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SUMMARY

In 2017, the overall grade of U.S. infrastructure was D+, which means that most of the

infrastructure was judged structurally de�cient. With the current structural ageing rate and

maintenance frequency, almost half of the national bridges will require a major structural

investment within the next 15 years. Naturally, the importance of preventive design (ex

ante) and maintenance (ex post) was stressed in many previous studies that aimed to assess

reparation techniques. Due to its economical and practical bene�ts, polymer injection is

widely employed to repair cracks in concrete structures. In this thesis, we investigate the

mechanisms of mechanical recovery in concrete repaired by epoxy at atomic and metric

scales.

The �rst part of the thesis presents Molecular Dynamics (MD) models of concrete/epoxy

interfaces. We focus on High Molecular Weight Methacrylate (HMWM), which is an

epoxy resin commonly used in construction. We �rst propose an MD procedure to build

cross-linked HMWM. The MD model can reproduce the mass density and the glass tran-

sition temperature measured during annealing tests reported in the literature. MD pull-

out tests on calcite/HMWM and silica/HMWM interfaces show that the tensile strength

of concrete/HMWM interfaces is optimal in dry conditions and at low temperatures. Sil-

ica/HMWM interfaces are stronger than the calcite/HMWM interfaces. MD simulations

are conducted at a high strain rate due to computational cost limitations, but Richeton's

model and Johnson-Cook model are employed to predict the tensile modulus of HMWM

and the interfacial strength between HMWM/concrete minerals at a low strain rate. In

order to investigate whether or not interlocking plays an important role in interface shear

strength, we simulate shear deformation tests with silica/polymer interfaces, in which the

substrate is either smooth or rough (with and without a notch). On the basis of extensive

parametric studies, we show that the �lling ratio of the interface model increases as temper-
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ature and injection pressure increase and as the polymer chain length decreases. Interface

shear strength does not depend signi�cantly on temperature, unless the temperature reaches

400K, which is the melting temperature of the polymer. Under same conditions, the shear

strength of an interface with a notch is 1.5 times larger than that of an interface without a

notch. In both mode I and in mode II, MD results indicate that the work of separation is

85% non-bonded energy, i.e., the resistance to interface failure is mostly attributed to van

der Waals forces.

The second part of the thesis provides insights into the mechanical behavior of repaired

concrete at the metric scale. We present a numerical modeling approach based on the Finite

Element Method (FEM), in which HMWM joints and cracks repaired by HMWM are rep-

resented by cohesive zone elements (CZEs) with bilinear softening, embedded in a mesh

of volume elements that are assigned a damage-plasticity model. The model is calibrated

against experimental results obtained on cut and sealed concrete specimens and veri�ed

against data generated from testing reinforced concrete (RC) beams and Pre-Stressed Con-

crete (PSC) beams. Experimental data on cut and sealed concrete and on repaired RC

beams was generated by Dr. Stewart's group at Georgia Tech, and data on non-repaired

PSC beams was found in the literature. The RC beams were subjected to a three-point

bending test to produce cracks, and cracks were �lled with HMWM by gravity �lling. The

repaired RC beams were reloaded until failure. We present a method based on Digital Im-

age Correlation (DIC) to identify the zones of high maximum principal strain generated

after the �rst loading cycle. We simulate the second loading cycle for several reparation

scenarios, where the HMWM �lling ratio is varied in the zones of high strain. Simulation

results suggest that HMWM can penetrate cracks of width 0.01 mm and above by gravity.

