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ABSTRACT

The performance of bonded concrete overlays relates mainly to the resistance against
cracking and debonding. The associated failure mechanisms are largely a result of differential
volume changes between substrate and overlay. The objective of this research was to develop
analytical tools to facilitate the design of bonded overlays subjected to differential shrinkage.

The experimental programme included the identification of fundamental strain characteristics

and bond strength development of composite members in relation to different interface -
textures and overlay materials. Existing analytical models for the prediction of strains and

stresses in bonded overlays were evaluated. Results from the experimental work indicated

that existing models, which are based on simple beam theory, are deficient in modelling

overlay strains in a realistic manner. The degree of overlay restraint was found to depend far

less on relative sectional dimensions of substrate and overlay as commonly assumed. Based

on fundamental aspects concerning strain characteristics of bonded overlays identified

through experimental tests and numerical simulations, an analytical prediction model was

developed based on localised strain conditions at the interface.

The most important material parameters in respect to overlay crack resistance are overlay
shrinkage, relaxation properties, elasticity, and tensile strength. Tests on composite
specimens revealed that substrate creep is a major component in composite members
subjected to differential shrinkage. These parameters were combined in the analytical model
to allow prediction of time-dependent overlay stresses.

In fully bonded members, shear bond strength development was found to relate closely to
mechanical overlay strength at the interface. Failure patterns and long-term bond strength
development indicate that an interface transition zone exists, similarly to that between
aggregates and cement paste. Long-term bond strength could be related to the combined
influences of macro-mechanical interaction at the interface and overlay shrinkage. Changing
environmental conditions were found to have no detrimental influence on interface shear

strength.

Bond development depends on a large range of influences that are difficult to control in
practice. It therefore appears appropriate to rely on prescriptive design recommendations for
interface bond strength, considering substrate surface preparation, overlay materials and
application methods. However, in terms of crack resistance, analytical modelling of
shrinkage-induced stresses, taking into account the combined influences of various material
parameters and the characteristics of the structural system, can greatly facilitate the design for
long-term performance.
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NOTATION

dosr  Length of restraint decay in the overlay

ds,e Length of strain decay in the substrate
fi Concrete tensile strength
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EFss Free Shrinkage Strain of the overlay
g’ Compressive strain

g” Tensile strain

€0 Overlay strain at the interface

€0r1 Restrained overlay strain at the interface = erss - €051
gs1 Substrate strain at the interface
e(do)  Function describing strain pattern and strain values across the overlay depth

g(ds)  Function describing strain pattern and strain values across the substrate depth
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Ecreep Creep strain

Einst. Instantaneous strain, i.e. initial strain before occurrence of visco-elastic effects
T Shear stress
10} Creep function

y(t, o) Coefficient expressing visco-elastic stress relaxation

P(t) Relaxation function describing the time dependent magnitude of the relaxation
coefficient y(t, to)

AT Temperature difference
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r Restrained

t Time

T Temperature
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“Whenever a theory appears to you as the only possible one, take this as a sign that you have
neither understood the theory nor the problem which it was intended to solve”
Karl Popper (1902-1994)

CHAPTER 1

INTRODUCTION

1.1 Background and problem statement

For many decades concrete has been one of the most important construction materials for the
building industry and for infrastructural projects. The understanding of concrete deterioration
mechanisms however has developed at a much slower rate, resulting in a growing number of
structures needing to be repaired. In addition, increasing traffic and higher design loads have
created a demand to retrofit many existing bridges and roads in order to enlarge their
structural capacity. The bonded overlay technique is particularly suitable for needs arising
from the above and has been extensively used for repair, lining, and strengthening of concrete
structures.

During previous experimental research as well as in practice, bonded concrete overlays have
often experienced serious performance problems, which are mainly manifested in overlay
cracking and/or debonding. These failure mechanisms are largely a result of differential
volume changes between substrate and overlay. The overlay is subjected to shrinkage and
thermal movements, while the substrates’ deformations are usually completed or negligible.
Overlay volume changes are caused at very early ages due to the effects of hydration heat
development and plastic shrinkage. At later ages it is the effect of progressing overlay
shrinkage that is of major concern for the performance of the composite member,
Environmental temperature changes may add to the problem when substrate and overlay have
different thermal properties or when the overlay itself experiences a significant temperature
gradient through its depth. The restraint of overlay deformations causes direct stresses,
bending stresses and interface shear stresses.

Cracking often occurs shortly after overlay placement and may during the first days be
controlled by the application of curing techniques. However, depending on material
characteristics and environmental influences, cracking might also occur at a later stage during
the lifetime of the structure. A cracked overlay is visually not appealing and enables harmful
substances to enter the concrete and cause further deterioration. Overlay debonding, which is



of even greater concern for the durability of composite members, commonly starts at free
member ends, joints, and cracks and might lead to delamination and spalling and hence result
in overlay failure.

The mechanisms of cracking and debonding are complex and mainly depend on material
parameters, environmental influences, and the degree of restraint governed by the structural
characteristics of the system. The most important overlay material parameters with respect to
the above are tensile strength, elastic and visco-elastic properties, and volume changes caused
by shrinkage. Development and magnitude of interface bond strength further greatly depend
on substrate surface preparation and workmanship during overlay application.

Codes and standards governing bonded concrete overlays can be divided into design
recommendations for concrete repair works, and structural design procedures for load-
bearing overlays. For concrete repair works, no reliable design is available for the practitioner
(Granju, 2004). Design recommendations are commonly very crude and often restricted to
mechanical strength and substrate surface preparation methods. Decisions on important
material parameters such as shrinkage and thermal properties is often left to the judgement of
the design engineer. Visco-elastic material characteristics, which are important for the
relaxation of stresses and therefore present a crucial indicator of overlay durability, are
generally not covered at all.

The need for more practical design recommendations has been recognised by practitioners
and researchers (Vaysburd et al, 2004, Granju, 2004). This resulted in the formation of the
RILEM Technical Committee for “Bonded cement-based material overlays for the repair, the
lining, and strengthening of slabs or pavements”, which will present a state of art report
during the year 2005, aiming for practical design procedures (Granju, 2004). Another
weakness of existing design recommendations is that they do not cover new materials such as
high-performance, self-compacting, and fibre reinforced concretes, which are increasingly
gaining importance in the field of concrete repair. The use of these materials for rehabilitation
and improvement of structures is currently being investigated in the project SAMARIS
(Sustainable and Advanced MAterials for Road InfraStructures), which is steered by the
European Community (Znidaric et al, 2003). The above research efforts indicate the subject’s
significance for the modern construction industry.

Standards and codes for structural overlays allow the design of composite members as
equivalent monolithic sections if sufficient shear strength is provided at the interface between
substrate and overlay. Limiting values for design shear strengths of unreinforced interfaces
commonly depend on substrate preparation and mechanical overlay strength. In respect of
short-term bond strength, which has been widely explored in previous research projects, these
limiting values are generally considered as conservative. However, the main reasons for such
conservative values are the detrimental effects of overlay shrinkage, which are difficult to



assess and which may lead to bond deterioration with time. It is often pointed out in the
literature that these effects have not yet been sufficiently researched.

It is crucial to understand that the performance of bonded overlays is a function not only of
its material components but also of how the materials and the system as a whole respond to
environmental influences. It therefore appears necessary to develop analytical procedures for
the prediction of overlay durability with which overlays can be designed accounting for
structural properties of the system, relevant environmental influences and material properties.
To date, reliable analytical procedures are not available. A deeper fundamental understanding
must therefore be developed for the structural behaviour of bonded concrete overlays, as well
as for factors influencing long-term bond properties. The objectives of this research in respect
to the above are outlined in the following section.

1.2 Thesis objectives and research strategy

The literature review revealed that differential shrinkage between substrate and overlay is
commonly the most crucial aspect for the durability of composite members both in respect to
bond strength and cracking resistance. Numerous research projects concerning short-term
bond properties between concretes of different ages have been reported in the literature. The
effects of long-term material characteristics and environmental influences on the performance
of bonded overlays have however not been fully researched yet. Fundamental understanding
of time-dependent volume changes in composite members is essential for the correct
modelling of overlay stresses. Existing analytical models were found to focus mainly on
theoretical background without necessarily relating to real composite behaviour encountered
in the structure. Based on the above, the following three main objectives were identified for
this research:

- Characterisation of bond mechanisms between substrate and overlay with
consideration of short-term and long-term effects

- Identification of fundamental characteristics of overlay strain development

- Development of an analytical model which facilitates the design of bonded concrete
overlays based on fundamental strain characteristics

Supported by experimental test results and theoretical background, this research aims for a
better understanding of the mechanisms influencing the long-term performance of bonded
concrete overlays. Experimental procedures and test parameters were chosen based on the
literature review. Fundamental aspects concerning strain characteristics of composite
members identified during the experimental programme were verified using the FEM method
of analysis. With the above, an analytical model for bonded concrete overlays subjected to
differential shrinkage was developed, based on localised restraint at the interface. This model
was designed for the prediction of tensile overlay stress development and can be used as an



indicator for crack resistance. The modelling of interface shear stresses is not included in the
analytical approach. For long-term bond properties, fundamental mechanisms were identified
on an experimental basis.

From the above, recommendations for the design of bonded concrete overlays are given and
the need for future research is identified. The strategy adopted for this research is
schematically illustrated in Figure 1.1.

1.3 Qutline of thesis document

From the literature review (Chapter 2), fundamental bond mechanisms and factors
influencing bond properties between concretes of different ages are identified. Short- and
long-term overlay volume changes and their influences on structural behaviour are discussed,
focussing on the characteristics of thermal properties, shrinkage, creep, and relaxation.
Existing analytical models for bonded overlays subjected to differential shrinkage are
summarized and evaluated in Chapter 3. Based on the above, the need for further research is
identified.

