as with the epoxy-repaired cylinders, given in Section 2.2.1. The epoxy was then poured into the created “crack,” shown in Figure 34a. Steel plates were used to guide the epoxy into the “crack” until it was completel
	Figure
	Figure 34. Preparation of epoxy-repaired beam: (a) "crack" opening of the repaired concrete beam; (b) pouring epoxy into “crack” 
	Figure 34. Preparation of epoxy-repaired beam: (a) "crack" opening of the repaired concrete beam; (b) pouring epoxy into “crack” 


	4.1.2 Experimental Setup 
	The setup of the three-point bend experiment is shown in Figure 35. A 50-kip, Interface 1220AO-50k load cell was connected to an Interpac hydraulic jack to apply a load at a rate of approximately 2 kips per minute. The notched unreinforced beams were set on roller supports to limit the effect of friction on the results. As the focus of these tests was to determine the fracture energy of the concrete, the two measurements of interest were global deflection and crack opening versus the load applied. 
	Figure
	Figure 35. Three-point bend experimental setup. 
	Figure 35. Three-point bend experimental setup. 


	To ensure redundancy in measuring the crack opening, two methods of measurement were used: a lateral variable differential transmitter (LVDT) and an extensometer. The RDP DCTH200AG LVDT used in this experiment had a maximum travel of +/-0.2 inch. The extensometer used in this experiment was an MTS 6.3203E-20 clip-on extensometer with a maximum travel of +/-0.15 inch. Both measuring devices are shown in the photo in Figure 36. 
	Figure
	Figure 36. Crack opening instrumentation: LDVT and extensometer. 
	Figure 36. Crack opening instrumentation: LDVT and extensometer. 


	To ensure redundancy in measuring the global deflection of the beam, two methods of measurement were used: a stringpot gauge and digital image correlation (DIC). A Celesco PT1A-50-UP-500-M6_SG stringpot gauge was connected to a hook attached to the front face of the beam. This attachment is shown in Figure 37. The hook was connected to the beam using a small L-brace and fishing wire in order to prevent warping in the string pot. 
	Figure
	Figure 37. Deflection instrumentation: stringpot. 
	Figure 37. Deflection instrumentation: stringpot. 


	Digital Image Capture (DIC) was used to globally evaluate how the beam reacted to the applied load. A Sony RX10 Digital camera, which is capable of filming 1,000 fps 
	Digital Image Capture (DIC) was used to globally evaluate how the beam reacted to the applied load. A Sony RX10 Digital camera, which is capable of filming 1,000 fps 
	over a four second duration was used to measure the beam, which had its entire front face painted white and marked with black dots for tracking. This treatment is referred to as a “DIC surface,” for simplicity. Although, the DIC system was not sensitive enough to measure the relatively small deflection of the unreinforced notched beams before total failure, it did provide valuable information about the beam’s global behavior. As a result, the stringpot was the main source of quantitative deflection data for

	4.1.3 Results 
	One of objectives of the three-point bend test was to find the fracture energy directly from the unreinforced notched beams. The crack mouth opening displacement was successfully captured by both the extensometer and the LVDT until the peak load. After peak load, the beams failed in a brittle maner within a short period of time, usually less than 1 second. As a result of this brittle failure and the associated sudden dramatic increase of crack opening, the extensometer and LVDT typically detach from the bea
	4.1.3.1 Three-foot Beam Experiments 
	Five three-foot beams were successfully tested: three “as-built” specimens and two epoxy-repaired specimens. The applied load versus deflection behavior and the corrosponding crack opening displacement of the three-foot unreinforced notched beams are shown in Figure 38. In general, the epoxy-repaired beams performed better in terms of ultimate capacity than the intact concrete beams and also exhibited a slightly greater stiffness. An image of the typical failure of an “as-built” unreinforced notched three-f
	Five three-foot beams were successfully tested: three “as-built” specimens and two epoxy-repaired specimens. The applied load versus deflection behavior and the corrosponding crack opening displacement of the three-foot unreinforced notched beams are shown in Figure 38. In general, the epoxy-repaired beams performed better in terms of ultimate capacity than the intact concrete beams and also exhibited a slightly greater stiffness. An image of the typical failure of an “as-built” unreinforced notched three-f
	beam can be seen in Figure 39 and the epoxy-repaired behavior can be seen in Figure 40. The epoxy-repaired concrete exhibited cracking within the concrete rather than along the interface. 

	Figure
	Figure 38. Test results of three-foot unreinforced concrete beams: (a) applied load versus vertical deflection at mid-span; (b) applied load versus crack opening displacement at mid-span. 
	Figure 38. Test results of three-foot unreinforced concrete beams: (a) applied load versus vertical deflection at mid-span; (b) applied load versus crack opening displacement at mid-span. 