We also �nd that HMWM reparation increases concrete stiffness and strength if cracks in

concrete members are over 0.1 mm in width, in which case, the load capacity of repaired RC

beams is 30 to 40% higher than that of as-built RC beams. We also simulate pre-stressing,
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strand release, and four-point loading of PSC girders. We �nd that the load capacity of a

PSC girder damaged by pre-stressing and then repaired would be about 7% higher than that

of the as-built PSC girder. At the same volume fraction of rebar, an RC girder has a load

capacity that is about half of that of the PSC girder. The addition of HMWM in a zone of

damage similar to the pre-stressing damage zone would increase the load capacity of the

RC girder by 50%, reaching 75% of the load capacity of the as-built PSC girder. Compared

to the as-built girders, pre-damaged girders exhibit a loss of stiffness of 20 to 25% and a

loss of load capacity of up to 15%. Results show that reparation allows recovery of both

stiffness and strength. Repaired girders sometimes even exhibit a higher load capacity than

the as-built PSC girders.
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CHAPTER 1

INTRODUCTION

1.1 Background and motivations

In 2008, 30% of the $60 billion federal transportation funds were used to build new roads

or add capacity to existing roads, and 13% to repair bridges. More than 9.1% of the na-

tion's roughly 600,000 highway bridges are currently classi�ed as “structurally de�cient,”

according to the Federal Highway Administration (FHWA). In 2010, 200,000 highway

bridges had exceeded their expected lifespan of 50 years (Figure 1.1). “At the current rates

of aging and replacement, almost half of the nation's bridges will require major structural

investments within the next 15 years” [1]. In this context, it is of primary importance to

assess the actual mechanical integrity of cracked structural components in bridges.

Figure 1.1: Status and overall grade of infrastructure in the United States [2].

Furthermore, the sustainability and durability of concrete structures are signi�cant con-

cerns in both developed and developing countries. For instance, in the United States, the

most destructive cause of early deterioration of steel-reinforced concrete bridges is steel
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chloride-ion-induced corrosion [3]. To ensure the sustainability of concrete structures, it

is critical to delay the travel time of chloride ions to the steel reinforcements as much as

possible. Local application of sealants is viewed as an excellent way to repair shrinkage

cracks in the early stages of crack propagation. An extensive literature review of deck

sealants and crack sealants was reported in, concluding that epoxies and High-Molecular-

Weight-Methacrylate (HMWM) were the best-performing sealants: epoxies allow recover-

ing �exural strength but can only be injected in larger cracks, while HMWM can ef�ciently

penetrate narrow cracks and reduce the permeability of concrete [4]. These conclusions are

supported by recent studies investigating the sealing potential of HMWM for concrete air-

�eld pavements [5]. HMWM is recommended to repair cracks of various widths and is

used to clog cracks and to restore the structural bond strength of concrete in bridge decks

[6, 7, 8].

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

subjected to a vital compression induced by the relaxation of tension in the bars, which

opens longitudinal cracks along the horizontal axis. Reactions at the supports cause shear

stress, which sometimes translates into additional diagonal cracks at the ends of the gird-

ers. 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, see Figure 1.2.

Recommendations on the use of epoxy for concrete crack repair are provided in Ta-

ble 1.1, Table 1.2 and Table 1.3. The National Cooperative Highway Research Program

(NCHRP) recommendations are as follows : Accept the girders if longitudinal cracks are

less than 0.012 in [10]. 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;

reject the girder (and replace it) if cracks are wider than 0.05 in. The Precast Concrete In-

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

those that can be repaired, and those that must be rejected [11]. The PCI guide has more
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Figure 1.2: Typical end zone crack patterns : (1) Diagonal crack (2) Flange Bottom crack
(3) Vertical crack (4) Longitudinal crack [9].

detailed troubleshooting and reparation procedures, depending on the cracks' location, ori-

entation, length, and width. It speci�es a minimum width for epoxy repair beginning at

0.006 inches. To inject and repair cracks effectively, the PCI provides the following epoxy

reparation procedures:

� Step 1. Clean the areas adjacent to cracks, and do not use corrosive products.

� Step 2. Apply an appropriate surface seal, and allow suf�cient curing time.

� Step 3. Install injection ports at intervals not less than eight inches considering pump

pressure and injection equipment.

� Step 4. For a horizontal crack, begin at either end of the crack. For a vertical crack,

start at the lowest port. Continue until the adhesive reaches the next port.

� Step 5. Continue the injection procedure until the crack is �lled.

� Step 6. If the injection is complete, allow the epoxy adhesive to cure for the appro-

priate period of time.

