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ABSTRACT

The amount of concrete infrastructure needing repair and rehabilitation is increasing worldwide.
The bonded overlay technique, vs"hich involves removal of a damaged concrete layer on an
existing concrete base (substrate) and replacing it with a new layer is one of the most widely
used techniques. Due to thermal and hygral differences in the two composites, differential
shrinkage occurs. This leads to overlay shrinkage restraint by the relatively fnature substrate.

Restrained shrinkage in bonded overlays can cause stress build up and may result in cracking,
Cracking due to restrained deformation is a major problem as it may lead to durability concerns.
Overlay resistance to crack initiation, development and propagation depends on a number of
time-dependent properties of the concrete. To be able to predict the onset of cracking requires
knowledge of the different material properties and how they interact with each other.

In this study, an investigation was carried out on whether the performance with respect to
cracking of concrete overlays can be adequately predicted from tests such as ring test, free
shrinkage strain, tensile strength test, tensile relaxation and elastic modulus. Five concrete mortar
types i.e. three commercially available mortars and two laboratory mixed mortars with water-to-
cement ratio (w/c) = 0.45 and w/c = 0.6 were used in the ring test and material property tests.

The influence of curing on the crack resistance of overlays was also investigated.

An analytical model for predicting age at cracking in bonded overlays based upon time
“development of overlay material properties and the superposition principle was developed.
Results from the model were compared with results from the ring test. Results indicate that crack
resistance of repair mortars depends upon the combined influence of the different material
properties. In particular tensile stress relaxation appears to have a large influence. Curing was
observed to delay the onset of cracking. Results also indicate that although the ring test will give
the correct order of cracking, it will not give the actual age at cracking when assessing materials

for crack resistance.
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CHAPTER ONE: INTRODUCTION

1.1 Background and Problem statement

" The amount of concrete infrastructure needing repair and rehabilitation is increasing worldwide.
For example, the American Society of Civil engineers (ASCE) report card for 2009 states that in
the USA alone, the annual cost of concrete repair (including protection and strengthening) is
estimated at $ 18 billion to $21 billion. The bonded overlay technique, which involves removél
of a damaged concrete layer on an existing concrete member and replacing it with a new layer, is
particularly suitable for both large area and small area structures and is one 6f the most widely
used techniques. It is used for both structural and non-structural repairs in concrete members or
elements such as slabs on grade, pavements, toppings and linings, etc. Not only is it used on
existing structures but also on precast elements which receive an in-situ topping (Banthia et al.,

1996; Granju et al., 2004; Beushausen &.Alexander, 2006).

The performance of overlays is weakened by such effects as early age surface cracking, spalling
or interface debonding. Early age surface cracking due to restrained deformation is a major
problem arising in bonded overlays. Loss of moisture can lead to plastic shrinkage in newly cast /
concrete or drying shrinkage in aging concrete, while a temperature gradient will cause thermal
shrinkage. Free shrinkage will cause lateral strains which, if concrete is restrained, may result in
tensile stresses. In bonded overlays, the differential shrinkage between concrete substrate and
repair material generates tensile stresses. These stresses may lead to cracking of concrete if the
tensile strength of the concrete is exceeded, thus compromising both the durability and

serviceability requirements (Banthia & Gupta, 2009; Kheder, 1997).

Overlay resistance to crack initiation, development and propagation depends on a number of
time-dependent properties of the concrete. In addition to free shrinkage and tensile strength,
several other factors can also influence the potential for cracking including tensile relaxation and
elastic modulus, as well as degree of restraint and environmental conditions such as relative

humidity. The advent of cracking will depend upon the interaction of these material properties.
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Tensile relaxation has been recognized as one of the main stress relief mechanisms (Beushausen,
2005; Masuku, 2009). Researchers have reported that relaxation can relieve up to 60% of overlay
tensile stress (Carlsward, 2006). This decrease in overlay stress is beneficial because it delays the
~ onset of cracking. Creep, like relaxation, can lead to a decrease in overlay tensile stress (Altoub#t
& Lange, 2001; Tarek et al., 2008). Elastic modulus also affects the development of tensile stress
in the overlay. A lower elastic modulus implies a less stiff concrete, therefore the resulting
tensile stresses from restrained shrihkage are less excessive. Environmental factors viz.
temperature and relative humidity affect tensile stress development through their effect on

overlay shrinkage and relaxation.

The above discussion shows that overlay performance (i.e. overlay crack resistance) depends
upon a number of different factors. To be able to predict the onset of cracking requires not just
knowledge of the different material properties, but also how they interact with each other. To this
end, substantial research has focused on the development of test methods to assess stress
development and the corresponding potential for cracking (see Kovler, 1994; Pigeon et al., 2000;
Altoubat & Lange, 2001; Radlinska et al., 2007). While these test methods describe outstanding
approaches for performing carefully controlled experiments, these tests can be expensive to
perform due to the cost of the testing apparatus. Therefore, simple economical test methods for
early age shrinkage cracking are preferred. A good example of such tests is the ring test. The ring
test has been used by researchers to evaluate the relative shrinkage cracking tendency of different
concrete mixes (Carlson & Reading, 1988; Grzybowski & Shah, 1990). The evaluation in such
tests is based on characterization of the cracks and their quantification in terms of maximum

width, average width, number of cracks, etc.

Due to its simplicity and low cost, the ring test has been used for many years (Bentur & Kovler,
2003). Among the advantages of the ring test is the uniform state of stress that exists as a result
of elimination of the edges associated with the longitudinal and panel tests. However,
evaluations using the ring test are of qualitative nature. While such evaluations are useful for the
comparison of the sensitivity to cracking of different concrete mixes, they are not sufficient for a

study of the mechanisms involved. Besides, effort has not been made to study how the ring test
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can be used to predict service life performance, and how the different material properties can be

integrated to model overlay performance.

This research seeks to model and predict age at cracking of overlays based on experimentally
established material properties and the ring test. The main question that the research seeks to
answer is whether overlay performance, with the focus in this dissertation on specifically age at
cracking, can be adequately predicted from tests such as ring test, shrinkage strain, tensile

strength test, elastic modulus test and tensile relaxation.

1.2 Significance of research

The investigation covered in this study serves as an important contribution towards efforts aimed
at controlling early age shrinkage cracking of concrete repair mortars. It complements various
efforts by researchers in developing new testing methods and materials to tackle early age

shrinkage cracking of concrete repair mortars.

1.3 Aim of research

The thesis aims at investigating whether the performance with respect to cracking of concrete
repair mortars/overlays can be adequately predicted from the ring test, free shrinkage strain, -
tensile strength test, elastic modulus and tensile relaxation, and if so, which of these tests or

combination of tests would suffice for prediction of overlay performance.

1.4 Research hypothesis

This research proposes that the age at cracking of a concrete repair mortar depends upon the time

development of the restrained shrinkage-tensile stress and material properties such as tensile
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strength, tensile relaxation and elastic modulus, and that this can be modeled experimentally to

predict the age at cracking of the mortar.

1.5 Objectives of research

In order to achieve the aims of the study, the following objectives have been set:
i.  To identify key material properties of concrete repair mortars/overlays, and how these

properties influence cracking behaviour.

ii.  To investigate the influence of curing period on the cracking behaviour of concrete repair
mortars.

iii. To determine the age at cracking and quantify the cracking behaviour of concrete repair
mortars/overlays with the ring test.

iv. To model and predict age at cracking in bonded overlays, and to check how the model

results compare with ring test results.

1.6 Scope

The research will focus on 5 concrete repair mortars viz. three commercial mortars and two
laboratory made mixes (w/c = 0.60 and w/c = 0.45). These materials were chosen because they
are representative of the repair materials used in the Western Cape Province. Though not

comprehensive, this generally covers the range of mortars that may be used in overlay repairs.

1.7 Outline of thesis

The thesis document comprises six chapters namely; Chapter One, which presents an overall
introduction to the study; in Chapter Two, a detailed survey of the relevant literature is
presented; Chapter Three, discusses the materials and various testing methods employed;
Chapter Four, discusses the results of the experimental techniques; Chapter Five, discusses the

analytical modeling and in Chapter Six, summary and conclusions are given on the study.




CHAPTER TWO: LITERATURE REVIEW

2.1 Introduction

In Chapter One it was briefly noted that crack resistance of concrete repair mortars depends upon
the interaction of many different material properties. In this chapter, a detailed literature review
is conducted on the different factors affecting performance of concrete repair monafs/bonded
overlays. The problems such as cracking, debonding, etc. that are associated with performance of
bonded overlays are discussed. A discussion of the many methods of testing restrained-shrinkage
cracking in concrete is provided. The chapter closes by listing measures that can be taken to
minimize restrained shrinkage cracking in bonded overlays.

S

2.2 Performance of concrete repair mortars

Concrete repair mortars/ overlays have a wide range of applications. They are used for both
structural and non-structural repairs in concrete members or elements such as slabs on grade,
pavements, tunnel linings etc. (Banthia ef al., 1996). The use of repair mortars/overlays affords

the following advantages:

e Restoring structural integrity i.e. strength, abrasion resistance, etc. of the repaired
member.

e Restoring or improving appearance of the existing structure or member.

e Improving the serviceability of the member or structure.

¢ Restoring performance level of member or structure, hence improving its durability. .

Despite the above advantages, the long term performance of overlay repairs is usually affected
by such effects as early age surface cracking, spalling, edge lifting or interface debonding as
shown in Figure 2.1. If debonding and cracking are severe, premature failure occurs. While
debonding can be successfully tackled by proper surface preparation techniques such as water-
jetting, sand-blasting, shotblasting and the use of bonding agents, surface cracking, especially
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carly age cracking, has proven a more difficult problem to control. Cracking is undesirable
because it compromises the durability of the structure or member by allowing deleterious
substances such as chlondes into the member that might harm the reinforcement. The main cause
of cracking is restrained shrinkage (Masuku., 2009). Figure 2.2 below shows some examples of

shrinkage cracking and spalling.
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Restrained shrinkage arising due to moisture loss may lead to early age (within 72 hrs after
casting) cracking. Loss of moisture can lead to plastic shrinkage in newly cast concrete or drying
shrinkage in aging concrete, while a reduction in overall concrete temperature will cause thermal
shrinkage (see Section 2.3.5). Free shrinkage will cause lateral strains which, if concrete is
restrained, may result in tensile stresses. In bonded overlays, the differential shrinkage between
concrete substrate and repair material generates tensile stresses. These stresses may lead to
cracking of concrete if the tensile strength of the concrete is exceeded, thus compromising both

the durability and serviceability requirements (Banthia & Gupta, 2009; Kheder, 1997).

The performance of overlays with respect to cracking is governed by the interaction of the
residual stresses arising from restrained shrinkage with the different material properties e.g.
tensile strength, elastic modulus, tensile relaxation, etc. Crack initiation and development will
depend upon the time development of the concrete material properties and how these affect the
residual stresses. As shown in Figure 2.3, if the tensile strength of the material is greater than the
tensile stresses, the material will not crack. However, if the arising tensile stresses from
restrained shrinkage are greater than tensile strength, the material may crack. Whether the
material cracks or not, also depends upon the degree or amount of relaxation due to creep that the
concrete undergoes. As can be seen from the graph, relaxation helps alleviate some of the tensile
stresses. Tensile relaxation delays crack initiation through stress relief. Also important is the time
development of elastic modulus. A very stiff mix results in very high tensile stresses that may

lead to cracking.
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Figure 2.3 Influence of shrinkage and creep on concrete cracking adopted from Troxell et al. (1968).

As discussed above, the interaction of restrained shrinkage and the different material properties
determines whether the material will crack. It is therefore, important to understand shrinkage and

the different factors that affect it.

2.3 Shrinkage

Shrinkage is the time-dependent decrease in volume in both fresh and hardened concrete. A
decrease in volume can be as a result of moisture movement within and out of the concrete due
to hydration processes and surrounding environment, respectively (Alexander & Beushausen,
2009). Typically, the major contribution of total shrinkage is a result of drying shrinkage due to
moisture diffusion and autogenous shrinkage due to the hydration process between water and

cement.

Shrinkage is affected by both intrinsic and extrinsic factors. Intrinsic factors include structure
and volume of the cement paste, aggregate type and content, cement type etc. while extrinsic

factors include temperature, relative humidity, member geometry etc. At high relative humidity
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the rate of shrinkage drops as the degree of moisture loss decreases, while the converse is true for
concrete exposed to low relative humidity. If concrete is allowed to shrink freely a curve similar
to that shown in Figure 2.4, is observed. However if concrete is stored in water after being
allowed to shrink, the curve would drop as shown. Shrinkage therefore consists of reversible and

irreversible components, and Figure 2.4 shows its basic characteristics.
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Figure 2.4 Basic characteristics of shrinkage as presented in Mehta & Monteiro (2006a).

Shrinkage can be classified into four broad categories, namely: plastic shrinkage, autogenous
shrinkage, carbonation shrinkage, and drying shrinkage.

2.3.1 Plastic shrinkage

Plastic shrinkage is the volume reduction of concrete due to rapid removal of water from the
concrete surface during early ages. It occurs within the first few hours after casting or placement.
Plastic shrinkage occurs when the rate of moisture loss to the surrounding exceeds the rate of
bleeding of the concrete. If excessive surface moisture loss occurs, a drop in the capillary
pressure may lead to development of compressive strains. If concrete is restrained, these

compressive strains may result in tensile stresses far in excess of those needed to cause cracking
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in young concrete with poorly developed strength (Banthia & Gupta, 2009). Fresh concrete is
susceptible to plastic shrinkage cracking especially during hot, windy, and dry weather
conditions, in addition to high concrete temperature (Grzybowski & Shah, 1990). Concrete
elements with high surface area to volume ratio e.g. thin bonded overlays, patch repairs, etc. are
typically susceptible to early age cracks. These cracks are roughly straight but discontinuous and
closely spaced depending on dimensions of the specimen. In overlays with large surface area,

crack patterns due to plastic shrinkage are random.

Ravina & Shalon (1968) showed that rapid evaporation has a predominant effect on plastic
shrinkage of concrete. Surface evaporation results in a hygral gradient in the concrete, which
may lead to cracking at the surface. Therefore, complete elimination or reduction of evaporation
immediately on casting reduces plastic shrinkage. When there is a high speed wind, concrete
casting should be avoided, or wind breaks or fogging should bé used to prevent water loss.
Proper curing has been recognized as key in controlling plastic shrinkage cracking (see Lerch,
1957; Uno, 1998; NRMCA, 1998; ACI Committee 224, 2007).

2.3.2 Autogenous shrinkage

Autogenous shrinkage or basic shrinkage is the reduction in volume due to internal water
consumption by hydration reactions. The autogenous shrinkage develops very early
(immediately after setting) due to internal consumption of water in hydration reactions, and then
the rate drops rapidly (Alexander & Beushausen, 2009). During the hydration process, hydration
products have volumes less than their reactants resulting in volume reduction. Autogenous
shrinkage is considered basic component of shrinkage as volume reduction occurs without loss
of water from the surface of concrete. It is relatively low in normal concretes with w/c ratios
above 0.4 compared to concretes having w/c lower than 0.4. In High Performance concrete
(HPC) and Ultra High Performance concrete (UHPC), autogenous shrinkage is of the same order
as drying shrinkage because of the higher rates of hydration in both HPC and UHPC concretes.

Carlsward (2006) argued that even though autogenous shrinkage may be lower in normal
concrete, its presence could be substantial. Chen et al. (2010) used a novel experimental

technique viz. Cure Reference Method (CRM) to study surface shrinkage characteristics in

10
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cementatious materials, in particular, to explore the relative contribution of autogenous shrinkage
to overall shrinkage in cementitious materials. They investigated the effect of w/c ratio on
overall shrinkage in sealed specimens, and found that the surface shrinkage of specimens with
w/c of 0.4 was greater than that of specimens with w/c of 0.6. They attributed this phenomenon
to the difference in hydration rate of cementitious specimens with different w/c, where lower w/c

specimens hydrate and experience shrinkage at a faster rate.

To prevent autogenous shrinkage, low water-cement ratios are not preferred. When it is
necessary to use a low water-cement ratio, other methods should be used to compesate for the
lack of water due to the low water-cement ratio in the mix design. Traditional curing methods are
ineffective in reducing autogenous shrinkage because of its internal and chemically initiated
nature. Zhutovsky et al. (2004) used pre-soaked lightweight aggregates in their concrete mix in
order to reduce autogenous shrinkage. Such aggregate acts as an internal water reservoir
preventing reduction of relative humidity in the concrete. They concluded that through control of

size and porosity of lightweight aggregates, autogenous shrinkage was reduced.

2.3.3 Carbonation shrinkage

Carbonation shrinkage is the reduction in volume resulting from the reaction of the constituents
of the hardened cement paste with atmospheric carbon dioxide (Alexander & Beushausen, 2009).
The chemical reaction of carbonation leads to a reorganization of the microstructure, a decrease
in porosity, and also a decrease in total volume involving a differential shrinkage between the
surface and the bulk of the concrete. Carbonation shrinkage occurs over a long period, and may
in some cases exceed the drying shrinkage in magnitude.

According to Verbeck (1958), humidity during exposure to carbon dioxide is the major factor
influencing the shrinkage directly produced by carbonation. Figure 2.5 shows that carbonation
shrinkage is a function of relative humidity and is greatest at intermediate humidities.
Carbonation is reduced at either higher or lower humidities, in the former case since carbon

dioxide cannot penetrate the water-filled pdre spaces easily, and in the latter case due to the

11
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absence of water fumes (water is needed in the chemical reaction). As can be seen from the

figure, carbonation shrinkage is greatest when carbonation occurs subsequent to drying.
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Figure 2.5: The effect of relative humidity on carbonation and drying shrinkage as reported by Verbeck
(1958).

2.3.4 Drying shrinkage

Drying shrinkage is the time-dependent reduction in volume of concrete caused by loss of
moisture from concrete to the environment. Evaporation of free water from capillary pores
results in a decrease in the volume of concrete. The rate at which moisture is lost is fairly slow
and the strain response is time dependent. In normal strength concrete (w/c > 0.4) which
experiences little autogenous shrinkage, the total measured shrinkage is usually taken to be the
drying shrinkage (Alexander & Beushausen, 2009).

The principal source of drying shrinkage in concrete is the cement paste. According to Asad et
al. (1997), drying shrinkage of cementitious materials is caused principally by contraction of

12
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calcium silicate hydrate (C-S-H) gel in hardened cement paste. It is within the cement paste that
water is lost and volume changes occur. The three mechanisms by which the loss of water
causes volume changes are Vcapillary stress, disjoining pressure and surface tension. Capillary
stress occurs at relative humidities between 45 and 95% when a meniscus forms on the adsorbed
water between cement surfaces. The meniscus is under hydrostatic tension and places the cement
in hydrostatic compression. This compressive stress reduces the size of the capillary pores, and
thus causes a reduction in the overall volume of the cement paste. Capillary stress is a function of
the capillary pore size, surface tension of the water, and the relative humidity. Disjoining
pressure is the pressure caused by adsorbed water confined within the small spaces of the
capillary pores. In this narrow space, the water exerts pressure on the adjacent cement surfaces.
When the adsorbed water is lost, the disjoining pressure is reduced and the cement particles are
drawn closer together, which results in shrinkage. Changes in surface tension are the causes of
shrinkage at relative humidies below 45%. The last molecular layers of water surrounding
- cement particles are the most strongly adsorbed. This water has a high surface tension and exerts

a compressive force on the cement gel, causing a net reduction in volume (Mindess et al., 2003).

Many factors can directly affect the drying shrinkage of concrete e.g. paste volume, water-
cement ratio, aggregate volume etc. Since the principle source of shrinkage is the cement paste,

drying shrinkage will be greatly reduced if the paste volume is reduced.
2.3.5 Thermal shrinkage

In massive structures and under extreme climatic condition, the combination of heat produced by
cement hydration and relatively poor heat dissipation conditions results in large rise in concrete
temperature within a few days after placement (Mehta & Monteiro, 2006a). In fact, work by Ballim
and colleagues (Ballim & Graham, 2003; Ballim, 2004; Ballim & Graham, 2004; Ballim &
Graham, 2009; Beushausen ef al., 2012) has shown that this temperature rise is considerable
within a few hours after placement. The restrained thermal shrinkage that occurs during the
cooling phase can introduce cracking. For the more normal applications of concrete, the factors
affecting its thermal movement are moisture content, type of aggregate, and volume
concentration of aggregate (Alexander & Beushausen, 2009). Efforts to control temperature rise
in massive structures is made through proper selection of materials, mix proportions, curing

13
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conditions and construction practices. The use of slag can significantly reduce the heat of

hydration, thereby reducing the possibility of thermal cracking (Mizobuchi et al., 2000).

