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Abstract

This present study was made to address this issue by running an experimental program in the
laboratory under simulated conditions to those of the actual environment. Concrete cylinders, each of 76.2
mm (3 in) diameter and 152.4 mm (6 in) height with a slant gap (simulated crack) of 30? angle from
vertical and of 1.6 mm (1/16 in) thickness, were epoxy injected using three of the locally available
commercial epoxy products. After curing they were exposed to three different environmental conditions,
namely a high temperature condition of 70?-C (158?-F), a heat-cool cycling program and a wet-dry
cycling program, and then tested in compression, where the bond between epoxy and concrete was
subjected to combined compressive and shear stresses. Similarly, concrete beams of dimensions 152.4
mm x 152.4 mm x 533.4 mm (6 inx 6 in x 21 in) with a crack in the middle of each beam simulated by a
pre-inserted notch of 1.6 mm (1/16 in) thickness running in the tension zone of the beam were epoxy
injected with the same epoxy compounds, exposed to the high temperature condition and the heat-cool
cycling program and then tested in flexure where the bond between epoxy and concrete was subjected to
linear tensile stresses.

Results of this work showed that these environmental factors have a considerable deterimental
effect on the epoxy-concrete bond, and therefore, on the strength and durability of repaired concrete
elements. The epoxy compounds used showed some variation in their performance under these
conditions. The change in their properties at high temperatures, the large difference between their
coefficients of thermal expansion and that of concrete and the difference in volume changes between
these epoxies and concrete due to the moisture movement into and from the repaired concrete were the
main causes of this degradation. Properly formulated epoxies to suit the conditions of the Gulf region
should be used in the repair of structures in this region.
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ABSTRACT

The Arabian Gulf region is characterized by severe weather
conditions. The high humidity levels coupled with large diurnal and
seasonal temperature variations resulted in rapid deterioration and
cracking oé many concrete structures. Currently, epoxies are
increasingly being used in the repair of such cracked concrete ele-
ments. However, presently there is no data available on the field
performance of such epoxy resins in the harsh environmental condi-
tions of the Gulf region. This makes the selection criteria rather
difficult in view of the enormous number of resins available in the

local market.

This present study was made to address this issue by running
an experimental program in the laboratory under simulated conditions
to those of the actual environment. Concrete cylinders, each of 76.2
mm (3 in) diameter and 152.4 mm (6 in) height with a slant gap (sim-
ulated crack) of 30° angle from vertical and of 1.6 mm (1/16 in)
thickness, were epoxy injected using three of the locally available
commercial epoxy products. After curing they were exposed to three
different environmental conditions, namely a high temperature condi-
tion of 70°C (158°F), a heat-cool cycling program and a wet-dry
cycling program, and then tested in compression, where the bond
between epoxy and concrete was subjected to combined compressive

and shear stresses. Similarly, concrete beams of dimensions 152.4
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mm X 152.4 mm x 533.4 mm (6 in x 6 in x 21 in) with a crack in the
middle of each beam simulated by a pre-inserted notch of 1.6 mm
(1/16 in) thickness running in the tension zone of the beam were
epoxy injected with the same epoxy compounds, exposed to the high
temperature condition and the heat-cool cycling program and then
tested in flexure where the bond between epoxy and concrete was

subjected to linear tensile stresses.

Results of this work showed that these environmental factors
have a considerable detrimental effect on the epoxy-concrete bond,
and therefore, on the strength and durability of repaired concrete
elements. The epoxy compounds used showed some variation in their
performance under these conditions. The change in their properties
at high temperatures, the large difference between their coefficients
of thermal expansion and that of concrete and the difference in vol-
umt; changes between these epoxies and concrete due to the moisture
movement into and from the repaired concrete were the main causes
of this degradation. Properly formulated epoxies to suit the condi-
tions of the Gulf region should be used in the repair of structures in

this region.
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Chapter 1

INTRODUCTION

1.1 General

The vast and rapid pace of constructior; that took place in the
Arabian Gulf region over the past two decades offered little or no
opportunity for engineers and architects to study and carefully exam-
ine the long term effect of the region's harsh environmental factors
on the durability and performance of most structures. The high
humidity levels coupled with large diurnal and seasonal temperature
variations have resulted in rapid deterioration and cracking of many
concrete structures. Currently, epoxies are increasingly being used
in the repair of cracked concrete elements. They tend to restore the
architectural and str\;ctural integrity of these elements by sealing the
cracks and restoring the strength characteristics. However,
present:ly there is no data available on the field performance of such
epoxy resins in the harsh environmental conditions of the Guilf
region. This makes the selection criteria rather difficult in view of
the enormous number and variety of resins available in the local mal;-

ket. The present study is to address this issue.

Chapter One provides a brief introduction on the repair of
reinforced concrete structures with more emphasis on epoxy resins

and crack injection. Chapter Two includes the literature review and
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laying down of the objectives and scope of the study. The experi-
mental program of this study is detailed in. Chapter Three, and fol-
lowed by the analysis of data and discussion of results in Chapter
Four. Finally, summary, conclusions and recommendations of the

study are listed in the Fifth Chapter of this thesis.

1.2 Role of Repair in Reinforced Concrete Structures -

The use of reinforced concrete as a structural material for con-
struction has gained its prominence in the early twentieth century
and there are now many millions of concrete structures worldwide.
Although the durability record of such structures is fairly good,
damage to some structures may be caused by a variety of reasons.
Premature damage to concrete structures may be due to lack of
proper design or construction, inferior quality of- constituent materi-
als, and/or exposure to severe environmental conditions. Physical

damage can result from overloading, subsidence, impact or fire.

[3-5].

Repair of damaged concrete structures provides, in most cases,
an economic means to restore their original conditions. There are
different repair materials and techniques, which suit different types
of damaged components. In general, the first step in the repair pro-
cess is the diagnosis of the problem and determination of the wvarious

contributing factors. The next step is to eliminate or reduce the
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effects of these factors and apply repair to the damaged areas of the
structure. The last step is to provide protection for the repaired
areas as well as the other parts of the structure against future reoc-

curance of such damage. [3-5].

For example, steel in concrete is protected from corrosion by
the presence of alkalis released from the process of cement hydra-
tion, and providing those alkalis remain intact, steel protection
against corrosion is assured. However, concrete is permeable to both
gases and water, and the ingress of carbon dioxide into the hydrated
cement matrix will lead to neutralization of the alkalinity with conse-
quent loss of protection, and hence, corrosion of steel (in the pres-
ence of enough oxygen and water). Normally, concrete is specified
such that the process of alkali neutralization (known as carbonation)
does not progress to full depth of cover during the life time of the
structure, but improperly mixed concrete or misplaced steel lower
than the specified cover would instigate faster carbonation leading
probably to corrosion. Reinforcement may also be put at risk due to
the presence of aggressive materials in concrete, chlorides being the
most critical of agents which stimulate steel corrosion. Chlorides may
be introduced to concrete through the use of chloride-based set
acceierators, through the contamination of concrete mix materials,
through exposure to environment in marine location, or through
exposure to chloride-based de-icing salts. When the concrete con-

tains considerable amounts of chlorides, careful considerations should
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be taken for the feasibility and type of repair chosen. Therefore, in
order to have an effective repair, it should provide enough protec-
tion to the steel from the ingress of chlorides contained in the
nearby uncracked original concrete. Additionally, the remaining con-
crete should be protected from these factors by, for example, apply-
ing a protective coating, which prevents the penetration of such
materials, and remains compatible with the substrate. These require-
ments together with the durability requirements under the exposure
to the environment, define the performance need of a concrete repair

system [3].

The term "repair system" involves a number of different compo-
nents including coats to both reinforcement and concrete substrate,
patching material and any coating material to finish the repair.
Although repair systems differ in formulation and mode of protection,
the properties and functions of the elements of repair systems are, in
general, common. Bonding coats are required to provide enough
protection against rebar corrosion and good bond between the applied
patch material and the underlying substrate. Patch materials are
required to have dimensional stability relative to the substrate as well
as to develop sufficient mechanical strength, if needed, and provide
enough protection to the underlying steel reinforcement without being
deteriorated under exposure to the surrounding environment. Like-
wise, surface coatings applied for appearance and protection are

required to be stable, flexible, having good adhesion to substrate,



and retaining their properties against the ingress of deleterious

materials and against weathering {3].

Good surface preparation is necessary before applying repair
materials. That includes the removal of any dust, laitance, and loose
and deteriorated concrete until only sound concrete is exposed, and
it also requires that reinforcement is thoroughly cleaned from scale,
loose rust, or any contamination that might interfere with bond.
Applying repair materials should be strictly in accordance with the
manufacturer's instructions. Finally, it is desirable for a successful
repair work to be carried out by experienced operators who fully
understand the reasons behind the techniques that are being used
(4].

1.3 Use of Epoxy Compounds with Concrete
1.3.1 Merits and Demerits of Epoxies

Epoxy adhesives represent a wide range of chemical polymers
with extremely diverse chemical, thermal and mechanical properties.
Epoxy resins are derived from the intermediate products of the oil
refining process. The mixing of the epoxy resins with the designed
amount of hardener results in an epoxy adhesive with a predeter-
mined pot life [34]. There are many characteristics of epoxies and
their uses which make them a desirable adhesive for use with con-

crete [6]. Some of these advantages are:
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1)

2)

3)

4)

5)
6)

7)

8)

Epoxy resins have excellent adhesive qualities and will bond
to nearly all construction materials.

The wide range of available physical and chemical charac-
teristics of epoxy resins make them required in different
situations involving repair, overlay, coating, or adverse
environment of concrete. The variety of curing agents,
extenders, diluents, fillers, and other modifiers permit the
formulator to attain special characteristics for any particular
application.

Compared to other thermosetting plastics, epoxies have very
low autogenous shrinkage. Formulations are available in
order to have an effective shrinkage during curing as low
as 0.001 percent.

The system of epoxy resin and hardener can be cured
(changed from the liquid state to the solid state) within a
matter of few minutes and the time can be extended several
hours by changing the system.

Epoxies are characterized by high mechanical strength.
Epoxies are highly resistant to the attack of acids, oils,
alkalis, and solvents.

A thin coating of epoxy can make the surface impermeable
to water even when continuously inundated.

They have excellent abrasion resistance.

The benefits of using epoxies are noteworthy, but caution must



be exercised [6]. Some of the precautions to be considered are:

1) Strain Compatibility: Epoxy bonds very rapidly to a con-

2)

crete surface and within a short period of time may be an
entity therewith. The autogenous shrinkage strains which
take place in some epoxy formulations can cause severe
strains at the bond lim-a and when combined with thermal
strains contributes significantly to delamination, generally
by failure in the top 6mm (% in.) of concrete interface.
Also, there is a large difference in the coefficients of ther-
mal expansion of concrete and cured epoxy, and that may
lead to delamination. Filling the epoxy compound with some
fillers such as silica reduces the difference in the coeffi-

cients in proportion to the amount of fillers used. Using a

flexible epoxy compound will allow the system to adjust for

the variation in the thermal coefficients of expansion.

Thermosetting Plastics: The components must be mixed

thoroughly and a control of temperature before, during,
and after application is necessary to assure there is enough
heat for epoxy to cure in a given time. Once it is cured,
it will not melt. However, some epoxies loose some of their
elasticity at higher temperatures and become cheesy since
their mechanical properties change significantly beyond
their heat distortion temperature (HDT). The HDT is dif-

ferent for each formulation, and for those epoxies used in



construction it ranges from 15° to 65° C (60° to 150° F).

These precautions can-be satisfied by a proper selection of the
epoxy compound formulation based on considerable study of all appli-
cation restrictions and requirements involved. It is unwise to depend
on general specifications or general performance criteria in choosing

the epoxy compound used [6].

Epoxies are presently used with.concrete in the form of coat-
ings, repair materials, grouts, bonding agents, paints, adhesives,
epoxy mortars and concrete, seal coats and wearing surfaces. The
volume of applied epoxies has been increasing leading to lower cost

and better performance for these materials [6].
1.3.2 Components of an Epoxy System

Success of epoxy compounds-in different applications is depen-
dent on formulating the package into a two-pack composition with
suitable materials. These materials include the resin itself, the dil-
uent or modifier, the hardeners and accelerators, and the fillers/
aggregates. Epoxy resins by themselves have no practical use and
in order to convert them into useful materials it is necessary for
them to react with a suitable curing agent or hardener. Therefore,
the basic performance of an epoxy compound depends on the type of
resin, hardener agent, and the diluent used, these three components
are referred to as the binder system. The most frequently used

resins in civil engineering are the Bisphenol-A type liquid epoxy

ot e bbb e Lp e SR S



resins. Usually, blends of resins are prepared in order to obtain
certain properties such as resistance to crystallization (solidification)
during storage, lower viscosity to enable higher filler loading, and
overall higher performance. Blends of Bisphenol-A and Bisphenol-F
resins are typical examples. The structures of these resins are

shown in Fig. 1.1 (7].

1.3.2.1 Characterization of Epoxy Resins

Epoxy resins are characterized by a series of tests carried out
at the time of production. These tests are relatively simple and seek
to provide a description of properties and perforfhance of these
resins. A typical material specification will contain such properties
as epoxide equivalent weight (or percentage epoxide), melting point,
viscosity, colour and density. The epoxide equivalent weight (EEW)
is fundamental in quantifying the properties of epoxy resins. It
determines how many grams of epoxy resins are needed to contain
one equivalent of epoxy groups (1 equivalent of epoxy groups = 43
grams). For example, if the EEW for an epoxy resin is equal to 200,
that means 200 grams of this epoxy resin contains one gram equiva-
lent of epoxide group, i.e. 43 grams. The higher the EEW, the
higher its molecular weight and the lower its reactivity. The rela-
tions between EEW and some of the physical properties of epoxy

resins are shown in Fig. 1.2 [7].
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Fig. 1.1: Various Types of Epoxy Resins
Source: Reference [7].
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Reference [7]
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1.3.2.2 Diluents for Epoxy Resins

An alternative way to blending different types of epoxy resins
is to use a standard type of epoxy resins and incorporate a diluent
into its formulation in order to reduce viscosity. Diluents which are
used in epoxy formulation are either reactive or non-reactive. Reac-
tive diluents are chemical compounds that contain one or at most two
epoxide groups. They are low viscosity liquids and completely com-
patible with the epoxy resin. Reactive diluents have an advantage
over solvents which are also used to reduce viscosity; their epoxy
functionality allows them to react into the final system. Reactive dil-
uents are added to liquid epoxy resins by a blending operation, and
the ratio of resin to diluent depends on the end-use. Non-reactive
diluents have different characteristics and can therefore affect the
properties of the end product performance. Although they may
reduce some properties such as chemical resistance, other character-
istics may be improved. A significant increase in impact resistance

and flexibility may be highly desirable in certain applications [7].

1.3.2.3 Hardeners for Epoxy Resins

Epoxy resins must be mixed with hardeners (curing agents)
before use. The ratio of hardener to resin is important because the
end product should not contain any excess of unreacted resin or har-
dener. The choice of hardener is as important as that of the resin

itself. Hardeners affect the following properties particularly:
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Reactivity: Very reactive curing agents will react very fast
with epoxy resins leading to a short pot life. Therefore, with-
out careful selection of the degree of reactivity of the har-
dener, or proper control of the ambient temperature, the epoxy
resin system may gel before it is fully applied resulting in was-

tage and possibly weak workmanship.

Viscosity: Hardeners of very low viscosity will reduce the
overall viscosity of the epoxy resin system and that can facili-
tate sprayability, brushability, or the addition of more filler
into the formulation of the system. In contrast, curing agents
of high viscosity may prevent the system from dripping or sag-

ging when applied to a vertical surface.

Performance: Similar to resins, hardeners may contain one,
two, three, or more reactive sites in their molecular structure.
More reactive sites will produce a tighter three-dimensional
molecular network when fully reacted. That may affect some of
the properties positively like chemical resistance and the heat
distortion temperature, but not necessarily the mechanical

properties such as failure strains.

Typical hardener classifications used in civil engineering formu-

lations include:

- aliphatic amines

- aliphatic amine adducts
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- cycloaliphatic amine adducts
- accelerated aromatic amine adducts, and

- polyamides

There are many individual products and blends within each of these
groups. Usually, their exact formulation is a proprietary information

and not disclosed [7].

1.3.2.4 Fillers for Epoxy Resins

There is a wide variety of fillers that are used with resins, the
choices and quality of them depends on the end use, economics, and
availability. Fillers are added to the epoxy resin system to change
or obtain a desirable property in the system. They are also impor-
tant to reduce costs and enable the use of epoxy resins, which would
not otherwise be feasible as in the case of resin based mortar sys-

tem, for example.

The following characteristics are influenced by the use of fill-

ers.

Pot Life and Exotherm: An increase in the pot life of the sys-

tem and reduction in the exotherm temperature is expected from
the addition of fillers, since they reduce the concentration of
the reactants and absorb heat evolving from the exothermic

reaction during the epoxy curing.
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Thermal Shock Resistance and the Coefficient of Thermal

Expansion: Excessive thermal expansion of resin systems may
be detrimental to their performance because of the risk of dela-
mination between the coating and the subsurface. Resin sys-
tems have coefficients of thermal expansion of around 6-8 times
that of concrete and with the addition of fillers they can be
reduced to 2-4 times the coefficient of thermal expansion of

concrete. The latter expansion can normally be accommodated.

Workability: It is fundamental to the ease of application of

mortars for floorings, grouts, repair formulations, etc.

Factors affecting the choice of filler for epoxy formulation
include the chemical composition, size and shape. The following are
some points which are relevant to the epoxy formulation and can help

in the selection of the suitable filler:

- Spherical aggregates give higher mechanical performance.

- Angular aggregates improve the ease of troweling.

- The maximum particle size should not exceed one-third of the
recommended coating thickness. .

- The filler should obtain graded particles upto the maximum
size for optimum performance.

- Including a proportion of very fine particles (less than
0.1mm) in the mix will improve workability.

A typical particle size gradation of a filler for an epoxy mortar
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is shown in Table 1.1. Considerable experience is required to pro-
vide a system which will be easy to apply and give reproducible
results. This type of information is normally kept proprietary, and
is a part of the technology package offered by an experienced formu-

lator [7].

Combining epoxy resins of different epoxy equivalent weights
(EEW), type, and reactivity with chemically different curing agents,
diluents and fillers allow the formulation of a two-component epoxy
resin systems for use in different civil engineering applications.
Achieving the best performance from all of these individual compo-
nents requires a high degree of skill in epoxy resin technology, sys-

tem rheology, and engineering mechanics [7].

1.3.3 Chemical and Physical Characteristics of Epoxy Resins

Some of the important characteristics of epoxy resin systems [6]

are as follows:

i) Adhesion Properties: Epoxies bond very well to almost all

materials provided that an appropriate surface prepara-
tion has been given. There are tests for adhesion
which can be utilized to check the surface conditions of
concrete. Some of the factors that make epoxies good

adhesives are:

(a) They can be in liquid form and yet contain no vol-

vkl
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Table 1.1: Typical Filler Grading
for Use in Epoxy Mortar

Sieve Mesh (mm) RETAINED (%)
2.0 . 0
1.5 10
1.0 30
0.5 55
0.1 90
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atile solvent.
(b) They adhere to most materials used in construction.
(c) No by-products are generated during cure.
(d) Curing Shrinkage is low.
(e) Long time dimensional stability is good.
(f) They have high tensile and compressive strength.
(g) Appropriate formulations are resistant to moisture,
| alkalis, and most environmental factors.

Mechanical Properties: Table 1.2 shows a comparison

between epoxy systems and concrete in some of the
mechanical properties, where epoxy tensile strength and
elongation are values at the time of rupture. However,
even highly elongating epoxies may have negligible
stretch when highly filled. Therefore, it is important
that the compound be used as the manufacture advises.

Epoxy resins react upon combination to form a ther-
mosetting plastic which does not melt. Their properties
after curing are generally satisfactory upto a tempera-
ture of 66.5°C (150°F). At higher temperature the
properties change adversely, and above 300°C (572°F)
the resin will change and generally volatilize, the fumes
from which may be toxic.

Susceptibility to Chemical Attack: Generally,, epoxies

are resistant to chemical attack. A general comparison

with concrete s given in Table 1.3. Epoxy systems

STR RO
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Table 1.3: Chemical Properties of Epoxy and Concrete

Properties Epoxy Concrete
Wet-dry cycling Excellel:lt Excellent
Chloride deicing salts Excellent Fair
Muriatic acid Excellent Poor
(15 percent HCL)

Foods ac;ds (dilute) Good Poor
Sugar solutions Excellent Fair
Gasoline Excellent Excellent
Oil Excellent Excellent
Detergent-cleaning Excellent Excellent
solutions

Alkalis Excellent Good
Sulphate Excellent Fair




iv)

v)

vi)

vii)

used to protect concrete from food spillage must be com-
pounded for specific end uses. Type and concentration
of existing acids as well as the temperatures available
are important considerations in the selection of the

proper epoxy compounds.

Electrical Properties: Epoxies are excellent electrical-

insulators. There are some techniques which enable
epoxies to conduct or partially .conduct electricity.
Such property, for example, may be needed in operating
room floor surfacings in hpspitals.

Abrasion Resistance: Epoxy compounds can be formu-

lated to withstand severe abrasion, but conditions of
use have to be well understood in order to select the
most proper epoxy formulation. Whether the surface is
hot or cold, wet or dry, and the type of abrasion are
examples for the surface conditions that must be known

for an optimum result from epoxy application.