	Figure
	Figure 39. Three-foot “as-built” unreinforced concrete beam behavior. 
	Figure 39. Three-foot “as-built” unreinforced concrete beam behavior. 


	Figure
	Figure 40. Three-foot epoxy-repaired unreinforced concrete beam behavior. 
	Figure 40. Three-foot epoxy-repaired unreinforced concrete beam behavior. 


	4.1.3.2 Four-foot Beam Experiments 
	After testing the three-foot beams, four four-foot beams were tested: two “asbuilt” specimens and two epoxy-repaired specimens. The experimental setup was altered to accommodate the larger beams by moving the location of the roller supports on the reaction frame. The load versus deflection curves and the corrosponding crack opening displacement of the four-foot unreinforced notched beams is shown in Figure 41. Similar to the three-foot beams, the epoxy-repaired beams, in general, performed better in terms o
	After testing the three-foot beams, four four-foot beams were tested: two “asbuilt” specimens and two epoxy-repaired specimens. The experimental setup was altered to accommodate the larger beams by moving the location of the roller supports on the reaction frame. The load versus deflection curves and the corrosponding crack opening displacement of the four-foot unreinforced notched beams is shown in Figure 41. Similar to the three-foot beams, the epoxy-repaired beams, in general, performed better in terms o
	-

	an “as-built” unreinforced notched four-foot beam can be seen in Figure 42 and the epoxy-repaired behavior can be seen in Figure 43. The epoxy-repaired concrete exhibited cracking within the concrete rather than along the interface. 

	Figure
	Figure 41. Test results of four-foot unreinforced concrete beams: (a) applied load versus vertical deflection at mid-span; (b) applied load versus crack opening displacement at mid-span. 
	Figure 41. Test results of four-foot unreinforced concrete beams: (a) applied load versus vertical deflection at mid-span; (b) applied load versus crack opening displacement at mid-span. 


	Figure
	Figure 42. Four-foot “as-built” unreinforced concrete beam behavior. 
	Figure 42. Four-foot “as-built” unreinforced concrete beam behavior. 


	Figure
	Figure 43. Four-foot epoxy-repaired unreinforced concrete beam behavior. 
	Figure 43. Four-foot epoxy-repaired unreinforced concrete beam behavior. 


	4.2 Reinforced Beam Experiments 
	The second beam type tested were reinforced concrete beams and included experiments of both “as-built” and epoxy-repaired specimens. In total, four reinforced concrete beams were tested. These beams were used to understand and quantify the effect of epoxy repair of various size cracks on the beam’s capacity with an application that is similar to that in the field. 
	4.2.1 Specimens 
	The beams were constructed in a manner similar to those described in Section 4.1.1, but these beams had the inclusion of reinforcing steel and no notch was cut. The beams were cast on the same day as the notched beams and the concrete cylinders. Thus, the cylinder experiments of Chapter 3 can be used to quantify the material parameters of the beams. The beams were 4 feet in length and had a 6 inch x 10 inch cross section. The beams were longitudinally reinforced with two #6 rebars of 60 ksi steel. Structura
	4.2.2 Experimental Setup & Procedure 
	The reinforced concrete beams used the same test setup as the unreinforced beams, except that crack monitoring gauges were not used because there was no notch. Instead, only the stringpot and DIC were used to measure the beam’s deflection. The first experiment used a beam in its “as-built” configuration. The beam was tested to failure. The failure of the control beam is shown in Figure 44. This beam was used to observe the various crack sizes that were formed under different applied loadings (with associate
	Figure
	Figure 44. Behavior of “as-built” reinforced concrete beam at failure. 
	Figure 44. Behavior of “as-built” reinforced concrete beam at failure. 


	The remaining three reinforced concrete beams were loaded until minor hairline cracks (second beam) and major cracks (third and fourth beam) formed. Note that the definition of “minor” and “major” cracks was internal to Georgia Tech and does not necessarily correspond to any internal GDOT definitions of crack sizes. “Minor cracking” refers to cracks under the 0.006 in PCI minimum for epoxy injection. “Major cracking” refers to cracks at or above that limit. Once the cracks developed, the beams were unloaded
	The remaining three reinforced concrete beams were loaded until minor hairline cracks (second beam) and major cracks (third and fourth beam) formed. Note that the definition of “minor” and “major” cracks was internal to Georgia Tech and does not necessarily correspond to any internal GDOT definitions of crack sizes. “Minor cracking” refers to cracks under the 0.006 in PCI minimum for epoxy injection. “Major cracking” refers to cracks at or above that limit. Once the cracks developed, the beams were unloaded
	-

	point bend test setup as was used in the four-foot unreinforced four-foot beam experiments. 