� Step 7. Remove the surface seal by grinding.
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� Step 8. If the face of the beam is not to be subsequently texture-coated, then apply

the cement mix.

Table 1.1: Concrete reparation criteria [NCHRP 654] [12]

Crack width [in] Action
Crack width< 0.012 No repair

0.012< Crack width< 0.025 Filling cracks with approved cementitious material
0.025< Crack width< 0.05 Crack repair with epoxy

Crack width> 0.05 Reject PSC girders

Table 1.2: Concrete reparation criteria [PCI National survey] [12]

Crack width [in] Action
Crack width< 0.007 Surface sealing

0.007< Crack width< 0.025 Epoxy injection
Crack width> 0.025 Reject beam

Table 1.3: Epoxy reparation criteria [ACI committee 224 report] [13]

Crack width [in] Exposure condition
Crack width< 0.012 Concrete exposed to humidity
Crack width< 0.007 Concrete subjected to deicing chemicals
Crack width< 0.006 Concrete exposed to seawater, wetting and drying cycles

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 [14] (Figure 1.3). It was also shown that epoxy injection can increase the fatigue

resistance of cracked mortar, but that the mechanical performance of repaired concrete

decreases as temperature increases [15] (Figure 1.4). In general, repaired beams exhibit a

more brittle behavior than intact or corroded beams [16]. The model proposed by Bardella

adequately describes the nonlinear viscoelastic behavior of epoxy resins in the glassy state

[17]. But no model has ever been presented to predict the behavior of cracked concrete

repaired by epoxy.
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Figure 1.3: Uniaxial test with (a) a damaged concrete cube, (b) a concrete cube repaired
with epoxy resin [14]

Figure 1.4: Number of loading cycles until failure in concrete samples: (a) repaired by hard
epoxy resin, (b) repaired by soft epoxy resin [15]
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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 in-

cludes crack propagation, crack reparation, and reparation.

1.2 Objectives and methods

This research aims to gain a fundamental understanding of the parameters that govern frac-

ture propagation and control fracture patterns in concrete and assess the mechanical prop-

erties of concrete repaired by epoxy deposition. We present original numerical approaches

based on Molecular Dynamics (MD) for atomistic scale analyses, and based on the Fi-

nite Element Method (FEM), for metric scale simulations. We aim to design reparation

techniques that can be applied based on simple criteria such as crack size and location.

At the molecular scale, the in�uence of environmental factors (such as temperature and

humidity) on the interface strength between high molecular weight methacrylate (HMWM)

and concrete minerals is investigated with MD. We also study the in�uence of injection

pressure, crack surface roughness, and strain rate on the stiffness and strength of the con-

crete/HMWM interface. At the metric scale, we simulate uniaxial compression tests and

three-point bending tests on plain concrete specimens and cut-and-repaired specimens with

the Finite Element Method. We also conduct three-point bending tests on reinforced con-

crete (RC) beams, and we calculate the strain �eld before and after reparation. We simulate

the experiments. After validating the model, we analyze the sensitivity of the mechanical

response of the RC beam to the width of the cracks being repaired. Lastly, the models

are used to assess the mechanical response of damaged and repaired pre-stressed concrete

girders.

1.3 Plan of the thesis

Chapter 2 of this thesis presents a literature review on concrete reparation techniques and

sealants commonly sued in construction. We also summarize state-of-the-art numerical
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approaches for modeling fracture propagation in as-built and repaired concrete, both at

molecular and metric scales. Chapter 3 discusses the in�uence of environmental factors on

the atomic scale tensile strength of concrete minerals/epoxy interfaces. Chapter 4 presents a

series of MD simulations aimed at understanding how to inject epoxy effectively in smooth

and rough concrete cracks. The sensitivity of the shear strength of the polymer/concrete in-

terface to injection pressure, temperature, chain length, and deformation rate is analyzed by

means of MD simulations of cross-linking and injection followed by sliding. Chapter 5 ex-

plains the calibration and validation of a Finite Element model of repaired concrete against

laboratory test results obtained in collaboration with Dr. Lauren Stewart's research group.