Resilience: Epoxies can undergo considerable deforma-

tions, and return back to their original conditions, pro-

vided that they do not exceed their elastic limit.

Creep and Relaxation: Epoxies exhibit creep and also

relaxation. Therefore, both advantages and disadvan-
tages of these properties should be considered for each
application.

Thermal Expansion: Steel and concrete have similar
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thermal expansion, and therefore when combined as
reinforced concrete, they do not cause a problem either
in design or use. On the other hand,‘ epoxy and con-
crete have major difference in their coefficients of ther-
mal expansion as shown in Fig. 1.3, and that requires
careful considerations when using epoxy compounds with
concrete.

This effect can be clarified, in a exaggerated 'man-
ner, by looking into Fig. 1.4a, where (a) is a slab of
concrete surfaced with an epoxy (b). Due to the dif-
ference in coefficients of thermal expansion and as the
temperature rises, (b) will tend to grow larger that
(a), and if concrete was as elastic as the epoxy, the
result would be shown in Fig. 1.4b. Conversely, if
temperature drops, (b) will shrink more +than (a)
resulting in the deformation shown in Fig. 1.4c.

Concrete has a high modulus of elasticity, and there-
fore, it tends to restrain the movement of epoxy
thereby causing severe stresses at the interface due to
temperature changes. Epoxy yields under stresses, and
if properly formulated, it can accommodate relatively
large dimensional changes resulting from thermal effect.
Also the coefficient of thermal expansion can be reduced
considerably by the addition of filler as in Fig. 1.3.

Exotherm Developed During Cure: Epoxies produce an

FETPATRRIT Ce -t |
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Fig. 1.3: The Effect of Changes in the Sand
' Aggregate-binder ratio on the Thermal
Coefficient of an Epoxy System.
Source: Reference [6]
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Fig. 1.4a: A Layer of Epoxy (b) Adhered to a Thickness
of Concrete (a).

Fig. 1.4b: The Effect of Temperature Increase in an
Epoxy-Concrete System.

a

Fig. 1.4c: The Effect of Temperature Decrease in an
Epoxy-Concrete System.
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exotherm, or heat of reaction, during their cure. The
temperature rise depends on the mass and formulation of
the epoxy. In order to reduce this temperature, it is
preferable to keep a larger surface area to volume ratio
during mixing and application, and to add the maximum
amount of aggregate consistent with the intended appli-
cation.

X) Curing and Aging Stresses: Curing and aging stresses
are developed in epoxies. However, they can be mini-
mized by correct formulation to have stress relieving
characteristics.

xi)  Thermosetting Properties: Epoxy resins are thermoset-
ting plastics, i.e. they undergo chemical change during

bardening and cannot be reliquified by heating.

1.3.4 Uses of Epoxy Resins

Epoxy resins have found a wide variety of applications with
concrete. Yet, an epoxy system composed of a resin and a hardener
cannot satisfy all the conditions of different applications, and it has
to be tailored in order to meet the end use requirements. Formula-
tors specialized in epoxy resin industry can change the properties of
these epoxies by | the addition of diluents, fillers, flexibilizers, etc.
to produce systems for specified applications. Therefore , it is

important to adhere to the formulator's recommendations for use [6].

meat s et
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The main uses of epoxy resins with concrete are as follows:

)

Protective Coating: Epoxies are widely used as protective

coatings for concrete because of their good impermeability
to water and their good resistance to attack by most
acids, alkalis and solvents. The thickness of such coat-
ing ranges from 0.05 or 0.8 mm (2 or 3 mil) to high-
build coatings amounting to overlays. An essential prop-
erty for epoxy when used as coating with concrete is to
avoid or relieve extensive shrinkage and thermal stresses
in order to avoid delamination caused by loss of bond or
failure of the concrete. Coating highway or bridge deck
surfaces with epoxy to prevent the ingress of water and
deicing solutions into concrete is one example for this

application.

il) Decorative Coating: Epoxy resins serve exceptionally well

iii)

as tile-like coatings; however, they surface chalk in out-
door exposure and their high cost in comparison to other
types of paints generally limit their use for this purpose
to special situations. Epoxies are particularly suitable
for floors, car washing areas, and outdoor locations such
as patios and porches, because of their good resistance
to water and wear.

Skid Resistance Coating: Concrete can be made highly

skid resistant by the application of an epoxy coating in
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. which mineral particles are imbeded. Typical applications
are treads of stairways and walkways, and highway pave-
ment surfaces.

iv) Grouts and Crack Fillers: Epoxy materials are widely

used as grouting materials. Filling cracks is one of the
more frequent applications, either to seal them from the
entrance of moisture and other harmful materials or to
restore the structural hitegrity of the member. Cracks
upto 6mm Y (in.) are most effectively filled with poura-
ble or pumpable epoxy compound, while ei:oxy resin mor-
tar should be used in the case of wider cracks. Epoxies
are used for grouting metal dowels, bolts, and posts into
the concrete, and also as grouts for setting machine base
plates, foundation alignment, etc. Chemical anchors are
JAncreasingly being used over the more conventional
mechanical anchors as they offer excellent bond and do
not stress the structure.

v) Adhesive: Epoxy resins are good adhesives for almost all
materials used in construction such as concrete, masonry
units, wood, glass, and metals. However, it cannot bond
effectively to some plastics such as polyethylene. Typi-
cal applications in which epoxy resins are used to join
various materials to hardened concrete include the joining
of masonry units, precast concrete bridge deck girders,

wood and metal signs, and plastic traffic marker signs.
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Epoxies are also used as. a bonding medium between
fresh concrete and hardened concrete as in the case of
forming an overlay on an existing concrete slab. Epoxy
used should be properly formulated to cure and bond
properly under moist conditions of the fresh concrete
layer. Similarly, they can be used as shear connectors

for composite construction such as a metal beam and cast-

in-place concrete slab.

vi) Binder for Epoxy Mortar and Concrete: Epoxy can be

used as the sole binding material to form a resin mortar
or concrete. These mi;ctur'és are used in patching or
repair of surface defects in concrete structures, particu-
larly highway bridges and pavements. Epoxy mortar and
concrete can also be adopted to repair of hydraulic
structures, where the continued submersion lessens the
problem of thermal expansion.

vil) Underwater Application: Epoxy resin formulations can
now be used to patch or grout concrete and other con-

struction materials under either fresh or salty waters.

1.3.5 Important Considerations

For an optimum repair by epoxy resins it is important to select
the most proper type which satisfies the field conditions and environ-
ment during and after the application. Following the manufacturer's

instructions supplied with the epoxy materials is important to have
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best results. Tests for checking the surface preparation and the

adhesion of epoxy compared to concrete are strongly recommended [6].

The American Society for Testing and Materials (ASTM) pro-
vides a standard specification for epoxy-resin-base bonding systems
for concrete (ASTM-C881) [15]. It includes a group of tests to be
applied on these materials, and it classifies them according to their
function, flow characteristics, i-ange of temperature for which they
are suitable, and color. It classifies the bonding systems into three

types:

a) Type I: for use in bonding hardened concrete and other

b) Type II: for use in bonding freshly mixed concrete to
hardened concrete.

c) Type III: for use in bonding skid resistant materials to
hardened concrete, and as a binder in epoxy mortars or

epoxy concretes.

~ ASTM classifies epoxies into three grades with respect to their
viscosity; grade 1 of low viscosity, grade 2 of medium viscosity, and
grade 3 of non-sagging consistency. Three classes of epoxy systems
are available: Class A, for use below 4.5°C (40°F), Class B, for use
between 4.5 and 15.5°C (40 and 60°F) and Class C, for use above
15.5°C (60'F). Epoxy resins are normally unpigmented, but they

can be colored or darkened. This standard specification provides a
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table for the physical requirements of the bonding systems of the
three types based on this classification and the tests required to

perform it.

Some suppliers use ASTM-C881 in order to classify their prod-
ucts, others mention in the manufacturer data sheet the physical
.properties of the product that are important to the purchaser. The
ASTM standard can also be used by the purchasers in order to select
the proper epoxy bonding system and to test it accordingly, thus

assuring that it satisfies its required physical properties.

British standards have also developed a standard specification
for testing of resin compositions for use in construction (BS 6319)
[21]. The standard provides a collection of test methods for testing
the performance of resin based compositions as used in the construc-
tion industry. This standard can also be used for research purposes
(e.g. assessing performance under various conditions, or for com-

parison between resin compositions from different sources).

The bond between epoxy and concrete depends very much on
the surface of concrete, and therefore, it has to be well prepared ,
being free from any loose materials and any contaminants such as
grease, oil, dust, stains, etc. The surface should be completely
cleaned and also it should be dry before and during cure, otherwise,
a proper epoxy formulation which is suitable for damp concrete is to

be used. Generally, field tests [6] are available and considered as
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necessary for checking the condition of the surface of concrete to
receive epoxy resin as well as the addition of the epoxy resin com-

pound [6].

A chemical reaction undergoes between epoxy resin and their
hardeners or curing agents upon the hardening process. Therefore,
the two components should be mixed with the specified ratio men-
tioned by the manufacturer and be mixed thoroughly in order to have
homogeneity of the epoxy compound and complete reaction between its
components. An accuracy of the specified epoxy resin to hardener
ratio varies with each epoxy compound. In most cases an accuracy
of plus or minus 5 percent is acceptable, although an accuracy of
plus or minus 2 percent is highly desirable. Some epoxy compounds
can tolerate a wider variation but test data should be available
reflecting the effect of this variation on the physical and chemical
properties of the epoxy compound. Temperature of the components
can affect the mixing procedure considerably, and temperature condi-
tioning, cooling or heating of the epoxy components may be required
[6].

The applicator should be sure that the epoxy used has the rate
of hardening and viscosity required by the specific job. Both prop-
erties are affected considerably by the temperature of the site at the
time of application, and both affect the amount of thickness of the
epoxy layer. The amount of sag and thickness achieved in the epoxy

layer depends partly on whether it is applied on a vertical surface,
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on the top of a horizontal surface, or the bottom of it, and whether
the surface is flat or irregular. Highly absorptive concrete or con-
crete made of absorptive aggregates may absorb enough epoxy to
make the layer at the bond line insufficient, and a second coating of
epoxy layer is needed then. However, the second coating should be
applied while the first coating is still tacky, and if the first coat
hardened, the surface would require second blasting in order to bond
to the next coating. Intimate contact is necessary for effectiveness
and all necessary measures should be taken to assure complete wet-
ting. Thorough wetting may be more difficult to obtain with epoxy
resin mortar or concrete than with a plain binder. Temperature con-
ditioning of the surface of the substrate may be needed since temper-
ature affects the rate of hardening effectively. The job can be
opened to service after enough strength has been obtained. In many
cases it is difficult to reach the surface of cured epoxy for strength
evaluation and then it is advisable to depend on the supervisor's
experience and the manufacturer's data on the anticipated strength

with respect to time [6].

Equipments used in the repair process by epoxy resins, if not
disposable, should be cleaned from epoxy compounds before cure.
That is achieved by immersing the tools used in a solvent, where
complete cleaning and drying is necessary before reusing the tools.
There are methods which can remove epoxy resins if they have cured

such as immersing tools and containers contaminated with cured epoxy
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in strippers for a long period of time (at least overnight), where

these liquid compounds will attack the cured epoxy, abrading the

cured epoxy mechanically using a grinder, and burning of metal tools
and containers using temperatures of about 260°C (500°F), when they
will not be damaged by such high temperatures and where ventilation
is provided to avoid inhaling vapors released from the combustion of
such epoxy resins. An alternative way for maintaining the equipment
is to prevént the bond between epoxy and tools and containers from
the” beginning by applying release agents such as silicone sprays,
spray-on films and special wax emulsions, where excessive abrasion is
not ‘'encountered, and when it is assured that these release materials
will not contaminate the epoxy compound or interfere with the proper

cure or bond [6].

There are certain handling precautions that have to be taken
when Heahng with epoxy resins. Epoxy materials vary in degree of
hazardness between non-hazardous materials and extremely hazardous
ones when improperly handled. They may cause health problems
when carelessly handled such as skin irritation and skin sensitiza-
tion. Working in a well ventilated area, wearing eye-glasses and dis-
posable suits and gl;)ves, and following the manufacturer's instruc-
tions related to safe handling of the materials should be taken for a
safe repair process. Careful attention is to be given when dealing
with solvents also since some of them are flammable, producing toxic

vapors, or causing burns or other serious effects. If it happened
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that epoxy compounds came into 'contact with the skin, they should
be removed by water and soap immediately. It is generally true that
solvents should not be used to remove epoxy materials from the skin
because they will tend to dry the skin and may cause skin dermatitis
by themselves. Additionally, they dissolve the epoxy and carry it
into more intimate contact with the skin thus increasing the dermatitic
problem resulting from the epoxy compounds. Flushing eyes with
large amounts of water and seefdng‘ an immediate medical attention is

necessary if eyes come into contact with such chemicals [6].

[N

1.4 Repair of Cracks by Epoxy Injection

Cracking of concrete may result from normal service loads,

internal stresses, or overloading of the structure [5].

Reinforced concrete members are normally designed in a way
that most of the tensile strength of steel is utilized for best effi-
ciency and economics. Therefore, steel usually undergoes some elon-
gations whichcmay exceed the breaking strength of concrete under
normal service loads, and that results in hairline cracks in concrete,
invisible to the naked eye. The cracks are bound to occur even for
properly dimensioned members when subjected to tension or flexure.
However, these cracks are harmless, provided that steel is designed

and configured properly so that no wide open cracks are developed

and enough cover is available. Under normal conditions these hair-
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line cracks will not increase the risk of reinforcement corrosion or

impair the stability or serviceability of the structure [5].

The shrinkage of concrete both in the plastic and hardened
states, as well as temperature variation will lead to internal move-
ments of concrete members. If these movements are restricted as in
the case of statically indeterminate structures, tensile stresses will
develop and may lead to cracking. Similar internal stresses will
occur as a result of fire | or differential foundation settlements.
These are the most common causes of cracking. While cracks result-
ing from shrinkage, fire or settlement, usually stabilize after the
cause is removed, those cracks caused by temperature variations may
continue to move under certain conditions such as repetitive ones.
This is an important factor in selecting the proper repair system. In
case of doubt, plaster seals may be applied over the crack to observe

any further movement.

In the case of cracking as a result of overloading, it is impor-
tant to distinguish between loads which are applied as a single occu-
rance (accidents, disasters), and those which are applied continu-

ously to the member during its service life [5].

It is normally difficult to assess the effect of cracking on the
serviceability of a structure. Origins and causes must be consid-
ered. The first judgement to be made is whether the stability of the

structure or a structural member is threatened. This is seldom the
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case, but if there is a doubt, structural engineering advice should
be sought. If there is no immediate risk to the stability of the
structure, its service life may be shortened due to the migration of
water, air, and other harmful substances into the inside of concrete
causing corrosion of reinforcement and other harmful effects if these
cracks were wide enough. Cracks less than 0.2mm (0.008 in.) are
considered to pose no threat of corrosion under normal service condi-
tions. In aggressive environments this limit goes down to O. 1mm
(0.004 in.) Finally, cracking may affect the serviceability of con-
crete structures designed to retain or exclude liquids, such as water
tanks and reservoirs. These structures may be at risk eiren ‘if the

width of the cracks is within the above specified limits [5].

Basically cracks which results from one-off application of stress
and have already ceased to move can be sealed by injection of special
epoxy resins, thereby restoring the structural integrity of the rr.xem-
ber and removing any threat to its durability or serviceability. If it
is just a matter of protecting steel reinforcement from corrosion, as
in the case of cracking in the tensile zone of concrt;te, it may suffice
to seal over the crack by brushing on several coats of a suitable
resin compound [5]. Alternatively, when narrow cracks have only to
be sealed against moisture, it is sometimes sufficient to brush dry
cement or neat cement grout into it. Another method is to seal them
with latex - emulsion of low viscosity. Wider cracks can be filled

with latex-cement mixture to which a "thickener" may be added to
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promote gelling and help to retain the filling material inside the
crack. These materials have relatively low elastic moduli and do not
generally contribute to the strength of the structure [4]. Injection
treatment may also be effective in certain cases, where cracks are
still subject to movement, whether as a result of temperature fluctua-
tions or changes in service/traffic loads, i.e., if it is simply a matter
of protection of steel reinforcement against corrosion, and if the

width of any further crack is within the above mentioned limits [5].

In all other cases cracks may necessitate structural repairs or
it may be considered as expansion joints and sealed accordingly. If
cracking is due to lack of structural strength of the member, then
the only satisfactory solution is to bond entire reinforcement to out-
side of the member using special adhesives, or to provide some form
of additional concrete support. If the structural strength of the
member is not impaired and further movement is expected, the crack
can be sealed along its sides by a special flexible cover strip; alter-
natively, the sides of the crack can be opened to form a proper
chase and the crack can be considered as a hormal construction/ex-
pansion joint and filled with a suitable joint sealent [5]. Forming a
chase will make the seal considerably wider than the crack in order
to reduce the strain to a reasonable amount. Then it can be sealed
with an elastic material such as polysulphide rubber or a preformed
neoprene or rubber-bitumen sealing strip, or a flexible 'bandage' can

be applied to the surface of the member (Fig. 1.5). It is preferable




to seal the crack at its most widest so that the sealent has not the
tendency to be pulled away from the concrete by the subsequent
movement. The sealent should not bond to the bottom of the chase
in order to be subjected to direct stress only, but it is important to
ensure that it is fully bonded to the sides of the chase. When a
surface seal is applied, the bandage should be stuck to the concrete
at its edges while the central part is free to move as in Fig. 1.5.
When only very slight movement is expected, it may be possible to
use a 'high build' surface coating, such as coal-tar/polyurethene, in

several coats [4].

If signs of corrosion of the underlying reinforcement showed

up, alternative methods of repair are required in this case [5].

ACI 504-70 describes practices for grouting and sealing cracks
and joints, including joint design, material available, and methods of
application. The basic steps in the process of filling a cracks are as

follows [6]:

1) Sealing the Surface: The first step is injecting a liquid

epoxy resin into a crack after cleaning and preparing it is
to cover all the surfaces of the crack with a surface seal to
prevent leakage and flow of the liquid resin out of the
crack before gelling and curing. There are two methods

for applying this seal:

a) Routing: frequently the crack is V-grooved or routed



Fig. 1.5:
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Methods of Sealing a Crack When Further
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to a depth of about 13 mm (% in.) and a width of
approximately 19 mm (% in.) using light chipping ham-
mers or a grinding tool. The V-grooved crack is then
filled with a non-sagging epoxy adhesive compound or
mortar which is applied like putty and then struck off
flush with the concrete surface. This type of sealing is
used most frequently with very high pressure crack
injections. -
Surface-dam: an alternate method for sealing or dam-
ming the surface of the crack is to apply a seal merely
to the face of the crack and completely bridge it. The
material used is frequently a non-sagging epoxy adhe-
sive also, which sets rapidly. In some cases a thermo-
plastic seal is used, where it is applied at an elevated
temperature [6]. Many .of the materials used for sealing
the crack between injection can be peeled off on comple-
tion of the work without disfiguring the concrete [4].
Injecting the adhesive into the crack requires
entry ports at the injection points, and there are three

types of them in use:

i) Drilled holes-fitting: the method which was histor-
ically first found and is used always in conjunc-
tion with V-grooved cracks is to drill a hole into

the crack of almost 19 mm (% in.) in diameter and
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13 mm (%2 in.) to 25 mm (1 in.) below the apex of
the V-groove and bond into it a fitting such as
pipe nipple or tire-valve stem with an epoxy
adhesive. The fittings are bonded with the same
epoxy adhesive, which was used to fill the
V-groove portion of the crack [6]. Care must be
taken to prevent dust, resulting from drilling,
from blocking .the crack and hindering the flow of
resin. The use of a drill bit with a suction
attachment is one way to do so [4].

ii) Bonded Flush Fitting: when the crack is not
V-grooved, a method which is frequently used to
provide an entry port is to bond a fitting flush to
the concrete face over the crack. This flush fit-
ting has a hat-like cross section with an opening
at the top for the adhesive to enter.

fii) Interruption in seal: a portion of the crack can be
used for injecting the resin when it is not sealed.
This type of system can be used with special
gasket devices, which will prevent leakage while
injecting the resin into the crack.

2) Mixing the Adhesive: This is done by either the batch or

discontinuous method. In the batch method the components

of the epoxy compound are mixed together with the propor-
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tions given by the manufacturer, usually by a mechanical
stirrer such as the paint mixing paddle. Care must be
taken not to mix more material than the amount that can be
injected, before it starts to gel. The flow characteristics
of the epoxy compound change when it begins to gel, and
that makes the injection process more difficult. In the con-
tinuous system the two components pass in separate hoses
through metering and driving pumps, prior to passing
through an automatic mixing head. This system allows the
use of fast-setting adhesives that have a short working life
in a larger mass, and also it enables  the injection of
cracks, where access of the work is difficult without a long

hose.

Pumping the Adhesive: The adhesive is injected into the

crack by an injection system such as the following ones:

a) Pressure Pot: perhaps the most frequently used method

is to force the adhesive with air pressure from a stan-
dard paint pressure pot through hoses to the entry

port. The adhesive may be placed in a disposable con-
tainer within the paint pot.

b) Caulking gun, air or head actuated: A common method

also is to fill a caulking gun cartridge with mixed adhe-

sive and apply pressure.

c) Hydraulic Pump: The adhesive is driven through
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hydraulic pumps which receive liquids from reservoirs.
The adhesive material can be either gravity-fed or

force-fed to the driving pumps.