2.4 Creep and tensile relaxation

While cracking of bonded overlays is as a result of restrained shrinkage, creep effects have been
shown to reduce the resulting tensile stress through relaxation. Creep and relaxation are both
manifestations of the viscoelasticity of concrete and as such, researchers have tended to use one
or the other. Most studies on tensile relaxatibn have generally used creep properties for
determination of relaxation in composite systems (see Gutsch & Rostasy, 1995; Gutsch, 2002;
Yuan et al., 2003; Carlsward, 2006; Ghali et al., 2006). This may be due to lack of sufficient data
accumulated on tensile stress relaxation (Morimoto & Koyanagi, 1995; Alexander &
Beushausen, 2009). Tensile relaxation is defined as the time dependent decrease in the stress of
the body under a sustained strain (Alexander & Beushausen, 2009), Figure 2.6. Creep, on the

other hand, is the time dependent increase in the strain of the body under a sustained stress.
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Figure 2.6: Stress relaxation in concrete exposed to sustained strain.

As stated above, creep and relaxation are both a result of the visco-elastic behaviour of concrete
and their source is in the cement paste. Various authors attribute creep and relaxation to different
processes. Powers (1968) explains that when concrete is subjected to sustained loading, load
bearing water within cement paste moves through diffusion mechanisms. On the other hand

Feldman & Sereda (1968) proposed that creep is caused by movement of interlayer water
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between gel layers. Furthermore, movement of water causes gel layers to slide over each other
causing micro-structural changes. With cement paste consisting of numerous such layers sliding
over each other, global deformation is imminent. Pigeon & Bissonnette (1999) use the viscous
shear theory to explain mechanisms occurring in concrete under tensile loading. From their study
they concluded that the dominant mechanism in relaxation was viscous shear and also the

presence of microcracking.

Creep in concrete occurs at all stress levels, and it imparts a degree of ductility to the concrete
which is desirable for stress relief. The study by Altoubat and Lange (2001) found that tensile
creep relaxes the shrinkage stress by as much as 50% and doubles the failure strain capacity.
Tensile relaxation values as high as 60% have been reported by researchers (Yokoyama, ef al.,
1994; Gutsch & Rostasy, 1995; Beushausen & Alexander, 2006; Masuku, 2009). According to
Pigeon & Bissonnette (1999), tensile creep is the main mechanism of stress relief in very thin
bonded concrete overlays. It is generally acknowledged that a high level of relaxation will help
reduce the tensile stress resulting from restrained shrinkage. Loser & Leemann (2009) note that
efforts to reduce risk of cracking in concrete overlays have to be based on a control of the

relation between stress development and relaxation.

Masuku (2009) studied the effect of mix design (w/c) and age at loading on tensile stress
relaxation in bonded overlays. In this study, dog bone specimens of three mortar types with w/c
= 0.6, w/c = 0.45 and a commercial mortar were investigated. To investigate the influence of age
at loading, the specimens were tested either at 2 days or 7 days. A higher stress-strength ratio of
80% was used so as to simulate tensile relaxation under extreme conditions. Results indicated
that tensile relaxation is w/c sensitive: 0.6 w/c specimens generally showed 10% higher
relaxation after 72 hours compared to their 0.45 w/c counterparts. He attributed this to the pore
structure which may determine the strength and stiffness of the mix. Generally in low w/c mixes,
strength and elastic modulus are higher than in higher w/c mixes. Therefore there is a tendency
to resist mechanisms which promote relaxation. It was also found that irrespective of w/c,
concrete age had a higher influence on tensile relaxation. Specimens tested at 2 days had 15%
more relaxation than those tested at 7 days. Relaxation was found to reduce with increasing age.

This was attributed to the dependence of relaxation on the degree of hydration (Neville, 1996).
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The degree of hydration is initially rapid but reduces gradually with time. Results in this study
also indicated that stress relaxation progressed more rapidly in specimens tested at 2 days
compared to those tested at 7 days. Generally tensile relaxation was found to be in the order of

20% to 45% in the mixes tested.

2.5 Factors affecting restrained shrinkage cracking

2.5.1 Paste content and water-cement ratio

The hydrated cement paste plays an important role in the shrinkage cracking of concrete. This is
due to the fact that the source of both shrinkage and relaxation due to creep effects is in the
cement paste. It is within the cement paste that water is lost and volume changes occur. The most
important factor influencing drying shrinkage is the amount and composition of cement paste.
The paste is affected by the w/c ratio and the cement content. For concrete with w/c ratios
between 0.35 and 0.5 it was shown that the extent of shrinkage is directly proportional to the
amount of cement paste (Carlsward, 2006). For a given cement content, with increasing water-
cement ratio, both the drying shrinkage and creep are known to increase. The data in Figure 2.7
show that, for a given water-cement ratio, both the drying shrinkage and the creep increased with
increasing cement content. This is expected due to an increase in the volume of the cement paste

( Mehta & Monteiro, 2006a).
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Figure 2.7: The effect of water-cement ratio on shrinkage or creep as presented in Mehta & Monteiro
(2006a).
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Loser & Leemann (2009) studied the effects of volume of paste and water content on the
shrinkage of self-compacting concrete (SCC) compared to conventionally vibrated concrete
(CVC) and concluded that, shrinkage is mainly dependent on the volume of paste. Since SCC
has generally a higher volume of paste compared to CVC, its shrinkage is higher than that of
CVC. They found that the difference in shrinkage between the two concretes at the same age
ranged between 10% and 40%. |

The w/c ratio affects the strength, elastic modulus and permeability of the cement paste, and
therefore indirectly affects the creep of the paste. Ruetz (1965) showed that a decrease in w/c
ratio caused a decrease in creep. This is because stronger pastes (pastes with low w/c) are also
stiffer, hence they creep less. A decrease in water-cement ratio also implies an increase in the
tensile strength of the material. High tensile strength is beneficial because of its desirable effect

on the material’s cracking potential.

In practice, the cement content and the water-cement ratio are limited to reduce the risk of
shrinkage cracking. Literature indicates that a minimum cement content should be used to reduce
cracking (Brown et al., 2003). The investigations by Xi et al. (2003) on early age cracking of
newly constructed concrete bridge decks in Colorado, USA, showed that a concrete mix with a
cement content of about 279 kg/m® and water-cement ratio of about 0.4 could provide an
optimum mix for Colorado conditions. The importance of paste volume on shrinkage implies
that, shrinkage can be mitigated by reducing the water content or cement content, and increasing

the content of aggregates.

2.5.2 Fineness and composition of cement

Physical characteristics of cement such as particle size also play an important role in shrinkage
cracking. Drying shrinkage is affected by the fineness of the cement. Finer cement particles
generate greater heat of hydration and require a greater amount of water during the hydration
process, which may lead to the increased risk of cracking in the concrete. Larger cement particles
that do not undergo full hydration can provide a restraining effect similar to that of aggregates.
According to Tritsch et al. (2005), replacing a fine-ground cement (Type I Portland cement) with
a coarse-ground cement (Type II Portland cement) lowers the free shrinkage and shrinkage rate,
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and adding a shrinkage-reducing admixture significantly reduces these values. However, Mehta
& Monteiro (2006a) point out that, normal changes in cement fineness or composition which
tend to influence the drying shrinkage behaviour of small specimens of cement paste or mortar,

have negligible effect on concrete.

2.5.3 Aggregate type and content

The type and content of aggregate has an effect on the restrained shrinkage cracking of concrete.
According to Alexander (2001) aggregates have two effects on paste shrinkage viz. dilution and
restraint. Dilution refers to the fact that shrinkage of the concrete will decrease with increasing
aggregate concentration, while restraint refers to the fact that concrete shrinkage will decrease
with increase in aggregate stiffness. Aggregates provide restraint because they do not undergo
volume changes due to changing moisture conditions. The amount, size,grading, texture and
stiffness of an aggregate determine how much restraint it provides (Mindess et al., 2003). Well-
graded aggregates with a large maximum size have a low void space and, consequently, require a
relatively small amount of paste. Larger maximum sizes of aggregates are effective in reducing
shrinkage. Emmons & Vaysburd (1995) report that concrete of the same cement content and
slump containing 10 mm maximum size aggregate usually develop from 10% to 20% greater
drying shrinkage than concrete containing 19 mm maximum size aggregate, and from 20% to

35% greater drying shrinkage than concrete containing 38 mm maximum size aggregate.

Troxell et al. (1958) state that the most important aggregate characteristic influencing shrinkage
cracking is the aggregate stiffness. In their study, they found that both the drying shrinkage and
creep of concrete increased 2.5 times when a high elastic modulus aggregate was sustituted with
a low elastic modulus aggregate. Granite, limestone, and quartzite do not shrink (Neville, 1996).
Lightweight aggregates with low moduli of elasticity exhibit higher shrinkage (Mindess et al.,
2003). For normal concretes, aggregates do not exhibit creep at the stress levels to which they are
subjected. According to Alexander ( 2001), aggregates reduce the creep of concrete by diluting
the paste and restraining its movement. Concrete creep is therefore affected by aggegate volume
concentration and aggregate stiffness. The higher the elastic modulus of the aggregate, the
greater will be the restraint offered by the aggregate to the creep of the paste.
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Banthia & Gupta (2009} investigated the effect of sand-cement (8/c) ratio and aggregate-cement
ralio (a/c) on shrinkage of concrete. They noted that while s/c ratio appears to affect the
evaporation rate, lithe (o lirst crack and crack width of the concrete, a definite trend ol its
influence could not be established. They however noted that an increase in the a/c ratio on the
other hand was highly effective in reducing shrinkage cracking. This was in agreement with the
earlier finding by Pickett {1956}, who found that the shrinkage of concrete was reduced hy 20%
for mixes with the same water-cemeitt rafio in which the aggresate conlent was increased from

T1% to 74%. Figure 2.8 shows the influence ol aggregale content on the shrinkage and creep of

concrete,
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Figure 2.8: Influence of aggregate conent on the shrinkage and creep of concrete as reported by Mehita &
Monteiro (2006a}.

254 Cement extenders

Many researchers have noted that the use of cement extenders has a significant influence on
creep and shrinkage of concrete. Many authors (Mindess ef af, 2003; Krauss & Rogalla,1996;
Neville, 1996) have indicated that conerete shrinkage is little influeniced by condensed silica
fume (CSF) contents, at 1cast up to 10% by mass of cement. CSF has the effect of densilying the

microstructure of concrete, thus reducing the rate of moisture loss from concrete. Shrinkage thus
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takes place at a slowcer rate in CSF concretes, although the final shrinkage will be similar te olher

comparablc concretes.

Pane & Hansen (2002) studied the effect of fly ash (FA), ground granulated blastfumace slag
{GGBS) and €SF on early age tensile creep of cencrete. Figure 2.9 shows the result of their
study. In their study, ereep was represented as a compliance function e the sum of the
instantaneous and creep strains at fime t produced by a sustained unil stress applied at ', The
graphs show that creep cempliance ef concreie is reduced by the presence of additives except
for the CSF cencrete. This scems to agree with findings from South Africa, except for CSF
which has been indicated to reduce creep also (Grieve, 1991; Alexander, 1994). However, in a
study by Tarek & Sanjayan (2008} on early age cracking of stag concretes, it was found that no

significant change in tensile creep occurred with siag replacement levels of 0, 35, 56% and 65%.
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Figure 2.9: Tvpical tensile creep compliances of concrete containing blended cements al age = 3 days, as

presented in Pane & Hansen {2002,

In the study by Tarck & Sanjayan (2008) mentioned above, it was found that, at lower slag [evels
{0. 35 and 50%) the tensile strength decreased with increasing slag replacement. However, this is

more than compesated by decreasing elastic modulus of the slag conerele compared to the
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ordinary concrete. This has significance in reducing the stress development in slag concretes, and

thereby reducing the cracking potential.
2.5.5 Shrinkage Reducing Admixtares

Many researchers (Shah er af., 1998, Weiss & Shah, 2002; See er of., 2003} have obsarved
improved shrinkage and cracking resistance in concrete by using shrinkage reducing admixtures
{SRA). SRAs work by reducing the swrface tension of the mix water, which in mrn reduces the
stresses in the capitlary pores (Shah ef al., 1998). Peasc ef af. (2005) showed that there is a
lincar relationship between the surface tension of the SRA-pore water selution of concrete and
the shnnkage coefficicnt as shown in Figure 2.10. According to Radlinska et «l. (2007), SRAs
have two eflects on concrele shrinkage; {irstly, SR As reduce the overall magnilude of shrinkage,

and secondly SRAs reduce the rate of shrinkage.
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Figure 2.10: A plot of surface tension of SEA-porc water solwtion of concrete against shrinkape

coefficient. from Pease ef af { 2005).
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2.5.6 Curing and fibers

Banthia & Gupta (2006) have recommended that the degree of early age shrinkage can be
reduced by good curing practice. Deshpande et. al (2007) noted a reduction in overall shrinkage
strain with an increase in curing period in ordinary concrete specimens. According to Krauss &
Rogalla (1996), increasing the curing period decreases the shrinkage rate and also the extent of
shrinkage. However, the ACI Committee 364 (2006) notes that curing only delays moisture
evaporation and its associated drying shrinkage but does not reduce the overall shrinkage strain.
Curing provides sufficient moisture to prevent the surface from drying out. Consequently this
reduces the effects of surface cracking.

Bissonette & Pigeon (1995), Banthia & Gupta (2006) and Carlsward (2006) showed that the use
of fibers reduces occurrence of early age shrinkage cracks. Banthia ez. al (1996) investigated the
effect of steel fibers on restrained shrinkage cracking of thin bonded overlays cast directly on
substrate beams and exposed to a drying environment to induce shrinkage. Lengths and widths of
the resulting cracks in the overlays were expressed as a function of time. Addition of fibers was
found to delay the onset of cracking and also reduce the widths of the cracks. According to Shah
& Weiss (2006), the age at which cracking becomes visible is slightly delayed by the inclusion
of steel fibers presumably due to the fibers’ ability to arrest cracking before the crack propagates

across the specimen unstably. Fibers reduce crack widths by bridging the cracks formed and
preventing them from widening.

2.5.7 Member size and shape

Drying shrinkage is also affected by the size and shape of the concrete member. Since drying
shrinkage of concrete takes place from exposed surfaces, it generates moisture-content and
thermal differentials, with associated restrained strains and internal strain gradients. Thus, actual
observed shrinkage will depend upon member geometry and dimensions despite the fact that
potential drying shrinkage is conceptually an intrinsic property of concrete (Alexander &
Beushausen, 2009). Amba et al., (2010), investigated the effect of property gradients (hydric and
hydration) on the sensitivity to cracking of bonded overlays. Property gradients were measured

using the “slice test” (Care & Nicolle, 2005) and strain gauges were used to measure strain
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gradients. It was observed that moisture gradient, porosity and strain gradients were both

dependent on the extent of the drying surface, and also the depth from it.

2.5.8 Temperature, relative humidity and time

Relative humidity (RH), temperature and time also affect shrinkage cracking of concrete. Figure
2.11 shows the effect of RH and time on the shrinkage of concrete. The rate of shrinkage
decreases with time even though it is still measurable after 20 years (Troxell et al., 1958). In a
study done by Baroghel-Bouny & Godin (2001) a linear relationship between shrinkage strains

and relative humidity was found for a large range of concrete mixes.

g
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Figure 2.11: Relationship between shrinkage and time for concretes stored in different RH, as given in
Troxell et al, (1958).

Appropriate curing and slow drying have a positive influence on drying shrinkage. Garas et al.,
(2009), investigated the influence of thermal treatment on shrinkage of UHPC, and observed that
steam curing reduced both drying shrinkage and swelling of UHPC. This was attributed to the
improvement in the cementitious matrix achieved via thermal treatment, as the reaction of CSF
and other phases may be activated, reducing the average pore size. This was in agreement with

what was observed by Collepardi et al. (1997).
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Environmental conditions such as relative humidity (RH) and temperature also affect the creep
of concrete. The total creep comprising basic and drying creep will increase with a decrease in
ambient RH or an increase in temperature. Lower RH considerably increase the creep of concrete
that is allowed to dry for the first time under load. The enhanced creep seems to be due to higher
creep rates during the earlier stages of drying. The RH effect is much smaller if concrete has

previously reached hygral equilibrium with the environment before application of the load.

2.6 Methods of testing restrained shrinkage cracking

Various methods of testing restrained shrinkage and cracking of concrete have been developed
by different researchers. Adequate performance with respect to cracking cannot be properly
assessed on the basis of free shrinkage tests alone. In addition to shrinkage strains, testing
methods need to account for arising stresses and stress relaxation. According to Bentur & Kovler
(2003), the restrained shrinkage tests can be classified into four categories: ring tests with a
restraining core, longitudinal tests where the restraint is at the edge of the specimen, panel tests
in which the restraint is along the circumference of the panel, and tests in which restraint is

offered by the substrate, simulating performance required in repair and retrofit.
2.6.1 Plate tests

Plate tests (also referred to as panel tests) are tests in which restraint is generated on the
perimeter of the plate, and are generally used to evaluate plastic shrinkage cracking. Different
researchers have used different test specimen sizes and test details. Usually very flat and thin
concrete specimens are used, and the maximum aggregate sizes are small or no course
aggregates are used. To simulate adverse drying conditions, some researchers use fans to blow

hot air across the plate surface.

Kraai (1985) used a cracking test in which flat concrete specimens were exposed to severe
drying conditions achieved by hot air blown by a fan, Figure 2.12. 19 mm thick plate specimens
were cast in 610 x 910 mm wood forms with the bottom lined with plastic to prohibit absorption
and reduce restraint. Edge restraint was provided by 13 x 25 mm mesh hardware cloth bent in an

L-shape and attached to the base of the mold. Fresh concrete was then cast into the molds,
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compacted and troweled, and then the specimens were immediately placed in front of fans
producing air speeds of 4.5 - 5.4 m/s. The use of fans, in addition to low thickness and large
surface area specimens, accelerated both evaporation and shrinkage rates. After 24 hours of
drving, the specimens’ cracking characteristics such as crack lengths and widths were measured.
Two concrete specimens, one control and one with a single property altered were simultaneously
cast and relative cracking potential was determined by comparing the two panels. The mixes
tested contained 418 kg/m® of cement and a high water-cement tatio, 0.7. For this test, the
suggested proportion of cement to aggregate was 1:4 by weight and no coarse aggregate was
used due to the 19 mm thickness of the specimens. Kraai found that cracking began around one

hour after drying was mitiated and most of the cracking occurred within 4 hour.

Figure 2.12; Plate test used mthe suady by Kraai (1985).

The above test by Kraai (1985) was also adoptled by Shacles & Hover (1988) to assess how mix
proportions and construction practices affcet plastic shrinkage in concrete. In this test, the
authors used plexiglass forms to make the specimens, and also expanded metal lath affixed to the

inside perimeter of the form as edge restraint. The use of plexiglass forms prevented additional
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maoisture 1oss from the concrete to the forms, and also enhanced the durability of the test. In

addition, the cxpanded metal laths improved the edge reswaint of the test,

Figure 2.13 shows a schematic diagram of the plaie test used by Yokoyama ef al. (1994) to
mvestigate the performance of low volume content polymer fibers, to reduce plastic shrinkage
cracking. In this test, 600 x 600 mm slab moulds were used to cast concrete specimens, with
restraint achieved by short steel bars at the edges of the plate. The surface was then subjected to
dryving by exposing it 1o hot air blown by a fan, sinmlating windy conditions. Performance of the
concrete was then quantified in a variety of ways to estimate the extent of cracking: maximum

crack width, total crack length and crack area.
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Figure 2.13: Plare test used in the study by Yokoyama e of. (1994),

2.6.2  Longitudinal test

Longitudinal tests are tests in which a linear specimen is restraimed at one end and the other end
is used to monitor the deformation or the force causing the deformation. Longitudinal tests can
further be divided mnto longiudinal-qualitative. longitudinal-active and longiiudinal-passive, as

discussed in the following sections.
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2.6.2.1 lLongitudinal-qualitative

In the longitudinal-qualitative setup, the longitudinal geometry is used as a restraint Lo measure
cracking only. There is no instrumentation used to estimate deformations or resulting stresses,
except for a microscope that may be used when recording the width and number of cracks. The

tests developed by Banthia. of o/, (1993) and Berke & Daliaire (1994) are good examples,

In the test developed by Banthia ¢ ol. (1993), Figurc 2.14, a 40 x 40 x 500 mm specimen was
cast into a mould with triple bar anchors at its ends. The anchors were rigidly fixed to a 50 mm
base plate through vertical posts. The mould itselt’ was mounted on tweo frictionless rollers that
were free o slide in the fongitudinal direction. Conerete specimens were mounied on this
assembly afler demoulding, and the whole assembly was placed in an environment chamber at
50°C / 50% RH. Cracking was observed by means of a microscope travelling above the
specimen, and the number of cracks, together with their widths, was recorded. This study
investigated the effect of seven types of [ibers (divided into iwo groups viz. macro-fibers and
micro-fibers) on restrained shrinkage cracking of cemenl pasies and mortars. The results
indicated different cracking patterns for the two different fiber groups, and this was altributed,

parl, Lo their different reinforcing mechanisms.