	4.2.3 Results 
	The load versus deflection curve of the “minor crack” repair beam in comparison to the “as-built” beam is shown in Figure 45. The first peak shown on the graph represents the loading until the minor crack formed, as shown in Figure 46a. At this point, the beam was unloaded and repaired by epoxy. After the epoxy repair had finished curing, the beam was reloaded until the second peak occurred. Marked on the graph, this point represents the failure of the beam post-repair. This failure can be seen in Figure 46
	-

	Figure
	Figure 45. Load-deflection behavior of reinforced concrete beam repaired after minor cracks compared to as-built beam. 
	Figure 45. Load-deflection behavior of reinforced concrete beam repaired after minor cracks compared to as-built beam. 


	Figure
	Figure 46. Behavior of reinforced concrete beam: (a) at minor crack development; (b) at failure. 
	Figure 46. Behavior of reinforced concrete beam: (a) at minor crack development; (b) at failure. 


	The experiment was repeated on two beams that exhibited major cracks before repair. The load versus deflection behavior of the “major crack” repaired beams in 
	The experiment was repeated on two beams that exhibited major cracks before repair. The load versus deflection behavior of the “major crack” repaired beams in 
	comparison to the “as-built” beam is shown in Figure 47. The first peak shown on the graph represents the loading until the major crack formed. The DIC analysis of this is shown in Figure 48a. As shown in the analysis, the major crack appears in the concentrated red section as the dots in this region displaced the most from their original position. The second peak before complete failure represents the capacity of the beam after the epoxy repair. The DIC analysis of this event is shown in Figure 48b and a p
	-


	Figure
	Figure 47. Load-deflection behavior of reinforced concrete beams repaired after major cracks compared to as-built beam. 
	Figure 47. Load-deflection behavior of reinforced concrete beams repaired after major cracks compared to as-built beam. 


	Figure
	Figure 48. Behavior of epoxy-repaired reinforced concrete beam via DIC: (a) at major crack development; (b) at failure. Values in inches. 
	Figure 48. Behavior of epoxy-repaired reinforced concrete beam via DIC: (a) at major crack development; (b) at failure. Values in inches. 


	Figure
	Figure 49. Behavior of epoxy-repaired reinforced concrete beam at failure. 
	Figure 49. Behavior of epoxy-repaired reinforced concrete beam at failure. 


	The beams that were repaired after major cracks showed significant increases in capacity compared to both the as-built beam and the beam repaired after minor cracking. 
	One possible reason is that the relatively wider cracks on the beams loaded to major cracking allowed the epoxy to penetrate more deeply into the beam. During the repair of beams after major cracking, visible epoxy droplets formed on the other side of the beams, indicating that the epoxy went through the entire section of the cracked beams. In contrast, this phenomena was not observed during the repair of the beam after minor cracking, indicating that the relatively narrower cracks on the beam loaded to min
	Another possible reason for this capacity change is that epoxy repair may alter the force distribution inside the beam, and thus, the failure mechanisms and changed the overall capacity. As Figure 48 shows, major cracks appeared on the right side of the beam when initially loaded. After unloading and repairing, the beam failed with major cracks on the left side when it was loaded again. This is possibly because the epoxy repair penetrated into the right side of the beam through major crackes, which occurred
	CHAPTER 5. SUMMARY & CONCLUSIONS 
	The main contributions and conclusions from the the Phase III research project as are follows: 
	1. 
	1. 
	1. 
	The research team developed and executed an experimental method to characterize epoxy-repaired concrete cylinders via uniaxial compression and splitting tension. The experiments, which included cutting plain concrete cylinders and repairing them using epoxy, were conducted to provide mechanical properties as well as qualititative data (via high-speed cameras) to calibrate the Phase II models. 

	2. 
	2. 
	Uniaxial and splitting tension experiments were conducted on plain mortar cylindrical specimens in order to provide mechanical properties of the mortar as a separate material. Studies on specimen size effect were conducted in order to determine the most computationally-efficient DEM sample size for the Phase II models. 

	3. 
	3. 
	Unreinforced concrete beam experiments were conducted on notched specimens. These tests included both plain concrete beams and beams that were repaired with an epoxy layer at a cut made directly above the notch. In all experiments involving the epoxy-repaired specimens, the crack initiated at the notch and then propagated through the concrete, away from the interface. The epoxy-repaired specimens exhibited slightly higher ultimate strengths than the plain, notched specimens. These experiments provided calib
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