The adhesive is injected into the crack through succes-
sive adjacent ports. Care must be taken not to apply a
high pressure which the surface seal cannot tolerate or
which can damage the structure, or which may make the
resin take the path of least resistance close to the surface
instead of penetrating deeply into the crack.

In horizontal members such as a floor the injection
of epoxy proceeds from one end of the member to the other
and if possible from the bottom of the concrete member
upwards. Cracks in vertical concrete elements should be
filled starting from the lower part and proceeding to next
part until the uppermost part is filled with epoxy taking

care not to trap air pockets.

Making sure the Crack is Full: It is very difficult during

the injection process to be sure that the crack is completely
filled and therefore personal experience of the applicator is
very important. Some work has been done on sophisticated
methods such as ultrasonic testing to determine whether the
crack has been filled or not. One practical method of
detecting filling of the crack is by drilling cores. It is

absolutely necessary if the soundness of concrete has to be
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assured. Some of the points in the repair process which

can lead to a high degree of success are mentioned below:

1))

i)

ii1)

Order of Injection: The adhesive should be injected
through successive ports starting from the Ilowest
one. Injection should continue from one port until it
starts to come out from the next. Then first port
should be capped off and injection starts from the
port which has just begun to show the adhesive.

location of Port: Entry ports should be spaced far
enough to assure that when the adhesive has come
out of the next port, it has completely filled the
crack to its full depth. Normally they are placed
only as far apart as the depth of penetration desired.
Calculation of Theoretical Amount Required: A useful
technique which helps to ensure filling of the crack is
to estimate the theoretical void by measuring the
width of the crack and dimensions of the concrete
member. Injection proceeds until the estimated quan-
tity is fed with a factor of safety (1.5:1 has proved
suitable). If the theoretical amount cannot be
injected, the cause should be determined. Possibility
of any undetected voids of undetermined size connect-
ing with a crack must be recognized and the amount

required for filling them determined and limited.
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iv) Maintaining Pressure: If pumping pressure cannot be
maintained in a crack that is .otherwise apparently
full, the reason should be determined. Inability of
maintaining pressure could be due to leaking out
through the surface seal or vent hole, draining into
connecting cracks, or passing through the member

into voids on the other side.

5) Removing the Surface Seal: After the injected adhesive has

cured the surface seal should be removed by grinding or
whatever methods are necessary. Fittings and holes at
entry ports should be painted with an epoxy patching com-
pound.

Ideally, the adhesive should be compounded for
pressure injection into concrete cracks. Therefore, it
should be pumpable, readily assimilated in small cracks by
capillary action and capable of bonding through a layer of
dust and fines that might be available inside the crack.
Cracks which have been contaminated with oils, grease,
food particles, and chemicals present special problems, and
unless they are removed sufficiently by proper methods to
allow for adhesive penetration and pressure bond, grouting
will not be an effective repair procedure. Dirt or fine par-
ticles prevent penetration of the adhesive. They should be

removed by flushing out with water, followed by drying or
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blowing them out using compressed air [6]. If the surfaces

of the crack are moist, a resin should be chosen that will

adhere to damp surfaces. This is usually more effective

than trying to dry the crack by flushing out with a water
repellent material [4].
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Chapter 2

LITERATURE REVIEW AND ROLE OF THE STUDY

2.1 Literature Review

2.1.1 The Problem

The rapid ;growth in the construction activity in the Arabian
Guilf area for the past two decades has intensified the demand for
reinforced concrete and concrete block as the most popular form of
construction. There has been an unprecedented demand for concrete
buildings of all kinds and the construction industry, beset by an
inadequate infrastructure, shortages of suitable materials, equipment,
skiled manpower, and inadequate specifications and construction
practices, has succeeded only in producing structures which are
showing an alarming degree of deterioration within a short span of
10-15 years. The deterioration is accentuated by the geomorphic and
climatic environmental conditions which are characterized by reactive
and marginal aggregates, high temperature-humidity environments,

and severe ground and ambient salinity [1].

In the following sections some aspects of the severe environ-
ment of the region are mentioned, followed by a brief history on the
development of epoxy materials for use in the construction industry,

and then a review on the research related to the application of these
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materials in the field of construction is presented.
2.1.2 Severity of the Re'gional Environment

The Arabian peninsula has an arid
[(precipitation 5 cm/year (2in/year), evaporation 124cm/year (50in/year)]
sub-tropical climate in terms of global climatic classification. The
coastal flats, where much of the development is founded, are exposed
to saline oceanic influences and tht;. environment is characterized by
intense heat often associated with high humidities and strong persis-
tent drying winds. The coastal areas aslong the southern part of the
Red Sea have the highest annual mean temperature in the world.
Summer air temperature in coastal areas and especially in the central
part of the Arabjan peninsula frequently attain 45-50°C (113-122°F).
The humidity in the coastal areas is very frequently around 60%
touching 100% at times. The .annual rainfall is almost always less

than 127mm (5 in) Isohyet, a figure often used to define the zone of

greatest aridity. Extremely low precipitations (less than 5 cm/year =
2 in/year) result in salt accumulation on surface, and the combined
effect of frequent drying winds, high temperatures, and low precipi-
tation results in excessive evaporation of the Gulf waters (124 cm/
year = 50 in/year) causing high salinity, especially in coastal areas
[1]. Fig. 2.1 shows these climatic characteristics as well as the
detailed month-by-month variations of temperature, humidity and pre-
cipitation for a typical location in Eastern Saudi Arabia [1]. It is also

of interest to mention that concrete exposed to direct sun rays may
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reach temperatures as much as 30°C (86°F) higher than the ambient.

[2].

Considerable studies and corrective measures are being taken
in the concrete construction industry in this area as a result of this
alarming situation, and different techniques of repair work are being

implemented to restore some of the deteriorated structures.
2.1.3 History of Epoxies

The first practical application of epoxy resins tock place in
Germany and Switzerland in the 1930's with concurrent experiments
being conducted in the United States, although the basic chemistry
had been known for several decades. Limited production of epoxy
resins started in the late 1940's and commercially produced epoxy
resin adhesives became available in the early 1950's. Initial labora-
tory tests using epoxies on concrete started also in the late 1940's
and were directed towards using them as coatings on floors and high-
ways. Developments were limited to the laboratory uni_:jl 1953, as
engineers and scientists attempted to identify the baéic physical
properties and probe potential uses of epoxy systems. Epoxy formu-
lations developed until there were epoxy systems with a combination
of properties which made them uniquely suited to be used as an
adhesive with concrete. They have high bond strength, low shrink-
age during cure, characteristics similar to other structural materials

when cured, long term resistance to aggressive environments, and
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easy application characteristics. Those properties led to many differ-
ent applications. Epoxies are presently used with concrete in the
form of coatings, repair materials, grouts, bonding agents, paints,
adhesives, epoxy mortar and concretes, seal coats and wearing sur-
faces. The volume of applied epoxies has been increasing and their

costs have accordingly decreased [6].
2.1.4 Literature in the Field of Epoxies

There is a vast amount of literature in the field of using epoxy
resins with concrete, varying from highly academic articles (e.g. [9))
to very practical ones (e.g. [10]). The literature related to this field
can be divided into three major categories, namely; (1) literature
related to developments of epoxy resin systems and their different
applications, (2) literature related to the development of testing tech-
niques for the evaluation and comparison of the performance of dif-
ferent epoxies for research as well as practical applicaitons, and (3)
literature related to the performance characteristics and durability of

epoxy products under various environmental conditions.

These categories are mentioned in more details below with more
emphasis on the literature related to this thesis subject:
(1) Literature related to developments of epoxy resin systems and
their applications:
There is a large number of articles which deal with the repair

of structures using epoxy compounds. For example, reference [6] is
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an ACI Committee 503 report entitled "Use of Epoxy Compounds with
Concrete" and it provides a complete review for the history, proper-
ties, and uses of epoxy compounds with concrete as well as the
details of the different steps undertaken in the repair process. Ref-
erence [l11] summarizes the crack repair methods and tells what kind
of cracks can be repaired with each of the mentioned methods. It is
a condensed form of the ACI Committee report entitled "Causes, Eval-
uation, and Repair of Cracks in Concrete Structures”. Concrete
repair and protection, starting with mentioning the different causes
of concrete deterioration and ending with some examples of case his-
tories together with a collection of products that can be used in this

field, are provided in reference [5]

Some literature concerns about the new developments in epoxy
formulations and applications, and the behavior of these epoxies
inside cracks. Plecnik et al [12] studied the effect of viscosity, pot
life, and injection pressure of epoxy adhesives on their penetration
capabgjty as the latter is largely responsible for an effective repair
and rebonding of steel reinforcement. Tests have been executed on
epoky injections in concrete bridges in reference [9]. It discussed the
interdependence of some intrinsic properties in the liquid state as
reactivity and viscosity in one hand and workability and viscosity on
the other hand. It mentioned that further work has to be done on
systems suitable to react properly in wet environment and on the

question of crack opening displacement in the hardening state of the
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resin.

Research in this category also includes the new techniques
developed in applying these adhesive materials and in trying to use
them to repair various forms of deterioration. Reference [13] is a
report published by Xansas Department of Transportation on a
project in x.vhjch a technique was developed for repairing cracked
structural bridge concrete. The method developed consists of drill-
ing holes at an angle to the deck surface, filling the hole and crack
plane with epoxy pumped under low pressure, and placing the rebar
into the drilled hole in a position to span the crack. Blight et al.
[14] have experimented with the use of epoxy resin injection repair
scheme in structures affected by alkali-aggregate reaction. They
reported limited success.

(2) Literature related to the development of testing techniques for
the evaluation and comparison of the performance of different
epoxies for research as well as practical applications:

Methods for evaluating and comparing the different epoxy adhe-
sives are actually very necessary. They help producers to provide,
as well as users to select, the most proper product to be used in the
field prevailing conditions. These test methods are helpful also in
research purposes related to these materials. Evaluation and check-
ing the characteristics of epoxy materials are very important. Also,
the availability of a wide range of epoxy adhesives in the local mar-
ket makes the comparison of their properties under local conditions

very beneficial. Although they come late, there are some standard



specifications which help to achieve these goals. Some producing
companies developed their own test methods on which they depend in
evaluating the properties of their products. Many researchers are
working in developing the different test methods and techniques and

it seems more work and standardization is required.

Most of the reported experim;ental work has centered around
beam type members, with initial failure initiated in tension and in
shear. Most of the researchers initially damage the members through
overloading, and then proceed to repair the cracks [at least those
by resin injection, and study the stiffness related parameters (e.g.
load-deflection, load-crack width, recovery of deflection, and ultimate
load characteristics) of these repaired beams in comparison with the
original damage-free beams. References [28-32] are a representative
collection of such testing, with loads applied either in a static or

dynamic fashion under normal environmental conditions.

On the other hand, the American Society for Testing and
Materials (ASTM) provides a standard specification (C881-78, reap-
proved 1983), for Epoxy Resin Base Bonding Systems for concrete.
This specification covers two-component epoxy-resion bonding systems
for application to portland cement concrete. It classifies epoxy-resin
bonding systems by type, grade, class, and color according to the
type of function and use, flow characteristics, range of temperature
for which they are suitable and color, respectively. The specifica-

tion provides useful information for both producers and users and it

pER——

~

RO CT NN X



53

describes the test methods used to determine the important character-
istics of epoxy-resin bonding systems. Finally, it ends with a table
showing the physical requirements of bonding systems regarding vis-
cosity, consistency, gel time, bond strength, volatile content,
absorption, shrinkage, and thermal compatibility. ASTM (C882-C884)
provide standard test methods for bond strength,- effective shrinkage
of epoxy-resin systems used with concrete, and thermal compatibility

between concrete and an epoxy-resin overlay, respectively [15-18].

In the standard test (ASTM C882-78, reapproved 1983) for
testing the bond strength of epoxy-resin systems used with concrete,
the bond strength is determined by using the epoxy system to bond
together two equal sections of a cylinder made with portland cement
mortar, each section of which has a diagonally cast bonding area at a
30° angle from vertical (Fig. 2.2). After suitable curing of the
bonding agent, the test .is performed by determining the compressive

strength of the composite cylinder [16].

ACI 503.4-79, is an American Concrete Institute standard enti-
tled "Standard Specification for Repairing Concrete with Epoxy Mo'r-
tars", and it describes the work of repairing defects in hardened
cement concrete with a sand-filled mortar using an adhesive binder
such as defined in ASTM C88l. It includes controls for adhesive
labeling, storage, handling, mixing and application, surface evalua-

tion preparation, as well as inspection and quality control {20].
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’ Test Described in ASTM C882-78 [16]
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The British Standard Institution (BSI) has provided a British
Standard (BS 6319:1983) under the title "Testing of resin composi-
tions for use in construction”. The parts of this standard provide a
rationalized collection of methods for testing the performance of resin
based compositions as used in the construction industry. The meth-
ods described in this standard allow for the tests to be carried out
either under specified conditions or under agreed and declared condi-
tions so allowing the freedom necessary for research purposes (e.g.
assessing performance under various conditions) or for checking
maintenance of quality. If the purpose of the tests is to prepare
general data for facilitating comparison between resin compositions
from different sources, then it is strongly recommended that the more

specified ambient conditions described are adopted [21].

Part 4 of this standard (BS 6319:Part4:1984) includes a method
for the measurement of bond strength (slant shear method). Tl;is
test method is a further development of the earlier methods, and has
overcome some earlier deficiencies. It allows better simulation of con-
structions in which resin compositions are used. Of I;articular impor-
tance is that it can be successfully used to evaluate crack repair
materials and techniques. Thus it shows how the slant shear test is
the most proper test for evaluating bond strength between the adhe-
sive and hydraulic cement concrete. If the bond is loaded in com-
pression, little information will be obtained since direct compression

failure is more likely to occur in one or other material. Prior failure
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of the bond line could be due to an indirect effect resulting from
shear stresses due to differences in the elastic responses of the two
materials. Tension tests lead to tensile fajlure in hydraulic cement
concrete in most cases, a mode this material is known to be weak.
Hence 'pull-off' tests seem to be of little value since they measure
the tensile strength of concrete, not of the bond. When hydraulic
cement concrete members are required to accommodate a tensile force,
this is achieved by the introduction of tensile reinforcement, most
commonly steel. The high tensile strength of reinforcement is mobi-
lized by means of bond and shear stresses in the concrete. Shear
stresses are also generated as a result of elastic response when con-
crete is loaded in compression. Thus it would appear that the shear
properties of the adhesive are the most worthy of investigation if its
useful strength is required. In order to subject the bond line
between hydraulic cement concrete and a resin composition to a pure
shear stress, an elaborate set-up is required if turning moments and
tensile stresses are to be avoided. A similar approach is to apply a
cofﬁbréssive load to a specimen taking the form of a composite prism
with a bond line running diagonally through it where the bond line
will be subjected to a combination of shear and compressive stresses,
a condition most likely to be encountered in concrete structures.
This method of investigation of the strength of an adhesive bond is
known as diagonal or slant shear bond test. The ratio of shear to
compressive stresses increases as the angle between the bond line

and the vertical axis is reduced. It has been found that 30° angle is
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the s_ha].lowelst practicable angle at which a joint can be formed in a
prism of modest dimensions. The slant shear test may be used not
only to appraise the bond strength of materjals but also to consider
the effect of concrete pre-treatments (e.g. acid etching) upon the
bond strength. Appendices at the end of Part 4 describe the prepa-
ration of composite test plaques representing the more typical con-
structions in which resin compositions are used (Fig. 2.3). The
principle of the test may be adopted for other composite construc-
tions, provided that full details are given in the test report. Simi-
larly the test can be applied to damp portland cement concrete or be

applied underwater, to investigate the effect of environmental condi-

tions on the bond strength [21].

Ciba Glegy [22] presented guidelines for testing araldite epoxy
resin-based structural adhesives and mortars. They serve primarily
to detérmine the behavior of adhesives and highly filled mortars when
subjected to short-term and long-term stresses, and when exposed to
moisture and heat. Unfilled binders, e.g. such as injection systems,
are tested in accordance with the genéral standards applicable to
plastic materials. It also uses a similar slant shear test for testing
the mechanical short-term and long-term performance of epoxy resin
adhesives under combined shear and compressive strengths and also
when exposed to moisture and heat. It mentions that knowledge of
the behavior of epoxy resin adhesives and mortars under thermal

stress is of considerable importance when selecting these products for
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use in structural applications. Accordingly it is absolutely essential
to determine the temperature limit below which an epoxy adhesive or

mortar will perform satisfactorily over a prolonged period.

Fattuhi (23, 24, 25], suggested two simple techniques for test-
ing the performance of different adhesive materials in transmitting
tensile and flexural stresses across a crack as the.re is no standard
available in this respect. The two techniques can also be used in
checking their performance as well as for comparison purposes with
respect to given parameters and conditions. In order to compare the
behavior of different adhesives, the specimen geometry should be the
same, and as it is difficult or nearly impossible to obtain fractured
surfaces of the same geometry, a crack simulation technique during
the concrete casting was adopted. The technique may result in lower
loading strengths than those obtained by using fractured surfaces,
where the interlocking nat;1re of the adjacent crack surface produces
higher resistance to failure. For the first technique [23, 24, 25],
molds for flgxural beams of dimensions 500 x 100 x 100 mm were
used. A 100 x 50 mm steel plate was placed at the center of the
mold so that a groove (simulated crack) was formed in the beam after
casting the concrete, demolding and removing the steel plate. The
dimensions of the steel plate were such that the resulting groove
would extend through the tension zone of the beam during testing
(Fig. 2.4). Preliminary investigations showed that the thickness of

the plate, which represents the width of the beam crack, is critical
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as Suggested by Fattuhi [23]
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when hand injection is used, since viscosity of the different repair
materials varied considerably. Control specimens such as ungrooved .
and grooved unrepaired beams were also made, cured, and tested
under similar conditions. It was recommended that these tests are
carried out under equivalent conditions and compatible with actual
field conditions, before a final choice of adhesive is made. For the
second testing technique [23], halved longitudinal concrete cylinders
were joined by repair materials and the cylinders together with com-
plete unrepaired reference ones were tested under splitting tension

(Fig. 2.5).

Amon and Snell [26], presented four case histories that showed
how pulse velocity techniques could be used to monitor and evaluate
epoxy grout repairs. The methodology of the evaluations and limita-
tions of these procedures were discussed. This is a very important
practical issue, as besides actual coring of a repaired structure, no
other technique is known for evaluating the degree of penetration of
a resin into a cracked structure. Reference [27| presented two sta-
tistical ways for assessing the efficiency of repairs by comparing
ultrasonic pulse velocities before and after repairs on concrete and
reinforced concrete structures. The methods were applied on bridge
prestressed beams and the advantages of each were shown in exam-

ples.

A good review on test methods for assessments of concrete

repair materfals is available in reference |3]. Tests examined include
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physical, chemical and durability performance. Testing of whole sys-
tems was also considered both in simulated laboratory conditions and
under natural exposure applied to purpose-made test specimens.
Consideration was also given to the possibilities of testing the per-
formance of. concrete repair materials and systems in service. This
review concentrated on the requirements of repair systems to over-
come the effects of reinforcement corrosion in the structure. It
showed that a repair system embraces a number of different compo-
nents including bonding coats, patching material, and any surface
coating. The performance requirements of each of these elements
depend on its function and were determined, and then a comprehen-
sive testing approach for these elements as well as the repair system
as a whole was mentioned accordingly.

(3) Literature related to the performance characteristics and dur-
ability of epoxy products under various environmental condi-
tions:

The performance of epoxy compounds used with concrete and
their durability under various environmental conditions, or in other
words, the short-term and long-term properties of epoxy materials,
were of primary concern in the researches related to this field. Uti-
lization of these materials in various areas of application depends

mainly on these properties.

In reference [28] flexural tests on epoxy repaired beams showed
that the repair process could enhance the structural performance of

the defective concrete structures. In reference |29, 30] static and
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dynamic (impact) tests on push-off specimens showed the effective-
ness of repairing concrete joints by epoxy injection. Hewlett and
Morgan [31] studied the static and cyclic (reversed loading) response
of reinforced concrete beams repaired by resin injection. Beams
designed to fail both in tension and in shear were tested to failure,
repaired, and re-tested. The work has established that if cracks are
accessible to the resin (i.e. not less than 0.1 mm (0.004 in) wide),
failed beams can be reinstated to a load-deflection and ultimate loads
behavior at least as good as those of the unfailed beams. If the
cracks are too narrow for resin penetration (less than 0.1 mm (0.004
in) inside), there will be no improvement to the beam's stiffness, but
such cracks are not likely to affect the serviceability of the beam and
would not require repair. If, however, bond between reinforcement
and concrete has been destroyed or the reinforcement extended
beyond its elastic limit, total reinstatement is doubtful. Extensive
shear cracking could be reinstated and beams which had failed in this
way were both stiffer and stronger than originally. Within the limits
of that program, a resin within a crack had no deleterious effect
upon the behavior of a repaired beam under reversed loading. Some
of these results agreed with earlier investigations mentioned in that

reference.