Figure 2.14: Longitudinal tests used in the study by Banthia ef of. (1993).
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2.6.2.2 Longitudinal-passive

In this test setup, the rg is partially mstrumented te determine alse the restraining forces and
stresses. The test is passive in nature, since the restraint is achieved by longitudinal bars on
which strain gauges are mounted. A good cxample of this sctup is the RILEM cracking frame
Standard test TC 119 (1997) used for crack evaluaton (RILEM). Figure 2.15 shows a schematic
of the test apparatus, The test is made up of o concrete beam and two surrounding steel bars in
the lengitudinal dircetion. The grip is of a tapered geometry, lo eliminate stress concentrations
that may result in premature cracking, This armmangement docs not climunate the deformations
entirely, and the small deformations that occur are measured by the strain ganges on the siecl
bars. Restraining stress is caleulated from the sirain data and the steel and the concrete cross-

seclion areas.

The cracking frame can be uscd to ¢stimate both the compressive restraining stresscs, which
occur as the temperature ncrcascs immediately after casting as well as restraining tensile
stresses thal occur on cooling later on. The bars are made of steel with a low coefficient of
thermal expansion, so that the stramn in ot will not be affected by the temperature build up which

occuts in the near concrete.
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i

Figure 2.15: The RILEM cracking frame test {RILEM TC 119, 1997).

In the thermal tests, the parameters obtained are the stress development curves, the zero stress
temperature (the temperature at which the compressive stress induced early on during heating is

reduced back to zero) and the cracking temperature (the temperature mn the cooling range at
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which cracking occurs). If the cracking frame is cooled to the surrounding temperature and the
specimen does not crack in four days, its temperature is decreased at a fixed rate until cracking
occurs. The temperature at which cracking occurs is recorded as an indication of the cracking
resistance property of the concrete mix in actual service conditions. The lower this temperature

can be, the better the cracking resistance.
2.6.2.3 Longitudinal-active

In this setup, the rig is instrumented so that the grip position is adjusted to keep the specimen at
zero deformation or close to it, while measuring the load in the grip. This test is viewed as an
active one since there is a continuous need for external intervention to keep the specimen at zero
strain. This category also includes fully instrumented tests in which a closed loop computer
controlled system is used to control the grip position and fix it to zero strain while recording the

load and deformation in the specimen.

A good example is the test by Paillere ef al. (1989), in which autogenous shrinkage of silica
fume concrete with steel fibers was studied. In this test, a concrete specimen was cast in a mould
on a horizontal bench. The specimen was placed in a vertical position after the concrete had set
to prevent any bending effects. The specimen had a cross-section of 8.5 x 12 cm and a total
length of 1.50 m. One end of the specimen was fixed, while the other end was mobile to allow
for shrinkage. A monitoring system at the mobile end of the specimen controlled a dynamometer
that applied and recorded the force required to keep the specimen at constant length. The
restrained shrinkage stress was calculated from this force and the cross-sectional area. Figure
2.16 shows this test setup. A companion specimen with the same geometry was also cast in a
mould that allowed it to shrink freely without restraint at one end. Six concrete mixes with
water-cement ratios between 0.26 and 0.44 and a constant cement content of 425 kg/m’® were
tested. The maximum size of coarse aggregate was 20 mm. Five mixes contained varying
amounts of superplasticizer, and four of those mixes included 63.75 kg/m® of silica fume. Two
different sizes of steel fibers were used, one size at a time, in three of the mixes. The authors
found that addition of steel fibers to concrete increased the time to cracking and also restricted

crack width development in silica fume concretes.
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Figure 2.16: Longitudinal test used by Paillere e af. (1989).

2.6.3 Substrate restrained tests

Substrate restrained tests are test methods in which restraint is induced by the substrate.
According to Bentur & Kovler (2003) these tvpes ol tests simulate better the conditions which
occur in practice, especially in repair and resurfacing applications. They classified these tests
inte two categories, depending on the variable being assessed by the test: either cracking or
curling. The cracking tests include the test desceribed by Banthia ef «f, (1996} and the German

angle test (German Federal Ministry of Transport, Highway Construction Department, 1990}

In the test by Banthia ef g/, (1996}, Figure 2.17, a mold measuring 1010 mm long and 100 nun

wide with a restraining substrate at the bottom wus used to assess the cracking potential ol fiber
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reinforced concrete. The restraining substratc was a 40 mm concrete whose surface was
roughened by manually placing 20 mm aggrcgates on the fresh concrete, followed by curing in
hot water at 30°C for 3 days. After curing, the mold, togeiher wilh the substrate, was thoroughly
cleancd and dried. This ensured that the substrate surface was [rce of any loose material.
Thereaficr, an overlay of 100 mm deep concrete was cast on this substrate and placed in an
environmental chamber in which hot air was blown over the specimen. The environment in the
chamber was 38°C / 5% RH. The drying 1est started 2.5 hours after casting the overlay. Crack
monitoring was carried out with a hand held microscope equipped with a vernicr, and parameters

such as time to first crack. crack width and crack length were recorded and used in the results

analysis.
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Figure 2.17: Substratc type tost used by Banthia ef af (1996).

The German angle test is a linear restrained shrinkage test developed in German and adopted by
the Highway Construction Departnent of the Federal Ministry for Transport. In this test,
concrele is poured into a V-shaped channel (70 mm cross-section and 1000 mm long), which is
kept uncovered in standard atmosphere (Figure 2.18). This method is intended for evaluation of
plastic additives for overlays. Crack monitoring is continuously carried out at scnsitivity better
than 0.02 mm. After 90 days, any cracks having occurred arc measured for crack width to within

0.02 mm, the number of cracks, the lime of ¢racking, and also large areas of detachment fronmn the
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steel are also noted. Materials tested by this method with cracks wider than (.1 mm are not

accepted. Also, no bonding failure i large areas s allowed in this test.
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Figure 2.18:; Goerman angle test (Federal Minisiry for Transporl, German, F9904

Banthia & Gupta (2009} developed a bonded overlay method to investigate the influence of
mixture proportions on plastic shrinkage cracking in cementitious repairs and overlays. This tost
was based on the test by Banthia ef of. (1996), although the size of the specimen was reduced to
325 x 95 x 40 mm and a bhase with protuberances was used. In this method, the cementitious
material to be investigated was cast on a substrate basc with protuberances and the entire
assembly was subjected to drying in an environmental chamber, Figure 2.19. The use of a base
with protuberances enabled a high degree of restraint. which resulted in cracking developing
laster. Overlay cracking was then characterised with the help of a magmiication device and

image analysis software.

32



Chaprer 20 Literature Review

Figure 2.19: A subsirate base with protuberances and 3 drying chamber used by Banthia & Guyta (2009).

2.6.4 Rung test

According to Bentur & Kovler (2003), the Ring Lest 13 the most common test used [or estimating
the cracking potential ol repair mortars. It 18 applicd to cvaluate both the plastic shrinkage
cracking of fresh congcrete, as well as the shrinkage eracking of hardencd conerete. In the ring
test, a concrete annulus is cast around a restraining core {usually made of steel) and s allowed to
shrink against #t. Tensile tangential stresses are devcloped in the concrete ring, and if large

enough (if they exceed the tensile sirength of the material under test) they may lead to cracking.

The ring test has been used 1o cvaluate cracking potential of cement-based materials for many
years, Carlson and Reading (1988) discussed the first ring tests which were performed between
1939 and 1942, These tests were used to investigate the resistance of concrete to shrinkage
cracking in congrete walls. The authors cast a ring of conerete (25 mm thick) around a polished
ring of steel (25 mm thick and 175 mm diameter) and dried the concrete at 25, 50 and 75 %
relative humidity, after a preliminary moist curing period. The height of the specimen was 38
mm, and only circumferential dryving was allowed (the top and bottom surfaces were scaled).
Time of cracking was determined by periodical visual inspection. Companion free shrinkage bars
with the same cross section area as the ning were used to establish the stramn at the time of

cracking. So as to simulate shrinkage at the circumferential surface of the concrete ring, the [ree
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shrinkage specimens were sealed to allow drying from one side only. Carlson and Reading used
the strain from the free shrinkage bars to estimate the strain and stress in the ring at the time of
cracking.

Two American standards for the ring test exist: the American Association of State Highways and
Transportation Officials (AASHTO) standard and the American Society for Testing and
Materials (ASTM) standard. These two tests are used to compare restrained shrinkage cracking
potential of different concrete mixes. Factors such as cement paste content and water-cement
ratio, cement type, aggregate type and content, and admixtures as related to the time and

cracking potential of concrete are evaluated.
2.6.4.1 AASHTO Ring test

In the AASHTO Ring test (AASHTO PP34, 1998), the standard inside steel ring has a wall
thickness of 12.7 :hv0.4 mm, an outside diameter of 305 mm, and a height of 152 mm. The outer
ring can be made of 6.4 mm thick cardboard form tube with an inside diameter of 457 mm. Four
strain gauges are mounted on the inner surface of the steel at equidistant points at mid height.
Data acquisition equipment is used to record automatically the readings on the strain gauges.
Forms can be made of 0.6 x 0.6 x 0.016 mm thick plywood sheet or PVC. Curing can be applied
by using pre-wetted burlap covered with plastic. The outer forms are removed at an age of 24 + 1
hr, and then the specimens are moved to the condition room with a constant air temperature of 23
+2.0° C and 50 + 4 % relative humidity. The time and strain from the strain gauges are recorded
every 30 minutes, and review of the strain and visual inspection of cracking is conducted every 2
or 3 days. A sudden strain decrease of more than 30 micro strains usually indicates cracking.
After the concrete ring cracks, the time to cracking, cracking width and length on the exterior
radial face is recorded (Zhuang, 2009).

2.6.4.2 ASTM Ring test

The ASTM Ring test (ASTM C 1581, 2004) differs from the AASHTO test in dimensional sizes.
The standard inside steel ring has a wall thickness 13 £+ 0.12 mm, an outer diameter of 330 + 3.3
mm and a height of 152 £ 6 mm. At least two electrical resistance strain gauges are wired in a

quarter bridge configuration. The base can be made of epoxy coated ply wood or other non-
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absorptive and non-reactive surface. The outer ring can be made of PVC pipe with 406 L 3 mun
inside diameter and 152 £+ 6 mm height, The testing environment has the conditions of 23 + 2.0°
C and 50 = 4 % relative humidily. The dates and strain from the strain gauges must be recorded
at least every 30 minules. A sudden decrease of more than 30 micro-strains in compressive strain
in one or both strain gauges indicates cracking. After the concrete ning cracks, the time and
cracking length and width on the radial {ace are recorded. The specimen is then monitored lor

two additional weeks after cracking. The figure below shows the ring set up.
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Figure 2.20: Ring tesr as described by ASTM {2004,
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2.6.5 Summary of test methods

The above section (Section 2.6) has provided a brief review of the various test methods that have
been developed for measuring restrained-shrinkage cracking tendency of concrete repair
mortars/overlays. Among these methods, the ring test is the most common method used. The
usefulness of the ring test stems from the fact that it is simple, the test apparatus is relatively
inexpensive to construct, and it can be used to compare most of the factors that affect the
cracking tendency of concrete at the same time. The ring test also produces easily visible cracks.
However, it should be noted that the ring test method only reflects the relative tendency of
concrete with different mixes and different conditions, and it cannot represent the concrete in

actual service life.

A ring test method similar to the one described in ASTM C 1581-04 standard (2004) was
adopted in this study.

2.7 Tensile strain and stress in bonded concrete overlays

Overlays may exhibit performance problems which manifest as cracking and/or debonding,
which result from differential volume changes between substrate and overlay. The overlay is
subjected to shrinkage and thermal movements, while the substrate deformations are negligible.

The restraint of overlay shrinkage by substrate causes tensile stresses in the overlay.

2.7.1 Strain due to restrained shrinkage

Figure 2.21 shows the strain ‘g’ acting through the composite section; where the section is taken
to be very thin so that the strain gradient may be considered to be negligible. Since perfect bond
is assumed between substrate and overlay i.e. there are no irregularities at the interface causing
poor bonding, both substrate and overlay undergo the same linear contraction. Therefore, this
imposed linear strain leads to an induced linear stress in each section. Effects of curvature,
interface slip and strain gradients across both overlay and substrate are ignored in this

simplification.
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Figure 2.21: Distribution of strain in a very thin composite section, as reporfed by Beushausen &
Alexander (2007,

Effects of curvature can only be ignored for common concrete repairs i.e. thin overlays on very
stilf substrates. In this case, cffeets of bending moments resulting from differential shrinkage can
usually be neglected. However, in members with relatively low substrate stiffness e.g. structural
overlays on concreie slabs. bending moments due 1o differential shrinkage might cause
considerable curvature, resulting in compressive strain in the overlay and hence in partial relief

of tensile overlay stress (Beushausen, 20035).

Beushausen & Alexander {2007} carried out experiments on overlays of different thicknesses. In
their study, they assumed the substraic to be fully fixed at the bottom. Figure 2.22 presents the
strain profiles obtained from their cxperiments. Since members denoted B1, B2 and B3 were not
allowed to curve, their strain valucs arc duc to differential shrinkage disregarding effects of
curvature. It is interesting 10 note that maxinmim strain observed was due to shrinkage of the
thinnest overlay i.e. 20 mm thick, and that the strain profile obscrved is non-lincar. This is in

direct contrast to the assumptions madc in Figure 2.21.
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Figure 2.22: Distnbution of strain acvoss the substrate depth, from Beushausen & Alexander (2007),

It was further ohserved that the overtay depth has little appreciable influence on the mterface
strain development. Results of the simulation showed that substrate strain is constant throughout
the length of the interface, an indication that ovevlay shrinkage restraint remains constant over
the whole overlay surface area. The above measurcd strain represents the sum of different
components namely; direct elastie strain, strain reduction due to overlay stress relaxation, and

substrate creep strains {Beushansen & Alexander, 2007).

2.7.2  Stress duc te restrained shrinkage

It is not easy to predict stresses resulting from shrinkage restraint in bonded concvete overlays. It
15 not possible to calculate these stvesses fiom the product of the free shvinkage strain and the
clastic modulus because of the effects of creep and relaxation. Therefore, the influence of factors

such as increase in vate of overlay shrinkage coupled with shrinkage restraint, increase in elastic
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modulus, creep etc. complicate matters. It is simpler to look at the effects of direct stresses alone
before considering influences of other stress mechanisms. In this case for a fully bonded overlay
with consistent restraint along the interface, it can be shown that instantaneous elastic strain of

the overlay [2.1] and substrate strain [2.2] at the interface is as follows (Beushausen, 2005)

EFss
& =l& -—— 2.1
restr.0,l (Fss 1 +§§'Ce> [2.1]
— €Fss
&1 (_1 +51-c> [2.2]
Eg "¢

Where Ereger 0,1 = restrained overlay strain at the interface
Erss = overlay free shrinkage strain
Es =modulus of elasticity of substrate
E ¢ = modulus of elasticity of overlay

C; = constant accounting for combined influences of relative
member dimensions and strain profile characteristics

&1 = substrate strain at the interface. £; = €g | = €

(€0,1 = Overlay interface strain, £; = interface strain)

In the linear-elastic range the stress profile is determined by the strain. In bonded concrete
overlays the top surface of the overlay has more freedom to shrink compared to the interface, and
for the substrate the higher strains are at the interface since it is bonded to the shrinking overlay.
Figure 2.23 shows the strain profile.
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Direct strains, €
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Figure 2.23: Distribution of strain across the substrate depth, as reported by Beushausen & Alexander
(2007).

Another influence is that of elastic strain. This complies with linear elastic theory i.e. restrained
shrinkage at any given time is proportional to overlay stress. Hence direct elastic stresses due to
overlay and substrate strain are represented by [2.3] and [2.4] respectively (Beushausen H. ,
2005).

€ .
Oo,1 = (EFSS - 1+E—§S-C ) : Eo (tension) [2.3]
0 £
Os; = (%) - Eg (compression) [2.4]

Where 0p ; = direct elastic stress in overlay

0s,; = direct elastic stress in substrate

The rest of the parameters have been defined above

The stresses in equations [2.3] and [2.4] exclude the effects of overlay relaxation. In bonded
concrete overlays, direct elastic stresses do not remain constant. They are subject to overlay
relaxation and substrate creep. Substrate creep contributes to stress relaxation by increasing the
overlay strain. This leads to a reduction in restrained shrinkage. Therefore resultant overlay

stress is due to stress relaxed by substrate creep plus stress relaxed due to tensile relaxation.
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These mechanisms are interdependent, and thus cannot be separately dealt with. Other stress
release mechanisms in concrete overlays can be attributed to curvature and interface slip.

However, these apply to situations where overlays are bonded to relatively flexible substrate or

the overlay-substrate interface is poorly bonded.

Therefore including the contribution of creep and relaxation, overlay and substrate stresses can
be represented as shown in equations [2.5] and [2.6]. It is worth noting that variables in

equations [2.5] and [2.6] are time dependent (Beushausen, 2005).

tity)- t
ds; (t) =g (t) . ES — Yol o)jFSS() . ES [2.5]

1+§";=§5-c€

00,1 (£) = (Wo(t, t,) - epss (t) — & (1)) - Ep(t)

Yo(t.to)erss (L)
= (1/}0 (t,ty) - €pss (t) — 2 1+;§%:Z ) - Eo(t) [2.6]

erss (t) _
= t,t,) | € t)——F—— | E;(t) (tension)
Yol(t. t,) ( rss (t) 1+EO§t)_C£) 0

Where g (t) = direct stress in substrate at age t
Co,1 (t) = direct stress in overlay at age t
t = age at the time of testing
to= age at the time of loading
Yo (t, t,) = relaxation function within the period (Z- to )
Epss (t) = free shrinkage strain of overlay at age t

E/ (t) = modulus of elasticity of overlay at age t

the rest of the parameters have been described earlier.
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Stress caused by restrained shrinkage, if in excess of the tensile strength of the overlay after
tensile relaxation, will result in cracking and debonding of the overlay. Stress can also partly be

reduced by curvaturc and substrate croep (the rest is dealt with in equation [2.6]).

2.7.3 Restraint is proportional to free shrinkage

Beushausen (2005) cast overlays of realistic dimensions (1600 x 155 x 40 mm) on substrate
beams (1600 x 155 x 200 nmun) and attached strain targets. Figure 2.24, Based on strain
measurcments along the interface at both the overlay and the substrate , the composite behaviour
could be ideantificd through the strain response. Through strain measurements, it was observed
that in the casc of bonded overlays , strain measured was proportional to 60% of free shrinkage

siTain.

1ketald N

\ Tt
s 3

. o o
..... 2 i i
r T sFrainemeasuging dises
A R -
] —Fh"__‘_— = 3

'
'
i
> '
i
i

100t LrHl 13

Fizure 2.24: Member dimensions and measuring setup in Beushausen (2005},

2.8 Mcasurcs emploved to minimize shrinkage cracking

To minimize and/or climinate shrinkage cracking, a number of strategies may be used and they

include:
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e Proper curing techniques to prevent excessive loss of water due to evaporation e.g. use of
wind breaks is encouraged when casting in windy and hot conditions.

¢ Internal curing techniques (Delatte et al., 2007) — (a) Utilizing high absorption aggregate
i.e. absorption level greater than 1%, (b) replacing fine aggregate with light weight
aggregate (LWA) of higher water absorption, etc. l

e Improved mix designs that minimize the paste content, and also using larger size
aggregates with optimized gradation to reduce the need of water and cementitious
materials in the concrete.

¢ Improved construction practices that reduce the degree of restraint of the concrete.

e Addition of single or hybrid fibers (specific fiber types and mix combinations need to be
matched to achieve desired characteristics) to increase the bonding strength of concrete to
resist restrained shrinkage cracking.

¢ Incorporation of shrinkage reducing admixtures (SRA).

e Inclusion and use of cement extenders.

The above measures are some of the strategies that can be employed to minimize restrained
shrinkage cracking in concrete. The importance of proper construction practices such as proper

curing cannot be over emphasized.

2.9 Conclusion

In this chapter the various factors that affect performance of concrete repair mortars/overlays
were identified, as well as the different tests used for evaluating performance. It was found that .
performance of bonded overlays depends upon the interaction of many factors, and to be able to
predict overlay performance would require understanding of these factors. In the next chapter,

the methods used to evaluate the different factors affecting overlay performance are discussed.
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3.1 Introduction

In Chapter Two the various factors that affect the performance of concrete repair
mortars/overlays were identified, as well as the different innovative tests used for evaluating
performance. It was established that whether an overlay cracks or not depends upon the
interaction between the tensile stress from restrained shrinkage and the other material properties
such as tensile strength, tensile relaxation and elastic modulus. Therefore, it is important to
understand how the different material properties affect overlay performance. To this end,
material property tests were carried out in order to find out how these properties affect cracking
behaviour of repair mortars/overlays. This was in line with research objective (i) given in chapter
one. Material property tests involved determination of parameters such as free shrinkage strain,
tensile strength, elastic modulus and tensile relaxation. Effects of varying water-to-cement ratio

(i.e. mix type) and curing period on the different material properties were investigated.