We present an original simulation approach that combines Continuum Damage Mechanics

(volume elements) and discrete fracture mechanics (cohesive elements). In Chapter 6, we

focus on the numerical simulation of repaired reinforced concrete (RC) beams and repaired

Prestressed Steel-reinforced Concrete (PSC) beams. We present sensitivity analyses of PSC

beam failure mechanisms to fracture density, length, and width, as well as epoxy-�lling ra-

tio. Chapter 7 summarizes the conclusions drawn from this doctoral research work.
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CHAPTER 2

LITERATURE REVIEW

2.1 Reparation techniques

Crack propagation in concrete structures is regarded as a signi�cant problem in life cycle

analysis. These cracks can be induced by impact and dynamic loading, static loading,

inadequate design, construction faults, shrinkage, or creep. The NISTIR 5634 report [18]

explains when cracks can be tolerated, based on crack width and environmental conditions

such as thermal cycling, humidity, and salinity (see Table 2.1). Crack width-based criteria

mostly rely on the engineer's experience, more so than validated experimental or �eld data.

Table 2.1: Tolerable crack width in reinforced concrete structures [18].

Exposure condition Tolerable crack width [mm]
ACI 224R.90 [19]

Dry air or protective membrane 0.41
Humidity, moist air, soil 0.30

Deicing chemicals 0.18
Seawater 0.25

Water retaining structures 0.10
ACI 318-89 [20]

Interior 0.41
Exterior 0.33

ACI 350R-89 [21]
Normal 0.27
Severe 0.22

CEB/FIP model code 1990 [22]
Humid environment, seawater, deicing agents 0.30

To ensure the sustainability of concrete structures, it is critical to delay the chloride

ions' travel time to the steel reinforcements as much as possible. Current techniques to

achieve this goal include designing hard concrete (to avoid shrinkage cracks or subsidence

cracks), designing low permeability concrete (to prevent fast chloride diffusion), or ap-
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plying coatings (to reduce the permeability of the concrete surface). For example, Fiber

Reinforced Polymer (FRP) has been used to strengthen damaged concrete structures, but

its overall performance remains questionable [23, 24, 25, 26]. For cracked concrete decks,

reparation techniques include replacing or adding an overlay with low permeability, patch-

ing the zones of delamination or spall, and injecting polymers or sealants into the cracks.

Overlay replacement is costly and is only necessary when it is not feasible to patch or seal,

due to the number or depth of the cracks [27, 28, 29]. Ensuring impermeable patching

with fresh concrete is challenging. It is preferable to design low-cracking concrete [30] or

to protect bridge decks by applying coatings to prevent cracks from happening. However,

even with protection, shrinkage cracks propagate in bridge decks due to weather condi-

tions, during construction and service. Local application of sealants is an excellent way to

repair shrinkage cracks in the early stages of crack propagation.

Sealants are commonly used as joints in pavements [31, 32] or as water absorbers in

concrete, to facilitate curing [33]. Sometimes, sealants are encapsulated in brittle inclu-

sions and liberated upon inclusion breakage, to seal the newly formed cracks [34, 35]. Pen-

etrating hydrophobic sealers have long been considered of interest for construction. Wohl

[36] highlighted the need for an experimental method to assess these hydrophobic sealers

but did not explain how to conduct repeatable, standard physical tests. Magnum and col-

laborators [37] were among the �rst to assess the use of polymers for repairing concrete.

Several reparation and rehabilitation techniques, including the use of sealants, were then

compared [3]. Unfortunately, the only sealants studied were salines and siloxanes, which

were found to under-perform epoxies in later studies. Sprinkel [27] estimated the service

life of several sealants solely based on the permeability of the sealed concrete. They noted

that more data was needed to assess the skidding resistance of the repaired concrete decks.