Strain characteristics of composite members are investigated using specimens consisting of
substrate beams with various interface textures and different overlays (Chapter 4). The
influences of mechanical restraint at the interface and overlay shrinkage values on strain
development along the length and across the depth of the members are evaluated.
Conclusions are drawn on the mechanisms of interface restraint and the characteristics of
different strain components such as elastic strain, substrate creep, overlay relaxation, as well
as the effects of curvature. Fundamental aspects concerning the mechanisms of overlay
shrinkage restraint, as identified during the experimental research, are verified using
numerical simulation on a simple FEM model (Chapter 5). Results from the experimental
research and the numerical simulation challenge existing analytical models which are based
on simple beam theory and which appear to be deficient in predicting actual strains and
stresses in composite members on a rational basis.

The development of a new analytical model for overlay strains and stresses is discussed in
Chapter 6, based on fundamental aspects concerning the restraint of overlay shrinkage
identified in previous sections.

Chapter 7 comprises the development of suitable methods for the testing of parameters
influencing long-term bond properties between substrate and overlay. Mechanisms of short-
term bond strength development are identified. Long-term bond properties are assessed on
specimens with different interface textures and overlay materials after approximately 2 years
exposure to various curing regimes. For the evaluation of environmental influences, samples
were stored on a number of sites in the Western Cape Province.
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Figure 1.1: Schematic of thesis structure and research methodology

Conclusions on fundamental aspects concerning the durability of bonded concrete overlays
subjected to differential shrinkage are summarized in Chapter 8. The applicability of the
analytical model for the prediction of overlay strains and stresses is discussed. The need for



further research, especially in the fields of localised shrinkage restraint at the interface,
overlay relaxation properties, and bond mechanisms in relation to the transition zone at the
interface between substrate and overlay are identified.

1.4 Limitations

The scope of the topic “long-term performance of bonded concrete overlays” is large and not
all relevant aspects could be dealt with. The focus of this research lies in the identification of
fundamental mechanisms apparent in bonded overlays subjected to differential shrinkage and
cracking behaviour and bond strength development resulting therefrom. For the experimental
research, different interface textures and various overlay materials were used. However,
conclusions drawn from the experimental work should be verified by further tests using a
broad range of overlay and substrate materials.

The scope of experimental research was limited to cement-based overlays. Resin-based
materials, as well as high-performance, self-compacting and fibre reinforced concretes were
not examined.

Shrinkage in concrete is a three-dimensional process. For bonded overlays it is safe to
consider shrinkage a 2-dimensional phenomenon, as overlay volume changes in direction
perpendicular to the interface are unlikely to affect the performance of the member. However,
to facilitate modelling of bonded overlays, shrinkage is commonly treated as a one-
dimensional phenomenon, considering the longer axis of the member. This was adapted in
this research both for strain measurements on composite specimens and for the development
of an analytical model. Two-dimensional effects are not taken into account.



CHAPTER 2

ASPECTS OF THE LONG-TERM PERFORMANCE OF BONDED CONCRETE
OVERLAYS

2.1 Imtroduction

Bonded concrete overlays are widely used for the repair and strengthening of concrete
members. The primary purpose of overlays is the extension of the service life of the overlaid
structure. This can principally be achieved by providing a protective and visually appealing
" layer to a damaged substrate, or by increasing the structural strength and stiffness of a
structural concrete section. Granju (2004) has summarized further general functions of
bonded overlaying slabs and pavements as follows:

- Increasing surface elevation to match an adjacent slab

- Replacement of deteriorated or contaminated concrete and renewed protection of the
remaining element

- Provision of a more durable and wear-resistant surface

- Provision of an improved frictional resistance for pavements or bridges

- Provisions of architectural features such as colour or texture

Generally, overlays can be applied to horizontal and vertical substrate surfaces. Despite
increasing use of bonded overlays for concrete repair and rehabilitation projects, failure of
overlays is often observed in practice, manifesting itself mainly in overlay cracking and
debonding. Possible reasons for such failures are numerous and include substrate surface
preparation, choice and application of overlay materials, curing procedures, time-dependent
material properties and environmental influences. The assessment of individual parameters
on the durability of bonded concrete overlays is difficult. Standards and specifications for the
design of bonded concrete overlays are generally considered as deficient in scope and
detailing.

The mechanisms and characteristics of bond between old and new concretes in respect to
various influences have been widely researched in the past decades. The number of ongoing
research projects in the field however show that many questions still remain unresolved. In
terms of the choice of substrate preparation methods, material parameters, and adequate test
methods, opinions vary among individual researchers.

In general it is accepted that poor workmanship and differential shrinkage are the main
detrimental influences for the performance of bonded concrete overlays both in terms of
cracking resistance and bond strength. The mechanisms of shrinkage in concrete are
generally well understood, as are the development of important material parameters like



elastic modulus and tensile strength. It is however often pointed out that knowledge on the
important mechanisms of tensile relaxation is still insufficient.

In the following sections, the main aspects concerning the performance of bonded overlays
are discussed and evaluated. Based on the literature review, the need for further research is
identified. Only the aspects considered as most important are discussed: bond mechanisms,
shrinkage and creep. These issues are discussed in relation to fundamental aspects and the
more specific case of long-term performance of bonded concrete overlays. Other aspects that
are important for design and performance of concrete overlays, e.g. mechanisms and causes
of concrete deterioration, substrate condition survey, overlay materials and available repair
mortars, repair techniques, and material parameters such as tensile strength and elastic
properties, are not discussed in detail. Information on these can be found in the general
literature. A good overview on these issues is provided by Granju (2004).

2.2 Design specifications for bonded overlays

Standards and specifications for bonded concrete overlays can basically be divided in design
recommendations for concrete repair patches and structural design procedures for load-
bearing bonded overlays.

In terms of design specifications for repair patches, the European and American standards can
be considered as very limited (Granju, 2004). From all standards investigated in this research,
the one proposed by the DAfStb (2001) was found to be the most detailed. It contains
recommendations for substrate surface preparation, general rules for the application of repair
materials, as well as limiting values for material strength, shrinkage, thermal coefficients and
tensile bond strength. Details on the specifications given by DAfStb (2001) are summarized
in Appendix 1. The minimum required bond strengths, which have to be obtained with pull-
off tests, depend on the type of repair material and exposure conditions and range between
1.0 and 2.5 MPa. Shrinkage values are limited according to the repair class and repair
material to up to 1200.10°°. The lowest limiting shrinkage value given is 1000.10°. However,
for non-structural surface repairs, no limit for shrinkage values is given. Limiting values for
thermal coefficients are only presented for resin-based mortars on industrial floors with high
wear resistance. For all other applications and materials, the appropriate thermal coefficient
has to be “judged by the design engineer”.

The above specifications are fully prescriptive, i.e. they cannot be used for the actual design
of overlays for individual projects. Important materials such as high-strength overlays, self-
compacting concretes, and fibre-reinforced materials are not covered. These new
technologies however are increasingly gaining importance in the field of concrete repair
(e.g. Turatsinze et al, 2003, Denarié et al, 2004, Granju et al, 2004).



The recommendations for limiting overlay shrinkage values and thermal coefficients can be
considered very crude, which appears problematic especially considering that differential
volume changes between substrate and overlay may have a significant influence on the
performance of bonded overlays.

For structural applications of bonded overlays, codes commonly define limitations for design
shear resistance at the interface between substrate and overlay. If composite members are
designed with adequate interface shear strength, they can be modelled following the same
procedures as those developed for monolithic members. The design interface shear strength
commonly exists of three parts: the strength of adhesion, a term that is dependent on external
compressive forces across the interface (accounting for shear friction mechanisms), and a
term that is dependent on the amount of reinforcement crossing the interface. For the shear
bond strength resulting from adhesion, the following values are given in selected codes:

- CEB-FIP MC 90 (1993): The design shear resistance equals 0.06 times the lower
compressive strength of either substrate or overlay. Hence, for example, a 20 MPa
overlay (on a higher strength substrate) has a design shear resistance of 1.2 MPa, if
the substrate surface is “rough” or “indented”.

- The draft Eurocode 2 (2001) states that the design shear resistance at the interface is
proportional to the design tensile strength of the weakest concrete. The coefficient of
proportionality is 0.45 for “rough” surfaces and 0.5 for “indented” surfaces. Hence,
for example, an overlay with a design tensile strength of 1.5 MPa on a rough interface
results in a design interface shear resistance is 0.68 MPa.

- The draft of the new DIN 1045-1 (2001) defines design interface shear resistance in
terms of interface texture and compressive overlay strength. For example, a 25 MPa

" overlay on a “rough” surface has a design interface shear strength of 0.58 MPa.

- American code ACI 318-99 (1999): 0.55 MPa for clean surfaces, free of laitance and

“intentionally roughened”

In general, design interface shear strength values of the above magnitudes can be considered
conservative. Short-term shear bond strength much higher than the above magnitudes is
relatively easy to obtain. The main reason for such conservative design values is that the
development of long-term material properties such as differential shrinkage might cause
considerable bond deterioration with time.

From the above it can be concluded that standards and specifications for concrete repair are
rather limited and do not present adequate design aids for bonded concrete overlays. As far as
overlay shrinkage is concerned, design recommendations for concrete repair are relatively
generous as they hardly present any restrictions to shrinkage values. By contrast, design
specifications for structural overlays appear to be conservative, which shows the need for a
deeper understanding of the mechanisms of differential shrinkage in composite members.