In order to determine the age at cracking and extent of cracking (crack area), ring tests and
bonded overlays were also carried out. The ring test was chosen as the restrained shrinkage test
because of its simplicity as pointed out in Section 2.6.4. Analysis of the ring test results together
with results from the material parameters allowed conclusions to be drawn on the influence of
the different material properties on restrained shrinkage cracking. This was also checked with
results from the bonded overlays. A comparison of results from the bonded overlays and ring test
enabled an assessment of how close the ring test would predict restrained shrinkage cracking in

overlays.

Material parameters results were further used in the analytical modeling of age at cracking in
Chapter Five. Bonded overlays results were compared with the results from the analytical
modeling and this allowed an assessment to be made on how close the analytical model predicts
age at cracking in bonded overlays used in this research. A detailed flow chart of the

experimental process is given in Figure 3.1.
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[ Trial mixes ]

[ Selecting suitable mixes and test methods ]

v

rCasting test specimens ]

y A
/Material properties tests\

Ring test Bonded overlays
) » Tensile strength )
»  Age at cracking » Age at cracking
» E modulus .
» Quantification of | » Quantification of
cracks (crack area) » Tensile relaxation cracks (crack area)

» free shrinkage strain

\> Compress. strengthj
4

[ Collection and analysis of results }

v

[ Conclusions and recommendations ]

Figure 3.1: Structure of experimental research.

The experimental procedure started with trial mixes. This enabled and facilitated the selection of
suitable mixes and test methods. After the mix selection, dog bone specimens were cast. These
were used for free shrinkage, tensile strength test and tensile relaxation tests. Furthermore,
compressive strength test cubes were also cast to monitor the strength gain at the ages of 2, 7, 10,
14, 21 and 28 days. These tests were carried out for material characterization purposes only.
Elastic modulus test cylinders were also cast to monitor the development of elastic modulus with
time. These were also evaluated at ages 2, 7, 10, 14, 21 and 28 days. Due to the difficulty
associated in carrying out elastic modulus tests in tension, it was decided to do the tests in
compression. According to Mehta & Monteiro, (2006a), the elastic modulus of concrete in
tension is the same as that in compression. Free shrinkage specimens were monitored for a

period of 12 weeks, while tensile relaxation tests were carried out for 72 h. According to Masuku
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(2009), bonded overlays often crack in practice as they experience stress close to their tensile
strength. Therefore, it was decided to carry out tensile relaxation tests at a stress level equivalent

to 80% of the tensile strength.

Due to the large amount of work involved and limited manpower, it was advantageous to divide
the testing program into three stages namely: stage 1 (this included all tests for material
properties such as free shrinkage, elastic modulus, tensile strength etc), stage 2 (which included
casting and testing bonded overlays for cracking potential) and stage 3 (this was comprised of
the ring test for restrained shrinkage cracking). Stage 1 tests were carried out for a period of four
months, stage 2 tests for a period of one month, and stage 3 tests for a period of one month. The

testing program took a period of six months in all.

The following sections describe the materials used and also the methods of testing employed in

order to meet the objectives of the study set out in chapter one.

3.2 Test materials and conditions

In order to test materials that are representative of repair materials used in the Cape Province,
five materials representing three commercial mortars and two laboratory made mortars were
selected for investigation. The three commercial mortars comprised a non-sag multipurpose
mortar (Sika Rep LW), an overhead, horizontal and vertical repairs. mortar (Sika MonoTop-615
HB) and a synthetic fiber modified mortar (Sika MonoTop-612). Laboratory made mixes
comprised two mixes with water-to-cement ratio (w/c) of 0.6 and 0.45. Though the above list is

not comprehensive, it generally represents the materials that are available for overlay repairs.

3.2.1 Commercial repair mortars

The three commercially available repair mortars selected for investigation were (a) Sika
MonoTop-612, (b) Sika MonoTop-615 HB and (c) Sika Rep LW. These were selected for
investigation because they best represented the range of products (based on application) that are
available on the market for overlay repairs. Sika MonoTop-612 is a synthetic fiber reinforced

mortar used for horizontal, vertical and overhead repairs. According to the manufacturer (Sika
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Product Manual, 2011}, it is a low shrinkagze, easy 1o mix mortar with good mechanical
properties. Sika MonoTop-615 HB 1s cement based mortar for horizontal, vertical and overhead
applications. It is made up of cement and silica {ume. Sika Rep LW is also a non-sag cement
based repair mortar. The manufacturer of the repair mortars does not provide information on the
constituents of the mortars; therefore, their contents are unknown. The commercial mortars were
mixed according to the manufacturer's instructions on the data sheet. A slump of 0 mm was
obiaimed.

3.2.2 Laburatory made mixes

In addition to commercial repair mortars, two laboratory made mixes with w/c = 0,6 and wic =
0.45 were investigatcd. These were chosen based on literature survey. According to Masuku
{2009), this generally falls wilhin the range of normal concrete mortars that may be used in

overlay repairs.

The maortars were made of CEM 42,5 (OPC) cement and Klipheuwel sand. Klipheuwwel sand
was used as it is more well graded compared 10 Phillipi dune sand. Kliphetwel sand has good
workability hence lower water demand. The water content was kept constant for both mixes and
all mixcs did not contain coarse aggregates. This is because coarse aggregates may coninbute (o
dilution and restraint effects {Alexander, 2001). Superplasticiser was used for the low w/c = 045

to unprove workability. The table below shows the mix design.

Table 3.1 Mix desiygn for repant mortats

MNewmerd conterefe

Constituent e
w/c ratio .45 0.6
Cement (ke/m') 556 417
Water (kg/m’) 250 250
_LIZlipheuweJ: sand (kgin') 1490 1605
Superplasticizer ;’m!s":r:j 7, 66 i
Siump (mm) 855 |
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3.2.3 DMaterials for substraie heams

The beam substrates for hondcd overlays were cast from locally available materials so as 1o best
imitate the conerete used logally in repairs. The conventional C&CI method was used to design
the 40 MPa concrete used in the substraic beams, The aggregate was 13 mm nominal size
Greywacke, typically used [or consiruction in the Western Cape Provinee, Klipheuwel sand was
chosen over Philippi dune sand lor reasons given m Scction 3.2.2. The table below gives the mix

design and material properties.

Table 3.2 Mix design and properiics lor subsirace beame

l—_ Constituent . .Kg--'m3
|
't'w.-"c ratio 05 |
Cement CEM 142.5 350
Water 175
¢ Kliphcuwel sand | 875
} Greywacke (13 mm) : 10025
Slymp (mm) 80+ 15 '
: Density (kgm”) ) |l 2415

| Averagé?crmp. strength (28 day) t 49.7 MPa
i ;

324 Curing and laboratory conditions

The period of curing was varied between 2 days and 7 days. This was done in order to capture
the influence of curing on overlay performance at early age up to late age. This was in line wilh
research objective {ii} as given in chapter one. There is a gradual incrcasc n strength and
stilfncss of concrete with increasing duration of conercte. The curing procedure was such that
after samples were demoulded, they were covered in wet hessian and plastic sheels lor a

prescribed curing period i.e. cither 2 days or 7 days.
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It is important that laboratory conditions remain consistent throughout the testing period. This is
because temperature and relative humidity have considerable effect on material properties of
overlays. In particular, temperature and relative humidity affects the hydration of cement. There
is an increase in flexural, tensile and compressive strength of concrete with an increase in
concrete maturity (Newbolds & Olek, 2002; Neville, 1996). Also higher temperatures result in a
higher degree of relaxation (Letsch, 1991). Relative humidity has a marked influence on the
degree of shrinkage attained by concrete. Particularly drying shrinkage increases with a decrease
in relative humidity whilst carbonation shrinkage may exhibit é more complex response
(Alexander, 2001). Hence for consistency, all test specimens (except tensile relaxation
specimens) were kept and tested under standard conditions of temperature and relative humidity
(23.0 = 2.0° C and 50 £ 4 %). Tensile relaxation specimens were tested under prevailing
laboratory conditions. To prevent moisture loss, tensile relaxation specimens were coated with

wax as detailed in Section 3.3.3.

3.3 Parameters and test methods

Consistent and reliable test methods are essential in investigating the different parameters that
affect cracking potential of repair mortars. The following sections give details on the individual

tests employed in order to assess crack resistance in bonded overlays.

3.3.1 The Ring test

The Ring test is the most common test method for restrained shrinkage cracking of concrete
repair mortars. In this study, a ring test similar to the one described in ASTM C 1581-04
standard (2004) was adopted.

Figure 3.2 shows the ring setup used in the experiment. The steel ring has a wall thickness of 13
+ 0.12 mm, an outer diameter of 326 mm, and a height of 155 mm just as given in ASTM
standard. The base is made of plywood coated with a non-absorptive substance to prevent
moisture loss from the mortar into the base. The outer ring is made from a PVC pipe, with 380

mm inside diameter and 155 mm height.
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Figurc 3.2 Ring specimens used in the test.

The testing procedure invelved doing the following;

e Prior to mixing. the outer surface of the steel ring and inner surface of the outer ring
(PVC ring) were coated with a release agent {oil) to ensure easy removal of the outer
ring after casting,

¢ The material to be tested was then mixed according to the manufacturer’s
recommendation.

e After the slump test was taken to gauge consistency of the mix. the mix was then cast
in between the steel ring and the outer ring to form an annulus, The mould was filled
in two approximaltely equal layers. with each layer compacted by placing the ring set-
up on a vibrating compactor.

¢ The specimens were then transferred to the conditioning reom {with constant
temperature of 23.0 £ 2.0° C and 30 + 4 % relative humidity) within 10 minutes after
completion of casting.

¢  The ourer mould was then removed atter 24 hours. and the specimens subjected to
moist curing for either 2 days or 7 days depending on the curing period.

« After curing. the top surface of the test specimens were coated with paraffin wax to
prevent moisture loss. thus ensuring that only circumferential drying took place when

the specimens were allowed to dry under standard conditions.
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e The test specimens were then monitored for the appearance of cracks twice daily (i.c.
onee in the morning and once in the evening) until cracking occurred.
*  Afier the mortar cracked, the time and the average crack width and length were recorded.

* The specimens were then momtored for an additional two (2) weeks after cracking.

The time to first crack and crack charactenstics such as average crack width, length ete. were

used in the results analysis.

3.3.2 Tensile strength

Tensile strength tesis were carvied out on dog bone specimens shown i Figwe 3.3, Three
specimens were nsed per test and the Zwick Roell ZO20 Testine Machine, Figure 3.4, was used

for tensile strength tests,

A
0%

Figure 3.3: A schematic drawing and a picture showing the dog bone geometry used in the fest.

The testing procedure for tensile strength was as follows:
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e Afier the specimen was removed from the curing environment, it was wiped thoroughly
with a dry cloth so as to ensure that there were no lopse materials on the specimen. Loose
matcrials would prevent the specimen from litting pertectly into the gripping jaws, This
would introduce unnecessary eccentricity in the test specimen.

o The specimen was then placed in the loading apparatus, making swre the specimen was
firmly fixed between the gripping jaws.

e The load was then applied by the upper crosshead set to a travel rate of about 0.2 mm per
minute until fathwe.

e The load at failure was then read off from the PC connceted to the Zwick Z020, and

recorded as the uniaxial tensile strength of the specimen.

The average ol three specimens was taken as the tenstle strength of the material at the specificed

aue, The raw results and standard deviations are given in Appendix €.

R PP

Figurc 3.4: The Zwick Hocll A020% used i the ensile relaxation and tensile strength tests,
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3.3.3 Tensile relaxation

Tensile relaxation tests were carried out on specimens of the same geometry as tensile strength
test specimens, Figure 3.3. Each relaxation test was carried out for a period of 72 hours, with the
relaxation value at the end of 72 hours taken as ultimate relaxation. Thereafter, all other values
were expressed as a percentage of the ultimate value. Two specimens were tested for each
relaxation test and the Zwick Roell Z020 Testing Machine (UTM) was used for the tensile

[}

relaxation tests (Figure 3.4).

The procedure for tensile relaxation was as follows:

o After the specimen was removed from the curing environment, it was coated with
paraffin wax to ensure no moisture loss occurred during testing.

e The specimen was then cleaned thoroughly with a dry cloth before being placed in the
Zwick Roell testing machine. This ensured that there were no loose materials on the
specimen, which would otherwise prevent the specimen from fitting perfectly into the
gripping jaws.

o The test specimen was then loaded to a stress level equivalent to 80% of its ultimate
tensile strength.

o The resulting tensile strain was then kept constant and the stress decay in the specimen
was recorded automatically by a PC.

e After 72 hours, the test was automatically stopped and the stress value at 72 hours was

noted.

The relaxation values at 72 hours (ultimate relaxation value) were then used in the analysis of
results. This involved comparing of relaxation values across the different mixes (effect of mix
type) and also for the different curing regimes (effect of curing) in chapter four. Relaxation

values were also used as input data in the analytical modeling of age at cracking in chapter five.
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3.3.4 Freeshrinkage strain

Free shrinkage tests were carried sut on dog bone specimens so as to measure the free shrinkage
strain. The specimens used for free shrinkage were cast from the same batch as the specimens for
tensile relaxation, tensile steength, clastic modulus and compressive strength. They were of the

sarne dimensions as the relaxation specimens i.e. 270 x 40 x 40 mm as shown in Figure 3.5,

The procedwre for measuring free shnnkage strain was as follows:

e After demoulding the specimens. demec points were attached along the prismatic section
of the dog hone specimens at 100 mm gauge length.

s After the specimens had been given the appropriate curing. specimnens were lahen to the
conditioned room,

s The specimens were unsecled on all surfaces and placed on a smooth surface so that
shrinkage was not inhibited.

e An exitensometer with gaoge length 100 mm was then used to measure strain everyday

for 3 months.

The free shrinkage steain data was then used in the analysis ol results in Chapter Four and

Chapter Five.

w
¢
'
i

et

1., SR T

Figure 3.5: A picture and schematic drawing of dog bone specimens with demee studs used in the free
shrinkage tosts,
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3.3.5 Compressive strength

Compressive strength tests were carried out on 100 x 100 x 100 mm concrete mortar cubes.
These tests were performed to characterize the material and also to monitor strength
development of the material. The test procedure was in accordance with SANS 5863:2006. An
Amsler Compression Machine was used for compressive strength tests and four (4) specimens

. were tested per each test. Results from the compressive strength tests are given in Appendix C.

3.3.6 Elastic modulus

Tests for elastic modulus were carried out on cylindrical specimens, with @ 100 mm and a height
of 200 mm. Elastic modulus was determined in compression and was calculated from plotted
stress—strain curves of the material. The modulus of elasticity values were calculated as the
gradient of the curve in the linear portion i.e. between 0 and 40% of ultimate Strength. The
Amsler Compression Machine (used for applying stress) and an extensometer with 100 mm

gauge length (used for measuring resulting strain) were used in this test.
The following procedure was followed when determining elastic modulus:

o After the specimen was removed from the curing environment, it was cleaned thoroughly
prior to attaching strain targets.

e The specimen was then placed in the loading apparatus, making sure the specimen was
firmly fixed and centered between the platens.

o The load was then applied in small increments so as to obtain enough data points for
plotting stress-strain curves. The stress was increased up to a maximum corresponding to
40% of the tensile strength of the material. For each increment in the applied load, a
corresponding strain was measured using the extensometer.

e Values of strain together with their corresponding values of stress were then tabulated,

and stress-strain curves were plotted to obtain the gradient.
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The average of three specimens was taken as the elastic modulus of the material. The raw

results and standard deviations are given in Appendix C.

3.3.7 Bonded overlays on substrate beams

Bonded overlays were cast on substrate beams in order to simulaté the behavior of concrete
repair mortars in a real life situation. This was made further importaﬁt by the fact that it would
help to evaluate the performance of the ring test in predicting cracking potential. This was vital
because the ring test has limitations such as: it does not take into consideration the actual

restraint type and construction method used in a particular repair operation.

This study was carried out by casting 1000 x 150 x 30 mm (chosen based on literature survey)
bonded overlays on 1000 x 150 x 200 mm beam elements. The beam elements were cast 2-3
months prior to testing to make sure that almost all the drying shrinkage took place before the
testing of overlays began. The substrate concrete was designed as given in Table 3.2 with target
strength of 40 MPa. A strong concrete (40 MPa) was chosen so as to make sure that the substrate
would withstand the surface treatment employed. To facilitate bonding between the repair
material and the beam substrates, the substrate surface was scrubbed with a wire brush until a
consistent rough surface was obtained. The scrubbing removed loose materials and also ensured

a rough surface. Figure 3.6 shows the substrate beams, on the left, and a bonded overlay cast on a

beam, on the right.
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Figure 1.6: Substrate beams in the moulds (in readiness for casting overlays), on the lefl, and cast bonded

overlays, on the right.

The following procedure was followed:

L]

|5 substrate beams, measuring 1000 x 150 x 200 mm, were cast 2-3 months prior 1o
casting bonded overlays.

The subsirate beams were then exposed 1o a suitable drying cnvironment, 0 as (0 ensure
that all the free shrinkage took place prior to casting overdays. In order 10 hasten drying,
the beams were put into an oven and exposed to o temperature of 50° C for a week. This
was done two weeks before the casung of overlays.

Before casting overiays on the subsirate beams, the surface of the substrate beams were
thoroughly cleansd to ensure u strong bond between substrate and overlay. This was
important because any loosc materials would weaken the bond and ¢ventually lead 1o

debonding.

ih
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e The material to be tested was then mixed according to the recommendation of the
manufacturer.

e After the slump test was taken to gauge consistency of the mix, the mix was then cast
onto the substrate to a layer thickness of 30 mm. Prior to casting, the substrate surface
had to be moistened. This prevented moisture loss by the overlay to the substrate and
also ensured that a good bond formed between the two.

o The surface was then finished using a steel trowel to ensure a smooth surface finish.

o After being subjected to a specific curing durétion, the composite member was then
moved to the conditioned room and allowed to dry.

e The specimens were then monitored every day for cracking. A hand held magnifying
glass was used to aid with the monitoring of cracks.

e After the material cracked, the age at cracking was noted together with the crack width

and length, which were then used in the results analysis.

The results from this study are given in Chapter Four. Chapter Five gives a comparison of results

from the ring test, analytical modeling and bonded overlays.

3.4 Conclusion

The sections above have given information on the materials used, test methods employed, as well
as the details of curing and the testing environment. Chapter Four gives the results and
discussions for the different tests carried out. Analytical modeling of age at cracking is given in

Chapter Five.
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CHAPTER FOUR: EXPERIMENTAL RESULTS AND DISCUSSIONS

4.1 Introduction

In order to assess the crack resistance of repair mortars, a number of material property tests
together with the ring test and bonded overlays were carried out using the materials and methods
documented in Chapter Three. This chapter presents .and discusses results obtained from the

above tests.

4.2 Material property tests
4.2.1 Free shrinkage strain

Drying shrinkage is one of the main causes of cracking in bonded overlays. According to Pigeon
& Bissonnette (1999), drying shrinkage is the major cause of premature deterioration of thin
bonded concrete repairs. Therefore, it was important to investigate the influence of shrinkage on
cracking behaviour of concrete repair mortars. Free shrinkage strain tests were conducted on dog
bone specimens as detailed in Section 3.3.4. To investigate the influence of curing on overlay
cracking, specimens were subjected to two curing regimes viz. 2 days curing and 7 days curing.
Specimens were then exposed to drying in a conditioned room with temperature 23.0 + 2.0° C
and relative humidity 50 + 4 %. Measurements were taken using a demountable mechanical
(Demec) strain gauge with a gauge length of 100 mm and accuracy of 10 micrometers. Results

for free shrinkage strain are given in the following sections.

4.2.1.1 Effect of mix type

Free shrinkage strain results for specimens cured for 2 days are shown in Figure 4.1. Sika 612
specimens recorded the highest shrinkage values at all ages followed by Sika LW specimens.
Sika 615 specimens had the lowest shrinkage values at 7 days and 28 days. Comparing
laboratory mixes only, it is observed that w/c = 0.45 specimens recorded higher shrinkage values
than w/c = 0.6 specimens. This is contrary to what would be expected. Results in literature e.g.
Deshpande et al. (2007) suggest that in normal concretes there is an increase in free shrinkage

strain with increase in water-to-binder ratio (w/c), due to increased porosity in higher w/c mixes.
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The higher shrinkage values in w/c = 0.45 specimens may be due to approximately 25% higher
yolume of cement and about 10% less sand coment for wic = 0.45 specimens than for wic = 0.6
specimens. Therefore, higher shrinkage in w/e = (.45 specimens may have been due (o higher
cement and paste content (shrinkage takes place in the paste). These results agree with the
findings by Masuku (2009} who found that free shrinkage strain was higher in wic = 0.45

spectmens than in w/e = (L6 specimens, Water content was equal in both mixes.
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Figure 4.1: Free shrinkage strain results for martar spocimens curcd for a period of 2 days.