Hugenschmidt [33] presented some new experiences with epoxies
for structural applications. In that paper the properties and testing

of structural adhesives were reviewed in relation to such applications

ERE TR YA Y

-

o Ey



65

as segmental concrete bridge construction and the repair and
strengthening of reinforced concrete structures. Criteria for the
selection of epoxy adhesives were discussed with particular emphasis
on creep deformation, heat stability, moisture resistance, on site con-
ditions, handling and field testing. Supportive structural tests for
certain large-scale applications were also described. He mentioned
that a structural problem is one whose solution calls not only for
inforrr;ation on short-term properties of epoxy resin systems, but also
on their deformation under static load, behavior under continuous or
dynamic stresses, behavior at elevated temperatures, and in many
cases, the effect of moisture on adhesive strength. The construction
engineer is interested above all else in the long-term behavior of a
building material. Specifications aimed in the last analysis at provid-
ing the clienf and building contractor with reliable data on the selec-
tion of materials available, properties and test procedures should cer-

tainly include information on long-term behavior.

Plecnik and other researchers have published a group of
papers on the effect of elevated temperatures and fire exposure on
epoxy repaired concrete elements [34, 35, 36]. It was mentioned that
numerous articles have been written on epoxy adhesives and epoxy
repaired concrete elements under room temperature conditions, limited
amounts of experimental data was available on the behavior of epoxy
repaired components during and after fire exposures [34, 35, 36].

Except for elevated temperature, fire and creep effects, most
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strength properties of epoxy repaired concrete components exceed
those prior to damage. Since epoxy adhesives are organic thermoset-
ting resin systems, they are highly susceptible to softening and
pyrolysis at elevated temperatures. The strength and behavior of
epoxy repaired concrete elements at elevated temperatures are of
importance in several applications. First, concrete structural ele-
ments such as beams and walls are subjected to either continuous or
frequent exposure to elevated 'temperatures. Examples are epoxy
injected cracks in (1) nuclear power plant structures; (2) decks in
bridges subjected to sun exposure; (3) concrete stacks. Second,
thermal gradients in epoxy repaired concrete elements generated by
actual exposure to fire can reduce the strength of epoxy repaired

beams, walls, and columns significantly [36].

In reference [34] the degradation of strength properties at ele-
vated temperatures was inve.stigated on two unfilled structural epoxy
adhesives that are used for repairing cracks less than about 6.4 mm
(1/4 in) and therefore this study is applicable to those epoxy adhe-
sives of the same type and which have heat distortion temperature,
strength transition temperature and zero strength temperature similar
to those used in that study (approximately 80°C (180°F), 110°C
(230°F), 200°C (400 F), respectively. Two types of tests were
described. "Hot Tests" referred to specimens subjected to a speci-
fied time-temperature curve (1 hour duration under a specified temp-

erature) and tested immediately after completion of heat exposure.
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"Residual Tests" indicated that specimens were exposed to the one
hour duration inside the oven at a specified temperature and then
cooled down at room temperature for 7 days before testing them. A
series of tests.were performed on epoxy specimens conforming with
ASTM standards of rigid plastics. Variations with respect to a temp-
erature range from room temperature upto 204.4°C (400°F) was
obtained of such properties as static compressive strength ( hot and
residual tests), residual dynamic compressive strength. and residual
impact energy. Results of static compressive strength test on epoxy
cylindrical specimens of 12.7 mm. (% in) diameter and 25.4 mm (1
in.) length showed larger values for residual test than those of hot
strength test. In general, both showed degradation as the tempera-
ture of the one hour exposure increased (Fig. 2.6). Since the com-
pressive tests utilized laterally. unconfined specimens, the "residual”
strength properties of structural epoxy adhesives confined with thin
cracks may be considerably different from those indicated in Fig. 2.6
especially at temperatures near and above 200°C (400°F). A series
of static tensile and shear strength tests were also conducted on
unfilled structural epoxy adhesives and described in earlier publica-
tions mentioned in the same reference. These results also showed
that a drastic reduction of tensile and shear strength properties
occured at the strength transition temperature. Beyond 200°C
(400°F), all "hot" strength properties became negligible for the type
of epoxy adhesives mentioned above. The effect of specimen size and

configuration on both the "hot" and "residual" strength properties
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was appreciable {34].

Many concrete structures transfer lateral wind or seismic loads
through bearing or non-bearing shear walls. In reference [35] Plec-
nik and others studied experimentally the strength properties and
other important parameters of epoxy-repaired concrete walls during

and after "pseudo-type" building fire exposures.

Flexural tests on small and large size epoxy repaired concrete
beams of shear and flexural type failures tested at elevated tempera-
tures and under fire conditions were reported in reference [36].
Small-scale beams were subjected to uniform temperature exposures
for 2.5 hours after the injected epoxy had been curd. "Hot" and
"residual" strength tests were applied in the temperature range of
23.5-204°C (75-400°F) and ultimate load and stiffness values were
recorded. It was found that the behavior of epoxy repaired concrete
beams degraded as the exposure temperature of the specimens
increased. Test results also showed that both short-term strength
and stiffness of epoxy repaired beams reduced rapidly at uniform
temperatures exceeding about 121°C (250°F). Large-scale beams were
subjected to prescribed "pseudo-type" fire exposures and tested to
the ultimate strength after the end of fire exposure. It was found
that under fire conditions, the strength reduction is primarily influ-
enced by the presence or lack of fire protection coatings and the

thermal gradients [36].
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Fattuhi [23] examined the effect of temperature on the flexural
strength of pre-notched (simulated crack) beam specimens repaired
with three different adhesive materials, including an epoxy resin,
and the tensile splitting test of cylinders formed by bonding two
longitudinal half cylinders with the same repair materials. The
results indicated that the effectiveness of the repair materials in
transmitting the tensile stresses across a crack was reduced consid-
erably when the air temperature was increased from 20°C to 63°C
(68°F to 145.4°F). Decreases in modulus of rupture and splitting

tension of nearly 50% and 23% respectively were reported.

Schupack [37] showed the importance of long-term performance
of epoxy-coated composites. When epoxy or epoxy-mortar layers had
been laminated with concrete in thicknesses of (6 mm) (1/4 in) or
more, distress had sometimes occurred. Distress was caused by dif-
ferences in the shrinkage, thermal and mechanical properties of the
two materials. He mentioned that a single high thermal shock some-
times could degrade the composite, as can any of various cyclic
changes over a period of time. He presented three case studies of
epoxy-coated composites in' which distress occurred after several
years at the interface of epoxy and concrete. Severe environments
causing repetitive cycles such as heat-cool cycling, wet-dry cycling,
and/or freeze-thaw cycling were mainly responsible for these dis-
tresses. Differences in volume changes due to the cycling effect,

and using epoxy without enough creep characteristics and small
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- enough modulus of elasticity to accommodate these volume change dif-
ferences without introducing excessive stresses, resulted in fatiguing
the materials even though the stresses might have been small. He
mentioned that the ASTM test methods, C883, "Standard Test Method
for Effective Shrinkage of Epoxy-Resin Systems Used with Concrete",
and C884 "Standard Test Method for Thermal Compatibility Between
Concrete and Epoxy-Resin Overlay", try to measure any differences
in v;alume change characteristics, but the behavior observed in the
distress cases cited there suggested that the methods might be inade-
quate. Epoxies used there were supplied so long ago that it was not
possible to apply these tests on the original lots of epoxies for gui-
dance as to their suitability. He suggested at the end of his article
that it would be of interest if the cases of distress mentioned could
be duplicated in the laboratory and monitored so that the actual
cause of deterioration could be understood clearly. From this type of
controlled investigation the do's and don'ts of epoxy-concrete compos-

ite laminates could be better established [37].

To clarify the long-term behavior of reinforced concrete struc-
tural elements strengthened by structurally bonded reinforcement, a
special test program with bonded external reinforcement on concrete
structures at the Swiss Federal laboratories for Materials Testing and
Research at Duckendorf (EMPA), was set up with a planned observa-
tion for at least 15 years. Initial information obtained after one,

three, and five years are reported in reference [38].
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Ciba-Geigy in its publication titled "Araldite Structural Adhe-
sives Supplied by Ciba-Geigy" provides information about which Aral-
dite adhesive is the best choice for a given job, along with a collec-
tion of wuseful characteristics of the group of Araldite adhesives
mentioned therein. Among those characteristics are some information
on the short-term and long-term bond strengths of- Araldite adhe-
sives. Short-term bond strength included lap shear strength of typ-
ical metal-to-metal joints at 23°.C (73.4°F),and lap shear strength
versus temperature in the range of 60°C to 140°C (140°F to 284°F)
for the group of adhesives. It was mentioned that unstressed assem-
blies bonded with an Araldite adhesive would withstand temperatures
upto 200°C (392°F). After cooling, the bonded joints would exhibit
the original as-made properties. Long-term bond strength involved
two types of strength tests: the first is the static load bearing
strength versus temperature with a test duration of 10,000 hours. It
was stated there that "for Safety's sake, the long-term strengths of
the standard adhesives not shown should be taken to be 20% of their
short-term strength". The second type of test is the dynamic load
bearing strength at 23°C (73.4°F) as a percentage of short-term

shear strength for varying number of loading cycles with a maximum

of 107 loading cycles. It was also mentioned that "for safety's sake,
the dynamic load bearing strength of the standard adhesives not

shown should be taken to be 20% of their short-term strength at

n = 10", Finally this publication demonstrated the proper design of



bonded joints. It stated "bonded joints should be designed so as to
exploit fully the properties of the adhesive. If failure occurs, it
should be iIn the material bonded, not in the glue line. This aim is
best achjeved by designing joints so that they will be subjected to
shear, compressive, or pure tensile stresses. Eccentric tension and

peel loading should be avoided". This is explained in Fig. 2.7 [39].

2.2 Scope and Objectives of the Study
2.2.1 Present Status of the Problem

From the literature review in Section 2.1 it is clear that short-
term properties of epoxy Injected concrete are quite satisfactory.
However, lorig-term properties are of more concern for the construc-
tion engineer. Also, high temperature exposures have a considerable
adverse effect on concrete repaired by epoxy inj.ection on the short-
term and have a more deleterious effect on the long run. Repetitive
cycling such as heat-cool and wet-dry cycling can lead to fatiguing
these composites over a period of time even at small stresses. Appli-
cation of epoxies without enough creep characteristics and small
enough modulus of elasticity to accommodate these volume change dif-
ferences without introducing excessive stresses will lead to failure of

such composites faster under such severe conditions.

The Arabian Gulf area in general and Saudi Arabia in particu-

lar are characterized by severe weather conditions of high
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temperature exposure and high seasonal and diurnal variations of
temperature and humidity. A large number of concrete structures
are currently in need of repair of some type. A good percentage of
these structures can be protected against deterioration by crack
injection. At the same time, there is a large number of epoxy prod-
ucts available in the local market. Yet, there is no practical data
available on the field performance of such epoxies under the severe
environmental conditions of the region. There is also a clear need
for a selection criteria which will help in choosing the proper epoxy
product to suit the field conditions and requirements of the job.
Furthermore, there are no local standards available for epoxy systems
used with concrete, that take into account the characteristics and

severity of the environment in this region.

2.2.2 The Role of the Study

This study is intended to examine and evaluate the performance
of epoxy injected concrete under the severe environmental conditions
of the region mentioned above by running an experimental program in
the laboratory under simulated conditions to those of actual environ-
ment. Three different and locally available epoxies which are used in

the field for crack injection were selected for this study.

Similar to ASTM C-882 [16] half concrete cylinders, each with a
slant surface of 30° angle from vertical, are joined together so that

each pair of these concrete halves forms a concrete cylinder of 76.2
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mm ( 3 in) diameter and 152.4 mm ( 6 in) height with a slant gap
(simulated crack) of 1.6 mm (1/16 in) thickness (Fig. 2.8). These
cylinders are repaired by epoxy injection, and after suitable curing
of the epoxy compounds they are exposed to simulated environmental
conditions. After that they are tested in compression, where the
bond between epoxy and concrete is subjected to combined compres-
sion and shear. Also, beam specimens similar to those of Fattuhi
[23, 24, 25] with dimensions 152.4mm x 152.4mm x 533.4mm (6 in x 6
in x 21 in) and a notch (simulated crack) at the center of dimensions
152.4 mm (6 in) width, 76.2 mm (3 in) depth through the tension
zone, and 1.6mm (1/16 ) in) thickuness (Fig. 2.9). These beams
are repaired by injecting epoxy into these notches. After curing
they are exposed to simulated weather conditions, and then tested in
flexure. Suggestions and recommendations related to the selection
criteria of the proper epoxy products used in the region will be
developed. Also, the suitability and convenience of the two evalua-
tion techniques used in this study (cylinders and beams) will be
assessed. Thus, paving the way for future studies on epoxy resins
to select the proper technique for evaluation of bond properties
under a given set of conditions. Therefore, through this study the

following will, hopefully, be achieved:

1) Cylinders will be subjected to a temperature increase upto
(70°C) 158°F for a period of 6 hours in the oven, and then

tested immediately in compression while they are hot (hot
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strength test and short term property).

2) Cylinders will be subjected to a heat-cool cycling program
before they are tested in compression while they are cool
(residual strength test and long-term property). They will
be subjected to 0, 50, 100, 150 heat-cool cycles and each
cycle consists of 6 hours in the oven, where the tempera-
ture is set at 70°C (158°F) and 6 hours at room tempera-
ture 20°C (G8°F), where the specimens cool down gradually.

3) Cylinders will be subjected to a wet-dry cycling program
before they are tested in compression while they are cool
and dry (residual strength test and long term property).
They will be subjected to 0, 80, 120 wet-dry cycles and
each cycle consists of 12 hours immersion in water, 6 hours
in oven, where the temperature is set at 70°C (158°F), and
6 hours at room temperature 20°C (68°F), where the speci-

men cools down gradually.

In. the above three programs each point with a given set of
conditions is represeted by 8 cylindrical specimens: 2 complete refer-
ence cylinders 2 epoxy injected cylinders for each type of the three
epoxies used. The average of two specimen readings is considered in
the analysis of data.

4) Beams will be subjected to a temperature increase upto 70°C

(158°F) for a period of 6 hours in the oven, and then

tested immediately in flexure while they are hot (hot
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strength test and short term property).

5) Beams will be subjectéd to a heat-cool cycling program
before they are tested. in flexure while thy are cool (resi-
dual strength test and long term property). They will be
subjected to 0, 50, 100, 150 hot-cool cycles, and each cycle
consists of 6 hours in the oven where the temperature is
increased upto 70°C (158°F) and 6 hours at room tempera-

ture 20°C (68°F) where the specimen cools down gradually.

In the above two programs on beam specimens each point with a
given set of conditions is represented by 10 beam specimens: 2
ungrooved reference specimens, 2 grooved unrepaired reference spec-
imens, 2 epoxy injected beam specimens for each type of the three
epoxies used. Also, the average of two specimen readings is taken

in the analysis of data.

A general flow chart for the main steps in this study is shown

in Fig. 2.10.
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Literature Review
and Setting of
Experimental Program

Preparation of
Molds and Materials

Casting of Beams
and Cylinders

Repair of Beams
and Cylinders

Exposure to Simulated Local
Environmental Conditions

Testing of Beams
and Cylinders

Analysis of Data
and
Discussion of Results

Conclusions
and
Recommendations

Fig. 2.10: General Flow Chart for the Main Steps

in this Study
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Chapter 3

EXPERIMENTAL PROGRAM

3.1 General

The experimental work of this study was carried out in the
laboratories of the Civil Engineering Department of the University.
Throughout the experimental program ASTM standard specifications
for concrete and construction [40] were followed. A flow chart for
the general outlines of this study is shown in Fig. 2.10. A more
detailed flow chart is shown in Fig. 3.1. Details of the different

activities of the experimental program of this work are provided in

the following sections.

3.2 Preparation of Molds and Materials

3.2.1 Molds

Molds were prepared to confirm to ASTM standard specification
C192-81, entitled "Standard Method of Making And Curing Concrete

Test Specimens In The Laboratory”.

3.2.1a Molds for Cylinders:
Standard steel cylinders were used to produce 154.4mm x

76.2mm (3 in x 6 in) concrete cylinders. Wooden cylindrical speci-
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PREPARRTIGH OF MOLDS
AND MATERIALS
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Fig. 3.1: Detailed Flow Chart of the Experimental Program
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mens pf 76.2mm (3 in) base and 152.4mm (6 in) height and a slanted
surface running diagonally making an angle of 30° with the vertical
were prepared in the mechanical workshop so that when placed inside
the steel molds, slanted half concrete cylinders of the same dimen-
sions could be casted (Plate 3.1), (Fig. 2.8). Steel and wooden
molds were prepared so that group of (12) half cylinders could be
casted along with two full compression cylinders for quality control.
Therefore, a group of eight cylinders could be casted together which

would be exposed to a given set of conditions.

3.2.1b Molds for Beams:

Two wooden molds were prepared in the mechanical workshop
for the preparation of beam specimens. Each mold could produce
four beam specimens, each of which has the dimensions of 152.4mm x
152.4mm x 533.4mm (6 in x 6 in x 21 in) (Plate 3.2), (Fig. 2.9).

Eight metal notches of dimensions 152.4mm x 76.2mm x 1.6mm (6 in x

3 inx Tle- in) were also prepared in the workshop so that they could

be fixed on the wooden molds to produce eight beams having notches

at their centers, each notch is of 1.5 mm (Tls— in) thickness, running

throughout the width of the beam (154.4 mm = 6 in) and of depth
equal to half the depth of the beam (76.2mm = 3 in). Two additional
steel molds were used for producing ungrooved complete beams of the
same dimensions. Hence ten beams representing one group of a sin-

gle set of conditions could be casted together.

HERSEY
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Plate 3.1: The steel mold and dummy wooden specimen

for producing slanted half concrete cylinders.

Plate 3.2: Molds of beam and cylinder specirne;s féz;é{—%

for casting.
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3.2.2 Materials

Three types of epoxy resins for injection of concrete cracks
were selected for this study. They are manufactured in Europe and
available in the local market as they are among the more widely used
in this region. Table 3.1 shows the brand names of these products
along with their manufacturer addresses. Table 3.2 shows some of
the important properties of these epoxy products as obtained from
manufacturer's instruction sheets. These three types of epoxy resins

are designated by epoxy A, epoxy B and epoxy C, hereafter.

Epoxy product A was provided in a kit containing 10 cartridges
of the resin material and 10 tubes of the hardener in addition to a
set of auxiliary materials needed for injection such as injection nip-
ples with locating pins, nipple caps, and lengths of hoses. Epoxy
product B was available in packages, each of which contained pre-
measured can of epoxy resin and a can of hardener weighing together
2 kgs. Epoxy C was available in big separate cans of resin and har-

dener.

Also, another two-component prepacked adhesive based on
Araldite epoxy resin (EP-CA) was used as a sealant for the cracks
before starting the injection process. It has its own properties such
as long pot life, high viscosity, and enough mechanical strength,
which are suitable for its function as a sealant. A simple injection

equipment was used for the injection of the three types of epoxy. It

o A U LSS a bR i el



was composed of a hand

tridges, lengths of hoses,

(Plates 3.3, 3.4).

86

actuated gun,

standard empty paint car-

and nipples as entry and exit ports

Table 3.1: A List of Epoxy Resins Used
in the Study
Epoxy Product Manufacturer
Code Name and Address
A EP-IS CIBA-GIEGY
Epoxy Injec- Switzerland
tion System
B Sikadur 52 Sika
Injection Switzerland
C BERODUR EUROTEAMAG
EP-INJECT Berlin,
West Germany
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Plate 3.3: Materials used for the sealing of cracks before
epoxy injection.

Plate 3.4: Materials used for the repair of cracks by
epoxy injection.
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3.3 Casting of Beams and Cylinders

ASTM C-192 standard method of casting and curing concrete

test specimens in the laboratory [41] was followed.

design with the following properties by weight was used:

Ordinary Portland Cement

: 1
Eastern Province Beach Sand : 1.39
Abu-Hadriyah Crushed Aggregate : 2.85
Water (potable)(w/c=0.52) : 0.52

Coarse aggregates were proportioned to conform to ASTM C 33-66

grading limits of size No.7, with the following percentages:

Coarse aggregate retained on 1/2" sieve : 11.72%
Coarse aggregate retained on 3/8" sieve : 39.51%
Coarse aggregate retained on No.4 sieve : 48.78%

It was required to cast beam specimens for heat/cool (H/C)
cycling and hot (HOT) conditions and cylindrical specimens for

(H/C), wet/dry (W/D) cycling and (HOT) conditions. It was also

intended to cast each group of specimens, which would be exposed to
a certain number of cycling condition together in order to restrict
the variation in the results on the factors under consideration. This

trend was followed throughout this experimental work. Due to the

limited capacity of the drum mixer used, specimens were casted as

mentioned in the following sections.

A concrete mix

Tees A .k-u.w..a‘w.tul

R



3.3.1 Casting Beams and Cylindrical Specimens for (HOT) Conditions

Materials were prepared and molds were fixed and oiled. Metal
notches were fixed at their locations in beam molds and the dummy
wooden slanted specimens were put into the steel cylinders. For this
group of beams and cylinders, which would be tested while hot at a
specific temperature, thermocouple wires were embeded into the core
of each of its beam and cylindrical specimens for measuring the con-
crete temperature of the hot specimens before and after the test. It
was decided to locate them away from the middle third in the case of
beams to avoid any effect of their presence on the testing results.
For cylinders, they were located at the core of the complete cylinder
or at the core of the slanted half specimen. Thermocouples would be
added also to the cracks filled with epoxy for the same purpose.
The group of 10 beams and 8 cylinders were casted on 2 successive
intervals. Firstly, concrete for five beams was pl:epared in the drum
mixer. After measuring the slump, concrete was casted in the molds
in one layer, according to ASTM C-192, and thermocouple wires were
added. The beams were vibrated using a vibrating rod. The sur-
face of concrete was levelled and covered by polythene sheets. Sec-
ondly, the drum mixer was cleaned and prepared for the 2nd mix.
Concrete materials enough for another 5 beams, 2 complete cylinders
and 6 x 2 slanted half cylinders were mixed together in the mixer
and placed in the molds. Beams were treated in the same manner

and cylinders were filled in two layers. Thermocouple wires were
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embeded and cylinders were vibrated using the vibrating table,
levelled, and covered with polythene sheets. Compression cylinders
for quality control were also prepared in both mixes. Three days
Jater, when concrete had gained enough strength, metal notches were
removed smoothly, and specimens were demolded with particular care
for the half cylindrical specimens, and all specimens were placed in a

water tank for the rest of the 28 days curing time.