2.3 Bond properties between substrate and overlay
2.3.1 Introduction

The long-term performance of bonded concrete overlays can be mainly linked to the
resistance against cracking and debonding. As discussed in Section 2.2, the scope of existing
specifications for bonded overlays is limited. This is mainly due to the need of further
understanding of long-term performance under varying environmental influences. A large
number of research projects have been documented in the literature, discussing aspects of
bond properties in terms of material parameters, interface textures and substrate surface
conditions, curing procedures, and environmental influences. However, despite the relatively
large pool of theoretical and practical knowledge, overlay debonding is still occasionally
observed in actual structures, which explains why existing specifications for structural
overlays are fairly conservative in assigning bond strength to unreinforced interfaces.

The objective of this research is to identify fundamental influences on long-term performance
of bonded overlays both in terms of crack resistance and bond durability. The main focus lies
on the mechanisms of differential shrinkage between substrate and overlay, for which an
analytical model is developed, as discussed in Chapter 6. The influence of differential
shrinkage on bond strength was tested, as discussed in Chapter 7. The following sections
comprise a discussion on fundamental bond mechanisms, the influences of material
parameters and environmental conditions on bond properties, and a critical assessment of
available bond strength test methods. Based on the above, the need for further research is
identified.

2.3.2 Definition and classification

The characteristics of adhesion, or “bond”, can be perceived from two different angles
(Courard, 1999): firstly, the conditions and kinetics of joining two materials, taking into
account different bond mechanisms; secondly, the quantitative measure of the magnitude of
adhesion, usually expressed in terms of stress or energy required to separate the two
materials. Available information on overlay bond strength commonly refers to the stress
required to separate substrate and overlay.

The term “adhesion” describes the condition in the boundary layer between two connecting
materials with a common interface. Adhesion mechanisms can be divided basically into
mechanical interaction, thermo-dynamic mechanisms, and chemical bonding (Fiebrich 1994).

Mechanical adhesion in repaired concrete members relies on the hardening of the overlay

inside the open cavities and asperities of the substrate surface and the physical anchorage
resulting therefrom. Capillary absorption plays an important role in the anchorage effect as it
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draws overlay paste into small cavities of the substrate. It is dependent on the substrate
surface moisture condition. The influences of substrate surface texture and moisture condition
on mechanical bond strength are discussed in Section 2.3.4.2.

Mechanical bond may be assisted by contact friction between substrate and overlay in areas
where the actual adhesion has been destroyed. This is described by shear friction models as
discussed in the literature (e.g. Reinhardt and Walraven, 1982, Walraven et al, 1987, Tassios
and Vintzeleou, 1987, Walraven, 1993). Shear friction is an important mechanism especially
for interfaces that contain reinforcement and/or are subjected to compressive stress. However,
this research focuses on unreinforced interfaces that are not subjected to significant
compressive stress. Shear friction is therefore of minor importance in the scope of this
research and will not be discussed.

It is important to note that mechanical adhesion in tension differs significantly from that in
shear. For example, a high interface roughness may improve shear bond strength, whereas
tensile mechanical bond strength primarily depends on vertical anchorage in pores and voids
(Figure 2.1).

f Oension = ZET0 ? STension ~ ZETO

v \

cTCﬂSiOn = ZeI0 c’l‘ensign > ZETO

Figure 2.1: Schematics of mechanical shear and tensile bond between substrate and
overlay, resulting from interlock mechanisms

The above is important for the correct choice of bond strength test methods for given test
parameters. Differential volume changes between substrate and overlay resulting from
temperature gradients or overlay shrinkage cause both shear and tensile stresses at the
interface. In structural design, tensile stresses perpendicular to the interface are rare. By
contrast, interface shear stresses occur frequently in composite elements, e.g. those caused in
composite slabs subjected to bending stresses. Standards and specifications for concrete
repair define bond strength commonly in relation to tensile strength alone, which, with
consideration of the above, appears problematic. Different bond strength test methods are
discussed in Section 2.3.3.
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All bond mechanisms act on the true surface area, as opposed to the geometric surface area,
and the contact surface area, also termed effective surface area (Figure 2.2).

Geometrical surface True surface Effective surface

Figure 2.2: Geometrical, true, and effective surface areas between substrate and
overlay

A higher degree of roughness increases the true surface area. The effective surface describes
the actual covered area and depends to a great extent on the consistency, compaction and
thermo-dynamic properties of the fresh concrete overlay. The influences of overlay
workability on bond strength are discussed in Section 2.3.4.1. For quantification of bond
strength, the failure load is usually divided by the geometric surface area.

Physical adhesion mechanisms on a molecular scale refer to the sub-microscopic interface
roughness in the scale of a few nm (Figure 2.3), whereas microscopic, technically
measurable roughness lies in the scale of um (Fiebrich, 1994). Bond mechanisms on a
microscopic scale are important for the correct modelling of interface shear stresses resulting
from differential shrinkage, which is discussed in detail in Chapter 6.

macro molecular chains of
o hydration products

IlOnm

Figure 2.3: Adhesion on a sub microscopic level (Fiebrich, 1994)

Courard (1999 and 2000) described thermo-dynamic mechanisms of adhesion with respect to
the relation between contact angle and free energies of liquid and solids (Figure 2.4). A
lower contact angle © between the wet overlay and substrate results in better interface contact
and adhesion. The contact angle © depends on the surface energy of both solid substrate and
wet overlay. A detailed discussion of thermo-dynamic mechanisms between fluids and solid
bodies can be found in (Fiebrich, 1994).
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Figure 2.4: Wetting of a solid surface by a liquid (Courard, 2000)

Thermo-dynamic and chemical effects have to date hardly been applied in bond strength
characterisation between concrete substrate and overlay. Research on specific bond behaviour
of concrete repairs is normally restricted to the testing of adhesion strength. From that,
conclusions are commonly drawn on mechanical bond mechanisms.

Pigeon and Saucier (1992) state that the interface between old and new concrete is very
similar to bond between aggregates and cement paste. According to their research, a wall
effect exists between overlay and substrate, resulting in a transition zone that creates a layer
of weakness (Figure 2.5).

Cement grains of the Interface transition
overlay zone

Aggregates
Intel'faceb W T RIS .
" Hardened cement paste Little of no
3 aggregate interlock

e et n:ﬁzofS“bstrate- :

Figure 2.5: Transition zone between substrate and overlay, according to Pigeon and
Saucier (1992)

Van Mier (1997) has summarized existing knowledge on interfaces between aggregates and
cement matrix. The bond mechanisms between aggregate and cement paste depend largely on
the porosity of the aggregate. Generally a thin layer of CH forms at the physical boundary
between aggregate and cement matrix, followed by a relatively open layer containing
oriented CH crystals, ettringite, and CSH. This so-called contact or transition layer has a very
high porosity. Van Mier explains this high porosity with absorption of mixing water at the
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surface of aggregate particles, which increases the effective w/c ratio. According to his
research, fracture surfaces generally exist not directly at the physical boundary between
aggregate and matrix but rather slightly removed from the interface in the porous transition
zone. These mechanisms have not yet fully been investigated in relation to interface between
concretes of different ages but may be useful for the characterisation of fundamental bond
properties in composite members. Misra et al (2001) found a relation between air
permeability at the interface and bond strength, which could be linked to the effects described
above.

The effects of an interfacial transition zone in bonded overlays is considered important as
bond is generally described as “interface” bond strength. During the experimental work of
this research it was however revealed that bond failure between substrate and overlay hardly
ever failed at the interface as such but commonly in the overlay very close to the interface.
These observations are discussed in detail in Chapter 7. The definition of interface bond
strength should therefore not concentrate on interface properties alone but also on overlay
material characteristics close to the interface.

2.3.3 Bond test methods

The results of interface bond tests depend to a large extent on the test method used, which is
often not considered in the interpretation of bond strength measurements. Common bond test
methods include interface shear, torsion, and tension tests and a wide range of possible test
set-ups have been developed for laboratory testing. Interface shear strength values obtained
by different test methods may differ substantially as test results depend on specimen size, test
set-up, loading rate, etc. Li et al (1999) investigated the size effect in bond tests and
concluded that smaller specimen sizes led to larger bond strength in prism splitting tests. A
comparison of test results obtained with different test methods, or even results obtained by
different researchers using the same test method, therefore is problematic.

Relating interface shear and tension tests is questionable as both bond mechanisms have
substantially different characteristics (compare Section 2.3.2). However, Silfwerbrand (2003)
and Delatte et al (2000, a) indicated a correlation between the two test methods. The latter
measured a mean ratio (shear bond divided by tension bond) of 2.0. Silfwerbrand found a
ratio between torsional shear bond strength and tensile pull-off strength in the range 2 to 3.

An objective approach to prediction of overlay resistance performance based on bond
strength tests should entail designing and using a test which causes a single stress type in the
failure plane and uniform stress distribution. Once the objective quantification of shear and
tensile resistances respectively has been done, the most likely actions which will test the
overlay can be studied. Schematics of existing test methods for the evaluation of interface
bond strength between concretes of different ages are illustrated in Figures 2.6.

14



Figures 2.6: Schematics of various test methods to determine interface bond strength
between concretes of different ages

In a direct tension test, the specimen is pulled apart by loads applied perpendicular to the
bonded interface. The most common test method is the pull-off test, which can be carried out
in-situ (Figure 2.6 A) and in the laboratory (Figure 2.6 B). The pull-off test encounters
several problems as the test results may be strongly influenced by eccentricity in the load
application and damage during coring (Delatte et al 2000, b). Results of pull-off
measurements often show a large scatter of results, which makes it difficult to interpret the
measurements in relation to the actual test parameter (Vaysburd and McDonald, 1999,
USDT, 2000).