The results for 7 day cured specimens are shown in Figure 4.2. Again Sika 612 recorded the
highest values of free shrinkage strain at all ages, followed by Sika LW. Sika 615 had the lowest
values of shrinkage at both 14 and 28 days. As observed with the 2 day cured specimens, wic =
0.6 specimens recorded lower shrmkage values compared 1o w/c = 0.45 specimens. Figure 4.2
also shows that early shrinkage rate is higher in Sika 612 specimens than in any other specimens.
The shrinkage strain in Sika 612 specimens at 7 days is greater than even the 56 days shrinkage
strain recorded in the other ymixes. In bonded overlays, high early shrinkage rate may result in

substantially high tensile stresses which may inerease the risk of eracking.
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Figure 4.2: Free shrinkage strain resplts for mortar specimens cured for a period of 7 days.

4.2.1.2 Effect of curing

Figures 4.3(a) 10 4.3(e) present the results of the influence of curing on free shrinkage sirain of
mortar specimens. It is observed that increase in curing period, from 2 days to 7 days, delays the
early shrinkage strain by 5 days. Further, it is observed that 7 day cured specimens recorded
higher values of later shrinkage strain than 2 day cured specimens. This is unusual. It is generally
accepted that curing reduces the shrinkage strain of conerete, see West ef af (2010}, Deshpande
et af. (2007) and Nantung (2011). No explanation could be found for the observed increase in
shrinkage strain with increase in curing period. The AC1 Committee 364 {2006} notes that curing
delays moisture evaporation and its associated drying shrinkage bul does nol reduce the overall
shrinkage strain, In bonded overlays, both a delay in shrnnkage and reduction of overall

shrinkage strain would be benelicial for overlay crack resistance.
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Figure 4.3: Lffect of curing on free shrinkage stramn of mortar specimeans.

4,.2.2 Tensile strength

Direct umaxial tensile strength tests were carried out by subjecting dog bone specimens to

incrcasing tensile stress until failure, The Zwick Roell Z020 Testing Machine was used for

carrying out these tests as detailed in Section 3.3.2. Thesc tests were conducted at ages 2, 7, 14

21 and 28 days of concrete. Due to the holding mechanism for the specimens in the testing

machine, not all specimens cracked in the prismatic section, Approximately, three quarters of the

total number of specimens cracked in the prismatic section. The rest failed duc lo cracking below
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the tapered or within the gripping jaws. This was as a result of high stress concentrations at those
points within the holding mechanism, This also illustrates the difficulty associated wath carrying
out direct tension tests, as pointed out by Neville (1996) and Mechta & Montziro (2006¢). The
direct tension test was preterred in this study because indirect tension strength tests such as the
splitting tension test tend to overestimate the tension strength of concrete. Figure 4.4 shows
typical dog bone specimens cracked at pnsmatic and non-prismatic sections. Three (3)

specimens were tested per each tensile strength test, and results arc given in Appendix C.

Figure 4.4: Specimens showing the mode of failure in the direct 1ensiom 12sis. Tn frome, is a specimen

cracked al the prismatic section, and at the back is a specimen eracked ai a non-prismatic scetion.
4.2.2.1 Effect of mix type

Figure 4.5 shows the tensile strength across the different mixes for specimens subjected to 2 days
curing. From the figure, w/c = (1.45 mix and Sika 615 had the highest 28 day tensile strength of
4.3 MPa and 4.2 MPa, respectively. This .was followed by w/c = 0.6 mix with a tensile strength
of 3.5 MPa, Sika 612 had a tensile strength of 2.7 MPa, while Sika LW recorded the lowest
tensile strength of 2.5 MPa. Sika 612, a fiber reinforced mortar containing silica fume. recorded

the lowest tensile strength both at ages 2 and 7 days, Nevertheless, its tensile strength met the
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manufacturer's specified strength at 28 days of 2.5 MPa as given m Sika MonoTop 612 Data
Sheet {2008). The other tensile strengths lor Sika 615 HB and Sika LW could not he verified
because they were not given in their tespective data sheets, Comparing only the laboratory mixcs
te. w/c = (.45 and wic = .6 mixes, w/c = (.45 mix recorded a higher tensile strength as can be
expected due to its lower water-cement ratio. It is also obscrved that of the repair mortars, only

Sika 615 HB had a higher tensile strength than the laboratory made mixes at any particular age.

7 days

B |
| |
| | 2day cured |
| |
| = #5ika 512
- —  Skalw |
Lz . .
| ; o y _ wic— 06 i
i g | GSika B15 !
| = dil| i e T 045 |
| i — |
| 1 |
| I l '

1HE |
| i L 1
[

Figurce 4.5: Tensile sirength tests of 2 day curcd specimens,

Results for the 7 day cured specimens shown m Figure 4.6 indicate a similar order to the one
ohserved for the 2 day curcd specimens. Once more wic = 0.45 mix recorded the highest 28 day
tensile strength, followed by wic = 0.6 mix and Sika 615, Though in this case. the difference
between the top two was quite substantial with wic = (.43 mux having 30% more strength than

wic = (0.6 mix. Sika 612 had the lowest tensile strength at all ages.
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Figure 4.6: Tensile strength tests of 7 day cured specimens.

4.2.2.2 Effect of Curing

The effect of curing on the 28 day tensile sirength of the repair mortars 15 shown in Figure 4.7.
As expected, an increase in strength with increased curing period was observed in the laboratory
made mixes, The mix with the lower water-to-cement ratio 1.¢. wic = 0.45 had the larger increase
in tensile strength of about 23% compared to w/c = 0.6 with an increase of about 10%. A strange
behavior was observed in the commercial mortars. The tensile strength either stayed the same or
decreased with an increasc in the curing period. This seems to suggest thai curing hag no effect
on the tensite strength of the commercial mortars tested. Howoever, this could also be as a result

of the large scatter ohserved in the results of the 7 day cured specimens (see Figure 4.7).
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Figure 4.7: Effect of curing on 28 days tensile strength of repair mortars.

4.2.3 Elastic modulus

The elastic modulus is defined as the slope of the stress-strain curve within the proportional limit
of a matenal. Elastic modulus values were calculated from the gradient of the tangent modulus of
the stress-strain curves. The tangent modulus was caleulated from stress-strain curves obtained
from compressive strength tests. Compressive strength tests were used instead of lensile stength
ests in obtaining the tangent maodulus because of the difficulty involved in handhing and
aftaching strain targets on tender dog bone specimens. For normal conerete, the modulus of
clasticily is generally taken to be equal for both in fension and compression (Meville, 1996;
Mehta & Monteiro, 2006a; Alexander & Beushausen, 2009). Elastic modulus was determined for
each mix at ages 2, 7, 14, 21 and 28 for the 2 day cured specimens, and at 7, 10, 14, 21 and 28
days for the 7 day cured specimens. Three (3) specimens were used per each elastic modulus test,

and results arc given in Appendix C.

4.2.3.1 Effect of mix type

Figure 4.8 shows the resuits of elastic modulus tests for 2 day cured specimens across different

ages for the different mixes. The values obtained for clastic modulus gencrally lic in the cxpected
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range of elastic moduli [or conerete mortars i.c. in the range 5 GPa lo 30 GPa. Sika 615 had the
highest 28 day elastic modulus {29.6 GPa). [ollowed by w/c = (.45 muix with 26.5 GPa and Sika
LW with 25 GPa. Sika 612 recorded the lowest elastic modulus test across all ages. The 28 days
clastic modulus of Sika 612 {11 GPa) was way below the stated elastic modulus on the
manufacturct’s data sheet {Sika MonoTop 612, 2008). It is also observed from Figure 4.8 that the
clastic modulus of Sika 615 develops much faster than that of the other mortars. Sika 615 has an
clastic modulus of abour 50% of its 28 days modulus at age 2 days, while the other mortars at
age 2 days have clastic moduli less than 25% of their 28 days modull. An early increase in elastic
modulus may result in high tensile stress which may resnlt in cracking if it exceeds the tu::ns_ilc

strength ol the matenal.

2 day cured
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Figure 4.8: Elastic modulas tests of 2 day cured specimens.

Figure 4.9 presents the elastic modulus results for 7 day cured specimens. The 7 day cured
speeimens scem to follow a similar order as the 2 day cured specimens, with Sika 615 having the
highest elastic modulus. Sika 612 had the lowest clastic modulus ar all apes. Comparing
laboratory made mixes alone, wic = (.45 specimens had higher elastic modulus values than wic

= (.6 specimens ai all ages.
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Fizure 4.9: Elastic modulus tests of 7 day curcd specimens.

4,2.3.2 Effeet of Curing

The cilect of curing on the 28 days elastic modulus of the repair mortars is shown in Figure 4.10.
An increase in elastic modulus with ingreased curing period was obscrved in the laboralory made
mix¢s. There was no detectable influence of curing on the 28 days elastic modulus of specimens
made with the commercial mortars. Change in elastic modulus wilh inercasing cunng period for
the commercial mortars was less than 1 GPa. which appears insignificant due to the large scatier

obscrved in the results,
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Figure 4.10: Effcet of curing on 28 days elastic modulus,

4.2.4 l'ensile relaxation

Tensile relaxation 1s the time dependent reduction 1n siress under a sustained strain. Previous
research (Masuku, 2009; Beushauscn, 2005, Pigeon ef of, 2000; Morimoto & Koyanagi 1995)
has shown thal relaxation is enc ol the main stress rehel mechanisims against restrained
shrinkage cracking, Therelore, m order 10 capturc the cllect ol stress relaxation at an carly age
relaxation tests were carried out at ages 2 days and 7 days of mortar specimens. Also, tests were
carried out at 28 days so as to capture the influence of relaxation in older specimens. The
mflucnce of curing-peried was investigated by subjecting specimens to two curing regimes, viz.
2 days and 7 days curing-periods. Relaxation tests were carried out for each mix at ages 2, 7 and
28 days for the 2 day cured specimens and at 7 and 28 days for the 7 day cured specimens. These
tests were carncd out on dog bone specimens as defailed in Section 3.3.3. l'ensile relaxation
values are given as the difference between 100% and the percentage stress ratio. A typical
relaxation curve is given in Figure 4.11. Note that relaxation tests were carried out for 72 hour
periods as pointed out in Scetion 3.3.3. Two (2) specimens were used per cach tensile relaxation

test, and results are given m Appendix C.
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Figare 4.11: Tymeal relaxation curve.

4.2.4.1 Effect of mix type and age at loading

Results for tensile relaxation of specimens cured for 2 days arc shown in Figure 4.12, Sika 612
specimens showed the highest margin of tensile relaxation at all ages compared to the other
mortar specimens. 58% tensile rclaxation was rceorded in Sika 612 at the age ol 2 days as
compared to 46%. 44%, 40% and 34% rccorded in 0.6 mix. Sika LW, (.45 mix and Sika 615,
respectively. A similar trend is obscrved at 7 days age of loading, with Sika 612 specimens
having the highest margin of relaxation and Sika 615 specimens recording the lowest value, At
28 days age of loading, Sika 612 undergoces the same margin of relaxation as the 0.6 mix. It is
observed that the margin ol tensile relaxation decreases with an increase in age at loading.
Younger specimens seem to undergo higher margins of relaxation than older specimens, This 1s
consistent with the findings by Masuku (2009) that tensile rclaxation deercases with an increase
in age at loading. Relaxation reduces with increasing age because relaxation is dependent on the
degree of hvdration (Neville, 1996). Hydration is initially rapid but reduces gradually with time.
According to Rusch et af, (1983), at later ages concrete would be more mature and therefore less

capable of undergoing significant relaxation.
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Figure 4.12: Tensile relaxation results of 2 day curcd spocimens.

Figure 4.13 presents the relaxation values for specimens cured for 7 days. At 7 days age of
loading, Sika 612 had the highest margin of tensile relaxation. Again a similar trend to the one
observed in 2 day cured specimens is observed, with 5ika 612 having the highesl relaxation
margin (48%), followed by 0.6 mix (38%), Sika LW (36%), 0.45 mix (35%) and Sika 615
(31%). The age dependence of relaxation 15 again observed in Figure 4.13, with higher relaxation
valucs recorded at 7 days than at 28 days age of loading. Considering laboratory mixes alone, it
is observed that tensile relaxation is dependent on water-to-coment (w/c) ratio. 0.6 wie ratio
specimens had higher relaxation values at all ages compared (o 0.45 w/ie ratio specimens. This
may be attributed to the porous nature of 0.6 w/c ratio specimens, Generally. high w/c ratio mix
specimens tend to be more porous than low wic ratio specimens. The porous nature of high w/c
ratio mix specimens enables free movement of watcr through the pore spaccs, and this resulf in
sufficient redistribution of stresses (Rusch ef af., 1983), As a result greater tensile relaxation is
achieved.

The above relaxation values, 34% - 582 for 2 day cured specimens and 31%, - 48% for 7 day
cured specimens, are in agreement with the relaxation values found by Masuku (2009). Masuku
tested specimens made with w/c = 0.45, w/c = 0.6 and Sika LW, and found relaxation in the

range 20% to 45%. These values all fall within the range of tensile relaxation values reported in
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literature see Yokoyama et al. (1994), Gutsch & Rostasy (1993) and Alexander & Boushausen
{20064).
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Figure 4.13: Tensile relaxaton resulis of 7 day cured specimens.

Depending on the age of loading, tensile relaxation will reduce overlay stresses by approximately
20-58% (2 day cured specimens) and 20-48% (7 day cured specimens) i mixes tested. Masuku
(2009) carried out tensile relaxation tests on conerete mortar spectmens and lound that, stress
relaxation relieved overlay stress by 33-45% for 2 day cured specinens and 23-26% for 7 day
cuwred specimens. Beushausen (2005} reported 40-50% stress relaxation in aclugl bonded
concrete overlays. Pigeon ef al. {2000) found relaxation in fully restrained specimens in the order
of 67%. Morimoto & Koyanagi (1993) observed 20% relaxation after 96 hours. These findings
show wide ranging differences m relaxation. Therefore it is noteworthy that a genmeral
companson of relaxation values obtained using ditferent concrete mixes and test equipment is

problematic,

4.2.4.2 Effeet of Curing

Figures 4.14(a)-4.14{c) show the effect of curing on tensile relaxation of concrete mortar

specimens. There is an observed increase m tensile relaxation values with increased curing
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period bul duc to the large scatter in the results, this cannot be affirmed. Tt appears curing has no

real influence on tenstle relaxation of the repair mortar specimens.

|
Sika LW
E W 2 days cured
E £ 7 days cured
o
&
]
| r
: .
i Age (days) |
1 J
fa)
Ly
]
il Sika 615
| & 25

B 2 s cured

Relaxation %
.
o
y

|
|
|
I
|
|
I
I
I
U days cured |
i
7 days 7 days 8 days Age (days) ‘

(b}

74



Chupter 4: fxperimental Resulis & Discussions

|
I ) .
|
! !
i LS Sika 612
| & i
| £ B2 days cured
I
] B i T davs cured
LI |
=
I E
| 2 davs 7 days 2% days Age (days)
{c) '
| 1
|
|
wic=0.45
‘E B 2 days cured
;E-. T davs cured
[=§
s
! l
|
: ’ . |
2 days 7 days 28 days Age [days] |
J i
(d}
T 1
* |
|
|
wie=0.6 |
= i
£ B 2 days cured
[ E # 7 days cured
<
-
|
I |
| I
' i
‘ 2 days 7 davs 2% days Age (days) |
{e)

Figure 4.14: Effect of curing on tensile relaxation of mortar specimens.
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4.2.5  Compressive steength

Compressive strength tests were carried out on 100 mim cubes as detailed in Section 3,3.5. These
tests were conducted at the age of 2, 7, 10, 14, 21 and 28 days. Compressive strengih tests were
conducted for the purpose ol material characterization only, This is because with respect to
cracking, the tensile strength of the material is more important than the compressive sirength
{Section 2.8). Four (4) specimens were uscd per cach compressive strength test. and resulis are

given in Appendix C.
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Figure 4.15: Comparison of compressive strength acroas the different nuxes at ages 2, 7, 14 and 28 days.

Comparing the compressive strength values ol the different mixes in Figure 4,15, it 15 observed
thai w/c = (.45 mix and Sika 615 had the highest 28 day compressive strength, while Sika 612
had the lowest value. The lowest strength of 10 MPa lor Sika 612 was about 20% of that of the
(145 mix (49.8 MPa) at 28 days. It is also noted that the rate of strength gain was highest in Sika
615, which had attained about 67 % of iis 28 day compressive strength in just 2 days. This was
by far greater than the 25%, 26%, and 38% atlained by Sika LW, Sika 612 and wic = (.6,
respectively, at 2 days, The 28 days compressive strength of Sika 612 (10.6 MPa) was less than
the values (45-55 MDPa) stated on the manufacturer’s data sheet (Stka MonoTop 612, 2008).
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4.3 Ring test results

Ring tests were conducted (o determine both the age at cracking and extent of cracking (crack
ared) in conerete repair mortars as detailed in Section 4.3.1. Age at cracking refers to the age of
the specimen when cracking initiates. Extent of cracking was evaluated by calculating the total
cracked area of the specimen two weeks after crack initiation. Crack area was calculated by
multiplying the average width of the cracks by the total length of the cracks. The age at cracking
and the crack area were used in the evaluation of performance ot the repair mortars. Figure 4,16
shows a iypical cracked specimen. The influence of curing-period was alsc investigated by
subjecting ring specimens to 2 days and 7 days curing periods, The following sections

summarnize the results from the ring test.

Figure 4.16: Typical crack in ring specimens.

4.3.1 Agpgeat cracking

Figure 4.17 shows age at cracking results for both 2 day cured and 7 day cured specimens.
According to the figure, Sika 612 takes the longest time to crack (13 days; toliowed by wic=0.6
(10 days), Sika LW (7 days), w/c = 0.45 (7 days) and Sika 615 (5 davs) for 2 day cuored

77



Chapter 4: Experimental Results & Discussions

specimens. Sika 612 took the longest time to crack probably because of its high margin of tensile
relaxation, as well as low elastic modulus compared to the other mortar specimens. This is
despite the fact that the highest free shrinkage strain was recorded in Sika 612 among the 2 day
cured specimens. It appears the effect of low elastic modulus and high margin of tensile
relaxation more than compensates for the effect of high shrinkage strain. Despite Sika 615
recording the lowest free shrinkage strain (together with w/c = 0.6), it took the shortest time for
cracks to initiate. This may be because of the high values of elastic modulus and low margins of
relaxation recorded in Sika 615 specimens. It is also interesting to note that Sika 615 specimens
cracked first despite them recording the highest tensile strength (together with w/c = 0.45) of the
2 day cured specimens. Comparing the laboratory mix specimens, it is observed that w/c = 0.6
cracks at a much later age (10 days) than w/c = 0.45 (7 days). This may be attributed to the lower
free shrinkage strain and higher relaxation margin recorded in w/c = 0.6 specimens than w/c =
0.45 specimens. In addition, w/c = 0.45 specimens had higher elastic modulus than w/c = 0.6
specimens. The combined effect of the above factors seems to have more influence than the fact

that w/c = 0.45 specimens recorded higher tensile strength than w/c = 0.6 specimens.

For 7 day cured specimens, a similar trend to that observed for 2 day cured specimens is also
observed. Once more Sika 612 recorded the longest period (16 days) to crack initiation followed
by w/c= 0.6 (13 days), w/c = 0.45 (10 days), Sika LW (9 days) and Sika 615 (9 days). Interesting
to note that Sika LW and Sika 615 specimens had the same age at cracking despite them having
different material properties. Sika 615 had higher elastic modulus and tensile strength than Sika
LW, while Sika LW underwent higher degree of relaxation and higher shrinkage strain than Sika
615. This suggests that crack resistance of repair mortars depends upon the combined influence
of a number of factors other than just one factor. This agrees with Pigeon & Bissonnette (1999)
who noted that crack resistance of concrete repair mortars is not just determined by one material
property but the combined influence of various material properties and parameters. Figure 4.17
also shows the influence of curing on the age at cracking of repair mortar specimens. It is
observed that an increase in curing period results in an increase in the age at cracking for all
mortar types. Generally, this may be attributed to the increase in tensile strength with an increase

in curing time. Curing may help in delaying the onset of cracking in bonded overlays.
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Figure 4.17: Results for age at eracking for both 2 day and 7 day cured speciinens.

4,3.2 Crackarea

The results ol crack arca are shown in Figare 4,18, Sika LW reeorded the highest crack area for
both 2 day and 7 day cured specimens, followed by Sika 615, In both instances, Sika 612
recorded the lowest crack area. Based on results n Figure 4.17 and Figure 4.15. there appears a
cortelation between crack area angd the age il crackang (exclading resalws [or wic = 0.6}, Mortar
specimens that cracked first had a higher erack arca than morntar specimens that cracked at a

much later age, see Figure 4.19,
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Figure 4.18: Results tor crack area for buth 2 day cured and 7 day cured specimens.
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Figure 4.19: Crack area vs. age at cracking in ring (Cst spocimens.