Another group of beams and cylinders was casted in the same
manner, which would be tested at normal conditions, i.e. at room
temperature and without heating or cycling. This group of beams
and cylinders would be actually representing reference result values
for the other groups which would be exposed to high temperature

during testing or cycling program before testing them while cool.
3.3.2 Casting (H/C) Beams and (W/D) Cylinders

The above two successive castings that were used to produce
one group of beams and cylinders were repeated three times similarly
in order to produce other three groups of beams and three groups of
cylinders. No thermocouples were used since specimens would be
tested while cool at room temperature. The three groups of beams
would undergo a heat/cool (H/C) cycling program, while the cylin-
ders would be exposed to wet/dry (W/D) cycling procedure after

repair.
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3.3.3 Casting (H/C) Cylinders

Three groups of cylinders were needed for the heat/cool (H/C)
cycling program. Each group was casted separately with the same
mix design proportions and consisted of eight cylinders (2 complete
cylinders and 6 x 2 half slanted cylinders) with addition to three
quality control cylinders and two additional half cylinders. The cast-

ing process proceeded in a similar manner to that of (W/D) cylinders.

3.4 Repair of Beams and Cylinders

The next step was the repair of beams and cylinders. Follow-
ing the manufacturer instructions of each type of epoxy is important.
Safety precautions were exercised during the applications of these

epoxy materials.

3.4.1 Repair of Beam Specimens

The following procedure was followed for all groups of beam

specimens:

1) Surface Preparation: when the group of beams were taken

out of water after curing, crack surfaces of beam speci-
mens, which would be used for crack injection, were pre-
pared to remove the oil spots and be little roughened. A
piece of cloth was passed through the beam crack while it

was in the water tank and rubbed its surfaces. Then it

sk adlsd
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was removed from water and both surfaces of the crack
were roughened by rubbing them using a very thin saw
blade three times on each surface followed by a very rough
emery cloth for fifteen times on each surface. After that
the crack was cleaned by jetting clean water into it. The
beam was left for at least five days in the laboratory for
drying and lastly, the crack was cleaned by jetting dry air
into it just before sealing it (Plate 3.5). All the rest of
the group beam specimens received the same treatment.

Sealing the Crack Surface: A piece of thin tape was placed

on the boundary of the crack to further safeguard the seal-
ing material from going into the crack itself. A bonded
flush fitting with a hat-like shape (nipple) was used for the
entry of injected epoxy. It was placed at the lowest point
of the crack on one of the sides of the beam under consid-
eration. A similar port for the exit of epoxy after filling
the crack was formed using the sealing material at the
highest level of the crack on top of the beam at the other
side from the entry port. The sealing material was pre-
pared by mixing its two components together and used to
fix the nipple, form the exit port, and seal the crack
boundaries by applying a layer on top of the tape and
around it. After that beams were left for curing and epoxy

injected in the next day. (Plate 3.6).

3) Epoxy Injection: Materials and equipments needed were




Plate 3.5:
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Cleaning the crack surfaces by air pressure
before repair.
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Plate 3.6:

97

A beam specimen after sealing the crack and
before epoxy injection.

Plate 3.7:

A beam specimen during the process of epoxy
injection.
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prepared first. Each epoxy of the three types was pre-
pared by mixing its two components thoroughly before
applying it. Type A epoxy was mixed by pouring the tube
of hardener into the cartridge of resin and shaking it prop-
erly a number of times. Epoxies of types B and C were
mixed in a beaker using an electric stirrer and then poured
into empty paint plastic cartridges. Epoxy injection was
performed slowly using a hand actuated gun in order to
press the epoxy from the cartridge to the entry port pass-
ing through a plastic hose (Plate 3.7). When it appeared
from the upper exit port the lower nipple was closed with a
cap and epoxy was given a curing period of at least seven
days before proceeding to the next stage (Plate 3.8). Each
epoxy was used to repair two specimens from each group of
beams as mentioned earlier, and frequently beams and cyl-
inders of more than one group were injected together by
the same epoxy in order not to waste prepacked quantities
and also to save time.

Removal of the Sealant: After curing of epoxy and as it is

usually the case in practice, nipples were struck off and
the sealant was removed using a hand grinder (Plate 3.9).
That would exclude any effect of the sealant strength dur-
ing testing the specimens. It was taken into consideration
not to cause too much heat at a point during grinding so

that the bond between epoxy and concrete would not be
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Plate 3.8: A beam specimen after repair, left for curing
of the injected epoxy compound.

Plate 3.9: A beam specimen after removing the ;eélant at
the end of the curing time of epoxy compound.
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affected.

3.4.2 Repair of Cylindrical Specimens

Similar procedure was taken in the repair of cylinders with the

exceptions mentioned below:

1)

2)

Surface Preparation: The slant surfaces of the bhalf cylin-

ders were sand-blasted instead of using the thin saw blade
and emery cloth. Limited duration of sand-blasting would
roughen the concrete surface and remove any latent materi-
als that were associated with a fair face concrete surface.

Sealing the Crack Surface: In order to fix the two half

cylinders together to form a cylinder with a gap of thick-
ness running in an inclined direction of 30" from the verti-
cal, the sealing process of cylinder was made in two stages.
In the first stage one half was put on top of another.and
held in position by tightening a steel ring of 12.5 mm (1/2
in) width around the two halves at the middle of height of
the cylinder. Two metal strips of thickness 1.6 mm (1/16
in) were placed between the two halves above and below the
ring to keep the gap required between the two halves.
After hard adjustments to get the two halves aligned form-
ing a cylinder with a gap, the ring was tightened properly
and the sealing material was applied to small intervals at

the top and bottom of the crack boundaries (Plate 3.10).
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On the next day and after curing of these portions, the
ring and metal strips were removed, the ‘crack' was cleaned
by air pressure, entry and exit nipples were fixed, and the
rest of the crack boundary was sealed completely (Plate
3.11).

3) Epoxy Injection: Sealing and injection of each group of

cylinders with the three types of epoxy were made after at
least 22 days from the end of the water curing due to per-
forming other activities in that period of time. After
injecting the epoxy, lower and upper nipples were capped
and cylinders were left for curing for at least 4 days.

4) Removal of the Sealant: Finally, the sealant was removed

in a similar manner using the hand grinder and a vice for
the fixation of the cylinder during work.
All cylinders were treated in the same manner during

their repair by the three types of epoxies used.

3.5 Exposure to Simulated Severe Environmental Conditions

3.5.1 Conditioning Devices

(a) Brabender Humidity Chamber:

A Brabender humidity chamber was used in heating the beam
specimens (Plate 3.14). Its temperature range is from 10°C upto

100°C (50°F upto 212°F) with accuracy + 0.5°C (+ 0.9°F). A wide

S r_a_umléta‘;{v\&!é#s



Plate 3.10:

Plate 3.11: |

A group of cylinders after

the first stage of
the sealing process.

A group of cylindefs ;a;éter c&ﬁiﬁleﬁng the
sealing process.
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Plate 3.12: A group of repaired and reference beam
specimens ready for heat-cool cycling.

Plate 3.13: A group of repaired and referencé ﬂc_ylinder
specimens ready for heat-cool cycling.
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Plate 3.14: Heat-cool cycling of beam specimens.
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range of 10% upto 95% relative humidity with an accuracy of * 3% rel-
ative humidity could be obtained with the working temperature
applied. It has a large working space for specimens under investiga-

tion.

(b) Memert Oven:

A Memert oven was used in heating the cylindrical specimens
(Plate 3.15). Its temperature range is from 50°C, upto 220°C (122°F
upto 428°F) with a control knob for the amount of fresh air entry.
The maximum fresh air entry is obtained at position 6 although this
does not signify a complete change of air within the chamber. The
recommended maximum load of specimens for homogeneous temperature

distribution in the working chamber is 30 kg (66.2 1b).
3.5.2 Hot Environment Condition

(a) Beams:

A group of ten beams, 2 beams repaired by each type of epoxy
after curing, 2 beams grooved unrepaired, and 2 beams ungrooved,
with thermocouple wires embeded into them (in concrete and epoxy)
were placed in the humidity chamber. The chamber was adjusted at
(70°C) 158°F and 35% relative humidity and set on for a period of 6
hours. The core temperatures of concrete and epoxy of each beam
were measured immediately after taking it from the chamber using the
thermocouple meter and then it was tested in flexure directly with

the groove area being under tensile flexural stresses. After failure



7 Plate 3.16: A group of cylinders immersed in water dur-
ing the wet-dry cycling process.
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the core temperatures were measured again so that an average temp-
erature of the beam during the test could be obtained. Another
group of beams was tested under normal conditions. i.e. at room
temperature (20°C = 68°F) and without heating or cycling in order to
form reference values for the results of other groups of beams tested

under other conditions.

(b) Cylinders:

A group of eight cylinders, 2 cylinders injected by each type
of epoxy and two complete ones, with thermocouples embeded into
them (in concrete and epoxy also) were placed in the oven, which
was adjusted at 70°C (158°F) with maximum ventilation and set on for
a period of 6 hours. Temperature readings of the cores of cylinders
were measured immediately after taking each cylinder out of the oven
for testing in compression. Temperature readings were taken again
after the test and average values were calculated for the temperature
of cylinders during the tests. Similar to beams, another group of
cylinders was tested at room temperature (20°C = 68°F) and without
heating or cycling in order to form reference values for the results

of other groups of cylinders.

3.5.3 Heat-Cool Cycling Program

(a) Beams:
Four groups of beam specimens, each of which consisted of 2

beams repaired by each type of epoxy, 2 grooved unrepaired beams
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and (wo complete ungrooved ones (Plate 3.12), were exposed to O,
50, 100 and 150 heat-cool cycles, one group for each specific number
of cycles. The first group of 0 (H/C) cycles was not exposed to any
heat-cool cycles and it was actuaily the same group which was tested
at room temperature (20°C = 68°F), and which was mentioned in Sec-
tion 3.5.2. The humidity chamber was adjusted at (70°C) 158°F and
35% relative humidity and beams ready for cycling were inserted into
it. In each heat-cool cycle the chamber was set on for a period of 6
hours, and then it was set off, its door was open, and an electric
fan placed in front of the beams was put on for another 6 hours to
get the temperature of the beams back to room temperature (20°C =
68°F) (Plate 3.14). During this cycle the core temperature of beams
was increased gradually upto about 65°C + 3°C (140°F * 5.4°F),
and then decreased to room temperature. Beams were arranged sys-
tematically in the chamber with each two beams of the same charac-
teristics on top of each other and 2 cycles could be performed daily.
After completing the number of cycles specified, beams were taken
out of the oven and left for at least three days, after which they

were tested while they were cool.

(b) Cylinders:

Similar to beams, four groups of cylinders, each group con-
sisted of eight cylinders: 2 cylinders repaired by each of the three
types of epoxy and 2 complete reference ones (Plate 3.13), were

exposed to 0, 100, 200 and 316 heat-cool cycles, one group for each
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specified number of (H/C) cycles. The group of cylinders of 0 H/C
cycles was actually the same group which was tested at room temper-
ature (20°C = 68°F), and which was mentioned in Section 3.5.2. The
number of cycles was increased since early results showed that more
cycles were needed to reflect fhe adverse effect of cycling in this
case. During the heat-cool cycles, cylinders were placed inside the
oven, which was adjusted at 70°C (158°F) and maximum ventilation
for a period of 6 héurs, where their temperature rose gradually upto
about 65°C + 3°C (149°F £ 5.4°F), and then were taken out of the
oven to cool down in front of an electric fan for another period of
six hours (Plate 3.15). Two (H/C) cycles were performed daily, and
few missed cycles were compensated for later. At the end of the
specified number of cycles cylinders were tested seven days later, at

least, in compression while they were cool.
3.5.4 Wet-Dry .Cycling Program

(a) Cylinders:

Another three groups of cylinders of eight cylinders each, 2
cylinders repaired by each type of epoxy and 2 complete ones, were
given 0, 80, and 120 wet-dry cycles, one group for each specified
number of cycles (the group of cylinders of 0 W/D cycles was actu-
ally the same group of 0 H/C cycles and 20°C = 68'F test tempera-
ture). Each wet-dry cycle consisted of putting the cylinders in
water for 12 hours, followed by putting them in the oven at 70°C

(158°F) for six hours, and finally putting them in front of an electric

o B stivuisaclibel bl
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fan for 6 hours (Plates 3.16, 3.15). One cycle was performed daily
and at the end of the specified number of cycles cylinders were

tested in compression at least seven days later.

3.6 Testing of Beams and Cylinders
3.68.1 Testing of Beams

Concrete beams were tested in flexure with third-point loading
according to ASTM C78-84 standard test method [42] (see Fig. 3.2).
A bond testing device of 200 kN maximum load, accuracy: class 2 DIN
51220/Grade B BS 1610, and attached to Automatic Compression Test-
ing Machine "TONIPACT 3000" was used for testing the concrete
beams in flexure. The speed rate of loading was adjusted at 0.28
kN/S (3.78 kips/min) and the breakage (ultimate) load was recorded
in the digital display. After iJeams were prepared for testing, they
were positioned on the machine so that the repaired and unrepaired
grooves were on the tension side with the load applied downwards at
the two third points of the beam span. A linear variable differential
transducer (LVDT) device was placed at the center of the beam from
underneath to measure the center point deflection. A TML portable
data logger (TDS-301) was connected to both the Tonipact machine
and the LVDT device for recording the reading of applied load and
central deflection each 5 kN interval as desired (Plate 3.17). In the

case of beams tested while hot, the temperature for each specimen
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Failure of a beam specimen in flexure under
third point loading test. )
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was measured just before and after the test as mentioned earlier.
3.8.2 Testing of Cylinders

ASTM C39-83b is a standard test method for compressive
strength of cylindrical concrete specimens [43]. A Wykeham Farrance
testing machine of model 55113 and capacity 1500 kN (337 kips) was
used for testing the cylinders in compression. A Forney Universal
Testing Machine of model LT-0950-DN and dual range {1786 kN, (400
kips) compression, 1780 kN (400 kips) tension} was also used for
testing the group of hot cylinders immediately after taking them out
from the oven and measuring their temperature. Cylinders weré
capped with sulphur compound from both sides for levelling them and
tested in compression with a speed rate of about 2.5 kN/s (33.7
kips/min), and the ultimate load applied was recorded for each cylin-
der (Fig. 3.3). Hot cylinders temperatures were recorded just after

the test also.
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Chapter 4

ANALYSIS OF DATA & DISCUSSION OF RESULTS

4.1 General

This chapter is devoted to the presentation of data obtained
from the experimental program of this study. Each set of experimen-
tal data is presented, manipulated and discussed in order to reflect
on the salient objectives of these experiments. The experimental
objectives and methodologies adopted for their achievement were pre-

sented in Chapters 2 and 3 respectively.

Results of the compx;essive strength of the concrete control
specimens are presented first, so as to give an idea about out-of-
group variations in cpncrete quality. This is followed by the experi-
mental results of the different testing programs on beams and cylin-
ders. Finally a comparison of the effects of the various factors on

the performance of epoxy repaired beams and cylinders is presented.

4.2 Results of Concrete Quality Control Specimens

The concrete mix design for the various beams and cylinders
used in this study was selected carefully and was unified throughout
the casting program (see Section 3.3). Since it was not possible to

cast all the beams and cylinders in a single casting, care has been

. ~‘:-égﬁ::mi%aﬁtﬁ&zm;«um é
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exercised to divide these castings into groups, each group relating to
the same experiment, so as to reduce the effects of out-of-group
variations as much as possible. Extra care and precautions were
taken to reduce these out-of-group variations to a minimum. This
included attempts to cast each group at about the same ambient labo-
ratory temperature followed by a unified sequence of finishing, cur-
ing and handling of the various castings that contribute to the same

experiments.

In all, nine castings were carried out for all the beams and
cylinders (see Section 3.3). Three 75 mm (3 in) diameter concrete
cylinders were obtained for each casting, so as to determine its com-
pressive strength after a specific duration of 28 days. As mentioned
earlier, the same curing, handling and storage conditions were
applied to these castings as strictly as possible. Results of compres-
sive strength tests on these control specimens are presented in Table

4.1 and illustrated in Fig. 4.1.

The average compressive strength for these nine mixes is 40.0
MPa (5800 psi) with a standard deviation of 4.4 MPa (640 psi). The
coefficient of variation equals 11%. These values are within the ball

mark figures expected for out-of-group concrete variations.

In general, variations in the strength of concrete test speci-
mens depend on how well the materials, concrete manufacture, and
testing are controlled. Variations in strength can be traced to two

fundamentally different sources: (a) differences in
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Table 4.1: Data for Concrete Quality Control (Overall Average Ulti-
mate Compressive Strength = 40.0 N/mm® (5800) psi
with Standard Deviation = 4.4 N/mm® (610) psi and
Coefficient of variation = 11%)

Concrete Average
Casting Compression Purpose
# Strength(psi)
1 44.0 (6380) 10 beams for 150 H/C,
8 cylinders for 120 W/D
2 38.2 (5540) 10 beams for 100 H/C,
8 cylinders for 80 W/D
3 33.4 (4840) 10 beams for 0 H/C and
20°C(68°F)
8 cylinders for 40 W/D
4 38.8 (5630) 10 beams for 50 H/C
5 42.5 (6160) 10 beams for 62°C (143.6°F)
8 cylinders for 63°C
(145.4°F)
6 42.5 (6170) 8 cylinders for 200 H/C
7 47.5 (6890) 8 cylinders for 100 H/C
8 36.6 (5300) 8 cylinders for 316 H/C
9 36.6 (5300) 8 cylinders for O H/C
and 0 W/D and 20°C(68°F)
Key:

H/C : Heat-Cool Cycles
W/D : Wet-Dry Cycles
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strength-producing properties of the concrete mixture and ingredi-
ents, and (b) apparent differences in strength caused by variations
inherent in the testing (44). Among these factors, the use of cement
from different sources, or even the use of different batches of
cement from one work, leads to an appreciable variation in the

strength of concrete (45)..

.The variation in strength test results of the nine castings in
one work could be mainly attributed to the variation in strength of
Type I cement used with addition to the slight variations in the mix-

ing, placing, and curing procedures.

4.3 Results of Testing at High Temperature
4.3.1 Strength of Repaired Beams Tested While Hot

It was aimed to examine the effect of high temperature expo-
sure on the performance of epoxy repaired beams with the three
types of epoxies used and on the bond between epoxy and concrete
when subjected to linear tensile stresses resulting from loading the
beam specimens in flexure. A group of beams (ten beams in total)
was tested at 20°C (68°F), while another group of beams was heated
for 6 hours in the oven, which was adjusted at 70°C (158°F) and 35%
relative humidity, and then immediately tested while hot, at which the
core temperature of the specimens was 62°C (143.6°F) (Fig. 3.2).

The details of this experimental program was documented in Chapter
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3, and the results of these tests are shown in Table 4.2 and pre-

sented graphically in Fig. 4.2.

Fig. 4.2 illustrates the clear reduction in flexural strength of
the epoxy injected beams as their temperature rises beyond the labo-
ratory ambient temperature of 20°C (68°F). To fully understand this
phenomenon, one must first examine the beams aesignated S and G.
These beams have no epoxy products and their variations should
reflect the rise of temperature impact on the flexural strengt°h of
concrete beams. Both kinds of beams have shown a reduction in
their flexural strength at higher temperature of 62°C (143.6°F).
However, the reduction in the (S) beams flexural strength is more

drastic than that of the (G) beams.

In literature, the effect of increase in temperature on the
strength of concrete is small and somewhat irregular below 250°C
(482°F), but above about 300°C (572°F) a definite loss of strength
takes place. In addition, concrete flexural strength is known to be
more sensitive to temperature variations than its compressive strength

(45).

Since the rise in temperature is rather modest, we do not
believe that the large reduction in the strength of the (S) beams can
solely be attributed to the increase in temperature. A large portion
of this reduction might be attributed to variations in the strength of
concrete, as well as variations in the testing process (see Section

4.2).
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Table 4.2: Effect of Temperature on Epoxy-
Injected Repaired Beams

Ultimate Applied Load(kN)
G
Type of Beam
: T
20°C(68 F) 62°C(143.6°F)

Solid Uncracked (S) 34.3 26.0
Cracked and Repaired 26.4 17.8
with Epoxy A (A)
Cracked and Repaired 34.1 9.5
with Epoxy B (B)
Cracked and Repaired 38.5 9.6
with Epoxy C ©)
Grooved (Cracked 9.4 7.8
& Unrepaired (G)
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On the other hand, the reduction in strength for the (G)
beams (of the order of 15%) is more representative of the expected
reduction in flexural strength of concrete made of limestone aggre-
gates when tested hot at about 65°C [46]. Therefore, using the (G)
beams strength as a reference benchmark, one can turn now to the
study of the effect of heat on the bond performance of the three

epoxy products.