Interface pull-off strength is hard to quantify on properly placed overlays, yet easy to
quantify in cases where the tensile interface strength is less than the tensile material strength.
The results of pull-off tests, therefore, often only give indication of the lower bound of the
interface bond strength. The main stress situation at the interface between substrate and
overlay is that of a mixed mode of tension and shear, which is discussed in more detail in
Section 2.4.1, and bond characterisation by tensile strength alone seems problematic.
However, the pull-off test is the only method commonly applied in the testing of bond
strength on real structures. Standards and Specifications, as discussed in Section 2.2,
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therefore specify bond strength of concrete repairs as tensile bond. RILEM TC 177-MDT
(2004) recommended the pull-off test for adhesion bond strength and specified loading rates
in relation to the expected adhesive strength. Weber (1971) indicates the usefulness of pull-
off bond tests at locations where tensile interface stresses are predominant, for example at the
boundaries of a repaired member.

Silfwerbrand (2002) developed an in-situ test for torsional bond strength, which can be
equated to interface shear strength (Figure 2.6 C). Common shear bond tests apply a force
parallel to the interface (Figure 2.6 D). Pigeon et al (1992) (Figure 2.6 E) and El-Rakib et al
(2003) (Figure 2.6 F) used modified shear bond methods. The push-out specimen (Chen et al,
1995, Larralde et al, 2001, Momayez et al, 2004) (Figure 2.6 G) has the disadvantage of
having 2 interfaces, which does not represent site conditions and makes the test very
impractical. The slant shear test (BS 6319, 1984) (Figure 2.6 H), used by Mainz and Zilch
{2002) and Climaco and Regan (2001), measures bond strength under a combination of shear
and compression. Several researchers (Emberson and Mays 1990, Austin et al, 1999, Delatte
et al 2000 a) indicated shortcomings of this test in respect to unrealistic loading conditions
and the vast number of parameters that may affect the test results. The guillotine test (Figure
2.6 J) can be used both on cores and prisms. Delatte et al (2000 a), however, reported
difficulties with the alignment of the loading head for use on cores.

The disadvantage of most common shear test methods is the occurrence of an interface
bending moment due to force eccentricity. The FIP (1978) developed a test method for
interface shear strength, in which the interface is theoretically subjected to pure shear forces
(Figure 2.6 K). Robins and Austin (1995) developed different patch tests, which measure
interface shear and tensile bond strength under structural loading (Figures 2.2.7 L and M).
The wedge splitting test device (Tschegg et al, 2000) characterises bond by fracture
mechanical parameters such as crack opening and specific fracture energy, and tensile
interface strength in bending (Figure 2.6 N). Li et al (1999) measured interface tensile
strength with a prism splitting test device (Figure 2.6 O).

In cases where destructive in-situ bond testing is not appropriate, chain dragging or tapping
the surface with a hammer may be used to determine locations of debonding (Carter et al,
2002). Lacombe et al (1999) analysed bond characteristics of different repair materials
visually and by a scanning electron microscope. They evaluated the quality of the bond by
observation of overlay compaction, cracks and voids at the interface. Cao and Chung (2001)
estimated bond strength under cyclic loading by measuring the contact electrical resistance
between old and new mortar. With this method, bond degradation could be observed without
having to fail the specimen, i.e. without separating substrate and overlay.

As can be seen from the above, test methods for interface bond strength are numerous which

highlights the problematic in comparing test results obtained from different researchers. Test
values for interface bond strength obtained by different researchers are therefore not
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discussed. The influences of material parameters and environmental influences on bond
strength are discussed in the following sections, focusing on fundamental characteristics
rather than bond strength values.

When evaluating bond strength values it is important to consider the dominant interface stress
condition caused by the respective method, which may or may not represent the main stress
condition encountered in the actual structure under investigation.

2.3.4 TFactors influencing bond strength
2.3.4.1 Repair material properties

Fresh material properties

The fresh repair material properties are important both for early age bond strength
development and bond durability. Workability and compaction of the freshly placed overlay
influence the ability to fill open cavities and voids on the substrate concrete surface and
therefore determine the effective contact area between the two composites (compare Figure
2.2). A relatively fluid overlay further enhances capillary suction in the substrate and
therefore improves physical anchorage in substrate surface pores and cavities. Horizontal
repairs, for example on pavements or bridge decks, and large application areas on vertical and
overhead surfaces may be carried out with concrete of high fluidity. Self-levelling mortar
applied for overhead repair using formwork was found to have very good bond properties in
terms of its ability to fill cavities at the interface (Lacombe et al, 1999). The fact that good
anchorage can be achieved without the effects of gravity implies that capillary suction of the
old concrete plays an important role in bonding mechanisms.

By contrast to the above, small repair patches are commonly made with premixed, relatively
stiff mortars, which are applied with a trowel. This leads to a smaller contact area between
substrate and overlay and lower capillary suction of the substrate, compared to overlays of
higher fluidity, thus resulting in lower mechanical and chemical bond strength. For these
kinds of mortars, bonding agents might be helpful to improve adhesion. The use of bonding
agents is discussed in more detail in Section 2.3.4.3.

Shotcrete, which is economical only for very large repair areas, is applied to the concrete
substrate utilizing a high amount of energy. The mixture of fine aggregate and paste is
pressed into the open pores and surface texture of the substrate. Following layers add on to
this base layer with the coarse aggregate being embedded in the initial thin layer of mortar.
Lacombe et al (1999) used a microscope to visually assess the interface between shotcrete
and old concrete. The quality of bond appeared so be so good that is was almost impossible to
see the difference in microstructure between shotcrete and old concrete. Bond properties
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between substrate and shotcrete may depend on the nature of the shotcrete and, most
importantly, on workmanship. Talbot et al (1994) performed bond tests on specimens
repaired with different types of shotcrete and concluded that mix composition, such as wet or
dry shotcrete, has little influence on bond durability.

The above indicates that overlay workability plays an important role for bond strength.
However, even with relatively stiff overlays, good bond can be achieved if the overlay is
applied with sufficient pressure and workmanship is good.

Hardened material properties

The hardened overlay material property directly influencing bond is the mechanical strength.
Of equal importance are material parameters that influence the development of stresses in the
overlay and at the interface, such as elastic modulus, shrinkage, thermal coefficient,
permeability, additions like fibre reinforcement and admixtures, etc. The combined influence
of different material parameters on bond strength is generally difficult to assess. Research has
therefore commonly been carried out on the influences of individual material properties on
bond strength and bond durability.

The significance of overlay mechanical strength is immediately revealed when the
characteristics of the interface transition zone are considered, as discussed in Section 2.3.2.
The location of “bond failure”, i.e. substrate, interface, or overlay, indicates the zone of
weakness in the system. For the case of “bond failure” in the overlay it is important to
understand the prevailing mode of fracture. Cracks in concrete commonly develop as a
mixture of tension and in-plane shear (Van Mier et al, 1991). It appears reasonable to assume
that the same applies to the fracture zone in debonded overlays, which highlights the
importance of overlay shear and tensile strength.

Delatte et al (2000a and b) link bond strength to the maturity of the overlay, which in turn
relates to the material strength. They found that an increase in early age concrete strength
increased both tensile and shear bond strength significantly. The maturity approach appears
useful as it allows predicting interface bond strength in terms of overlay strength, which is
commonly easy to measure.

The mechanisms of bond failure in connection with failure modes, i.e. the actual location of
failure, and mechanical material parameters have however not been fully researched to date.

Tensile strength of the overlay is also important from a practical point of view as it affects
crack development and therefore the formation of boundary conditions that may support the

initiation of debonding. In relation to the above, Granju (1996) states that fibres enhance
bond durability through the control of crack development. Chen et al (1995) measured a
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significant increase in shear bond strength with the addition of short carbon fibres to repair
mortar and attributed the effect to the decrease in drying shrinkage. However, it appears more
accurate to link the beneficial effects of fibre reinforcement to internal overlay restraint,
which reduces interface stresses resulting from differential movement between overlay and
substrate.

Some researchers established a link between overlay constituents and interface bond strength.
The addition of polymers to cementitious repair mortars was found to result in better bond
characteristics on specimens subjected to extensive temperature cycles (Atzeni et al, 1993).
According to Rizzo and Sobelman (1989), resin-based repair mortars have generally better
bond quality than cement-based mortars. Li (2003) states that the addition of Fly Ash to
overlay mixes results in lower short-term but higher long-term bond strength, which he links
to the effects that the addition of Fly Ash has on the rate of hydration. He further states that
Fly Ash or Silica Fume in the overlay can improve the microstructure of the interface
transition zone and hence increase bond strength. Similar test results were reported by
Kuroda et al (2000) who found significant enhanced bond strength at both 7 and 28 days
when a high CaO content fly ash was added to the overlay mix.

Overlay permeability may influence bond durability, for example very impermeable overlays
result in stresses at the interface when moisture from the substrate cannot migrate through the
overlay (Schrader, 1992). By contrast, relatively permeable overlays might weaken interface
bond strength through cyclic swelling and shrinking if the overlay is subjected to frequent
changes in ambient humidity.

2.3.4.2 Condition and texture of the interface
General

Surface preparation and cleaning of the concrete substrate is generally considered to be the
most crucial step in a concrete repair project. A poorly prepared surface will always be the
weak link in a repair, no matter how good the repair material might be. Holl and O’Connor
(1997) stress the difference between surface preparation and cleaning. Surface preparation
includes the removal of parts of the substrate concrete and previously applied coatings,
whereas cleaning commonly refers to the removal of loose particles and contaminants.
Surface preparation is important for the removal of deteriorated concrete and the creation of a
good interface texture. Surface cleanliness is probably the most crucial factor in concrete
repairs, as any loose debris, dirt, grease or other surface contaminants can act as bond
breakers. The above highlights the importance of workmanship. All academic research on
bond durability appears ineffective unless proper site practice can be ensured.
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Methods of roughening the substrate surface

Common surface preparation methods include mechanical roughening and blast methods
utilizing abrasive, sand, or water, or a mixture of them. The use of heavy mechanical
techniques such as jackhammers, drills and scabblers usually results in the formation of
microcracks at the substrate surface, which has a detrimental effect on bond strength (Warner
et al, 1998, Silfwerbrand, 1990, Delatte et al, 2000 b). However, sandblasting subsequent to
the use of heavy mechanical methods can remove the damaged concrete and provide a sound
interface (Talbot et al, 1994, Carter et al, 2002). Wells et al (1999) and Warner et al (1998)
achieved good bond strength on surfaces which were sandblasted without prior roughening.