4.4 Bonded overlay results

Bonded overlavs were cast on beam specimens as detailed in Section 3.5.7. The main aim was o
determme the age at cracking and crack area of the different repair mortars used n the research.
Awe at eracking refers to the age of the specimen when cracking mitates, Results [rom bonded
overlays would enable an ¢valuation of ring test results (i.e. age at cracking) and also the resulls
[tom analyvtical modeling (Chapter 5). Fioure 4.20 shows an example of cracked bonded overlay
spectmens. In order to investigate the effect of curing, bonded overlavs speomens were
subjected to two cunng regimes viz, 2 day and 7 day curing. The tollowing sections zive the

results om the overlay tests.
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Figure 4.200 Uypicul eracks on bonded overlay specimens,

4.4.1 Age at cracking

Age at cracking for both 2 day and 7 day cured specimens 1s given in Figure 4.21. For 2 day
cured specimens, Siks 612 took the longest ime 1o crack (24 days) followed by wic = 0.6 (17
days), w/e = 0.45 {15 days), Sika 615 (14 days) and Sika LW (10 days). A similar order in age at
cracking is observed in 7 day cured specimens, with Sika 612 recording the longest time to crack
initiation. Sika LW had the shortest time to cracking in both instances. As pointed out earlier, the
large margin of tensile relaxation and low values of elastic modulus in Sika 612 arc probably
responsible for its long period to cracking. Tensile relaxation appcars to have a very big
influence on age at cracking. Both Sika LW and Sika 612 had very high values of free shrinkage
strain and low values of tensile strength. vet Sika LW recorded the shortest time to cracking
while Sika 612 had the longest time to cracking. The possible explanation could be the fact that
Sika 612 underwent relatively higher margin of relaxation than Sika LW (sce Scction 4.2.4),

These results are in agreement with the findings by Pigeon & Bissonnette (1999} and Weiss ef af,
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(1998} who found that the response ol thin overlays o dryving shrinkage is highly influenced by

the tensile creep capacity of the repair material.

Figure 4.21 shows that there is an increase in age at cracking with increased curing period. There
was an increase in age at cracking of 4 days (Sika 612), 3 days (wic = 0.45) and 2 days (w/c =
0.6), Sika LW and Sika 615 recorded no changes o age at cracking with increased curing time.
For the laboratory mixes, this may be atiributed to the jncrease in tensile strength with curing
period, Also the increase in tensile relaxation with curing duration {Section 4.2.4.2) may have an

influenee.

¥
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= l 7 sika 615
! ,:ﬂ: _— “we =143
; :2." ;| 'I-Wﬂ=ﬂ.ﬁ'
Pl rll_
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’ il
Hi
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| 2 days cured 7 days cured

Figure 4.21: Results for age at cracking in bonded averlays,

4.4.2 Crack area

The results of crack area are given in Figure 4.22. According to the figure, Sika LW recorded the
highest crack area followed by Sika 615, w/c = (.45, Sika 612 and wic = (1.6, Curing does not
seem to have a specific influence on crack area because a reduction in crack area (Sika LW, Sika
615 and wic = (.45} and an increase in crack area (Sika 612 and w/c = 0.6) with increased curing
time were observed. The mortar specimens that had low values of age at cracking (Figure 4.21)

recorded the highest crack area except Sika 612 and wic = 0.6, see Figure 4.23.
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4.5 Conclusion

Crack resistance of concrete repair mortars depends upon the interaction of many factors. To

understand how these factors influence cracking of repair mortars/overlays, material property

tests were carried out and results discussed in the preceding sections. In addition, the age at

cracking and extent of cracking (crack area) were also determined using the ring test and bonded

overlays. The following conclusions can be made based on the results and analysis presented in

this chapter:

Shrinkage alone, in spite of it being very important, does not determine the cracking
behaviour of bonded overlays. Both Sika LW and Sika 612 had very high values of free
shrinkage strain, yet Sika LW recorded the shortest time to cracking while Sika 612
recorded the longest time to cracking. This suggests that crack resistance of repair
mortars depends upon the combined influence of a number of factors other than just one
factor. Also Sika LW and Sika 615 specimens had the same age at cracking despite them
having different material properties. Sika 615 had higher elastic modulus and tensile
strength than Sika LW, while Sika LW underwent higher degree of relaxation and higher
shrinkage strain than Sika 615. Cracking behaviour of repair mortars depends upon the
combined influence of shrinkage, elastic modulus, tensile relaxation and tensile strength.
This agrees with Pigeon ef al., (2000), who noted that crack resistance of repair mortars is

a combined influence of various material properties and parameters.

Tensile relaxation is correlated to age at cracking. Depending on the age of loading,
tensile relaxation will reduce overlay stresses by approximately 20-58% (2 day cured
specimens) and 20-48% (7 day cured specimens) in the mixes tested. These values seem
to be in agreement with published literature (Masuku, 2009; Beushausen, 2005; Pigeon et
al., 2000). The degree of tensile relaxation depends upon the age of loading. High values

of relaxation were observed in younger specimens than in older specimens.

An increase in curing period was observed to delay the onset of cracking in both ring test
specimens and bonded overlays tested in this study. This was attributed to the effect that
curing had on free shrinkage strain and tensile strength. In addition to delaying free
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shrinkage strain, curing was observed to increase the tensile strength of the repair mortar
specimens. The combined influence of these factors appears to override the effect of

increased elastic modulus with an increase in curing period.

A comparison of results from the ring test, results of the bonded overlays and also of the

analytical modeling of age at cracking is done in Chapter Five.
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CHAPTER FIVE: ANALYTICAL MODELING OF RESULTS

5.1 Introduction

This chapter presents an analytical method used in predicting the age at cracking of the bonded
overlays used in thé study. The chapter starts off by giving the theoretical basis behind the
analytical method, and also the different assumptions made regarding the parameters used in the
analysis. Also a comparison of results between the results from the analytical method to the
results from the bonded overlays and the ring test is made. This comparison makes it possible for
the research question to be answered. The chapter closes by summarizing the main conclusion

drawn from the comparison of the different results.

5.2 Basis for the analytical modeling approach

The analytical modeling approach used in this study is based on the time development of the
relevant material properties from the time curing is discontinued. Figure 5.1 shows a schematic
of the main idea behind the approach. The tensile strength, the elastic stress resulting from
restrained shrinkage and the stress remaining after tensile relaxation are all plotted against the
age of concrete. The point on the graph at which the elastic stress exceeds the tensile strength
depicts the age at which cracking would occur if the effect of stress relaxation were ignored.
However, due to tensile relaxation of the material, the elastic stress only exceeds the tensile
strength of the material at a later age. Hence, tensile relaxation imparts stress relief to the
material which helps in delaying the age at cracking. The elastic stress remaining after the effect
of tensile relaxation is deemed the remaining stress, and the point on the graph at which the
remaining stress exceeds the tensile strength of the material depicts the predicted age at cracking -

of the material.
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Figure 5.1: Schematic of the main idea behind the analytical modeling of age at cracking in bonded
overlays

Since there was no direct method of measuring the elastic stress in the material, the elastic stress
had to be estimated from the product of the restrained shrinkage strains and the modulus of
elasticity of the material. The analytical modeling procedure, therefore, involved estimating the
time development of the elastic stress and comparing it to the time development of the tensile
strength of the material. To estimate the time development of ﬁe elastic stress, a step-by-step
method was employed. This method involves dividing the total time into a number of intervals,
and then calculating the stress increment resulting from the change in shrinkage strain in each
interval. The principle of superposition which states that “the stress produced by a strain
increment applied at any time to is not affected by any strain applied either earlier or later”

makes this possible (Gilbert, 1988; Ghali ef al., 2006).
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Figure 5.2: Time-varying strain history.

Thus, according to the principle of superposition, the elastic stress g; in concrete at any time t;

subjected to a time varying strain history like the one shown in Figure 5.2 is given by,
0, =0,_1 + Ag; E, [5.1]

where o; = stress at time ¢;
0;_1 = stress at time ¢;_,
AE; = change in shrinkage strain in the interval ¢;_; — ¢;

E; = mean elastic modulus in the interval t;_; — ¢;

For the continuously varying strain history shown in Figure 5.2, the strain increment which
occurs during the i-th time interval, Ag; , is assumed to be applied at the middle of the interval.
The mean elastic modulus is also taken at the middle of the interval. The above procedure can
also be used to estimate the remaining stress g, i.e. the stress remaining after accounting for the
effects of tensile relaxation. This is achieved by introducing a relaxation factor 1; , and rewriting

the above equation as follows,
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6, =611 T Ag; E; Yy [5.2]

where 0, = remaining stress at time ¢;
0;—, = remaining stress at time t;_,
Ag; = change in shrinkage strain in the interval t;_, — ¢;
E; = mean elastic modulus in the interval t;_; — ¢;
; = factor accounting for the magnitude of the mean relaxation in the

interval ti—l - ti

The relaxation factor y; is also calculated at the middle of the interval, just like the elastic
modulus. The calculation of the elastic modulus and tensile relaxation are discussed further in
the next section (Section 5.3). The calculated elastic stress and the remaining stress, together
with the tensile strength of the concrete, are then plotted against time (concrete age) to predict
the age at cracking. The greater the number of time intervals, the more accurate is the
estimations. According to Gilbert (1988), this method is perfectly general and can be used to
predict behaviour due to any stress or strain history using any desired creep and shrinkage

curves.

5.3 Main experimental parameters

The main experimental parameters used in the analytical modeling are the tensile strength, the
elastic modulus, the tensile relaxation and the restrained shrinkage strain. Since these material
properties were tested at specific ages i.e. at 2, 7, 14, 21 and 28 for 2 day-cured specimens and at
7, 10, 14, 21 and 28 for 7 day-cured specimens, regression functions were needed to interpolate
values at the days when the properties were not tested. A literature survey (Straub, 1930; Meyers
et al., 1970; Gilbert, 1988; Gutsch & Rostasy, 1994; Weiss et al, 1998; Masuku, 2009;
Yoshitake et al., 2011) indicates that different functions have been used in the past to model
observed trends in concrete material properties. These functions have ranged from logarithmic
functions, algebraic functions, power functions, exponential functions, hyperbolic functions to a

combination of these.
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Weiss et al., (1998) used an exponential function (Equation 5.3) to obtain regression fits for
elastic modulus of normal strength concrete. The shape of this equation was based on a form
suggested by Muller (1994), although it was modified so as to better correlate with experimental
data. Figure 5.3(a) shows how this equation fitted with experimental data. Yoshitake et al,
(2011) used a hyperbolic function (Equation 5.4) in predicting the tensile modulus at early age of
normal mortar. Their equation included two coefficients that accounted for the effect of water-to-
cement ratio and age of the mortar specimens. Figure 5.3(c) shows a fit of the equation with
experimental data. Gutsch & Rostasy (1995) used an exponential function to model relaxation,
while Masuku (2009) employed an algebraic function (Equation 5.5) in predicting long term
tensile relaxation of mortar specimens. He investigated the effect of age at loading and mix type
(see Section 2.4). The equation showed good fit with experimental data, Figure 5.3(b).
Generally, the choice of a function used to interpolate time-dependent material properties with

physically observed trends depends upon the experimental data.

E;(§) =E * exp [A - (B/(§/t,)) *°] (53]
where E;(§) = elastic modulus from regression
E, = 28-day elastic modulus
A and B = regression constants
§ =time
t, = time of loading

Ee(T) =43-+—— [5.4]

T+1.5

c _. .
where W = Inverse water-to-cement ratio

T = time (days)

P(t) = 100 - 6r/co =100 - A- t® (%) [5.5]

where y(t) = relaxation function
o, = stress at time t
oo = initial stress
A, B = empirical constants

t = time (hours)
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In this study logarithmic based regression functions (Equations 5.0-5.8) were used as they

showed good fit with the experimental data. Curves obtained lrom these functions were used in

the analytical modeling. Typical curves are shown in Figure 5.4(a} for elastic modulus, Figure

5.4{h} ior tensile strength and Figure 5.4(c} for tensile relaxation. The rest ol the curves are given

in Appendix A.

Elty=Aln{t;})+B
tyi(t) = C In{g;) +D
Gi(6)—NIn(gyt M
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Wi (6 = (100 - B,{t;) ) *— 15.9]

A0l

where  £;(f;) — mcan clastic modulus in the interval t;,_; — ¢,
f,(t;) = mean relaxation in the mterval £y — £
Fyi(t;) = tensile strength at time t;

A B C I3 M and M = constants depending on regression analysis
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5.4 Assumptions made regarding the muin paramelers

In order to simplify the prediction of age at cracking in bonded overlays, a number of
assumptions regarding the material properties and other factors had to be made. These
asspmptions are necessary because a lot ol {actors affect the crack resistance of overlays in a
complex way, and it is not possible to account for all the possible effects. The following sections

sive the main assumptions taken in the analytical modeling of age at cracking.

5.4.1 Noshrinkage during curing

To facilitate calculation of stresses resulting from restrant, shnnkage is assumed to occur only

from the period after curing. This may be represented as in Figure 5.5.

&
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+— Curing —™
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Figure 5.5: Schematic showing commencement of shrinkage.

During curing. shrinkage may occur duc to antogenous shrinkage. However, Alexander (2001)
states that shrinkage during curing is notewoithy particularly in concrete with a low wic ratio
{Le. <00.40), which is not appreciable for the majority of mixes used in practice. Therefore, in this
study it is assumed that the autogenons shrinkage that occurs dwring curing is negligible. And
that no plastic shrinkage occurs during curing. A mote sophisiicated approach however, should

consider autogenous shrinkage effects.
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5.4.2 Tensile relaxation is instantaneous

Previous tensile relaxation studies (Masuku, 2009; Beushausen & Alexander, 2006, Harimoto &
Koyanagi, 1994; and Gutsch & Rostasy, 1994) have shown that a large amount of tensile stress
relaxation takes place at early ages of loading. The above authors found tensile stress relaxation
to develop rapidly after loading. Relaxation results obtained in this study confirmed the findings
above (Section 4.2.4). |

Stress relaxation develops at a much faster rate than stresses resulting from ongoing overlay
shrinkage. Therefore, in order to facilitate analytical modeling of overlay stresses, it appears
appropriate to account for overlay stress relaxation in a simple manner. For the analysis of
stresses it is assumed that tensile stress relaxation occurs instantaneously after loading (Figure
5.6) (Masuku, 2009; Beushausen & Alexander, 2006).

4
00% 3 L. e actual stress relaxation
\
Y\ —— assumed stress relaxation
AY
\ t,t
ﬁ . B( 0)
N
60 S o
B(t.) ===
to . t Time

Figure 5.6: Schematic of simplified approach for the consideration of overlay stress relaxation.

From Figure 5.6 the relaxation function may be taken as a constant value. In this case the 72 hour

relaxation is taken as ultimate value and applied in the modeling.
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5.4.3 Restraint is proportional to free shrinkage

Previous research by Beushausen (2005), showed restraint in bonded concrete overlays to be
roughly 60% of overlay free shrinkage (see Section 2.7.3). In this study restrained shrinkage
strains are, therefore, calculated as 60% of the free shrinkage strains. Hence, in calculating the

change in shrinkage strain A€; (Section 5.2), a factor accounting for 60% is applied to the change

in free shrinkage strain i.e.

AE;=0.6 A Epgs i [5.10]

where Ag; = change in restrained shrinkage strain in the interval t;_, — t;

A Epgs i = change in free shrinkage strain in the interval t;_, — ¢;

5.5 Application of model

In this section, the performance of the repair mortars is investigated using the above-mentioned
method. Since specimens were cured for 2 days and 7 days, the model shows time development
of elastic stress and remaining stress starting from the age of 2 days for 2-day cured specimens
and 7 days for 7-day cured specimens. It is assumed that shrinkage induced stresses only start
after the end of curing (see Section 5.4.1). The model shows the time development of tensile and
remaining stress for a period of 28 days because material properties data for each mortar type
(per curing regime) was taken for a period of 28 days. In addition, almost all the repair mortars
cracked within a period of 28 days. The 28 days period was divided into 2-day time intervals to
enable the calculation of stresses, as given in Section 5.2. Intervals of 2 days were chosen

because they provided reasonable accuracy.
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53541

2 day Sika 1w

Tabie 5.1 shows the material properties data of Sika LW specimens cured for 2 days.

Tuble 5.1: Material propertics for 2 day cuned Siku LW specimens,

{davs) shninkage  modulus SII'I‘L'I'.Ig_?,Fh relaxation i s
| swsinilty  fapa) | (Mitel [ [hibe] Ll
02 0.0 L0 1.3 45.00 0.0 0.0
2.4 600 . 40 15 | 410 0.6 0.4
46 250.0 8.0 17 30 | 18 | Lt
6-8 140.0 10.5 1.9 32.0 27 17
810 130.0 12.0 2.0 295 3.6 24
0-12 | 1100 13.5 2.1 275 45 3.0
1214 | 200 14.5 22 26.0 4.7 32
14-16 20.0 153 23 245 49 33
16-18 30.0 6.0 23 235 52 B
18-20 60.0 17.00 23 220 58 40
20.22 25.0 17.5 24 20 6l 42
23.24 50 18.0 2.4 20.5 6.1 43
24-26 20.0 18.5 25 195 | 6.3 44
26-28 5.4 19.0 25 18.5 6.4 45

A plot ol data given in Table 5.1 is shown in Figure 5.7, According to the figure, it takes about 9
days for cracks to initiate in Sika LW cured for 2 days. This corresponds to 7 days after cuning. It
is observed that tensile relaxation dclays the onsct of cracking by 3 days. Sika LW cracks at a
relatively young age of 9 days. This is likely because the rate of increase in shrinkage is higher
than the rate of gain in tensile strength, A combined effect of increase in shrinkage and elastic
modulus causes a build-up of shrinkage induced stresses. Since tensile relaxation is not enough

to relieve the resulting stresses, cracking results.
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Figure 5.7: Overlay strength and stress development for 2-day cured Sika LW specimens.
fdrrow indicates the age af crack initiation)

552 7day Sika LW

The material properties data of Sika LW specimens cured for 7 days 1s given m Table B.2 in
Appendix B. The dala given in Table B.2 is plotted in Figure 5.8. According to the figure, 11
takes aboul 9 days tor Sika LW cured for 7 days to start cracking. This represents 2 days after the
end of curing, Comparing Figures 5.7 and 5.8 it is ohserved that both the 2 day-cured and the 7
day-cured Sika LW crack at the same age. However, the 2 day-cured specimens take 7 days after
curing for cracks 1o initiate. This may be aftributed to the high level of tensile relaxation

experienced at the young age {see Section 4.2.4).
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Figure 5.8: Overlay strength and stress development for 7-day coured Sika LW specimens,
fdrrow fidicares the age of crack tnitiation}

55.3 2 day Sika 615

Tuble B3 in Appendix T3 gives the material properties data of Sika 615 specimens cured for 2
days. A plot of the data in Table 3.3 is given in Figure 3.9, It takes 14 days for ¢racks to initiate
in Sika €15 cured for 2 days. This represents |2 days after the end of curing. This is greater than
the 7 days it takes for cracks 1o initiate in 2 day-cured Sika LW, In spite of the fact that 2 day-
cured Sika 615 has a lower tensile relaxation and a much higher elastic modulus than 2 day-
curcd Sika LW, it cracks at a later age than 2 day-cured Sika [W. This may be attributed to the
high strength gain experienced by Sika 615.