Recommendations on how to apply sealantsin situ were provided in a Virginia Department

of Transportation report [38]. Attanayake and collaborators proposed to measure the per-

formance of silanes and siloxanes as a function of the permeability and durability of the
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repaired concrete, which they both related to the depth of sealant penetration in concrete

[39]; the study does not mention the friction properties of the concrete deck. An exten-

sive literature review of deck sealants and crack sealants [40] concluded that epoxies and

High-Molecular-Weight-Methacrylate (HMWM) were the best-performing sealants. Epox-

ies allow recovering �exural strength but can only be injected in larger cracks. By contrast,

HMWM can ef�ciently penetrate narrow cracks and reduce concrete permeability. These

conclusions are supported by recent studies investigating the sealing potential of HMWM

for concrete bridge decks [7] and for concrete air�eld pavements [5]. Liang tested four

sealantsin situ, on a bridge deck. Performance was ranked according to the ability of the

sealants to maintain a high skidding resistance, prevent chloride concentration increase in

the treated concrete, prevent moisture transfer to the steel reinforcements, and avoid tem-

perature gradients in the treated concrete [41]. A summary of the sealant recommendations

made in the references above is provided in Table 2.2.
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Table 2.2: State-of-the-art on sealant application recommendations for repairing shrinkage
cracks

Sealant Recommendations +/-

Asphalt + ceramics
[41]

N/A
+ Performance (similar to tar)
+ Short curing time
- Cost

Silanes / Siloxanes
[41, 3]

Chloride exclusion is
ef�cient only for
low permeability,
high water/cement
ratio concrete

+ Hydrophobic
- Not impermeable
- Poor skidding resistance
- Poor corrosion resistance

Epoxies
[37, 27, 40, 41, 38]

Strength recovery is
higher at higher
temperatures
(100� F> 70� F> 40� F)
Filling the whole
crack is critical
Pressure injection is
recommended

+ Versatile
+ Good skidding resistance
at super-low viscosity,
low modulus
+ Good corrosion resistance
at low viscosity, high modulus
+ Provides low concrete
permeability when
solvent-dispersed
+ Partial mechanical recovery
- Curing can be time-consuming
- Costly

Epoxy zinc-rich coating
[41]

Curing temperature
range of
40� F– 120� F
at an 85% relative humidity

+ Corrosion resistance
- Must be combined with
other coatings: time-consuming
and costly

High Molecular
Weight Methacrylate
[37, 38, 40, 7, 41]

Works for temperatures
45� F < T < 85� F
Can be used for cracks with
width 0.05 mm – 12.7 mm
Recovery of �exural
strength only for narrow,
contaminant-free cracks
To be applied in dry cracks
Vacuum injection
is recommended

+ Very low viscosity
+ Good skidding resistance
+ Mechanical recovery
- Sometimes strengthening
- Mediocre corrosion resistance
- Low durability: requires
re-injecting every 4-7 years
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2.2 Concrete reparation with epoxy resin

The epoxy injection method is widely used to repair cracks because it is relatively cheap

and easy to apply. The petroleum industry produces various epoxy resins as raw materials,

which are then re�ned in the form of a material of the epoxide group, such as glycidyl

or oxirane. Epoxy is usually supplied as a kit that contains the epoxide and a hardener.

Mixing epoxide with the hardener triggers a reaction known as cross-linking, after which

the epoxy is said to be in a cured state. We will present the details of speci�c cross-linking

reactions in the following chapters. The general structure of a cured epoxy is shown in

Figure 2.1, in which the triamine hardener and the epoxide group are represented in red

and black, respectively.

Figure 2.1: Structure of a Cured Epoxy Glue (epoxide groups – black color, hardener – red
color)

The triamine hardener and epoxy resin materials are remarkably cross-linked together,

except for the terminal OH groups, which provide adhesive properties, as illustrated in

Figure 2.2 [42], which shows the chemical structure of the interface between the cured

epoxy resin and other materials (cement paste and aluminum). More details on how the

hardener enhances the adhesion properties to the epoxy resin are available in [43]. It was

12



argued that interlocking might improve the strength of the concrete/epoxy interfaces, as

illustrated in Figure 2.3. We will test this hypothesis in Chapter 4.