According to Silfwerbrand (2000), water-jetting results in a sound, rough, and clean concrete
surface, removing deteriorated concrete and leaving sound concrete. Murray (1989)
recommends cleaning with high-pressure water subsequent to surface preparation. Kauw and
Dornbusch (1997) discussed the effects of applied pressure during waterjetting on the quality
of the concrete surface. They concluded that waterjetting is a good method of concrete
removal but has to be specified carefully with consideration of the properties of the concrete
to be treated.

Interface texture and roughness
Interface texture can be divided into macroscopic, microscopic, and sub-microscopic texture

(Figure 2.7).

macroscopic texture
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Figure 2.7: Macroscopic, microscopic, and sub-microscopic surface texture
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Interface texture is commonly expressed in terms of roughness. Interface roughness depends
to a large extent on the method of substrate surface preparation. Mechanical methods of
concrete removal normally leave the substrate surface much rougher than blast methods. The
magnitude of surface roughness for concrete repairs is commonly measured in mm. The most
widespread test method is the sand area method (Figure 2.8) (Kaufmann, 1971), in which
sand of known volume V is spread over the concrete surface to form a circle until all sand has
settled in the surface cavities.

Figure 2.8: Determination of surface roughness using the sand area method
(Kaufmann, 1971)

The roughness R, can be calculated from the diameter d of the circle, using the following
equation:

_ 40V [cm’]

R fmm} nd’[em?]

[2.1]

Where V is the volume of the sand. More accurate surface profiles can be assessed
electronically using touch-pins (Courard, 1998) or laser techniques (Schifer et al, 1996).

A number of researchers have linked interface roughness to bond strength. Tschegg et al
(2000) compared roughness of 1.75 mm to 0.65 mm on water-jetted surfaces and found better
bond characteristics for the rougher interface, using a wedge-splitting test. Mainz and Zilch
(2002) achieved high bond strengths on water-jetted surfaces with a roughness of >1 mm and
concluded that an increase in roughness did not improve the bond strength significantly. In
their study, they measured bond strength with slant shear specimens (compare Figure 2.6 H).
It should however be noted that the slant shear method applies a unrealistically high
compressive stress to the interface which makes shear friction, which is activated once actual
adhesion is destroyed, one of the most important bond mechanisms. The direct influence of
interface roughness on adhesion can therefore not be assessed with this method. It therefore
appears questionable if the above results can be related to real repair patches.

Silfwerbrand (1990) compared interface strengths resulting from different surface treatments

and different roughnesses. Similarly to Mainz and Zilch, he concluded that that the threshold
value for tensile bond strength improvement lies in the range of the surface roughness of
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sandblasted surfaces. An increase in surface roughness beyond this value did not seem to
increase bond strength. However, the tensile pull-off method is hardly susceptible for the
effects of surface roughness, as discussed in Section 2.3.2. Similarly to results presented by
Mainz and Zilch, as discussed above, it appears that conclusions were drawn from a test
method that is ineffective for the test parameter under consideration.

Generally it appears reasonable to assume that interface roughness has an influence on shear
bond strength while it is of minor importance for tensile bond mechanisms. The actual
influence of interface roughness on bond strength however also depends on a range of other
parameters such as mechanical material strength and effective surface area. The interpretation
of bond properties in terms of individual parameters therefore appears problematic and
should be done with caution.

Temperature

The substrate temperature at the time of overlay placing was found to have a significant
effect on shear bond strength development (Delatte et al, 2000 b). Cold substrates (4 °C)
resulted in lower initial bond strength but higher long-term bond strength, compared to
substrates of higher temperature (21 or 38°C). This effect probably relates to the effects of
hydration of the cement paste. Low temperatures generally slow down the hydration rate. At
slow hydration rates the hydration products have sufficient time to diffuse uniformly
throughout the cement paste, which consequently positively affects later age strength. The
influence of mechanical material strength on interface bond is discussed in Section 2.3.4.1.

Carbonation

According to Schrader (1992), carbonation of the substrate can result in a soft surface and
dusting, which may result in poor bond strength if an overlay is applied. Similar test results
were obtained by Gulyas et al (1995) who found that substrate carbonation can decrease bond
significantly. By contrast, Block and Porth (1989) found that substrate carbonation does not
affect pull-off bond strength. These contradicting results show the problematic in interpreting
bond tests in terms of a single test parameter.

Moisture condition
The substrate moisture condition may have a significant influence on bond strength. A dry,
“thirsty” concrete surface tends to suck water from the overlay, which may result in a weak

interfacial repair layer and low bond strength (Figure 2.9 A). A surface, which is too wet,
tends to dilute the repair material at the interface and increases the water/cement ratio and
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hence leads to low material strength, increased shrinkage and low bond strength. Water in
open pores further prevents the interlocking effect (Figure 2.9 B). The substrate concrete
should, therefore, be saturated but surface dry (Figure 2.9 C).

< weak overlay layer

A: The dry substrate sucks water from the freshly placed
overlay

B: Surface water prevents the interlocking effect and
dilutes the overlay near the interface

C: A saturated and surface-dry substrate prevents
suction and provides open cavities for interlocking

Figure 2.9: Critical moisture conditions of the substrate surface

The influence of the substrate surface moisture condition on bond strength has been
investigated in many studies. In general the opinions on the effects of substrate moisture
differ significantly between individual researchers and engineers (Pigeon and Saucier, 1992).
Li et al (1999) and Geissert et al (1999) measured the bond strength of repaired specimens
after freeze-thaw cycles and found that different repair materials correspond to different
optimum interface moisture conditions at the time of casting. Zhu (1992) has found
experimental signs of optimal moisture, but the effects were so insignificant that it was
difficult to discern between the actual test parameter and the scatter of test results.

2.3.4.3 Bonding agents
The use of bonding agents has been intensively investigated by many researchers, resulting in
a broad range of opinions. However it is generally accepted that bonding agents cannot

compensate for bad substrate surface preparation and may act as a bond breaker when used
inappropriately (Pigeon et al 1992, Schrader 1992). By contrast, bonding agents may improve
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bond strength for certain materials, especially stiff repair mortars that cannot properly fill
open pores and cavities, as discussed in Section 2.3.4.1. The efficiency of bonding agents
further depends on the interface texture (Wells et al, 1999).

Different types of bonding agents are available, the main types being cement-based slurries,
epoxies, and latex emulsions. Cement-based slurries were found to result in high bond
strengths (Knutson, 1990, Pigeon et al, 1992, Hartl, 2000). El-Rakib et al (2003) measured
improved shear bond strength with the use of an epoxy bonding agent. Montani (1995) states
that the reasons bonding agents have gained a bad reputation lie in poor workmanship during
their application.

2.3.4.4 Curing procedures

Cracks resulting from shrinkage may initiate debonding due to the formation of boundary
conditions at free edges, as discussed in Section 2.3.4.1. Curing prevents rapid moisture loss
to the environment and thus controls the development of overlay and interface stresses by
reducing shrinkage at early ages when bond strength may be low.

Paulsson and Silfwerbrand (1998) recommend a minimum of 5 days water curing on bridge
deck overlays. Exposure to direct sunlight was found to have a detrimental effect on shear
bond strength even under proper curing conditions which included wet burlap and plastic
{(Delatte et al, 2000a). Schrader (1992), on the contrary, states that curing mainly affects the
surface of a concrete repair, but has little influence on the material or bond properties at a
depth of more than 25 mm.

2.3.5 Short-term bond properties

The development of early age bond strength is important for the structure’s ability to
withstand interface stresses induced by early age differential movement between substrate
and overlay. For pavement and bridge deck overlays high early bond strength is usually
required due to traffic and live loads.

According to Delatte et al (2000 a and b), bond strength develops rapidly after placement,
similar to concrete compressive strength development. In their studies they suggest a concrete
maturity approach, which characterises bond strength development in relation to the
concrete’s rate of hydration rather than it’s age. Similarly, Silfwerbrand (1992) concluded
from pull-off tests that bond strength development at early ages is rapid. Carter et al (2002)
state that bond strength develops more fully in the centre of an overlay as the boundaries are
especially subjected to cyclic stresses related to differential temperature and moisture content.
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In general, short-term bond strength can be used as an indication of the quality of
workmanship, i.e. surface preparation, material selection, overlay application, and curing.
Long-term bond strength however can significantly be influenced by environmental
influences as discussed in the following.

2.3.6 Long-term bond properties

Most studies documented in the literature concern the quality of bond at early ages. However,
factors influencing long-term bond strength are most important for the performance of
composite members.

Pigeon and Saucier (1992) state that although the durability of bond between old and new
concrete is influenced by many factors, differential shrinkage is the most important aspect. In
their study, they subjected composite specimens to a range of ageing treatments and found
that simple air-drying was the main cause of deterioration. By contrast, freezing and thawing
had a positive effect, which was accounted to the effects of ongoing hydration that was
facilitated by water used in the test procedure. Li et al (1999) found specimens that had been
subjected to 300 freeze-thaw cycles to have similar bond strength as air cured specimens.