LY



Chapter 3 Analviical Modeling of resudts

9 il
8
? -
Sika 615
& (2 day cured)

e 112 51| SirONEER

sl | s L s Lrese

= rf‘:l"’I:'.III'IiI'IE Liross

Tensile strenpth & tensile stress (MFa)
o
i

Age foays)

Figure 5.9: Overlay strength and stress development for 2-day cured Sika 615 specimens,
{Arrow frdicates the age at crock initiation)

5.54 7 day Sika 615

Material properties data of Sika 615 specimens cured for 7 days is given in Table B4 in
Appendix B. Figure 5.10 shows a plot of the data given in Table B.4. It is observed that Sika 615
cured tor 7 days cracks at approximately the age of 13 days. This corresponds 10 6 days after
curing. Comparing with the 2 day-cured Sika 615, it takes 7 day-cured Sika 615 specimens half
the time for cracks to initiate than il takes 2 day-cured Sika 615 specimens. This may be
attributed to the higher tensile strength at every age in the 2 day-cured specimens (see Section
5.2.2). Other factors being equal {i.e. elastic modulus, tensile relaxation etc}, high tensile strength

delays the onset of cracking.
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Figure 5.10: Overlay strength and stress development for 7-day cured Sika 615 specimens.
fdrrow indicates the age at crack initiation)

555 2day Sika 612

Material properties data of Sika 612 speeimens cured for 2 days is given in Table B.5 in
Appendix B. A ptot of the data given in Table B.5 is given in Figure 5.11. According to Figure
5.9, Sika 612 cured for 2 days doecs not undergo cracking within the 28 days period of testing, It
is ohserved thal the tensile strength of Sika 612 is greater than the remaining stress, hence, no
cracking oceurs within the testing period. This is in spile of the fuct that 2 day-cured Sika 612
undergoes the greatest drying shrinkage {exeluding 7 day-curcd Sika 612) among all the repair
morlars. The absence of cracking within the 28 days testing period may be attributed to the fact
that 2 days-cured Sika 612 had the lowest elastic modulus among all the mortars and also
underwent the greatest amnount ol tensile relaxation (see Scetions 5.2.3 and 5.2.4). The combined
effect of a high degree of relaxation and low elastic madulus leads to high resistance to crack

initiation.
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Figure 5.11: Overlay strength and stress development for 2-day cured Sika 612,

5.5.6 7 day Sika 612

Table B.6 in Appendix B shows the material properties data of Sika 612 specimens cured for 7
days. The data given in Table B.6 is plotted in Figure 5.12. The figure shows that 7 day-cured
Sika 612 is hkely to crack at the age of 12 days. This corresponds to 5 days afier the end of
curing. It is interesting to note the contrasting perlormanee belween 7 days-cured Sika 612 and
that of 2 day-cured. While 7 day-cured Sika 612 cracks just after 12 days, 2 day-cured Sika 612
does not erack within the testing period. This may be explained by the lact that 7 day-cured Sika
612 undergoces higher shrinkage than 2 day-cured Sika 612, In addition, the degree of tensile
relaxation is much higher al the carly age that is associated with 2 day-cured Sika 612,
Furthermore, 7 day-curced Sika 612 has a higher elastic modulus at the age ol loading (end of
curing) than 2 day-cured Sika 612,
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Figure 5.12: Overlay strength and stress development for 7-day cured Sika 612 spocimens.
fdrrew indicates the age at crack initiation)

5.5.7 2 day wic=045

Material propertics data of w/c = (.45 specimens cured for 2 days 15 given in Table B.7
Appendix B. Figure 3.13 shows a plot of the data given in Table B.7. From the figure, il is
obscrved that the 0,45 mix cured for 2 days cracks al the age of 14 days. This represcnts 12 days
alier the end of curing. Therefore, 2 day-cured (.45 mix eracks at the same age as 2 day-cured
Sika 615, This may be beeause, even though (.45 mix underwent higher shrinkage than Sika
613, Sika 615 had a higher elastic modulus than 0.45 mix. Thus, the two effects seem o even

out. Note that both mixes had similar values ol lcasile strength and 1ensile relaxation.
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Figure 5.13: Overlay strength and stress development for 2-day cured wic = .45 specimens.
fArren indicates the age al orack initiation)

558 Tdaywic=045

Matcrial properties data of w/c = (L4535 mix specimens cured {or 7 days 1s given 1 Table B.8 in
Appendix B, Figure 5.14 gives a plot of the data shown in Table B 8. According to the figure, 7
day-cured (145 mix cracks at the age of 15 days. This corresponds to 8 days after the end of
curing. Compared to the 2 day-curcd .45 mix, the 7 day-cured mix cracks at an age that is 1 day
latcr than that of the 2 day-cured mix, This may be attributed to the fact that the tensile strength
of concrete ingreases with an increase in the duration of curing. Subscquently, the onsct of
cracking 1s delayed. It 1s also obscrved that 7 day-cured 0.45 mix performs better than 7 day-
cured Sika LW, Sika 613 and Sika 612. The 7 day-cured 0.45 mix had the highest tensile
strenglh of all the repair mortars,
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Figure 5.14: Overlay strength and siress development [or 7-day cured wic = 0,43 specimens,
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Table B.9 in Appendix B zives the material properties data of wic = (0.6 specimens cured for 2
days. Figure 5.15 shows a plot of the data given in Table 5.9, From the figure, 2 day-cured 0.0
mix cracks at the age ol' 17 days. This represents 13 days after the end of curing, Of all the 2 day-
curcd specimens {excluding Sika 6123, the 0.6 mix takes the longest time to crack. This may be
because the 2 day-cured 0.6 mix imderwent the lowest shrinkage of all the mortars, In addition,

apart from 2 dav-cured Sika 612, the 0.6 mix recorded the highest degree of tensile relaxation,
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Figure 5.15: Overlay strengih and stress devctopment for 2-day cured wi'c = 0.6 specimens.
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Material properties data of w/c = 0.6 mix specimens cured lor 7 days 15 given in Table B, 10 in
Appendix B, Figure 5.16 shows a4 plot ol the data given in Table B.10. According to Figure 5.16,
w/c = (1.6 mix specimens cured [or 7 days crack at an age ot 20 days. This corresponds to 13
days after the end ol curing. O all the 7 day-cured specimens, the 7 day-cured 0.6 mix takes the
longest time to crack. This may be attnbuted to the combined ellect ol low shrinkage and high
relaxation. Compared to the 2 day-cured 0.6 mix. the 7 day-curcd mix cracks at an age that is 2
days later than that ol the 2 day-cured mix. This may be due to an increase in tensile strength

with increased duration of curing. Subsequently, the onset of cracking is delayed.
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5.6 Comparison of model with experinmental results

Table 5.11 presents a compatison ol results i.e. age at eracking betwesn analytical modeling and
experimental tests.

Table 5.2: Comparizon of analytical modeling und cxperimentul resules {age ol crackinge, duys),

. : Sika I.W Yika 615 Sika 612 wic = (.45 wie = 0.6
L 2days Tdays | 2days | Tdavs | 2davs Tdavs | 2 duvs | Tdays  Zdays ! T days
Ring lest 7Y S 4 13 16 7 10 16 13
Bonded |y | g | g g4 | 24 2% 15 s | 17 1
overlays | B
Analytical |5 | 14 13 NA 12 14 15 17 20
| medeling | 7 | |

Figure 5,17 shows a comparison of age at cracking for speciunens cured for 2 days, while Figure

5.18% gives a compansen [or speeimens cured for 7 days. Excluding the results for Sika 612,

Figure 5.17 and Figure 5.18 show a very favorable agreement between results of the analytical
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modeling and results of bonded overlays. For 2 days cured specimens, there is an exact match
between results from modeling and bonded overlays for w/c = 0.6 and Sika 615 specimens.
While for Sika LW and w/c = 0.45 specimens, results of analytical modeling lie within one day
of the bonded overlays results. For 7 day cured specimens (Figure 5.18), the results of the
analytical modeling lie within three days of the bonded overlay results (excluding Sika 612).
Considering the number of assumptions made in the analytical modeling (Section 5.4), there is a

favorable agreement between analytical modeling and bonded overlays.

A large comparison between ring test results and the other results in both Figure 5.17 and Figure
5.18 indicates differences. For the 2 day cured specimens, Figure 5.15 shows that the ring test
results were off by 3 days (Sika LW), 9 days (Sika 615), 11 days (Sika 612), 8 days (w/c = 0.45)
and 7 days (w/c = 0.6) from the bonded overlays results. For the 7 days cured specimens, Figure
5.16 shows that the ring test results were off by 1 day (Sika LW), 5 days (Sika 615), 12 days
(Sika 612), 8 days (w/c = 0.45) and 6 days (w/c = 0.6) from the bonded overlays results. These
differences are to be expected because restrained shrinkage strain values between the ring test
and bonded overlays are different. This difference arises because the degree of restraint to
shrinkage is different between the two cases. The huge differences in age at cracking indicate

that the ring tests will not give the actual age at cracking for concrete repair mortars.

Results for Sika 612 from analytical modeling and bonded overlay do not seem to agree. The
modeling predicts no cracking for the 2 day cured specimens and 12 days age at cracking for the
7 day cured specimens. These are very different to the 24 days and 28 days age at cracking
obtained from bonded overlays. In Sections 4.2.3 and 4.2.5 it was also noted that the 28 days
elastic modulus (12-13 GPa) and compressive strength (10.6 MPa) of Sika 612 lie way below the
values given in the product data sheet (25 GPa for elastic modulus and 45-55 MPa for

compressive strength). No tangible explanation could be found for this.

Tables 5.3 and 5.4 give ranking of the repair mortars according to age at cracking. Mortars that
cracked first are given a lower ranking in the tables while mortars that took long to crack are
placed high up at the top of the tables. Ignoring the results for Sika 612, it is observed that there

is general agreement on the order in which repair mortars crack among the three tests for both 2
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day cured and 7 day cured specimens. In all cascs. the wic = (L6 mix placed well at the top of the
tables white Sika LW had the lowest ranking, Agrecement on order of cracking between results of
the ring test and results of the other two tests suggests that the ring test will give the coreeet order

of cracking when comparing different materials for cracking resistance.

20 - 2 day cared

specimens

- Ring test

B Banded averlays ]

A Analytical modeling

Age at cracking {dayvs)

=

Sika LW Siko 815 Stka 512 wfc=045 wfic=085

Fizure 5.17: Comparison of age at eracking for 2 day cured specimens.
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Fipure 5.18: Comparizon of age at cracking for 7 day cured specimens.
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Table 5.3: Mortar ranking according to age at cracking for 2 day cured specimens.

(Figure in brackets indicate age at cracking)

Ranking Ring test Bonded overlay Analytical modeling
1 Sika 612 (13) Sika 612 (24) Sika 612
2 wic = 0.6 (10) wic=0.6 (17) wic= 0.6 (17)
3 wic=0.45 (7) wic = 0.45 (15) wic = 0.45 (14)
Sika LW (7) Sika 615 (14)
4 Sika 615 (5) Sika 615 (14) Sika LW (9)
5 Sika LW (10)

Table 5.4: Mortar ranking according to age at cracking for 7 day cured specimens.

(Figure in brackets indicate age at cracking)

Ranking Ring test Bonded overlay Analytical modeling
1 Sika 612 (28) Sika 612 (28) w/c = 0.6 (20)
2 wic = 0.6 (13) wic= 0.6 (19) wic = 0.45 (15)
3 wic = 0.45 (10) wic = 0.45 (18) Sika 615 (13)
4 Sika 615 (9) Sika 615 (14) Sika 612 (12)
Sika LW (9)
5 Sika LW (10) Sika LW (9)

5.7 Conclusion

A simple analytical model based on the superposition principle was used to predict the onset of
cracking in bonded concrete overlays. The model was based on time development of key
material parameters i.e. tensile relaxation, restrained shrinkage strain, elastic modulus and tensile
strength. The following conclusiéns can be made based on the results and analysis presented in

- this chapter:
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e Age at cracking of bonded concrete overlays can be successfully predicted based on the
time development of the different material properties. Results from the analytical model
showed a very favorable agreement with actual results from the bonded overlays. All the
model results were within 3 days, utmost, of the actual results (excluding results for Sika
612). This is quite favorable considering the number of assumptions made in the

analytical modeling of results (see Section 5.4).

e The ring test will not give the actual age at cracking but will give the correct order of
cracking when comparing different materials for crack resistance. Comparison of results
from the ring test and bonded overlays indicated huge differences for age at cracking (see
Figures 5.17 and 5.18). Nevertheless, the order of cracking for both 2 day cured and 7
day cured specimens were similar for both the ring test and bonded overlays (see Tables
5.3 and 5.4).

The above conclusions suggest that the ring test would suffice when assessing different materials
on which one would perform better, but would not be enough in assessing materials for age at
cracking. In order to assess age at cracking of overlays, information on the time development of

the different material parameters is needed.
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6.1 Introduction

The number of concrete infrastructure needing repair and rehabilitation is increasing worldwide.
The bonded overlay technique, which involves removal of a damaged concrete layer on an
existing concrete member and replacing it with a new layer is one of the most widely used
techniques. It is used for both structural and non-structural repairs in concrete members or

elements such as slabs on grade, pavements, toppings and linings, etc.

The performance of overlays is weakened by such effects as early age surface cracking, spalling
or interface debonding. Early age surface cracking due to restrained deformation is a major
problem arising in bonded overlays. Overlay resistance to crack initiation, development and
propagation depends on a number of time-dependent properties of the concrete. To be able to
predict the onset of cracking requires knowledge of the different material properties and also

how they interact with each other.

This research sought to model and predict age at cracking of bonded overlays based on
experimentally established material properties and the ring test. The main aim was to investigate
whether the performance, with particular focus on age at cracking, of bonded overlays can be
adequately predicted from tests such as ring test, free shrinkage strain, tensile strength test,
tensile relaxation etc., and if so, which of these tests would suffice for prediction of overlay

performance.

Age at cracking refers to the age at which cracking occurs and its importance cannot be
overstated. Firstly, cracking in itself is unsightly in cosmetic repairs and may lead to loss of
structural integrity in structural repairs. Secondly, age at cracking could indicate the age at which .
concrete may become exposed to potential harmful substances such as chlorides, carbon dioxide
etc. The ingress of these harmful substances could cause further deterioration resulting in

eventual failure of the overlay-substrate composite. The investigation covered in this study
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serves as an important contribution towards efforts aimed at harnessing early age shrinkage

cracking of concrete repair mortars.
6.2 Summary of main conclusions

Based on the materials and the results obtained in this research, the following conclusions were
made:

6.2.1 Effect of material properties

The crack resistance of repair mortars depends upon the combined influence of a number of
factors rather than just one factor. Free shrinkage strain alone, in spite of it being very important,
does not determine the cracking behavior of bonded overlays. Both Sika LW and Sika 612 had
very high values of free shrinkage strain, yet Sika LW recorded the shortest time to cracking
while Sika 612 recorded the longest time to cracking. Also Sika LW and Sika 615 specimens had
the same age at cracking despite them having different material properties. Sika 615 had higher
elastic modulus and tensile strength than Sika LW, while Sika LW underwent higher degree of
relaxation and higher shrinkage strain than Sika 615.

Tensile relaxation appears to have a very big influence on age at cracking. Depending on the age
of loading, tensile relaxation will reduce overlay stresses by approximately 20-58% (2 day cured
specimens) and 20-48% (7 day cured specimens) in the mixes tested. These values are in
agreement with published literature (Masuku, 2009; Beushausen, 2005; Pigeon et. al 2000). The
degree of tensile relaxation depends upon the age of loading. Higher values of relaxation were

observed in younger specimens than in older specimens.

Shrinkage and tensile strength are often used as the main material parameters considered in
judging the potential cracking performance of overlays and repair patches. This research has
shown that shrinkage and strength values in isolation cannot determine the cracking behaviour of
cement mortars. Cracking behavior of repair mortars depends upon the combined influence of
shrinkage, elastic modulus, tensile relaxation and tensile strength. This agrees with Pigeon &
Bissonnette (1999), who noted that crack resistance of repair mortars is a combined influence of

various material properties and parameters. According to Hengjing et al. (2008) early age
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cracking in concrete should be studied by combining the influence of shrinkage, shrinkage stress

and creep.

In practice, advantage could be taken of the above results during selection of repair materials.
Before any material is selected for use, it would have to meet a criterion chosen based on all the
material parameters i.e. tensile strength, elastic modulus, restrained shrinkage and tensile
relaxation. By taking into consideration all the different material parameters instead of just
shrinkage and tensile strength, the potential resistance of the material against restrained
shrinkage cracking could be enhanced. Obviously the development and implementation of such a
criterion would require a much more comprehensive and rigorous testing program than was

carried out in this study, hence it is beyond the scope of this thesis.
6.2.2 Effect of curing on cracking performance

An increase in curing period was obsérved to delay the onset of cracking in both ring test
specimens and bonded overlays tested in this study. This was attributed to the effect that curing
had on free shrinkage strain and tensile strength. In addition to delaying free shrinkage strain,
curing was observed to increase the tensile strength of the repair mortar specimens. The
combined influence of these factors appears to override the effect of increased elastic modulus

with an increase in curing period.

The above effect of curing on onset of cracking implies that extending the curing period could
prove beneficial in practice. By extending the curing period, the onset of cracking could be
delayed or even prevented thus improving the performance of the overlay. This would result in

long overlay service life and hence, enhanced durability.

6.2.3 Analytical modeling of age at cracking

In order to simplify analytical modeling, it was assumed that: no shrinkage occurs during the

curing period, tensile relaxation is instantaneous from the onset of loading and that restraint is
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equivalent to 60% of free shrinkage strain (Beushausen, 2005). Results from the modeling
showed that:

e Age at cracking of bonded concrete overlays can be successfully predicted based on the
time development of the different material properties. Results from the analytical model
showed a very favorable agreement with actual results from the bonded overlays. All the
model results were within 3 days, utmost, of the actual results (excluding results for Siké
612). This is quite favorable considering the number of assumptions made in the

analytical modeling of results (see Section 5.4).

e The ring test will not give the actual age at cracking but will give the correct order of
cracking when comparing different materials for crack resistance. Comparison of results
from the ring test and bonded overlays indicated large differences for age at cracking (see
Figures 5.15 and 5.16). Nevertheless, the order of cracking for 2 day cured and 7 day
cured specimens were similar for both the ring test and bonded overlays (see Tables 5.3

and 5.4).

The above conclusions suggest that the ring test would suffice when assessing different materials
on which one would perform better but would not be enough in assessing materials for age at
cracking. In order to assess age at cracking of bonded overlays to restrained shrinkage cracking,
information on the time development of the tensile strength, elastic modulus, tensile relaxation

and shrinkage is needed.

The results of the analytical model are based on laboratory results of material parameters and the
assumptions made i.e. no shrinkage occur during curing, tensile relaxation is instantaneous and
degree of restraint is 60%, therefore they may not be representative of a real life repair. In an
actual real life repair shrinkage might take place during curing through autogenous effects and
the degree of restraint may be different to 60% depending on the overlay-substrate bond.
However, provided actual restraint and shrinkage are estimated through field investigations, the
above analytical model could prove useful in assessing and comparing materials for cracking

performance.

114



Chapter 6. Summary, Conclusions & Recommendations

6.3 Recommendations

This research identified some of the main aspects affecting bonded concrete overlay crack
resistance. However more research needs to be conducted to come up with comprehensive

results. The following recommendations are made:

e More research needs to be carried out on a comprehensive list of repair materials. While
results from this study are significant, tests were carried out on a small number (5) of
repair materials. Therefore, there is need to test a more comprehensive list.

e Future research could also look into the possibility of adapting the analytical model into

a FEM model for predicting age at cracking.
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Appencdic A

Appendix A: Material properties’ regression curves
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Appendix B: Material propertics’ tables

Table B.1; Matcnal propedics for 2 days curcd Sika LW spocimens,

! ] ('."IuL‘nge i I‘»-‘Iua.n Tensile | Mcgn Elastic ¢ Remaining

i :};;i{:(j ﬁlil'gziuagc i n:iflk:;:a 19 A : r&iflisaltliin ey o

| 3 sahl0l 1 [oPg] - el kil s Rl

: 0-2 00 | 10 13 450 0.0 0.0

24 260.0 40 1S 410 0.6 0.4

4 2500 80 1.7 36.0 1.8 11

Y 1400 1 105 | 19 320 2.7 1.7

&0 1300 . 120 | 20 29.5 3.6 2.4
16-12 | 1100 135 | 21 175 | 45 30
12-14 20.0 145 | 22 26.0 47 | 32
14-16 20.0 15.5 23 24.5 49 1 33
16-18 30.0 16.0 23 235 5. & a8

1820 60.0 17.0 2.3 22,0 5.8 4.0

2022 250 175 24 210 6.1 42

2224 5.0 1£,0 2.4 20,5 6.1 43
2426 200 185 | 25 19.5 6.3 4.4
26-28 5.0 190 | 25 18.5 6.4 45

Table B.2: Malcrial properties for 7 davs cured Sika LW specimens.

! |

B! : LhT:igf in SL i?::, :|-zI:m;iJe ltrlli?;; Eju.}'.liu Rcllnaining_

b (days) shrinkage | modulus ”“‘mgm relaxation | TS H_WHIS

| demmfia) | [Gpa] AR [%] bt Lt

a7 0.0 60 15 | 360 | 00 00
710 440.0 125 1.4 34.0 3 0 22
10-12 4000 - | 140 21 31.5 & 4%
12-14 100.0 15.0 21 300 | 76 5
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| 14-16 00 | 164 23 28.5 7.9 5.4
1618 1050 | 170 23 | 270 9.0 6.2
£8-20 10.0 18.0 24 | 260 | 9l 52 |
20-22 15.0 8.5 2.4 250 9.3 6.4
2224 20.0 19.0 25 24.0 9.5 6.5
24-26 30.0 20.0 25 23.5 9.9 6.8
26-28 100 205 | 26 220 10.0 6.9
Tahble B.3: Matenal propernies for 2 davs cured Sika 613 specimens.
I Ch £ Met Mot '
Poriod i : E;,‘:i'"" o ela:ir']c | Tensile tenLH?II:: Elastic | Remaining .
(days) | shonkage modulus su"ungl.h relaxation sl Slmfs
f | strain 10y {GFa) o [%] [MFa) [
02 ' 0o 120 20 350 0.0 00
2.4 2050 14.0 25 340 1.7 1.1
4-6 55.0 17.0 2.8 310 54 1.5
6-8 85,0 18.5 30 | 200 | 32 73
o810 8.0 20.0 3.2 28.0 42 | 28
L 10-12 30,0 21.0 3.4 26.5 46 32
12-14 30.0 225 35 26.0 5.0 35
14-16 60.0 23.0 36 | 250 58 | 4l
1618 400 | 240 3.7 24.5 6.4 45
C1820 100 | 245 | 38 240 6.5 16
$20-22 30,0 25.0 18 235 7.0 so
22.24 450 25.0 3.9 »no | 16 55
| 2426 200 | 255 3.9 225 8.0 5.7
. 2628 100 | 260 4.0 220 1 o8 59
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Table B.4: Material properties for 7 days cured Sika 615 specimens.