One possible way of examining the effect of heat on the bond-
ing capacity of epoxies is to relate the extra gain in the flexural
strength of the A, B and C beams beyond that of the (G) beams to
the bonding contribution of epoxies. At room temperature of 20°C
(68°F), the epoxy products are bringing the beams almost to the full
strength of the solid uncracked (S) beams. This fact is manifested
by the failure of concrete away from the bond line In specimens
repaired with epoxy C and tested at 20°C (68°F). Even when failure
occurs at the bond line, as has been the case for specimens repaired
with epoxies B and C, traces of concrete could be seen attached to
and covering the epoxy bonding layer. While at 62°C the epoxy
treated beams (A, B and C) have only contributed very slightly to

the flexural strength beyond that provided by the (G) beams.

To quantify the epoxy contribution to the flexural strength of
beams at both temperature levels, one can evaluate the extra
strength (kN) that epoxy beams have provided beyond that provided

by the (G) beams. Such contribution is listed in Table 4.3 and
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Table 4.3 Contribution of the Epoxy-Concrete

Bond to the Ultimate Strength of

Flexural Beams (kN)

Specimen Type

Test Temperature @

20°C(68 F) 62°C(143.6°F)
Cracked and Repaired 17.0 10.0
with Epoxy A (A)
Cracked and Repaired 24.7 1.7
with Epoxy B (B)
Cracked and Repaired 29.1 1.8
with Epoxy C (C)

Table 4.4 Percentage Loss in Bond Flexural

Capacity between Epoxy and Concrete in
Beams due to Temperature Rise (in terms
of the bond flexural capacity at 20°C)

Specimen Type

Test Temperature @

20°C(68 F) 62°C(143.6°F)
Cracked and Repaired 0 41.0
with Epoxy A (A)
Cracked and Repaired 0 93.1
with Epoxy B (B)
Cracked and Repaired 0 93.7
with Epoxy C (©)

SRR
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illustrated graphically in Fig. 4.3. This figure clearly shows the
marked degradation in the contribution of the epoxy bond strength to
the flexural strength of epoxy repaired beams. From Fig. 4.3, a
percentage loss of the bonding capacity for each of the three epoxy

products can be evaluated as:

P - P

% loss = -“—P—E- x 100
20
where:
Pao = Flexural strength contribution of the epoxy product at
20°C (68°F)
P, = Flexural strength contribution of the epoxy product at

62°C (143.6°F).

Graphic presentation of this percentage loss of bond at higher
temperature is shown in Table 4.4 and Fig. 4.4. Product A lost
some 40% of its bond contribution to the flexural strength of repaired
beams, while products B and C have lost over 90% of their contribu-
tion when their temperature was elevated to 62°C (143.6°F). It is
worth mentioning that the failure pattern of the repaired l;eams at
the 62°C (143.6°F) temperature was by the debonding of the epoxy
layer from one of the crack faces, with no traces of concrete to the
epoxy. In fact the epoxy it.self was in a cheesey or rubbery form

and could be peeled off from the concrete quite easily.

In literature, Fattuhi [23] examined the effect of temperature on

.
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the flexural strength of similar beam specimens repaired with three
different adhesives [see Section 2.1.4(3)]. He reported nearly 50%
reduction in the strength of those beams repaired by an epoxy resin
grout adhesive when tested at 63°C (145°F), where the failure

occured at the repair section through the adhesive.
4.3.2 Strength of Repaired Cylinders Tested While Hot

The tests on repaired beams tested while hot reflectéd on the
bond performance of the epoxy products when subjected to tensile
stresses. These linear tensile stresses were the direct outcome of
the flexural loadings imposed on the beams. To wunderstand the
bonding behavior under stresses other than the tensile ones, the
slant shear test on repaired cylinders was used. In this test the
repaired cylinders were loaded in compression (Fig. 3.3), where the
bond between epoxy and concrete was subjected to combined compres-

sive and shear stresses.

Two groups of full and half cylinders were casted, cured and
repaired by the three epoxy products A; B and C. One group of
these cylinders was tested at room temperature (20°C = 68°F) while
the second group of cylinders was heated in an oven set at 70°C
(159°F) for 6 hours and then tested immediately while hot. The
embedded thermocouples in the cylinders recorded 63°C (145.4°F) at
the time of the compression test. Results of these tests are listed in

Table 4.5 and shown graphically in Fig. 4.5.

T
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Several interactive phenomena can be realized by careful exami-

nation of the data presented in Fig. 4.5, among which are the follow-

ing:

A) All repaired cylinders with epoxies A and C showed a rea-
sonably high compressive strength at 20°C (68°F). These
specimens produced an average strength around 80% of that
of solid unrepaired cylinders (S). Their failure pattern
was comparable to that of the solid cylinders, i.e. a failure
characterized by the crushing of concrete in the middle

zone, leaving the well recognized end cones.

Cylinders repaired by the product B have, on the
other hand, failed by the shear failure manifested by the
sliding of the two glued halves against each other. These
cylinders could only attain about 45% of the strength
attained by the solid (S) cylinders. This low performance
could be related to an experimental error during the mixing
and application of epoxy B to the cylinders or due to the
fact that cylinders tested at room conditions were epoxy
injected using epoxy B after a long period of time since the
first time the cans of the two components of epoxy B were
opened. This is explained in more details in Section 4.4.2.
Cylinders repaired with epoxy B and tested while hot were

epoxy injected using a new package of epoxy B components.

B) The solid concrete cylinders tested at 63°C (145.4°F) have

PIERIHER AN 3§ S B
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Table 4.5: Effect of Temperature on the Compressive
Strength of Epoxy-Injected Repaired

Cylinders
Ultimate Applied Load(kN)
@
Type of
Cylinder
T
20°C(68 F) 63°C(145.4"F)
Solid Uncracked (S) 222.6 244.0
Cracked and Repaired 172.6 19.4
with Epoxy A (A)
Cracked and Repaired 101.0 17.8
with Epoxy B (B)
Cracked and Repaired 181.5 16.2
with Epoxy C (C)

Table 4.6: Effect of Temperature on the Compressive
Strength of Epoxy-Injected Repaired
Cylinders (as Percentage of S Value)

Ultimate Applied Load (%)
@
Type of
Cylinder
T
20°C(68°F) 63°C(145.4°F)
Solid Uncracked (S) 100.0 100.0
Cracked and Repaired 77.6 8.0
with Epoxy A (A)
Cracked and Repaired 45.4 7.3
with Epoxy B (B)
Cracked and Repaired 81.5 6.6
with Epoxy C (©)
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produced an average compressive strength of about 53.5

it ety b e,
NN LA gk R

MPa (7760 psi). This represents about 10% increase over z

e

the strength of the cylinders tested at 20°C (68°F). The
control cylinders for the two mixes from which the groups I
were made showed about 16% increase in the original 28
days strength of concrete used for casting the cylinders
tested wﬁile hot in comparison to that used for casting the
cylinders tested at room temperature (Table 4.1). Thus it
appears that the net increase in the strength of solid con-
crete cylinders at 63°C (145.4°F) is the resultant of the
effect of out-of-group strength variation of concrete used
together with the effect of temperature on the strength of

concrete.

C) Further study of Fig. 4.5 reveals that the concrete cylin-
ders repaired by the three epoxy products have completely
lost their bonding strength when tested hot at 63°C
(145.4°F). Their failure pattern is characterized by the
smooth sliding of one cylinder half against the other. The
epoxy product behaved in a rubber-like material between
the sliding concrete surfaces. This behavior confirms the

early findings of the repaired beams tested in failure.

To further illustrate this drastic change of behavior of the
three epoxy products, the strength of each repaired cylinder (A, B

and C) is recorded as a percentage of that of the solid unrepaired
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cylinder (S) at the respective test temperature. Table 4.6 and Fig.

4.6 show such comparison.

From Fig. 4.6 a percentage loss of the bonding capacity under
combined compressive stresses for each of the three epoxy products
can be evaluated in terms of the ultimate applied load to repaired
cylinders at room temperature (20°C = 68°F) as follows:

P - P

% loss in bond = —%— %3 x 100

PZG

where:

P,, = Ultimate applied load of repaired cylinders at 20°C

(68°F) as a percentage of the solid cylinder values at
20°C (68°F).

P,, = Ultimate applied load of repaired cylinders at 63°C
(145.4°F) as a percentage of the solid cylinder values

at 63°C (145.4°F).
This is presented in Table 4.7 and Fig. 4.7. The average loss in
bond performance for the three epoxy products when the epoxy-con-
crete bond was subjected to combined compressive and shear stresses

is 89% when they were tested at 63°C (145.4°F).

Considering the average performance of repaired beams, we
find that while the three epoxy products produced strengths in the
vicinity of 80% of the solid concrete cylinders at room temperature
(20°C = 68%F) (excluding results of cylinders of epoxy B at 0 H/C

cycles), those same products could only produce about 10% of the

it W e F A AL
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Table 4.7 Percentage Loss in Epoxy-Concrete Bond under
Combined Shear and Compressive Stresses in Cylin-
ders due to Applied Temperature of 63 C (145.4°F)
(in terms of bond capacity at 20°C = 68°F).

Specimen Type

Test Temperature @

Al

20°C(68 F) 63°C(145.4°F)
Cracked and Repaired 0 89 ..7
with Epoxy A (A)
Cracked and Repaired 0 83.9
with Epoxy B (B)
Cracked and Repaired 0 91.9
with Epoxy C (<)
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solid concrete cylinder strengths at 63°C (145.4'F). This statement

is clearly noted in Fig. 4.8.

In summary, we can deduce from the results of repaired beams
and cylinders that although these epoxy products A, B and C are
functioning well at room temperature (20°C = 68°F), they lose most of
their bond strength at temperatures as high as (62.5°C = 144.5°F),
regardless whether the epoxy line is subjected to tensile or combined
shear and compressive stresses. This behavior is believed to be due
to the softening of these epoxies and the changes in their properties
at this high temperature in addition to the development of high ther-
mal stresses at the bond interface due to the difference between the

coefficient of thermal expansion of each epoxy and that of concrete.

4.4 Results of Heat-Cool Cycling Program
4.4.1 Heat-Cool Cycling of Epoxy-Injected Beams

As explained in Chapter 3, four groups of beam specimens were
exposed to 0, 50, 100 and 150 heat-cool cycles, and then tested while
cool in flexure after at least three days from the end of the heat-cool
cycling process (the group of 0 H/C cycles is actually the same
group of beams which was tested at 20°C = 68°F and which was men-
tioned in Section 4.3.1). Each group of beams consisted of ten
beams: 2 solid ungrooved reference beams, six grooved and repaired

beams with the three kinds of epoxies used (A, B and C), and two

=

oA
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grooved but unrepaired ones. Each heat-cool cycle consisted of six
hours duration in the humidity chamber set at 70°C (158°F) and 35%
relative humidity and six hours duration at room temperature, 20°C
(68°F) and it was found that the maximum temperature gained during
the cycle was 65°C + 3°C" (149°F + 5.4°F). Flexural loading test
at the third points was applied on the. beams (Fig. 3.2) in order to
examine the effect of heat-cool cycling on the strength of repaired
beams, where the époxy-concrete bond was subjected to linear tensile
stresses resulting from the flexural loading applied on each beam.
Results of these tests are shown in Table 4.8 and graphical presenta-

tions of these data are shown in Fig. 4.9.

Considering Fig. 4.9, several important observations are noted,

among which are the following:

A) It is.noted that the flexural strength of grooved unrepaired
beams (G) represent about 25% of those of the solid
ungrooved beams (S) at all of the four cycle marks (0, 50,
100, 150). This is well within our expectations, as the
section modulus of the (G) beams at the groove section is

exactly one-fourth of that of the (S) beams.

B) Both the solid (S) beams and the grooved unrepaired (G)
beams exhibited about 20% marked increase in strength after
50 H/C cycles from that at 0 H/C cycles. Beyond 50 H/C
cycles (i.e. 100, 150 H/C cycles) only very slight variation

was noticed in the strength of these beams. This



139

Table 4.8: Effect of Heat-Cool Cycling on the Flexural
Strength of Epoxy-Injected Repaired Beams.
Ultimate Applied Load (kN)
Specimen
Type

0 H/C 50 H/C 100 H/C 150 H/C

Cycles Cycles Cycles Cycles
Solid Ungrooved (S) 34.3 41.2 42.9 43.5
Grooved Repaired 26.4 24.9 14.1 14.7
with epoxy A (A)
Grooved Repaired 34.1 17.6 12.5 11.4
with epoxy B (B)
Grooved Repaired 38.5 29.4 19.2 18.1
with epoxy C ()
Grooved Unrepaired 9.4 11.1 10.5 10.2
with epoxy (Q)




o
<
-t

TEPSREL TN

091

§319£% 9/H }Jo ‘oN
vl A 001! 08 09 14 0¢
1 _ L _ 1 — 1 — 1 — 1 _ 1 _ /]

(=]

(9)

(9)

(8)

(s)

K

LB L L

+

p

T—

llllll(rl1lllll

1‘

swoag pasioday pajoafui-Axod3y jo yjbuaiys |oinxa|y ayj
uo buijokg jo0d-30ay Jo 399443 64 Ot

Irlllll

o
-—

(=}
o~

(N¥) pooy paljddy “}in

0¢



141

behaviour is mostly due to the following contributing fac-

s
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tors:

i) It is known that concrete gains strength increasingly
with time and the rate of gaining strength decreases
as its age goes up [45]. Therefore it is expected that
our specimens, which were having an age of about 40
days at the start of cycling process and which were
tested during the first four months, were affected by

this factor.

ii) When matured concrete is exposed to a higher temper-
ature, it is expected that the rate of reaction of the
remaining unhydrated cement will increase resulting in
a faster gain of the remaining strength (45). On the
other hand, repeating large changes in temperature
would affect the strength of exposed concrete due to
the development of thermal stresses between the
cement paste and aggregates as a result of the differ-
ence in their coefficients of thermal expansion [47].
However, it is thought that beam specimens, which
were exposed to the heat-cool cycling regime, were
. affected slightly by those factors since the maximum
temperature reached (62°C = 143.6°F) and the nature
of the heat-cool cycling process were not severe on

the concrete itself.
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iii) Normal out-of-group strength variation of the con-
crete mixes seems to have its effect on the trend of
the results also. Table 4.1 and Fig. 4.1 show that
the four groups of beams tested after 0, 50, 100, 150
H/C cycles were made from the concrete mixes # 3, 4,
2 and 1 respectively, and show also the average com-
pressive strength of the control cylinder for the dif-

ferent mixes.

Turning our attention now to the behavior of repaired beams

with epoxies A, B and C as depicted in Fig. 4.9, further observa-

tions are made, among which are the following:

C)

D)

At 0 H/C cycles the repair of grooved beams with the three

. kinds of epoxies has brought the strength of these repaired

beams (A, B and C) back to almost the strength of the
solid ungrooved reference beams(S). This was manifested
by a tensile failure away from the repair area (Plate 4.1) or
mostly in concrete at the repaired crack as was mentioned

in Section 4.3.1.

As the number of H/C cycles increased, a marked decrease
in the flexural strength of the repaired specimens (A, B
and C) was clearly obtained. This systematic decrease
brought the strength of these specimens to an asymptotic
behavior towards the grooved unrepaired beams (G). This

means that as the number of H/C cycles increases, the

e rba e et A maveabal ah



Plate 4.1: Repaired beams with epoxy C tested after O
H/C cycles with a mode of failure in concrete
away from the repair section.

N

o

Plate 4.2: Repaired beams with epoxy B tested after 100

H/C cycles with a mode of failure at the repair
section.
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epoxy product A, B and C tend to lose their bonding capa-

bilities and ultimately they may become totally ineffective.

E) The slight increase in the flexural strength of beams
repaired by product (A) after 150 H/C cycles can be justi-
fied as being an out-of-group variation in concrete
strength, rather than an increase in the bonding strength

of the product.

F) A common debonding failure was observed for all the
repaired beam specimens with some traces of concrete
attached to the epoxy layer at 50 H/C cycles (Plate 4.2)
and with no tracés of concrete at 100, 150 H/C cycles.
This is a clear manifestation of the reduction in their bond-

ing strengths after a limited number of H/C cycles.

To further illustrate the behavior of the epoxy repaired beams
(A, B, and C) under the effect of (H/C) cyclés, one can refer to
Table 4.9 and Fig. 4.10, where the strength of each group of beams
of a certain number of H/C cycles were calculated as percentages of
the strength of thé solid ungrooved beams (S) of the same number of
H/C cycles. This figure shows the strengths of repaired beams (A,
B, C) as bounded by an upper limit at 0 H/C cycles, where this limit
is represented here by the strength of solid beams (S), and by a
lower limit at 150 H/C cycles, where it is represented by the
strength of grooved beams (G). To’ clearly illustrate this phenom-

ena, one can combine the behavior of the three types of repaired

e S W ﬁ'ﬁt‘@“
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Table 4.9: Effect of Heat-Cool Cycling on the Flexural Strength
of Epoxy-Injected Repaired Beams (as Percentage of
the Strength of Solid Beams (s)
Ultimate Applied Load (%)
Specimen
Type
0 H/C 50 H/C 100 H/C 150 H/C
Cycles Cycles Cycles Cycles
Solid Ungrooved (S) 100.0 100.0 100.0 100.0
Grooved Repaired 77.0 60.4 32.9 33.7
with epoxy A (A)
Grooved Repaired 99.4 42.7 29.1 26.2
with epoxy B (B)
Grooved Repaired 112.2 71.4 44.8 41.6
with epoxy C (C)
Grooved Unrepaired 27.4 26.9 24.5 23.4
with epoxy (G)
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beams (A, B and C) in a single average curve representing the three
repair products. Fig. 4.11 shows clearly the degradation of the fle-
xural capacity of such averaged repaired beam (R) subjected to an

increasing number of H/C cycles.

In order to consider the performance of the bond between
epoxy and concrete under an increasing number of H/C cycles, one
can calculate the contribution of epoxy-concrete bond to the flexural
capacity of repaired beams beyond the contribution of the grooved
unrepaired beams (G). This is achieved by subtracting the strength
of grooved beams (G) from the total strength of repaired beams of
the same group (same number of H/C cycles). Results are listed in
Table 4.10 and clearly shown in Fig. 4.12. This figure shows the
marked degradation in the bond flexural capacity between epoxy and
concrete as the number of heat-cool cycles increased. Table 4.11
and Fig. 4.13 show this degradation in terms of the percentage loss

in the bond flexural capacity as calculated in the following equation:

P - P

% loss = —2 H/I? n H/C , 100
o H/C

where:

P o H/C = Flexural strength contribution of the bond between
the epoxy product and concrete at zero heat-cool
cycles.

n H/C = Flexural strength contribution of the bond between

the epoxy product and concrete after n heat-cool
cycle.

SRTRCB e b
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Table 4.10: Effect of Heat-Cool Cycling on the Contribution of
the Epoxy-Concrete Bond to the Ultimate Strength
of Flexural Beams (kN)

Ultimate Applied Load (kN)
Specimen
Type

0 H/C 50 H/C - 100 H/C 150 H/C

Cycles Cycles Cycles Cycles
Grooved Repaired 17.0 13.8 3.6 4.5
with epoxy A (A)
Grooved Repaired 24.7 6.5 2.0 1.2
with epoxy B (B)
Grooved Repaired 29.1 18.3 8.7 7.9
with epoxy C ©

Table 4.11: Percentage Loss in Bond Flexural Capacity Between
Epoxy and Concrete due to the Heat-Cool Cycling
(in terms of the Bond Flexural Capacity at 0 H/C
Cycles)
Specimen 0 H/C 50 H/C 100 H/C 150 H/C
Type Cycles Cycles Cycles Cycles
Grooved Repaired 0 18.8 78.0 73.5
Beams with epoxy A (A)| -
Grooved Repaired 0 73.7 91.9 95.1
Beams with epoxy B (B)
Cracked Repaired 0 37.1 70.1 72.9
Beams with epoxy C (8]
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Epoxy product B lost almost 95% of its flexural bond capacity after
150 heat-cool cycles while epoxies A, C lost almost 75% of their bond-

ing capacity after the same number of cycles.

The degradation in bond between epoxy and concrete as the
number of heat-cool cycles increased is believed to be due to the dif-
ference in the coefficients of thermal expansion of each type of epox-
ies used and that of concrete, which lead to the development of rep-
etitive thermal stresses (thermal fatigue) with the heat-cool cycling
process, which lead to the bond line failure between the epoxy layer
and concrete. It is well known that there is a large difference
between concrete and cured epoxies in their coefficients of thermal
expansion [6]. Epoxies have coefficients of thermal expansion in the
range of 1.4 to 18.7 times as high as concretes [37]. As seen in the
table of properties of the three types of epoxies used (Table 3.2),

the coefficients of thermal expansion of epoxies A, B and C are
60 x 10°°, and 90 x 10°° and 50 x 10" % per °C (33.3 x 10" °, and

50 x 10 ° and 27.8 x 10°° per °F ) , respectively. On the other
hand, the coefficient of thermal expansion of concrete used, which is

made of Abu-Hadriyah crushed aggregate, is in the vicinity of

12 x 10" % per °C 6.7 x 10"° per °F ) [47]. We notice that as the dif-
ference in the coefficients of thermal expansion between epoxy and
concrete increased, the degradation due to the heat-cool cycling also

increased. This is quite shown in Figs. (4.9, 4.10).
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4.4.2 Heat-Cool Cycling of Epoxy-Injected Cylinders

Tests conducted on cracked and epoxy-injected concrete beams
showed that the tensile bond strengths across the concrete-epoxy
interface tend to deteriorate rapidly when subjected to an increasing
number of heat-cool cycles. It is the objective of this phase of the
study to examine the effect of H/C cycles on the epoxy-concrete
bond behavior under combined compressive and shear stresses. This
can be achieved by subjecting the repaired cylinders to H/C cycles

and testing them in axial compression (Fig. 3.3).