A common way to assess bond durability is to test long-term bond strength in actual
structures. Carter et al (2002) state that well designed bridge deck overlays can be expected to
provide more than 30 years of service life if they are placed and cured correctly. Paulsson and
Silfwerbrand (1998) tested repaired concrete bridge decks, which had been overlaid with
fibre reinforced concrete, and found a slight increase in bond strength after a period of 9
years. Langlois et al (1994) tested pull-off strength on a road repair overlay and concluded
that as long as good quality concrete is used and workmanship is good, bond durability can
be achieved regardless of the type of repair mortar or surface preparation. Repaired beams
and columns with well-bonded overlays were shown to have structural capacities similar to
those of monolithic members (Silfwerbrand, 1986, Souza and Appleton, 2003). Okada et al
(1970) found that differential shrinkage greatly affects cracking behaviour but does not
influence flexural strength of composite beams, indicating that bond strength is not
necessarily affected even if restrained shrinkage exceeds tensile overlay strength.

Talbot et al (1994) investigated the influence of different interface textures and concluded
that smooth surfaces as well as sandblasted surfaces experienced a significant loss of bond
strength with time. On the contrary, surfaces that were roughened mechanically and
subsequently sandblasted had good bond durability. The reason for this lies in the
circumstance that high interface roughness, as is commonly achieved with mechanical
methods, improves the resistance against interface shear stresses resulting from differential
shrinkage.
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2.3.7 Mechanisms of debonding

The term ‘debonding’ implics that bonding had previously developed but then declined to
zero, Bond failure may occur at the interface, in the substrate, in the overlay, or in 4
combination thereol. However, reports on bond tests in the literature commoenly do not
include the location of lailure but merely state the values for bond sirengih. It therefore
appedrs neeessary to investigate the mechamsms of debonding in relation to the actual failure
plane to comelude on fundamental bond mechanisms.

Maost cracks in concrete develop under combined modes, of which the mixed mode
(1 {tension} and 2 (in-plane shear)) is the most commaon. Accarding to Van Mier et al (1991),
most interface shear tests will initiate in mode 1 and true mode 2 failures are very difficolt to
obtain. Robins and Austin (1995) proposed a bond [ailure envelope [or concrete repairs based
on the Mohr circle and related it to interface shear and tension test results.

According to Carter et al (2002), debonding usually causcs the averlay to fall slowly, similar
it concrete crack propagation, This may be divided into 3 different stages, namely, initiation,
propagation and disintegration. According to Knutson (1990} and Carter et al (2002),
debonding in areas within the center of an overlay 1s usually caused by poor surface
preparation or weak substrate surface concrete. Debonding usually starts at the overlay
boundaries, at the edges, joints and cracks (Carter et al, 2002, Silfwerbrand, 1997). The main
reason for this is the development of inferface stresses due to differential shrinkage, which
are commonly believed to have maxinmam values at the boundaries ol an overlay. All existing
analytical models lor the prediction of interface stresses due to difterential shrinkage assume
that intertuce shear stress only exists at the end of an overlay, which is discussed in mare
detail in Chapter 3. However, this aspect was challenged in this research, as discussed in
detail in Sections 4 and 6. The main reason why debonding commonly oceurs at the member
cnds is that the mechanism of debonding is connected to overlay shp. The latter can only
develop lully at the member ends where the overlay is not attached to a restraining
“neighbour” (Figure 2.10).

The member end allows overlay slip as it is not
restiained by a “neighbourning” pmece of overlay

Dibonding

Figure 2.10: Mechanisms of debonding at the end of composite members {ncglecting
peeling cflccrs)

26



Member cnd conditions can also exst at eracks Ciranpu (1996) identified cracking
perpendicular to the interface as onc of the main causes of bond deterioration and states that
fibre reinforcement can effectively increase crack resistance and therefore enhance bond
durabitity, However, Laurence et al {2001) studicd the ficld performance of different concrete
overlays and concluded that extensive cracking hagd no detrtmental influence on bond
strength. Shrinkage stresses at the overlay boundares oceur in a mixed lorm of shear and
tensile stress, which is discussed in more detail in Section 2.4.1, Structural and thermal
loadings induce eyclic stresses, which mav lead to debanding from fatisue cffects.

2.3.8 Summary, conclusions and identification of further research

Many researchers have investigated bond propertics between conercte substrates and
overtays. A large range of material parameters and environmental conditions can influence
the gquality of bond and in general it appears dilficult 10 interpret bond strength measurements
i terms of individual test parameters, This s revealed in the often contradicting aptnions
reported in the literature regarding the influences of substrate surface preparation, the use ol
honding agents, cunng procedures and material properties.

It is generally accepted that adequate short-term boud strengath can be achicved if the quality
of workmanship s good and overlay materials are carcfully sclected. In the literature it is
however often emphasized that the smechanismys of bond under long-term influences have not
yet been flilly rescarched. Available inlormation on bond durability indicates that differential
shrinkage between substrate and overlay is the main mechanism affecting the long-term
performance of bonded overlays.

Maost studies define bond strength as the stress reguired to separate substrate and overlay and
provide information en the overall location of failure, e substrate, interfuce, or overlay
failure. In case of “interface failure” however, the actual location of fracture 15 often not
explotted. Considering mechanical and chemical bond mechamsms it appears unbkely that
bond failure occurs at the interface as such, ¢ without fracture in substrate or overlay,
Fundamental understanding of adhesion between concretes of dilferent ages must base on
formation on the weakest link in the composite memhber. Only with such information, bhond
mechanisms can be identified. In respect to the above it appears impartant to cxplod ihe
characteristics of the interface trunsmion zone, which may exist at the interface between
substrate and overlay similarly o the interface between aggregate and cement paste, in maore
detail.

The impartance of mechanical averlay strength is revealed in the assumption that the
interface transition zone is likely to be the dominant zone of fracture. A maturity approach
that links bond strength to overlay hydration. as suggested by Delatte et al (2000), appears
usetil as o {acilitates the design of bonded overlays, However, as stated above, the durability
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of bond is subjected to a large range of influences and the characterisation of bond strength in
terms of single parameters is not practical,

Test methods for bond sirength presented tn the literature are numerous, which makes it
difficult to compare resulls obtained from different rescarchers. Tn general 1 is importand to
use a method that represents the mosi significant stress condition in the type of structure
under investigation. I'rom the Jiterature it appears that al occasions covclusions were drawn
fram test results that did not relate to the actual test paramerer. This highlights the importance
of the right ¢hoice of test method.

This research focuses on the long-term performance of bonded overlays under the influence
of difterential shrinkage. Lixperimental research on bond properties between substrate and
averlay is discussed in Chapter 7. The parameters identified from literature review are;

- Short-term bond strength development in relation to mechanical overlay strength and
the location of fracture

- Long-term bond properties in relation to different overlay materials, environmental
conditiems and interface textures.

Bond strength values were compared to strain measurements on composite beams. lest
methods were designed that represent marn stress conditions encountered n bonded overlays
subjected to differential shrinkage. With the above, fundamental bond mechanisms in terms
of mechanical overlay properties and loog-term overlay shrinkage were investigated.

2.4 Overlay volume changes
241 Inirgduction

Differential volume changes between substrate and overlay are commonly considered as the
most cntical aspects mlluencing the durability of composite members. The focus of this
research ltes in the development of an analylical model for the prediction of overlay stresses
induced by differential shrinkage. To develop a tundamental understanding of the impornant
mechanisms involved, relevant material properties as well as the specific case of differential
volume changes in bonded overlays are discussed in the following,

Tu general, the mechanisms of volume changes can be divided into short-term and long-term
ellects. During the early processes of seting and hardening, concrete may experience
signiticant temperature and volume changes. The nteraction between overlay and substrate
and the restraint of overlay deformations resulting thereof may lead to early failure of the
overlay while tensile overlay strength and interface bond strength are low. Conlnuous
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overlay deformation resulting from ongoing drying shrinkage and cyelic temperature changes
may further affect the long-term performance of the system.

Stresses due to temperature and volume change are normally not constant throughout the
overlay depth and can be divided inlo restraint stresses and intrinsic stresses. 1lestrant
stresses result from bond mechanisms at the interface between substrate and overlay and as
such they are caused by an extcrnal restraining mechanism. They are retated to the restraint of
expansion or shortening parallel to the interface and primarily take the form of direct stresses.
Intrinsic stresses, on the contrary, are caused by internal restraining mechanisros. The overlay
surface tends to cool down and shrink laster than the inner secticns, which results in
temperature and shrinkage gradients throughout the overlay thickness. These gradients
generate intrinsic stresses due to internal restraint from one depth increment to the next, In
the case of reducing temperatuce or increasing shrinkage in bonded overlays, they can
practically be considered as the stresses that correspond 1o restrained curling deformations
{Figare 2.11})
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Figure 2.11; Simplified schematic of the main components ol restraint stress and
intrinsic stress in a bonded concrete overlays due to shrinkage and temperature change
{ocling)

The evaluanon of stresses resulting [rom difterential shrinkage or temperalure gradients is
complex, as rate and magnitude ol stress generation depend on the develepment of maiterial
piopertics. The material properties in turn depend un the rate of hydration and gnvironmental
conditions. Relevant parameters like shrinkage, tensile strength, elastic modulus, creep, and
the degrec of restruint develop at different rates and interact with each other, which makes it
difficult to predict stresses, especially at an early age.
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2,42 Temperature effects at an carly age

Cement hydration is an cxothermic process, causing temperalure increase in Lhe [resh
concrete, which resulis in thermai cxpansion. The amount and rate of heat energy genervation
is primanly governed by the tvpe and amount of cement used (Tayior ct al, 1994). The
concrete heats up until the heat loss on the surface exceeds the internal heat generation.