Figure 2.2: Structure of Epoxy – Cement and Epoxy - Aluminum Interfaces [43, 44].

Figure 2.3: Interlocking between concrete and epoxy resin [42]

During the cross-linking reaction, the epoxy typically shrinks at a constant temperature.

Most epoxy resins cure at high temperature (150 to 200� C). The volumetric change of a

thermoset polymer can be discretized as a combination of thermal expansion and chemical

shrinkage, as presented in Figure 2.4, which illustrates the overall volume changes of the

epoxy resin during cure: Stage a - b is indicative of thermal expansion; Stage b - c shows

the shrinkage induced by cross-linking at curing temperatureTcure ; Stage c – e indicates

that thermal contraction occurs during cooling.

It was observed that the shrinkage of epoxy resins increases with the curing tempera-

ture. As a result, several research groups have focused on lowering the curing temperature

of epoxy to limit the associated shrinkage. Figure 2.5 provides an overview of the shrinkage
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Figure 2.4: Schematic representation of the volume changes in epoxy during the curing
process [45].

properties of various epoxy resins that are used as coating materials, structural adhesives,

or electrical insulators. Volume shrinkage during curing depends on the type of hardener

and the possible presence of additives, which make 0.0002% to 9.5% of the volume of

epoxy.

Figure 2.6 shows that the volume shrinkage in epoxy resins used for structural concrete-

bonding injection is invariably less than 0.002% at room temperature, which means that

shrinkage can be neglected during concrete repair operations in the �eld, e.g., during main-

tenance operations led by the Georgia Department of Transportation.

Because most studies focus on the transport of water and ions in concrete pores, less

is known about the mechanical behavior of concrete repaired by epoxy or HMWM. Issa

and Debs [14] tested �fteen concrete cubes in compression: six damaged concrete cubes

without epoxy resin, six damaged concrete cubes repaired with epoxy resin, three intact

(as-built) concrete cubes. The damaged concrete cubes had 32.71% to 40.93% less com-

pression strength than the intact samples. The injection of epoxy allowed recovering al-

most 50% of the strength of the damaged samples. Basunbul et al. [46] assessed epoxy
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Figure 2.5: Shrinkage of various epoxy resins during cross-linking. [45]

Figure 2.6: Shrinkage of epoxy resins used for concrete reparation during cross-linking.
[45]
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remediation techniques by testing reinforced concrete beams. Only major cracks (larger

than 0.3mm) were repaired by epoxy adhesives, while �ne cracks were not repaired. It was

found that repaired beams experience 50% less de�ection than non-repaired beams and that

epoxy injection does not increase the ultimate load of the damaged beam. However, simi-

lar tests conducted on three specimens by Dry and collaborators [47] showed that the load

capacity of repaired concrete beams is, on average, equal to 133% of that of non-repaired

concrete beams. Other studies were conducted on epoxy repaired concrete structures to as-

sess the strength, rigidity, and ductility of repaired members. Coronado conducted lab-scale

three-point bending tests and found that the peak strength is highly sensitive to changes in

the fabrication procedures and specimen size [48]. Lau et al. presented experimental re-

sults of epoxy repaired concrete with various degrees of moisture ingress and temperature

levels to assess fracture toughness of concrete/epoxy interfaces [49]. But as of now, there

is no standard method to test concrete structural members repaired by epoxy.

2.3 Numerical modeling of concrete repaired by epoxy

Interfaces between organic and inorganic materials are important research topics in chem-

istry, material sciences, mechanical engineering, and civil engineering. Finite Element

Methods (FEM) and Finite Difference Methods were used based on classical continuum

mechanics theories. Some numerical studies were conducted to assess concrete members

repaired with �ber-reinforced polymers (FRP) [23, 24, 25, 26], but numerical studies on

concrete structures repaired by epoxy injection are limited. For instance, some researchers

used the FEM to simulate the mechanical behavior of concrete repaired by epoxy, but the

model is purely mechanical and time-independent [50]. On the other hand, poromechan-

ical concrete models allow predicting shrinkage cracks and the resulting mechanical and

transport properties [51, 52, 53], but they were never applied to concrete repaired with

sealants.