Four groups of cylinders were used in this study, these
groups have undergone 0, 100, 200 and 316 H/C cycles (also, the
group of 0 H/C cycles was actually the same group of cylinders
which was tested at 20°C = 68°F and which was mentioned in Section
4.3.2). Each group consisted of two complete cylinders and two
cracked and bonded cylinders for each of the repair products A, B
and C. Each heat-cool cycle consisted of placing cylinders for 6
hours in the over set at 70°C (158'F), followed by 6 hours in room
temperature at 20°C (68°F) and it was found that the maximum temp-
erature gained during the cycle was 65°C + 3°C) (149°F = 5.4°F).
After the completion of the specified number of cycles for each of the
four groups, cylinders were tested in compression at room tempera-
ture, after at least seven days from the end of their cycling process.
Results of these tests are presented in Table 4.12 and are plotted
graphically in Fig. 4.14.
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Considering Fig. 4.14, the following observations can be made:

A)

B)

The group of cylinders denoted by (S) represents the
effect of H/C cycling on the compressive strength of solid
uncracked concrete cylinders. It is observed that as the
number of H/C cycles increases from O to 200, the concrete
gains extra strength in the neighbourhood of 10% of its
original fc'. After 316 H/C cycles the concrete loses this
gain and goes back to its initial fc' approximately. The
causes for the increase in fc' are probably related to age of
concrete and possibility of hydration of the unhydrated
cements at higher temperature. The concrete age at the
start of cycling was about 70 days, so naturally the extra
100 days would have contributed to its strength. The
slight decrease in concrete strength at 316 H/C cycles could
be related to the presence of micro cracks due to H/C

cycling and/or out-of-group strength variations.

Behaviour of epoxy injected cylinder groups (A) and (C)
exhibited a very compatible pattern to each other and
closely followed that of the uncracked cylinders (S). This
pattern is characterized by an average of about 9% reduc-
tion in strength below that of the (S) cylinders of the H/C
cycling program. The pattern of failure for these cylinders
(A and C) was also compatible to that of the (S) cylinders,

i.e. was characterized by the cracking and crushing of the
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Table 4.12: Average Ultimate Applied Load of Cylindrical Speci-
mens Tested in Compression After H/C Cycling
Program (kN)
Specimen 0 H/C 100 H/C 200 H/C 316 H/C
Type Cycles Cycles Cycles Cycles
Solid Uncracked (S) 222.6 227.5 241.0 218.3
Cracked Repaired 172.7 222.3 224.8 207.0
with epoxy A (A)
Cracked Repaired 101.0 146.5 214.0 173.5
with epoxy B (B)
Cracked Repaired 181.5 217.0 230.8 208.3
with epoxy C (9))

Table 4.13: Average Ultimate Applied Load of Cylindrical Speci-
mens Tested in Compression After H/C Cycling
Program (as Percentage of Solid Cylinder Values)
Specimen 0 H/C 100 H/C 200 H/C 316 H/C
Type Cycles Cycles Cycles Cycles
Solid Uncracked (S) 100.0 100.0 100.0 100.0
Cracked Repaired 77.6 97.7 93.3 94.8
with epoxy A a)
Cracked Repaired 45.4 64.4 88.8 79.5
with epoxy B (B)
Cracked Repaired 81.5 95.4 95.8 95.4

with epoxy C

(©)
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Plate 4.3:

_ Cylinders tested after 0 cycles: (S), ‘(Aﬁ), (B)
" and (C), from left to right respectively.



Plate 4.4:

Cylinders tested after 316 H/C cycles: (S),

(A), (B) and (C), from left to right respec-
tively.

Plate 4.5:

Cylinders tested after 120 W/D cycles: (S),

(A), (B) and (C), from left to right respec-
tively.
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concrete middle part, leaving the well formed end cones
(Plates 4.3, 4.4).

If conclusions are to be made on the basis of the
behavior of the A and C repaired cylinders, it would be
fair to say that epoxy repaired cylinders did not show any
signs of strength degradation when subjected to an increas-
ing number of H/C cycles and tested under compression,
where the epoxy-concrete was subjected to combined com-

pressive and shear stresses.

Cylinders repaired with epoxy B showed lower values of
strength at 0 and 100 H/C cycles (45% of the strength of
solid cylinders at 0 H/C cycles), while they produced com-
parable strengths at higher number of H/C cycles. They
failed in shear through the slant bond line between epoxy
and concrete except at 200 H/C cycles, where the crushing
of concrete resulted in the conic pattern of failure. This
behaviour can be justified as Vbeing due to an experimental .
error or due to the late use of epoxy B near from the end
of its shelé‘life.

Epoxy product B was supplied in packages, each of
which contained premeasured can of epoxy resin and a can
of hardener weighing together 2 kgs. The amount of epoxy
needed for each injection process was collected from the two
cans and mixed together according to the mixing ratio and

then injected into the cracked cylinders. The repair of
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cylinders used in this study by epoxy injection using the
three kinds of epoxy was made on different intervals rang-
ing from zero to nine months from the first time they were
used. Specimens of large number of cycles were epoxy
injected at earlier times. A group or more of specimens,
each of which have similar conditions, were epoxy injected
together with the three kinds of epoxy products used in
this study. The experimental error could be in the prepa-
ration of cracked cylinders, which might lead to the misa-
lignment of the two halves on top of each other, in the
mixing of the two components of epoxy B together before
application, or in the injection process of this epoxy into
the cracked cylinders. In view of the considerable care
taken in the experimental work in order to have consistency
and accuracy of the test results the second reason of the
late use of epoxy B near from the end of its shelf life
seems to be more plausible: it is given in the technical data
sheet of epoxy B that the shelf life of it is 12 months when
unopened and stored correctly. Our records showed that
about nine months have elapsed between our first opening
of the sealed cans and the date of injecting cylinders of the
H/C cycling program. Epoxy C was used in the same way
as epoxy B was used, while epoxy A was used by using a
new prepacked cartridge of resin with a new tube of har-

dener to produce a suitable quantity of the epoxy compound
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as needed. Cylinders repaired with the two other epoxy
products A and C were injected at the same time of inject-
ing epoxy B into its cylinders, but they did not show a
degradation due to this factor. However, it can be con-
cluded from the strength results of repaired cylinders with
epoxy B that no signs of degradation due to the H/C
cycling process were obtained, which consists with the

results of cylinders repaired with epoxies A and C.

A better method of assessing the response of epoxy-injected
cylinders under the H/C cycling is to evaluate their compressive
strength values as percentages of the solid uncracked cylinders (S)
of the same number of H/C cycles. Table 4,13 and Fig. 4.15 show
such data. By doing that, the out-of-group strength variation is
excluded from the results since the cylinder strengths were
expressed in terms of the solid strengths of the same concrete mix.
We can notice the similarity in the trend of results in the two figures
(Figs. 4.14 and 4.15).

We can conclude from the trend of the results, particularly
those of cylinders repaired with epoxy A and C, that no adverse
effect due to the H/C cycling was noticed on the repaired cylinders
when tested in compression while cool after the specified number of
cycles. In fact, we believe that the slight reduction in the crushing
strength of the repaired cylinders, and in particular at 0 H/C

cycles, is mostly due to the method used in the preparation of
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cracked cylinders. This method consisted of fixing one half cylinder
on top of the other by tightening a steel ring of % inch (12 mm)
width around the two halves, and keeping a slant gap (crack) 1.6
mm (1/16 in) between them using metal strips as separators, which
were removed later at the time of injection (see Section 3.4.2, Plate
3.10). This procedure which included hand adjustments seemed to be
not accurate enough to produce perfect right angle repaired cylin-
ders, and thus resulted in the lower values obtained for the repaired

cylinders.

As a final representation of the test results, Fig. 4.16 shows
the average values of the compressive strength of repaired cylinders
with epoxy products A, B, C as percentages of solid cylinder
strength values (excluding results of epoxy B at 0, 100 H/C cycles

for the above mentioned points).

Although results of beam specimens revealed the negative effect
of repetitive changes in temperature on the bond between epoxy and
concrete, where it was subjected to linear tensile stresses, results of
cylindrical specimens did not show up that effect, when the epoxy-
concrete bond was subjected to combined compressive and shear
stresses. It is believed that heat-cool cycling regime applied on the
cylinders could not degrade the bond between epoxy and concrete,
where the strong shear resistance of the bond itself enhanced by the
frictional force resulting from the compression component of the

applied load and also enhanced by having the crack surface rough-
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ened by sand blasting before injection, could withstand the shear
force component of the applied load, and thus no shear failure
through the bond line occurred before the crushing strength of con-
crete cylinders. Therefore, a more severe H/C cycling program or a
larger number of H/C cycles of the used program is expected to have
a negative effect on the epoxy-concrete bond strength in repaired

cylinders.

Also it is preferred to use another method for the preparation
of cracked specimens, which would be a more accurate and easier
one, possibly the method mentioned in BS6319:Part 4:1984 for the

measurement of bond strength by the slant shear method [21].

4.5 Results of Wet-Dry Cycling Program of
Repaired Cylinders

The coastal regions of the Red Sea .and the Arabian Gulf are
characterized by high humidity levels coupled with high tempera-
tures. h\umidity levels reaching around 95-100% are not uncommon in
these reg.i;ms. A wet/dry (W/D) cycling program was established to
simulate these extreme conditions. Each cycle would consist of
immersion of the samples in water (at room temperature) for 12
hours, followed by placing these samples in an oven for 6 hours, the
oven is set at 70°C (158°F) temperature. This is followed by a cool
down period of 6 hours to bring them back to the room temperature

at 20°C (68°F). So, each W/D cycle would consume 24 hours.
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Due to the laborious efforts involved in this W/D cycling
regime, only samples of moderate size could be involved in this
experiment, so a decision was made to restrict this test to repaired
cylinders, as it was not quite feasible to handle the large beams in
this program. Three groups of cylinders were subjected to 0, 80
and 120 W/D cycles, with the first group of 0 W/D cycles being actu-
ally the same group of cylinders of 0 H/C cycles and 20°C = 68°'F
test temperature which was mentioned in previous sections. -The
original design of this experiment was to include larger number of
W/D cycles, but time restrictions have enabled us to gather data at
80 and 120 W/D cycle levels only. Each of the three cylinder groups
consisted of two solid uncracked (S) reference cylinders, and two

repaired cylinders with each of the epoxy products A, B and C.

The cylinders would be tested in compression (Fig. 3.3) after
at least 7 days from the completion of the specified number <.)f cycles
and the test is conducted at room temperature. Results of these

tests are given in Table 4.14 and are illustrated graphically in Fig.

4.17. The following observations are noted from this set of data:

A) The data provided by cylinder groups (S) indicates the
concrete compressive strength behaviour with the increasing
number of W/D cycles. This behaviour is manifested by
about 20% increase in fc' values after the first 80 W/D
cycles, followed by a slight decrease in the fc' values as

the W/D cycles increased to 120 cycles. It is understanda-
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Table 4.14: Average Ultimate Applied Load of Cyl-
indrical Specimens Tested in Compres-
sion After W/D Cycling Program (kN)

Specimen 0 W/D 80 W/D 120 wW/D

Type Cycles Cycles Cycles
Solid Uncracked (S) 222.6 270.1 260.8
Cracked Repaired 172.7 189.2 186.5
with epoxy A (A)
Cracked Repaired 101.0 96.6 46.8
with epoxy B (B)
Cracked Repaired 181.5 147.5 110.3
with epoxy C (©)

Table 4.15: Average Ultimate Applied Load of Cyl-
indrical Specimens Tested in Compres-
sion After W/D Cycling Program (as
Percentage of the Solid Cylinder Val-
ues)

Specimen 0 W/D 80 W/D 120 w/D

Type Cycles Cycles Cycles
Solid Uncracked (S) 100.0 100.0 100.0
Cracked Repaired 77.6 70.0 71.5
with epoxy A (A)
Cracked Repaired 45.4 35.8 17.9
with epoxy B (B)
Cracked Repaired 81.5 54.6 42.3
with epoxy C (C)
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ble that the early part of W/D cycling increases fc' for the

following reasons:

a)

b)

Effect of Aging: As the concrete gets older, it is natu-
ral that it gathers some gains in strength during its
early life. The concrete age at the start of the cycling
process was bout 70 days, so naturally, the extra 80
days would have contributed to its strength.

Effect of Hydration: The W/D cycling regime would
certainly be an ideal course for the completion of hydra-
tion process for any amount of unhydrated cement left
in the mix.

It is not clear as to what would be the real cause
of the slight decrease in fc' between the 80 and 120 W/D
cycles, one plausible reason would be the further devel-
opment and expansion of some microcracks caused by
the heat and cool cycles. Although, our cycling regime
eliminated any possibility of a thermal shock (sudden
change in temperature), the presence of these micro-
cracks could not be eliminated.

To properly illustrate the effect of W/D cycling on
the performance of repaired cylinders, their strength as
a percentage of the (S) cylinder values is given in
Table 4.15 and in Fig. 4.18. The following extra

observations can be made:



170

B) Epoxy product A showed the most uniform behavior when

C)

subjected to an increasing number of W/D cycles. Its cyl-
inder compressive strengths of about 77% of that for the
solid cylinders (S) at 0 W/D cycles have hardly deviated
from that level after 120 W/D cycles. However, the pattern
of failure of its cylinders has changed from the normal
conic failure of concrete cylinders at 0 W/D cycles to the
shear pattern of fajlure through the slant bonding plane
between epoxy and concrete after 80 and 120 W/D cycles
(Plate 4.5). It is worth recalling here that epoxy A has
good adhesion to damp concrete as was mentioned in the

introduction sheet provided with it. (Table 3.2)

Epoxy product B showed a considerable reduction in its
cylinder compressive strengths as the number of W/D cycles
increased. Before cycling cylinders repaired with epoxy B
attained 45% of the solid cylinder strengths with a shear
mode of failure through the bond epoxy layer and concrete.
That was discussed in Section 4.4.2. At 80 and 120 W/D
cycles its cylinders could produce only 36, 18% of the solid
cylinder strengths tested after the same number of cycles.
The pattern of failure was also in shear through the bond-
ing plane between epoxy and concrete. It is worth men-
tioning here also that epoxy B can be applied to damp con-
crete as given in the instruction sheet of this product
(Table 3.2).
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D) Cylinders repaired with epoxy product C showed also some
serious reduction in strength at the 80 and 120 W/D cycle
levels although they produced almost 82% of the solid cylin-
der strengths at 0 W/D cycles. At 80 and 120 W/D cycles
their strength values dropped to 55, 42% respectively. The
pattern of failure of these cylinders has also changed from
the normal type of concrete conic failure before cycling to
the shéar type of failure along the bond line after 80, 120

W/D cycles.

From Table 4.15 and Fig. 4.18 a percentage loss due
to W/D cycling of the bonding capacity of each of three
epoxy products to concrete under combined shear and com-
pressive stresses can be evaluated in terms of the loss in

the ultimate applied load to repaired cylinders as follows:

P - P
% loss in bond = o W/D n W/D x 100

Po wW/D
where:

P0 W/D = Ultimate applied load of repaired cylinders at 0 W/D
cycles as a percentage of the solid cylinder values
at 0 W/D cycles.

Pn W/ = Ultimate applied load of repaired cylinders at n W/D

cycles as a percentage of the solid cylinder values
at n W/D cycles.

This is shown in Table 4.16 and Fig. 4.19. We notice that epoxy



product B lost 60% of its bonding capacity after 120 W/D cycles, and
epoxy product C lost 50% of its bonding capacity while epoxy A lost

only 10% of its bonding capacity after the same number of cycles.

Therefore, we can conclude that the exposure to cyclic changes
similar to the W/D cyclic process described results in the degradation
of the bond between epoxy and concrete. This can be thbught of to

be due to the following factors:

i) Repetitive stresses resulting from the frequent changes in
temperature during the W/D cycling program as a result of
the difference in the coefficients of thermal expansion of
each type of epoxy and concrete (see sec.tion 4.4.1).

ii) Repetitive stresses resulting from the differences in vol-
ume changes between concrete and epoxy during the fre-
quent moisture movement into and from the cylinder speci-

mens during the W/D cycling process.

These stresses resulted in fatiguing the epoxy-concrete bond
and lead to the shear failure at lower loads as shown in the results.
Also, different epoxies were susceptible to different levels of degra-
dation in their performance after exposure to a number of these
cyclic changes. Finally, we would imagine that this reduction in
strength would have been more pronounced, have the epoxy bonding
planes been subjected to tensile strength tests instead of the com-

bined shear and compressive stresses in these cylinders.
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Table 4.16: Percentage Loss in Epoxy-Concrete
Bond under Combined and Compressive
Stresses in Cylinders due to W/D
Cycles (in terms of the Bond Capacity
at 0 W/D Cycles)

Specimen 0 W/D 80 W/D 120 w/D

Type Cycles Cycles . Cycles
Cracked Repaired 0 9.8 7.9
with epoxy A (A)
Cracked Repaired 0 21.1 60.6
with epoxy B (B)
Cracked Repaired 0 33.0 48.1
with epoxy C (C)
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These conclusions agree with Schupack's conclusions [37] men-
tioned in the literature review [see Section 2.1.4 (3)j, which were
based on three case studies of epoxy-concrete composites in which
distress occurred after several years at the interface of epoxy and
concrete. He mentioned that severe environments causing repetitive
cycles such as heat-cool cycling, wet-dry cycling, and freeze-thaw

cycling were mainly responsible for these distresses.

4.6 Comparison of Results

A comparison of the extent of degradation in strength of
repaired concrete specimens due to the various environmental factors
is made in this section as a final step in the analyses of test results.
Data analyzed in details in previous sections are summarized and pre-

sented here in a manner to provide such a comparison.
4.6.1 Results of Repaired Beams

Table 4.17 and Fig. 4.20 presents the ultimate applied load
(kN) at normal conditions (20°C = 68°F and 0 H/C cycles), at 62°C
(143.6°F), and after 150 H/C cycles, respectively, for each type of
beams (S), (A), (B) (C) and (G). The percentage losses of flexural
bond capacity between epoxy and concrete at 62°C (143.6°F), and
after 150 H/D cycles in comparison to flexural bond capacity at nor-
mal conditions (20°C = 68'F and 0 H/C cycles) are shown in Table

4.18 and Fig. 4.21.
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Table 4.17: Comparison of the Effects of Temperature and
H/C Cycling on the Flexural Strength of
Epoxy-Injected Repaired Beams

Ultimate Applied Load (kN)
Specimen
Type

Normal @ 62°C @ 150 H/C

Conditions (143.6°F) Cycles
Solid Uncracked (S) 34.3 26.0 43.5
Cracked Repaired 26.4 17.8 14.7
with epoxy A (A)
Cracked Repaired 34.1 9.5 11.4
with epoxy B (B)
Cracked Repaired 38.5 9.6 18.1
with epoxy C (C)
Cracked 9.4 7.8 10.2
Unrepaired (@)
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Table 4.18: Percentage Loss in Bond Flexural Capacity
Between Epoxy and Concrete in Beams due to
High Temperature and H/C Cycling (in terms of
the Bond Flexural Capacity at Normal Condi-

tions)

Specimen Normal @ 62°C @ 150 H/C
Type Conditions (143.6°F) Cycles
Cracked Repaired 0 41.0 73.5
with epoxy A (A)
Cracked Repaired 0 93.1 95.1
with epoxy B (B)
Cracked Repaired 0 93.7 72.9

with epoxy C (9]
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We notice in Figs. 4.21 and 4.22 that the bond between epoxy
A and concrete was affected adversely more due to H/C cycling pro-
gram than due to the exposure to high temperature of 62°C
(143.6°F), when repaired beams were tested in flexure. In contrast,
the bond between epoxy C and concrete was affected adversely more
due to temperature than due to H/C cycles. Epoxy-concrete bond in
the case of epoxy B showed comparable degradation due to either of
- the exposure to high temi:eratu.re or the exposure to large number of

H/C cycles.

Therefore, we conclude from the above tables and figures that
the exposure to high temperature levels or to a large number of H/C
cycles had a drastic effect on the flexural strength of epoxy-injected
repaired beams. We would expect a larger reduction in the strength
of these repaired beams if the two environmental conditions were
applied together to .the beams, particularly if the specimens were
Joaded in the same time, a case which is common in the field for the

repaired structures subjected to severe environmental conditions.
4.6.2 Results of Repaired Cylinders

A comparison of the effects of temperature, H/C cycling and
W/D cycling on the performance of repaired cylinders is presented

here in a manner similar to that of repaired beams.