In a restramned conerele overlay, thermal cxpansion and contraction produce compressive and

fensile sivesses respectively. Sprmgenschimidl (1984} ilustrated early age temperature
siresses in bonded overlay schemalically (Figure 2.12).
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Figure 2.12: Stages of temperatve development during hardening and the resulting
sircsses a) due to lass of hydratton heat and b) due to drop in air temperature
(Springenschimidt, 1984)

In the lirst few hours atter placement, the concrete is still plastic and stress development only
starts after a period of approximately 5 to 7 hours {1.Tx). Until the maximum temperature is
reached, ihe concrete experiences high compressive creep relaxalion. The so-called zero-
stress temperature of the hardening conerete is reached during the cooling process.
approximately | to 4 K below the maximum hydration temperature {2.Tw). Difterences fram
the zera-siress tlemperature result in stresses due to thermal deformations during the hifetime
of the structure. ollowing ihe maximum hydvation temperature the concrete cools and
attempts to coniract. The concrete, however, has hardened at this stage and the imposed
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contraction is restrained at the substrate interface. This restraint generates tensile stresses that
may exceed the early age tensile strength and hence cause cracking in the first few days after
the repair. A drop in the surrounding temperature subsequent to hardening may accelerate this
stress generation.

However, for thin overlays which have a large surface-area to volume ratio a major part of
the hydration temperature can be expected to be lost rapidly to the environment. The zero-
stress temperature should therefore not be much higher than the surrounding air temperature
during hardening,

Letsch (1995) measured stresses in restrained concrete specimens and concluded that lower

temperatures during placement and the first few days after hardening lead to lower stresses,

compared to higher temperatures. Lange und Shin (2001) developed a prediction model for
overlay stresses due to temperature changes and concluded that thermal contraction is likely

to cause cracking within the first 24 hours, but thermal stresses become less significant

hereafter. Eierle and Schikora (2000) evaluated existing models for the calculation of early

age temperature stresses in concrete slabs. They concluded that creep parameters, which are

difficult to assess accurately at an early age, are the main uncertainty for the estimation of
stress evaluation.

A model presented by Brithwiler et al (2000) indicates that a reduction in cement content of
50 kg/m’ leads to a similar decrease of early age tensile stress in a concrete overlay as would
a reduction in fresh concrete temperature of 5 °C. However, reducing the cement content also
leads to a decrease in tensile strength and the overall effect of the cement content on
structural performance at early ages is therefore of minor importance. As a practical solution
for the control of hydration heat development, Brithwiler et al suggested the use of cooling
systems, for which they developed a numerical prediction model for overlay stresses.

Emberson (1990) measured early age temperature development of different repair mortars,
most of which had considerably low peak temperatures in the range of 21 to 24°C, compared
to an ambient temperature of 20 °C. This indicates that for these materials, early age
temperature development was possibly of minor importance compared to the effects of
shrinkage.

2.4.3 Early age shrinkage

Very early age shrinkage, also termed capillary or plastic shrinkage is caused in fresh
concrete due to surface moisture loss and is often accompanied by surface cracking. Plastic
shrinkage involves the transfer of moisture from the surface to the environment by
evaporation and a simultaneous mass transfer from inside the concrete to the surface.
Environmental conditions such as high wind velocity, high air temperature and low relative
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humidity lead to an increase in plastic shrinkage. Suction of water by the substrate may add
to the effect of surface evaporation. According to Radocea (1994), total plastic shrinkage
deformation depends on the rate of evaporation and the development of capillary pressure,
which are controlled by the pore structure near the surface exposed to the environment. High
early age volume changes may cause significant intrinsic stresses. For the quantification of
shrinkage microcracking in concretes at early ages, different microscopy techniques can be
used, e.g. fluorescence light microscopy and Environmental Scanning Electron Microscopy
(Bisschop and Van Mier, 1999).

Early age shrinkage, which is commonly measured as the 0-24 hour curing shrinkage, can be
of significant magnitude. Emberson (1990) measured early age shrinkage of 11 common
repair mortars, and found it to be in the range of 80.10° to 2400.10°. According to Emmons
and Vaysburd (1995) cracks caused by plastic shrinkage occur commonly shortly after setting
and can most effectively be controlled by keeping the repair surface moist during this period.
Mueller et al (2002) claim that plastic shrinkage can be completely avoided through mix
design and curing procedures.

2.4.4 Long-term temperature effects

During the service life of a concrete member any temperature rise in the overlay above the
zero-stress temperature leads to expansion and any drop in temperature leads to contraction
(compare Figure 2.12). The origins of the resulting temperature stresses can be divided into
differences in thermal coefficients between substrate and overlay and temperature gradients
through the depth of the member. Different thermal coefficients cause restraint stresses only
if the temperature change reaches the interface. The stresses increase linearly with increasing
difference in thermal coefficients and are not affected by their absolute value (Sodeikat
2002). Temperature gradients throughout the member, on the contrary, cause instant intrinsic
stresses, which depend on the absolute values of thermal coefficients.

Direct sunlight can heat concrete surfaces considerably. At an air temperature of 27 °C, for
example, black and white concrete surfaces can reach temperatures of 65 °C and 38 °C
respectively (Springenschmidt et al, 1978). Sudden cooling, such as that caused by a cold rain
shower, leads to distinct temperature gradients (Figure 2.13) and the generation of high
tensile stresses at the overlay surface.

With significant temperature changes and a large difference in thermal coefficients between
substrate and overlay, excessive interface shear stresses may be produced. This might cause
bond failure or, in the case of high bond strength, failure within the lower strength material
(Emmons and Vaysburd, 1995). Sodeikat (2002) recommends limiting the difference in
thermal coefficient to 2.10°%/K for thin overlays of less than 40 mm, and 2,5.10°/K for thicker
overlays.
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Figure 2.13: Temperature gradients in a concrete overlay, heated to 60 °C and
subjected to a simulation of heavy rainfall of 10 °C (Haardt and Hilsdorf,1988)

The major factors influencing the thermal coefficient of concrete are the type of aggregate
used, the moisture content of the concrete and the volume concentration of aggregate in the
mix. The effects of other factors such as type of cement, strength and age of concrete and
curing methods are of less importance (Alexander, 2001). Concrete and cement paste
generally have coefficients of thermal expansion ranging from 5,5.10%K to 14.10%/K and
10.10%K to 23.10%/K respectively (Hilsdorf, 1995). A study by Emmons and Vaysburd
(1995) indicated that resin-based repair materials have significantly higher coefficients of
thermal expansion (18,7.10%/K to 23,1.10%/K) compared to unmodified or polymer modified
materials (7,3.10*5/1( to 12,1x106/K). Non-resin-based repair materials were found to have
values similar to that of many unmodified concretes. The German standard on concrete repair
(DAfStb, 2001) limits the thermal coefficient of resin-based mortars to 25. 10°9/K, whereas no
limitations are made for non-resin-based mortars. Atzeni et al (1993) measured thermal
expansion of polymer-modified mortars to be in the same order of magnitude as plain cement
mortars.

The thermal coefficient of cement paste is mainly affected by the moisture content and is low
for saturated and very dry paste and reaches its maximum at approximately 65% to 70% RH.
Partially moist concretes, therefore, have coefficients of expansion higher than those in the
completely dry or saturated state. Continued temperature changes combined with wetting-
drying cycles consequently represent the most crucial thermally induced volume change of
concrete overlays.

The assumption that stresses due to changes in temperature develop linearly with the
restrained expansion or contraction results in the following equation:
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o1 = (€ - ArXAT)XE [2.2]

where or = Stress due to temperature change [MPa]
€xr = non-restrained part of the deformation
AT = change in temperature [K]
E = elastic modulus [MPa]

Springenschmidt et al (1978) measured compressive stresses of approximately 5.3 MPa in
restrained concrete specimens resulting from a temperature rise of 41 K. Stress values
calculated using equation 2.2 were 40 % higher, which can be related to the mechanisms of
creep. Letsch (1991) calculated relaxation of tensile stresses in restrained concrete specimens
subjected to a temperature change of 60K to be approximately 50%. Walraven and Shoukani
(1993) point out that relaxation of stresses due to thermal expansion increases with concrete
temperature and decreases with concrete age. The mechanisms of creep and relaxation are
discussed in more detail in Section 2.5.

2.4.5 Long-term shrinkage
2.4.5.1 Introduction

The generation of stresses associated with differential shrinkage between concrete overlay
and existing base concrete has long been recognized as the main problem for the durability of
repaired concrete structures. The relaxation of such stresses plays a key role for durable
structural performance and depends on the total deformability of the overlay, which combines
the influences of elastic strain, stress relaxation, and the strain related to microcracking of the
cement matrix.

In the following sections fundamental mechanisms of shrinkage in concrete and models for
the prediction of shrinkage strains are briefly summarized. Previous research on repair
material shrinkage characteristics and the effects of shrinkage restraint on the performance of
bonded overlays is discussed.

2.4.5.2 Fundamental mechanisms of shrinkage in concrete
Shrinkage in concrete can be divided into different components, all of which have different

characteristics and are subjected to different influences. The mechanisms of early-age
shrinkage are discussed in Section 2.4.3.
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Drying shrinkage

Total shrinkage deformations is a sum of different components. Drying shrinkage is the factor
of most concern in structural performance of normal strength concrete repairs, and is
associated with a net outflow of moisture from the repair concrete to the environment. A
large portion of the first drying shrinkage cannot be recovered if the concrete is later re-
wetted. On subsequent wetting and drying cycles, however, a portion of the original
shrinkage movement is recovered with each wetting. Shrinkage therefore consists of
reversible and irreversible components (Figure 2.14).
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Figure 2.14: Basic characteristics of reversible and irreversible drying shrinkage
(Neville, 2002)

Total drying shrinkage decreases with an increase of member thickness, and is a function of
the volume/surface area ratio of the member. Drying shrinkage of repair patches, which are
relatively thin, develops at a considerably higher rate than that of massive concrete members.