Chanze in Mean gl bean "N .

: pi . Fensile | ; Elastic | Remaining
Feriad free elastie _ | nsile S, R |
{elays) | shrinkage  modulus sieiglh relaxation | 20O i |

it M APaj | ; i B

swain{l0)  |GPa thlal L s ) [MFa)
07 | 00 180 24 | 310 0.0 0.0
710 ! 3300 | 200 3.0 29.5 4.0 2.8
10-12 200 | 210 3.1 28.0 4.2 3.0
1214 | 3550 | 220 3.2 27.0 4.9 3.5
ta16 1 sD0 230 33 26.0 5.6 40
16-18 50041 23.5 3.4 25.0 6.3 4.5
I8-20) §5.0 24.0 35 1 245 7.6 55
2022 150 | 250 35 | 240 8.1 59 |
| 2224 550 | 255 36 | 235 8.9 65 |
24-26 250 | 260 1.7 1 22.5 0.3 68 |
26-28 50 . 260 37 | 220 9.7 7.1
Table B.5: Matcrial properties for 2 days cured Sika 612 specimens.
! ——
- Chinge in o e Mean v Al Loy o

; ! : ; lensile : Elastic | Remaining
Poriod free elaslic _ tensile ; ;

el postrength | U BIICES SlIESS

(davs) : shuinkage  modulus (M Fal relaxation [MPa] INiPa]

P strain (10) ftapal . %] i

.02 06 10 1o | 600 0.0 0.0
24 620.0 1.8 13 550 0.7 0.3
4-6 280.0 3.4 1.6 48.0 1.2 0.6

6-8 90.0 4.4 T.5 44.0 1.5 0.7
8-10 160.0 5:2 1.9 | 400 2.0 L.O
10-12 80.0 5.5 20 1 370 2.3 1.2
12-14 60.0 64 a1 350 >3 1.4
14-16 68 22 34.0 17 1.5

60.0
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16-18 | 500 7.2 2.3 320 2.9 1.7
18-20 30.0 75 23 30.0 31 Ly
20-22 25.0 7.8 2.4 39,0 33 | 18
22-24 15.0 8.1 2.4 5.0 13 1.9
2496 25.0 8.4 2.5 27.0 3.4 2.0
26-28 35.0 86 25 26.0 35 2.1

Table B.b: Mawerial properties for 7 dayvs cured Sika 612 specimens,

(Change in

il Penad ‘ froe ;LZ}[L TTSHG Ltjilll]:: Elastic ! Rc:.nuillujng |

_!' (daysi | :‘:hn’lnkﬂgc | mct:.iulus q[if':lll]?%i]h relaxation [F]"i;?‘s';] r‘;ﬁ:‘] '.l

i strain (10) [GPa %] ;
07 00 | 20 16 a0 | 00 on

AR 830.0 5.0 18 455 | 25 14
lﬁ.—]'l 250.0 SR 1.9 415 34 1.9
12-14 150.0 a.4 2.0 . .39.{] 30 . 22 |
14-16 85.0 6.9 2.1 30 | 43 2.4
16-18 10.0 73 23 5.0 1 43 25
18-20 35.0 A0 | 24 34.0 4.5 2.6
20-22 535.0 81 2.4 32.0 4.8 2.8

R EY 1250 | 84 25 31.0 54 3.2
24-26 70.0 8.7 26 29.0 5.8 3.5
26-28 | 10.0 9.0 2.7 28.0 5.8 A5

Table B.7: Material properiics (or 2 days-cured wic = (.45 specimens.

Il o S B [ e

: {days) ¢ shrilnkage modulus TL:‘I]IEJII relaxafi.liun [S;;;‘:] [S\EIE‘T:_:‘]

. . sirain (10 [GPa] %1

I (-2 0.0 5.0 20 A8 mwﬂ.ﬂ 0.0

I ‘ 27100 80 15 =% | B 0.8
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a6 | 850 12.0 20 | 1335 19 1.2
68 | 1300 145 . 3l 31.0 30 2.0
810 | 700 | 160 3.3 29.0 3.7 25
10-12 100.0 18.0 3.5 28.0 48 | 33
12-14 30,0 19.0 36 270 5.1 33
14-16 60.0 20,0 3.7 25.0 5.9 4.0
16-18 s00 | 210 3.8 24.0 6.3 45
18-20 20,0 220 39 24.0 P 4.7
20-22 20,0 23.0 4.0 23.0 7.0 4.9
22-24 L0.0 235 4.1 po | 72 5.0
24-26 0.0 2410 4.1 210 7.6 54
26-28 L0 245 42 210 17 | s j

Tahle B.8: Material properties for 7 days curcd wic = (.45 specimens.

Period Ch;ig.:in ;iif:: Tensile 1::::1]'1 [ilaat.ic I en.njair.ﬁug i
{days) shrinkage | modulus ﬂgﬁléf]h relaxation : f\t;;;} [}:“;;}:IJ .
stain (103 | [GPa} | b %] '
7 00 | 98 37 35.0 0.0 00
710 350.0 180 | 38 | 335 18 25
10-12 70.0 20.0 20 | 310 | 46 | 11
12-14 50 | 215 4.2 29.0 5.7 3.9
14-16 65.0 25 | 4.4 285 6.6 4.5
16-18 88.0 24.0) 4.6 27.0 7.9 5.4
18-20 15.0 24,5 4.7 26.0 8.1 5.6
20.22 10.0 25.0 48 25.5 8.2 2
2224 70.0 26.0) 49 245 93 6.5
3426 62.0 7.0 5.0 24.0 10.3 94
2626 107.0 27.5 5.2 23,0 121 | 86

138



Appendiz B

Tablc B.9: Material properties for 2 daws cured wic = 0.6 spoeimens,

Change in . Mean - . Mean _ o o
: : : g Tensile i o Llasuc Bemaung
Period free foelastic i tensile o s
days) 0 shrinkage | medudus 5[:\__1;,:’] relaxation ; {IN-’IF:} [IM}":}
strain{10) | {GPa] | 2 ) o i
02 | 00 440 1.4 46.0) 0.0 0.0
24 | 1500 7.0 18 $BO 06 0.4
4-6 | 800 10.0 22 /S 1 0.7
&8 | 1200 12.0 24 360 2.0 12
10 | 1400 13.0 35 | 340 3.0 1.9
10-12 ' 550 14.5 26 | 320 5 ;23
12-14 20.0 15.5 27 | 305 orE Y e
1416 | 300 16.0 2.8 29,0 4.0 26 |
1618 | 60.0 16.5 29 28.0 4.6 T
18-20 40.0 17.5 3.0 7.0 5.0 33
2022 20.0 18.0 3.1 26.0 52 35
22-24 20.0 18.5 3.1 25.5 5.5 36
2426 10.0 19.0 3.2 251 50 3.7
26-28 10.0 19.5 3.2 24.0 5.7 3.8

Table B, LD: Maicnial propercies tor 7 days cured wic - 0.6 specimens.

| I e

! Pt Ch?::;g: H ;Iif:l: Tensile It:f‘:{:, Elastic | [Remaining

| 0 ; : i slrenglh | = slecas | slross

| {daysy ¢ shnnkage modulus (MPa] | relaxation MPal | |MPal

i - strain (10) [Crl*a} : b el |
0.7 0.0 80 | 26 | 380 0.0 0.0
7-10 265.0 14.0 20 | 345 22 i 4
10-12 . Q5.0 15.0 3l 345 31 2.0
1214 800 16.0 3.2 33.0 1.8 2.5
14-16 40.0 17.0 3.3 32.0 43 28 |
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16-18 30.0 18.0 34 30.5 4.6 3.0
18-20 65.0 18.5 3.5 30.0 53 35
20-22 65.0 19.0 . 3.6 29.0 6.0 4.0
22-24 105.0 20.0 3.6 28.0 73 4.9
24-26 90.0 20.5 3.7 27.5 8.4 5.7
26-28 10.0 21.0 3.8 27.0 8.5 5.8
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Appendix C: Laboratoryv Results

Tensile strength results

Sika LW (2 days cured)
Age (days) | spec 1(N) | spec 2(N) | spec 3(N) | Average(N) | strength(MPa) | St Dev
2 1925 1891 1862 1893 1.18 0.0195
7 3240 3499 3372 3371 211 0.0810
14 3405 3407 3395 3403 2.13 0.0041
21 3660 3641 3591 3631 227 0.0224
28 4068 4070 4075 4071 2.54 0.0023
Sika LW (7 days cured)
Age (days) | spec 1(N) | spec 2(N) | spec 3(N) | Average(N) | strength(MPa) | St Dev
7 2622 3106 3548 3092 1.93 0.2892
10 3245 3245 .2.03
14 3058 3502 3829 3463 2.16 0.2418
21 3893 3893 2.43
28 4365 4099 3829 4098 2.56 0.1673
Sika 615 (2 days cured)
Age (days) | spec 1(N) | spec 2(N) | spec 3(N) | Average(N) | strength(MPa) | -St Dev
2 3401 3500 3405 3435 2.15 0.0351
7 4310 4352 4263 4309 2.69 0.0279
14 6291 5542 4659 5497 3.44 0.5107
21 6098 5968 5954 6006 3.75 0.0496
28 6755 6602 6551 6636 4.15 0.0664
Sika 615 (7 daYs cured)
Age (days) | spec 1(N) | spec 2(N) | spec 3(N) | Average(N) | strength(MPa) | St Dev
7 3319 4100 4947 4122 2.58 0.5089
10 5340 5102 4720 5054 3.16 0.1953
14 5313 5300 5400 5338 3.34 0.0340
21 6000 5000 5500 3.44 0.4419
28 5360 5900 6300 5853 3.66 0.2947
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Sika 612 (2 days cured)
Age (days) | spec 1(N) | spec 2(N) | spec 3(N) | Average(N) | strength(MPa) St Dev
2 1406 1502 1685 1531 0.96 0.09
7 2644 2753 2788 2728 1.71 0.05
14 3113 3001 2941 3018 1.89 0.05
21 4044 3535 3217 3599 2.25 0.26
28 4422 4388 4323 4378 2.74 0.03
Sika 612 (7 days cured)
Age (days) | spec 1(N) | spec 2(N) | spec 3(N) | Average(N) | strength(MPa) | St Dev
2 2397 2306 2234 2312 1.45 0.05
7 2562 2931 3501 2998 1.87 0.29
14 3419 3301 3136 3285 2.05 0.08
21 3495 3400 3495 3463 2.16 0.03
28 3585 39938 4452 4012 2.51 0.27
w/c = 0.45 (2 days cured)
Age (days) | spec 1(N) | spec 2(N) | spec 3(N) | Average(N) | strength(MPa) | St Dev
2 3538 3501 3449 3496 2.19 0.0280
7 4911 4124 3544 4193 2.62 0.4288
14 6300 5925 5704 5976 3.74 0.1883
21 6337 6100 5976 6138 3.84 0.1147
28 6946 6899 6917 6921 4.33 0.0148
w/c = 0.45 (7 days cured)
Age (days) | spec 1{N) | spec 2(N) | spec 3(N) | Average(N) | strength(MPa) | St Dev
7 5346 5104 - 4752 5067 3.17 0.1867
10 5858 5905 6465 6076 3.80 0.2111
14 6609 7005 7669 7094 4.43 0.3348
21 8036 7509 7253 7599 4.75 0.2495
28 8891 8508 8075 8491 5.31 0.2552

142



Appendix C

w/c =0.6 (2 days cured)
Age (days) | spec 1(N) | spec 2(N) | spec 3(N) | Average(N) | strength(MPa) | St Dev
2 2253 2299 2437 2330 1.46 0.0598
7 3408 3459 3574 3480 2.18 0.0531
14 3990 4205 4401 - 4199 2.62 0.1285
21 4409 4339 4264 4337 2.71 0.0453
28 5665 5525 5599 5596 3.50 0.0438
w/c = 0.6 (7 days cured)

| Age (days) | spec 1(N) | spec 2(N) | spec 3(N) | Average(N) | strength(MPa) | St Dev
7 4687 4602 4597 4629 2.87 0.0316
10 4950 4699 4487 4712 2.80 0.1449
14 4405 4879 5536 4940 3.46 0.3550
21 5048 5385 5678 5370 3.55 0.1970
28 5936 5902 5976 5938 3.74 0.0232

Elastic modulus

Sika LW (2 days cured)

Age (days) | spec 1(GPa) | spec 2(GPa) | spec 3(GPa) | Average(GPa) | St Dev
2 35 4.8 4.0 4.1 0.7
7 8.6 9.6 10.3 95 09
14 10.7 11.7 115 11.3 05
21 17.1 19.2 19.5 18.6 1.3
28 19.8 20.9 23.8 215 2.1

Sika LW (7 days cured)
Age (days) | spec 1 (GPa) | spec 2(GPa) | spec 3(GPa) | Average(GPa) | St Dev

7 7.1 85 111 89 20
10 13.0 14.8 14.2 14.0 0.9
14 13.2 139 15.2 14.1 1.0
21 18.3 19.0 20.0 19.1 0.9
28 213 231 219 22.1 0.9
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Sika 615 (2 days cured)
Age (days) | spec 1(GPa) | spec 2(GPa) | spec 3(GPa) | Average{GPa) | St Dev
2 12.4 14.3 15.4 14.1 15
7 16.9 15.6 17.6 16.7 1.0
14 20.5 22,5 22.7 21.9 1.2
21 225 22.1 23.5 22.7 0.7
28 28.7 29.8 30.3 29.6 0.8
Sika 615 (7 days cured)
 Age (days) | spec 1(GPa) | spec 2(GPa) | spec 3(GPa) | Average(GPa) | St Dev
7 15.1 17.2 16.7 16.33 1.1
10 16.1 17.0 20.0 17.70 20
14 23.1 22.6 25.6 23.76 1.6
21 239 235 25.0 24.12 0.8
28 28.5 29.6 29.5 29.21 0.6
Sika 612 (2 days cured)
Age (days) | spec 1(GPa) | spec 2{(GPa) | spec 3(GPa) | Average{GPa) | St Dev
2 15 2.1 15 1.7 0.3
7 34 43 40 3.9 0.5
14 4.9 3.8 45 44 0.6
21 6.5 6.6 88 7.3 13
28 10.3 124 10.6 111 11
Sika 612 (7 days cured)
Age (days) | spec 1(GPa) | spec 2(GPa) | spec 3(GPa) | Average(GPa) | St Dev
7 2.9 2.8 4.0 3.24 0.7
10 3.8 4.4 4.0 4.08 0.3
14 6.2 4.1 49 5.07 1.1
21 6.4 5.9 10.4 7.57 2.5
28 111 12.0 12.9 11.99 0.9
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w/c =0.45 (2 days cured)

Age (daVS)

spec 1{GPa) | spec 2(GPa) | spec 3(GPa) | Average(GPa) | St Dev
2 5.2 7.1 7.7 6.66 1.3
7 11.1 12.3 14.1 12.51 1.5
14 18.4 19.4 19.9 19.23 08
21 20.5 235 23.7 22.56 1.8
28 25.1 25.6 28.9 26.54 2.1
w/c = 0.45 (7 days cured)
Age (days) | spec 1(GPa) | spec 2(GPa) | spec 3(GPa) | Average(GPa) | St Dev
7 16.1 15.9 19.0 17.0 1.7
10 17.3 16.9 19.8 18.0 1.6
14 19.2 20.9 22.3 20.8 1.6
21 25.3 27.1 28.0 26.8 14
28 28.1 27.9 29.2 28.4 0.7
w/c = 0.6 (2 days cured)
Age (days) | spec 1(GPa) | spec 2(GPa) | spec 3(GPa) | Average(GPa) | St Dev
2 5.9 6.9 6.2 6.4 05
7 10.1 11.6 11.9 11.2 1.0
14 13.2 15.1 14.6 14.3 1.0
21 17.2 213 19.1 19.2 2.1
28 19.8 20.1 20.4 20.1 0.3
w/c = 0.6 (7 days cured)
Age (days) | spec 1{GPa) | spec 2(GPa) | spec 3(GPa) | Average(GPa) | St Dev
7 10.2 12.1 11.0 11.1 1.0
10 14.7 14.8 15.5 15.0 0.4
14 13.8 14.1 18.0 15.3 2.3
21 18.0 19.0 23.0 20.0 2.6
28 213 22.8 22.2 22.1 0.8
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Compressive strength

- Sika LW
Age (days) | Spec 1(N) | spec 2(N) | spec 3(N) | spec 4(N) | Average(N) | strength(MPa) St. Dev
2 123000 104000 107500 119500 113500 11.35 0.92
7 285000 286000 320000 323000 303500 30.35 2.08
10 368000 374000 |° 365000 377000 371000 37.10 0.55
14 431000 414000 418000 421000 421000 42.10 0.73
21 418000 407000 440000 | 393000 414500 41.45 1.98
28 428000 450000 458000 461000 449250 44.93 1.49
Sika 615
Age (days) | Spec 1(N) | spec 2(N) | spec 3(N) | spec 4(N) | Average(N) | strength(MPa) St. Dev
2 303000 321000 306000 | 318000 312000 31.20 0.88
7 381000 407000 387000 375000 387500 38.75 1.39
10 387000 396000 393000 387000 390750 39.08 0.45
14 445000 428000 415000 407000 423750 42.38 1.66
21 452000 465000 446000 442000 451250 45.13 1.00
28 504000 482000 492000 454000 483000 48.30 2.13
Sika 612
Age (days) | Spec 1(N) | spec 2(N) | spec 3(N) | spec 4(N) | Average(N) | strength(MPa) St. Dev
2 27000 29000 27600 28400 28000 2.80 0.09
7 63000 68000 97000 97000 81250 8.13 1.83
10 56000 59000 96000 118000 82250 8.23 3.00
14 83000 86000 127000 120000 104000 10.40 2.27
21 99000 111000 116000 94000 105000 10.50 1.02
28 110000 78000 120000 116000 106000 10.60 1.91
w/c=0.45
Age (days) | Spec 1(N) { spec 2(N) | spec 3(N) | spec 4(N) | Average(N) | strength(MPa) St. Dev
2 247000 231000 215000 231000 23.1000 1.60
7 395000 389000 380000 413000 394250 39.4250 1.39
10 423000 436000 446000 445000 437500 43,7500 1.07
14 435000 444000 439500 43.9500 0.64
21 455000 424000 489000 446000 453500 45.3500 2.70
28 478000 480000 491000 514000 490750 49.0750 1.65
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w/c=0.6
Age
(days) Spec 1(N) | spec2(N) | spec 3(N) | spec4(N) | Average(N) | strength(MPa) St. Dev
2 146000 143000 144500 14.4500 0.21
7 286000 284000 316000 302000 297000 29.7000 1.50
10 291000 314000 293000 350000 312000 31.2000 2.74
14 335000 324000 329500 32.9500 0.78
21 315000 335000 319000 357000 331500 33.1500 191
28 348000 358000 369000 375000 362500 36.2500 1.20
Tensile relaxation
Sika LW (2 days cured)
Age (days) | spec 1{%) | spec 2(%) | Average(%) | St Dev
2 42 46 44 2.83
7 33.2 348 34 1.13
28 16.9 18.1 175 0.85
Sika LW (7 days cured)
Age (days) | spec 1{%) | spec 2(%) | Average(%) | St Dev
7 35.2 36.8 36 1.13
28 213 235 224 1.56
Sika 615 (2 days cured)
_ege {(days) | spec 1(%) | spec 2(%) | Average(%) | St Dev
2 33.6 364 35 1.98
7 31.6 30.4 31 0.85
28 20.7 214 211 0.49
Sika 615 (7 days cured)
| Age (days) | spec 1(%) | spec 2(%) | Average(%) | St Dev
7 30.9 313 311 0.28
28 20 236 218 2.55
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Sika 612 (2 days cured)
Age (days) | spec 1{%) | spec 2(%) | Average(%) | St Dev
2 56 60 58 2.83
7 455 48.6 47 2.19
28 23 244 23.7 0.99
Sika 612 (7 days cured)
Age (days) | spec 1{%) | spec 2(%) | Average(%) | St Dev
7 47 49 48 141
28 26.5 29.5 28 2.12

w/c = 0.45 (2 days cured)

Age (days) | spec 1(%) | spec 2(%) | Average(%) | St Dev
2 39.6 41 40.3 0.99
7 318 32.6 322 0.57
28 21.6 21 213 0.42

w/c = 0.45 (7 days cured)

Age (days) | spec 1(%) | spec 2(%) | Average(%) | St Dev

7 35.9 345 35.2 0.99

28 22.6 24 233 0.99

w/c = 0.6 (2 days cured)

Age (days) | spec 1{%) | spec 2(%) | Average(%) | St Dev
2 45.6 46.8 46.2 0.85
7 35 37.6 36.3 1.84
28 24 244 242 0.28

w/c = 0.6 (7 days cured)

Age (days) | spec 1{%) | spec 2(%) | Average(%) | St Dev

7 371 38.9 38 1.27

28 26.2 27.8 27 1.13
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