One research team used a multi-scale approach to evaluate the strength of epoxy/silica
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interfaces by using a Worm-Like-Chain (WLC) model at the molecular level, as shown in

Figure 2.7. The molecular-scale strength at the interface between epoxy and silica is used

to predict the mechanical behavior of the epoxy-silica interface at the metric scale, with a

cohesive zone model that is implemented in a �nite element program [54]. However, the

link between the strength at molecular and metric scales is constrained by the assumption

that the spacing between the epoxy chains and the distance between the epoxy and the silica

substrate are known.

Figure 2.7: Nano-meso fracture propagation model at a substrate/epoxy interface [54]. The
continuum epoxy–silica interface can be represented by a discrete grid model when the
length scale goes down to the nanoscale. The adhesion between each epoxy chain and the
silica substrate can be represented by the WLC-based fracture model.

Subsequently, some groups focused on modeling the interfacial behavior of compos-

ites with Molecular Dynamics (MD) and they used the traction-separation curves obtained

by MD to determine the parameters of macro-scale cohesive zone models that were then

implemented in the FEM. The stress-strain curves obtained from FEM simulations are in

good agreement with experimental results [55, 56], but so far, FEM simulations were re-
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stricted to tiny specimen sizes. We will see in Chapter 3 that this approach is impractical

for simulating metric scale concrete structures.

Continuum-based approaches fail to capture structural interlocking and inter-molecular

non-bonded forces at bi-material interfaces, which can only be modeled at the molecular

scale. At the atomic scale, MD can be used to measure the cohesive strength of the in-

terface between a metallic or ceramic substrate and epoxy [57, 58, 56], and to predict the

moisture transport processes in epoxy materials [59]. MD allows simulating damage ini-

tiation and propagation in a broad range of interface systems. The stress-strain response

and yield strength of atom-scale interfaces can be obtained. MD also allows calculating

the glass transition temperature and the density of a variety of polymers. MD was �rst

used to study the dynamic behavior on a system of several hundred atoms [60]. Later,

increased computational power and fundamental advances in chemistry allowed applying

MD to solve problems of chemical engineering, bio-engineering and physics. Due to the

importance of inter-molecular interactions between polymers and concrete minerals on in-

terface adhesion [42], MD was used to understand the relationship between the mechanical

properties and the chemical structure of the interfaces between polymers and metals and

polymers and minerals [61, 62, 63, 64, 65, 66]. However, previous studies were mainly

focused on certain epoxies such as Diglycidyl Ether of Bisphenol F (EPON-862) mixed

with Diethyl toluene diamine (DETDA) and asphalt materials. For instance, MD allowed

understanding the in�uence of the cutoff distance and the stoichiometric mixture on the

behavior of EPON-862 and DETDA [67]. Li and Strachan studied the process of polymer-

ization and cross-linking in polymers using the DREIDING force �eld, with Buckingham

van der Waals interactions, as presented in Figure 2.8 [68]. At the macroscopic scale, the

mass density, glass transition temperature, thermal expansion coef�cient and elastic mod-

ulus calculated numerically were in good agreement with experiments. Furthermore, Yang

and collaborators [61] studied tensile deformation and failure mechanisms in epoxy/copper

composite materials through large-scale MD simulations, using the polymer consistent
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force �eld (PCFF) equations, as shown in Figure 2.9. High Molecular Weight Metacry-

late (HMWM) is one of the most commonly used epoxy resins in construction. However,

MD studies of HMWM/concrete interfaces remain scarce. In chapters 3 and 4, we simulate

cross-linked epoxy/concrete and HMWM/concrete mineral interfaces using MD.

Figure 2.8: Epoxy before and after cross-linking between EPON-8672 and DETDA. [68]

Figure 2.9: Snapshots of atomic con�gurations during pullout tests simulated with MD for
copper-epoxy interfaces [61]
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