Table 4.19 and Fig. 4.22 show the ultimate applied loads (kN)

at normal conditions (20°C = 68°F, 0 cycles) as well as 63°'C



gt

Wmnmm&mﬁﬁ.muﬁ,.nr_.ﬁ“ BT

Q) O Axode yym
£°0TT £€°802 z'91 S T81 paayedey pexoBID
~ :

r () g Axode ym
8'9v G gLl 8°LT 0°'10T pexredey poxo8ID
. (V) v Axode yym
G981 0°L02 0°6T L'TLT paayedey pexd8I)
8°09¢ €812 (/8444 9°222 (s) pexovIy PrHOS

sepkD se[P4D (0% °SHT) suorpuo)

a/m ozt ® O/H 91€ © D¢€9 @ [eW.ION

adAJ,
ueuryoedg
(N31) peo penddy syeumin

saopuy[A) poxredey pejoefuy
-Axodg jo ySuaxyg earssexdwio) oY) uo SurpdH d/M pue
SurpAy o/H ‘eamjeredwie], jo S30033Y Oy} jo uosiavdwio) 6TV °o1qel




183

a/m ozl @ EEF

a/H 9159

Jgg e

202 * I

siapul kg pastoday pajoalui-Axod3 jo yjbuasyg aa

(8)

"

"W

win

001

06!

[ =]
o
o~

(N¥) pooj pai|ddo ajowt}p

06¢

00¢

Issasdwoy ayy} uo

sbutjaky g/m ®» 9/H * -dwal jo s329443 sy} jo vosilodwo] :gZ ¢y "biy



[ fddaiciii il raieia i S i A

184

(D) O Axode yym

A v°G6 9°9 S°'18 poaredey payovI)

(9) g Axode yym

6°LT S°6L €L v Qb peatedey peyoBI)

(V) V Axode yjm

S'TL 8°¥6 0'8 9°LL poearedey pexoeID

0°001 0°00T 0°00T 0°'001 (s) pexoeId proS
sepoAp sepi) (Zob°SHT) suonTpuo)
a’/m ozr ® O/H 91¢ ©® De€9 © Tew.IoN

(3) peoT periddy ejeumin

odAJ,
ueurroedg

(senteA xepurA)d
prIos oy} jo o8ejuedaad se) sJopurjAp poaredey pejoefuy
-fxodqg jo yjduexys eArsseadwo) ayj uo IudA) /M pue
Surpdy o/H ‘eanjexrsdwe], jo S30933F Oy} o uosyredwo) :0Z°'¥ °1qel,




185

a/m 071 o EE

we

a/H 9lg @

J g9 @

00N

Ao=_0>nmw wo umoV
s1apul (kg palipday jo yjbuaiys aaissasdwo)y uo

sbuy|okg g/m ® 9/H * "dwa] jo sy29443 ay} jo uosiiodwod :¢7°y b1y

(g) poo| paijddo ajowy}n



e A T e T T AL

186

n Axode WM

18y -- 6°16 ] pedaredey pe3xoeId
g Axode yym
9°09 -- 6°€8 0 poatedey pexoeId
v Axode qium
6°L -- L°68 0 pearedey pexoBID
sePAD so1ohD (8,0 °5PT) suopuo) adA],
a/m ozt ® O/H 91¢ ® O0€9 © TeuLION uewyoeds
(uorrpuo) TewixoN 38 Ajrovds) puog oy}
jo swae} uy) SurpPAD /M pue Surpi)d O/H ‘eanjexedue)
31y 03 anp soIpuNA) Ul sessodls oAlssexdwio) pue Jeeys
‘TZ°V o1qelL

peurquoy J9pun puog 9jaxouo)-Axody uy sso] odejusdasd




ETRNTRIATIANOR T
g 5

187

RPN P

RER SRS Al Kb |4 LAIRET R A R A

a/m 0zl & EE
a/H 91¢ @
289 0
202 *

0L’ se

(9 0z ® Ay120do) puog jo swia} ul

-g1aput kg uy puog ayl uo sbuyjoky q/m @ 3fy ¢ -dwa]

J0 s123}43 a4y} jo uos|iodwod 4§74 b1

(=] o
-+ o~
puoq a}alauod-Axoda ul sso| g

o
(7=}

(=]
o

IjllllIlllllIlllIIIIIlllllTllIllllllllllllllll|l11

00!l



188

(154.4°F), after 316 H/C cycles, and after 120 W/D cycles for each
type of cylinders (S), (A), (B) and (C). Table 4.20 and Fig. 4.23
present the same data as percentages of the solid cylinder values
tested under similar conditions. Percentage losses in bond capacity
of the three epoxy products used are shown in Table 4.21 and Fig.
4.24 in terms of the reduction in ultimate applied loads to cylinders

as a result of the various factors mentioned above.

From these figures we notice that all epoxies were affected
adversely and considerably at 62°C (143.6°F). The performance of
the three epoxy products was quite comparable at this temperature
level. Cylinders repaired with these epoxies lost almost 90% of their
compressive strength due to the softening of the epoxy products and
the damage in bond between these epoxies and concrete in addition to
the thermal stresses developed along the bond interface. The second
damaging factor ‘on the performance of these epoxies is the W/D
cycling as seen from the results. The three epoxies used showed a
variation in the extent of daxg__age due to this factor. Although W/D
cycling changed the mode of ;ailure of these cylinders from the conic
concrete fajlure to the slant shear failure through the bond plane,
the loss in bond between epoxy and concrete, and accordingly the
loss in the ultimate applied load, was not of the same magnitude.
Epoxy product A, being the lowest affected, lost about 10% of its
bonding capacity as compared to its capacity before cycling. Epoxy
product B, being the highest affected, lost almost 60% of its bonding

capacity, while epoxy C has got a value in between these two values

R
I
:
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at about 50%. H/C cycling program described before seemed to be
jnsufficient to reflect the adverse effect of such factor on repaired
cylinders. The bond between epoxy and concrete did not fail after
the exposure to the specified number of H/C cycles. However it is
believed that at higher number of H/C cycles or the use of more
severe cycling program the adverse effect, which appeared in. the

~ results of repaired beams, would be detected.

It is believed that these environmental factors, namely high
temperature, H/C and W/D cyclings, would be more severe and harm-
ful on repaired elements when combined together, particularly if they
were applied while repaired elements were under some type of load-
ing. In fact structures in the region of the Arabian Gulf area are
subjected to such type of combination, which makes the durability of
repair materials in this region a problem that requires carefully stud-

ied solutions.

The behavior of epoxy-concrete bond under various environ-
mental conditions, as tested by the slant shear test specimens, can
be examined analytically based on limit analysis of plain concrete [48]

as follows:

For a cylindrical specimen of diameter d under applied compres-
sive stress o (Fig. 4.25), AA' is a plain construction joint of an
angle B with the horizontal. Failure along the construction joint will
take the form of a plane-displacement field. We select a failure

mechanism whereby the upper part of the concrete cylinder is

T IIaTY M
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Fig. 4.25: Construction Joint under Uniaxial Compression
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displaced v in relation to the lower part. As this is a case of a
plane displacement field, the angle between v and AA' must be
greater than or equal to ¢, that is pure sliding failure, where ¢ is

the angle of internal friction.

With the displacement field adopted, the work applied by the

external stress is:

Wy = ov sin (B — o) 7’;- a? (4.1)

The internal-energy dissipation in the line of discontinuity is found

to be

S (4.2)

W, = uC cosq:a(cosﬁ i

I

where C is the cohesion. Equating WE to WI yields

2C cos ¢
cos B sin (B = 9) (4.3

If there were no construction joints, B could be varied. Mini-

mizing Eq. (4.3) with respect to §, a8 minimum would be obtained for

B=7’;-+-‘P-andweget

2
_ 2Ccos o _ ¢
o i 1 = sin ¢ £, (4.4)

which is the uniaxial compressive strength. When there is a con-

struction joint, there may be a lower cohesion C in the joint than in
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monolithic concrete. The angle of friction often proves to be the
same as long as the faces of the construction joint are made reason-
ably rough. Tests show that the angle of friction of concrete turns

out to be nearly a constant ¢x 37°. It should be noted that if Eq.

!
(4.3) gives a value of ¢ > fc’ failure will occur in monolithic concrete

1
outside the construction joint for ¢ = fc as in Eq. (4.4).

Let us now consider the group of cylinders tested at normal
conditions of 20°C and O cycles. The solid unrepaired cylinders have

failed by the crushing of concrete under an average applied load of
222.6 kN. This is equivalent to 48.8 N/mm2 (7.08 ksi) which is the
ultimate compressive strength of concrete f;. Substituting this value
in Eq. (4.4), and taking ¢ = 37° results in the value of cohesion C =

12.2 N/mm® (1.77 ksi). Turning our attention to the repaired cylin-
ders, we find that cylinders repaired with epoxies A, C have got
their failure in concrete away from the repair surface indicating a
cohesion value C of the epoxy-concrete bond greater than that of
monolithic concrete. However, that was not the case with cylinders
repaired with epoxy B. They failed in shear through the bonding
plane between epoxy and concrete indicating a lower value of cohe-
sion C. The wvalue of the average applied load was 101.0 kN

2

= 22.1 N/mm~ (3.20 ksi), and by substitution in Eq. (4.3) in this

2

case for o = 22.1 N/mm~ (3.20 ksi), and B = 60 a wvalue of
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C =54 N/mm?', (0.78 ksi) is obtained. This low value of C was
due to the reasons mentioned previously in Section 4.4.2. Likewise,
cylinders exposed to high temperature, heat-cool, and wet-dry
cycling programs could be analyzed in the same way. Thus with the
relation between C and ¢ known (Eqs. 4.3, 4.4), and if the reduc-
tion in C due to the given conditions is determined, the carrying

capacity of a construction joint can be calculated.
4.6.3 Results of Repaired Beams Versus Repaired Cylinders

A comparison is made here between the performance of epoxy
products used in beams and in cylinders. In the case of beams,
epoxies were subjected to linear tensile stresses due to the applied
flexural loading to beams, while they were subjected to combined
shear and compressive stresses when the cylinders were loaded in
compression as mentioned earlier (Section 4.2-4.5). Tables 4.18,
4.21 and Figs. 4.21, 4.24 can be used for this comparison. We
notice that the performance of repaired beams and cylinders is similar
at high temperature (62°C = 143.6°F, 63°C = 145.4°F), where most of
the specimens strengths were lost due to the degradation of the
epoxy concrete bond at these high temperatures. Losses were in the
vicinity of 90%, except in the case of beams repaired with epoxy A
where a lower value was obtained. Heat-cool cycling did affect the
repaired beams adversely resulting in an average loss in the bond
strength between epoxy and concrete of about 80%. However, heat-

cool cycling program could not degrade the epoxy-concrete bond in

AR &“l
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the case of repaired cylinders, and a more severe or prolonged pro-
gram is needed to show the effect of this factor on the long run.
Finally Wet-dry cycling was applied to cylinders and resulted in dif-
ferent levels of degradation in their bond strengths for different
types of epoxies used, with about 10% and 60% as minimum and maxi-
.mum percentage losses after 120 W/D cycles in terms of their bonding
capacities at normal conditions and according to the results of H/C
cycling program, it is expected that such W/D cycling process would
affect repaired beams severely when applied to it, even more than
the H/C cycling process.
4.6.4 Comparison of the Flexure (Beam) Model versus the Compres-
sion (Cylinder) Model

The concrete beam specimens used in this study (Fig. 2.9)
were adopted from an earlier model suggested by Fattuhi [23, 24, 23],
but with larger dimensions. These beam specimens with the adopted
dimensions have clearly reflected the variation in the epoxy bonding
capacity to concrete as it was subjected to the various environmental
conditions. Careful preparation of the crack surface was required in
order to obtain reliable results. The artificially induced cracks con-
stitute a poor representation of real concrete cracks, this is due to
their smooth surface and their large widths (1.6mm = 1/16 in) when
compared to actual cracks. Fattuhi mentioned that preliminary inves-
tigations showed that the width of the beam crack is critical when
hand injection is used since viscosity of the different repair materials

varies considerably [23], and accordingly a smaller thickness can be

e
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used. In practice it is recommended to have the thickness of the
bonding layer as thin as possible in order to get a durable repair.
However, using a thickness of 1.6mm (1/16 in) can be looked at as a
way of exaggerating the behavior of the bonding layer under the
applied conditions. With this thickness the trend of the results of
the beam specimens has clearly reflected the effects of environmental

factors considered in this study.

Furthermore, the crack was made on the beam specimen by
inserting a notch of the same thickness during casting so that differ-
ent beams would have cracks with the same geometry, which allowed
the study and comparison of different factors and materials under
consideration. It would be valuable to study the relation between the
results of the beam specimen used here and the results of the actual

behavior of epoxy-injected natural crack in concrete.

An interesting variation to these beam specimens would be to
allow the simulated crack to extend the whole depth of the beam
(Fig. 4.26). Although it requires more repair material and work,
this variation allows better control over the crack thickness as well
as better surface preparation; e.g., acid etching or sand blasting.
Another variation is to let the crack outside the middle third of the
beam, where the epoxy-concrete bond will be subjected to combined
shear and linear tensile stresses instead of linear tensile stresses

only.

The concrete cylinder specimens utilized in this work (Fig.
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-2.8) were similar to those described in ASTM C-882, but made up of
concrete and of a crack width of 1.6mm (1/16 in) with its surfaces
roughened by sand blasting (Section 2.2.2). Repaired cylinder spec-
imens could reflect the adverse effect of temperature and wet-dry
cycling on the bond strength between epoxy and concrete under com-
bined compression and shear stresses. On the other hand, it did not
show the degrading effect of the heat-cool cycling process on the
bonding behavior of epoxies within the specified cycling program.
That was justified by the strong shearing resistance of the epoxy
material enhanced by the frictional force resulting from the compres-
sion component of the applied loads on the epoxy-concrete interface
and by having the crack surface rough, and therefore, it was
believed that a more severe cycling program would reflect the

adverse effects of that factor.

The method used in the preparation of repaired cylindrical
specimens was difficult in preparing the cracked cylinders for epoxy-
injection. A more accurate procedure for the preparation of this
right cylinders is needed. The argument about the thickness and
the crack surface for the beam specimen is applicable here also with
the fact that the crack surfaces in the case of the cylinder specimens
are more rough due to systematic sand blasting of these surfaces
before repair. Finally, another technique such as that described by
BS 6319:Part 4:1984 |[21] might be easier and more efficient

[(see Section 2.1.4(2)].
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Since the shear properties of the adhesive are the most worthy
of investigation if its useful strength is required [(Section 2.1.4(2)],
it would be beneficent to study the bond response to the severe con-
ditions considered here when it is subjected to pure shear. Although
an elaborate set-up is required if turning moments and tensile
stresses are to be avoided, a push-off specimen like that used by
Chung and Lui [29, 30] is suggested to be used for this purpose.
They carried out static and dynamic shear tests on concrete push-off
specimens which were severely damaged and then repaired by epoxy
injection. The specimen measured 125mm x 200mm (5 in x 8 in) in
cross-section and 660mm (26 in) in length (Fig. 4.27). It is com-
posed of two parts: a precast part and a cast-in-place part which
was subsequently added. The interface between the two parts,
150mm (6 in), was a rough surface produced by exposing the coarse
aggregate on the precast part by water washing before the concrete
had set. A series of specimens had no reinforcement across the
joint, while in another series there were two 5mm diameter mild steel

stirrups provided across the joint [29].
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Chapter 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Summary

This study was intended to examine and evaluate the perform-
ance of epoxy-injected concrete elements under severe environmental
conditions characterized by the exposure to high temperature, and
seasonal and diurnal variations of temperature and humidity. An
experimental program was established in which pre-cracked concrete
beams and cylinders were epoxy-injected using three different and
locally available epoxy products. Beam specimens were exposed to a
high temperature condition, and a heat-cool cycling program and then
tested in flexure, where the bond surfaces between epoxy and con-
crete were subjected to flexural tensile stresses. Cylindrical speci-
mens were exposed to a high temperature condition, heat-cool
cycling, and wet-dry programs, and then tested in compression,
where the bond surfaces between epoxy and concrete were subjected

to combined compressive and shear stresses.

5.2 Conclusions

Based on the outcome of this study, the following conclusions

are drawn:
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Epoxy adhesives A, B and C perform well in repairing
concrete under normal environmental conditions.

Behavior of epoxy-injected concrete on the long run and
under actual surrounding conditions is of equal importance
to its behavior under normal conditions.

High temperatures degrade the epoxy-concrete bond con-
siderably. Epoxy products A, B and C lost around 90% of
their bonding strength to concrete when tested at 62.5°C
(144.5°F) regardless whether the bond interface is sub-
jected to tensile or combined compressive and shear
stresses (except that beams injected with epoxy A showed
a smaller percentage of loss in bond).

The softening of the epoxy products and the change in
thier properties at high temperatures in addition to the
development of high thermal stresses at the. bond interface
as a result of the difference between their coefficients of
thermal expansion and that of concrete lead to this consid-
erable reduction in the strength of repaired concrete ele-
ments.

Repetitive heat-cool cycling of repaired concrete elements
results in a considerable reduction in the bonding strength
of epoxies to concrete. An average of 80% loss in the
bond strength of epoxy to concrete was obtained after 150
H/C cycles when the bond was subjected to llnear. tensile

(flexural) stresses.
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Epoxy-concrete bond showed a resistance to the heat-cool
cycling process of 316 cycles or less when it was subjected
to combined compressive and shear stresses. Larger num-
ber of H/C cycles or more severe H/C cycling program is
believed to be required in order to show its adverse effect
on bond.

The repetitive development and release of thermal stresses
resulting from the heat-cool cycling process due to the
difference in coefficients of thermal expansion beteween
epoxy and concrete leads to fatigue in the bond line inter-
face between epoxy and concrete and failure can occur at
even lower values of stress.

Repetitive wet-dry cycling has a severe adverse effect on
the epoxy bond to concrete. Epoxy products A, B and C
showed different levels .of degradation after 120 wet-dry
cycles of about 10%, 60% and 50% losses in their bonding
capacities when the epoxy-concrete bond weas subjected to
combined compressive and shear stresses, respectively,
compared to those without cycling.

The repetitive stresses resulting from the frequent
changes in temperature and from the differences in volume
changes between epoxy and concrete during the frequent
moisture movement into and from repaired concrete during
the wet-dry cycling process result in fatiguing the epoxy-

concrete bond and lead to the shear failure of repaired
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cylinders at lower loads.

The above mentioned factors will be more severe to
repaired concrete elements when they are combined
together, particularly if they are applied while repaired
elements are subjected to some type of loading.

Thus the Arabian Gulf environment adversely affects the
bonding capacity of epoxies used in repairing concrete.
The. performance of epoxy compounds under such adverse
conditions depends on their characteristics related to these
conditions such as their phase changes or transition temp-
eratures, their coefficients of thermal expansion, their
creep characteristics, their moduli of elasticity, the maxi-
mum permissible service temperature, and their ability to

resist humidity and wetted concrete.

-Repaired beam specimens could reflect the adverse effect

of temperature and heat-cool cycling on the bond strength
between epoxy and concrete in general and under flexural
strength in particular. Dimensions of the beam specimens
were adequate enough to provide a sufficient range for the
variation of the ultimate applied load under conditions such
as those considered in this study. However, careful
preparation of the crack surfaces is required in order to
obtain reliable results.

Repaired cylinder specimens could reflect the adverse

effect of temperature and wet-dry cycling on the bond
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strength between epoxy and concrete under combined com-
pressive and shear stresses, but it did not show the
degrading effect of the heat-cool cycling process and a
more severe cycling program is needed to show this effect.
The method used in the preparation of repaired cylindrical
specimens was rather difficult in preparing the cracked
cylinders for epoxy injection. A more accurate procedure
for the preparation of these right cylinders is needed.
Another technique such as that described by BS 6319:Part

4:1984 might be easier and more efficient.

5.3 Recommendations

1)

2)

This study has proven the degradation of epoxy-injected
repaired concrete elements under severe environmental
conditions characterized by high temperature exposure,
heat-cool and wet-dry cycling processes. Since these con-
ditions are compatible to actual conditions in the Arabian
Gulf region and Saudi Arabia, caution must be exercised
in the use of epoxy products to restore the structural
integrity and durability of building components that are
exposed to such conditions.

In order to achieve a successful repair process, it is nec-
essary to choose the most suitable technique. select the

most proper repair material, follow the manufacturer
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4)

5)

6)
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instructions, and achieve the repair process successfully.
Further experimental work is needed to examine, evaluate
and solve the strength and durability problems of repair
by epoxy-injection. Using reinforced concrete elements,
studying actual cracks, dealing with different thicknesses,
considering the combined action of different environmental
conditions, applying different patterns of loading to the
epoxy concrete bond such as pure shear stresses, com-
bined shear and tensile stresses, etc., and using a
variety of epoxy materials are some of the factors that
should be considered in future programs.

The beam and cylinder specimens used in this study can
be utilized in the further experimental work needed in this
field. Push-off specimens may also be used for studying
the bonding behavior of epoxies in pure shear under dif-
ferent surrounding conditions.

Based on a detailed study, local specifications should
include certain criteria on the epoxies used in the Arabian
Gulf area and Saudi Arabia so that durability of repair
works with these materials is assured in the severe sur-
rounding environment. A set of standard test methods is
also needed so that suppliers as well as users can use
them in the evaluation of the performance of epoxy prod-
ucts to meet such criteria.

A set of properties to define the behavior of these epoxy



7)

206

compounds in the region is required to be added to the
list of properties provided in the manufacturer data and
instruction sheets to help in the selection of the most
proper repair material for a g'iven job.

Epoxy products specially made to suit the local conditions
should be the only types to be supplied and used in the

local market.
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