The major factors influencing shrinkage of concrete can be divided into matenial properties
and environmental conditions. The paste is the source of shrinkage in concrete as its porosity
determines the rate of water transport and diffusion. Irreversible shrinkage in normal strength
concrete increases linearly with porosity, which decreases with a decrease in W/C and an
increase in the degree of hydration. The paste holds water at different bonding energies, with
the interlayer and gel pore water being much more tightly held than the free capillary water.
The early days of drying represent the removal of free water, and shrinkage tends to be
similar for different W/C since only capillary water is being lost (Alexander, 2001).
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Subsequently, gel water begins to be removed, causing a larger component of shrinkage as
contraction forces are generated.

Shrinkage is little influenced by the use of common cement extenders and deformations tend
to be similar to those of plain OPC concrete. Testing the influence of different cement
composition and fineness has led to conflicting results (Springenschmidt and Fleischer,
1993). The effect of admixtures is variable and depends on the specific admixture and
cement, and the exposure conditions (Alexander, 2001). Aggregates have the effects of
dilution and restraint of paste shrinkage. Dilution refers to a decrease in shrinkage with
increasing aggregate concentration, while restraint refers to decreasing shrinkage with
increasing aggregate stiffness.

The concrete's environment comprises the type and extent of curing and the subsequent
drying conditions, i.e. the ambient relative humidity, temperature, and wind conditions. The
duration of curing, and hence the onset of initial drying, mainly affects the rate at which
shrinkage strains are generated. The influence on total long-term shrinkage deformations is
however of minor significance. Curing controls the tensile strength development versus
shrinkage strains, and thus helps to prevent early age cracking of overlays. However, it
should be noted that extensive curing results in a comparatively high elastic modulus and low
creep factor at the onset of shrinkage, which can have a detrimental effect on crack
behaviour. The net curing effect depends on the material used, the type and duration of
curing, and environmental conditions. The drying condition has a major influence on
shrinkage strain development and therefore on the long term structural performance of the
repair patch. In general, shrinkage strains increase with increasing temperature and
decreasing humidity. Baroghel-Bouny and Godin (2001) found a linear relationship between
shrinkage strains and relative humidity for a large range of concrete mixes. Strong winds can
further accelerate drying shrinkage at the concrete surface, which is of significance for
concrete overlays exposed to the environment.

Carbonation shrinkage

Carbonation shrinkage is caused by the reaction between the carbon dioxide of the
atmosphere and the constituents of hardened cement paste. The volume reduction caused by
carbonation shrinkage is slow and occurs over a long period, but in some cases may exceed
the drying shrinkage in magnitude (Alexander, 2001). This is particularly important for
concretes exposed to atmospheres of intermediate relative humidities and possessing small
cross-sectional dimensions, such as conventional repair patches.
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Autogenous shrinkage

Autogenous shrinkage, also called basic shrinkage, is a volume reduction caused by cement
hydration and the internal consumption of water. It explains the shrinkage of concrete in
sealed condition, without moisture exchange between concrete and environment. For normal
strength concrete, autogenous volume changes are usually small compared with carbonation
and drying shrinkage. However, concrete with a W/C of less than 0.4 has a much higher
consumption of mixing water and therefore a high autogenous shrinkage component.
Baroghel-Bouny and Godin (2001) measured autogenous shrinkage for a large set of Portland
cement pastes and concluded that the magnitude of shrinkage increases linearly with
decreasing w/c ratio. Recent developments in high performance concrete have shown that
autogenous shrinkage in such materials cannot be modelled accurately with existing
prediction models which were designed for normal strength concretes (Miyazawa and
Tazawa, 2001, Mueller and Kvitsel, 2002).

Approximately 40% of autogenous shrinkage occurs within the first 24 hours, during which
the tensile strain capacity is low, resulting in a high risk of early cracking (Alexander, 2001).
Being an internal process, autogenous shrinkage cannot be controlled by curing procedures. It
develops rapidly after setting and tends to reach its limiting value after approximately 10
weeks (Dilger et al, 1996).

2.4.5.3 Development and magnitude of shrinkage strains

Shrinkage may continue for years depending on size, shape, and material properties of the
member. A literature review carried out by Emmons and Vaysburd (1995) revealed
conflicting results as to when actual shrinkage strains reach a maximum. In general it seems
to be accepted that approximately 50% of the total shrinkage occurs between 10 and 25 days.
According to Emmons et al (1983), approximately 70% of the total shrinkage strain of a
concrete repair material occurs in the first 30 days. Hartl (1983) measured free shrinkage on
concrete repair materials to nearly reach the total shrinkage strain after 28 days and
concluded that overlays are mainly at risk to fail in this period. However, Silfwerbrand
(1997) measured overlay shrinkage strain on composite specimens and noted that this process
continues significantly for a period of more than 300 days.

The development of shrinkage strains was tested for a range of common South African repair
materials. Test results and discussions are presented in Appendix 2. The results of the
experiments indicated that shrinkage continued to increase considerably for more than 3
months, with approximately 40% to 60% of the long-term strain occurring in the first 4 weeks
(Figure 2.15).
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Figure 2.15: Long-term shrinkage of common South African repair materials (RM),
measured on 200x100x100 mm prisms under laboratory conditions (details are given
in Appendix 2)

Different models for the prediction of shrinkage strain development can be found in the
literature. Prediction models are usually based on the product of estimated ultimate shrinkage
strain and a function describing the development of shrinkage with time. For example, the
CEB-FIP Model Code 1990 (1990) and ACI Committee 209 (1992) express time-dependent
shrinkage strain as follows:

t—1,
350(h, /hy f +1-1,

&,(t,1,)=¢5,0.) B.(t,1,)= gs(:w)-( ] (CEB-FIP, 1990) [2.3]

where & (1, to) = shrinkage strain at time t
to = time when curing is stopped
& (tx) = ultimate shrinkage strain
Bs = time depended shrinkage function
hy = notional member thickness = 2. Ac/u, Ac¢ = cross-section, u = perimeter

heer= 100 mm
6. (tt)=——2 .5 t) (ACI 1993) [2.4]
354 (t-1,) 7 '

where ty = end of moist curing period at 7 days
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Mueller and Kvitsel (2002) presented an improved shrinkage prediction model. This model
includes autogenous shrinkage of high strength concrete and is the base for the analysis of
time dependant stress-strain behaviour in the new DIN 1045.

The variables influencing shrinkage are numerous and estimation of shrinkage strains from
material and environmental data is difficult. The literature gives a wide range of shrinkage
strains for different cementitious composites. In general, cement paste has a long-term
shrinkage strain of 2000.10° to 4000.10°, mortar 1000.10° to 2000.10°, and concrete
200.10° to 800.10°.

Tests on free shrinkage strains of common repair materials show that the type of repair
mortar in general has no significant influence on maximum strain values (Emberson and
Mays, 1990, Emmons et al, 1983, Chen et al, 1995). For all different types of repair mortars
(cementitious, polymer modified, and epoxy) a large range of shrinkage strains with
maximum values of more than 2000.10° were measured, independent of the type of material.
Similar observations were made with South African repair materials during this research, as
discussed in Appendix 2.

Emmons and Vaysburd (1995) classified concrete repair materials based on 28-day drying
shrinkage (Table 2.1) and found that a minority of repair materials tested could be labelled as
low shrinkage, despite the fact that manufacturers classify them as expansive, non-shrinking
or shrinkage compensating.

Table 2.1: Classification of repair material based on drying shrinkage (Emmons and
Vaysburd, 1995)

Classification Range of free shrinkage
strains at 28 days [107]

Very low shrinkage 0-250

Low shrinkage 250 - 500

Moderate shrinkage 500 - 1000

High shrinkage > 1000

For the characterization of shrinkage properties, measurements of free shrinkage strains on
concrete prisms or cylinders are normally utilized by the standards and specifications. The
specimens are subjected to specified curing conditions, such as relative humidity and
temperature. Measurements of shrinkage strains commonly start at day 1, without accounting
for 24-hour plastic shrinkage, and continue for a period of 28 days or longer. Specimen
measurements and conditions vary according to the different standards of different countries.
Charron et al (2001) state that linear shrinkage tests tend to underestimate actual, i.e.
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volumetric deformations. However, for practical purposes it appears reasonable to measure
shrinkage as a one-dimensional parameter.

2.4.6 Shrinkage restraint

Differences in shrinkage through the overlay depth generate stresses, which, due to restrained
curling, are mainly tensile near the surface and compressive near the interface (compare
Figure 2.11). Ambroise et al (2002) developed a numerical model for the prediction of
curling stresses in cement-based screeds due to moisture gradients within the thickness of the
screed. However, for relatively thin overlays the major concern is the restraint of shrinkage at
the interface to the substrate and direct stresses resulting thereof. The free shrinkage strain of
most repair materials is far higher than their tensile strain capacity of 100.10° to 200.10°
(Pigeon and Bissonette, 1999). Restrained shrinkage stresses therefore often exceed tensile
overlay strength and cause cracking. Further, the restraint of shrinkage generates interface
shear stresses, which may lead to local delamination or complete debonding.

The generation of restrained shrinkage stresses depends on a number of time-dependent
factors such as shrinkage and creep strains, elastic modulus and the degree of restraint, as
well as on cross sectional dimensions, surface area, substrate properties, and environmental
conditions.

Weber (1971) investigated the cracking behaviour of restrained concrete overlays and
concluded that overlays either crack at regular and small distances, or completely resist
cracking through elastic and plastic deformation. Laurence et al (2001) monitored different
overlay materials in field tests and found long-term crack density, i.e. the number of cracks
over a certain area, to be inversely proportional to the overlay thickness. Another interesting
observation of their study was that crack density continued to increase over a period of one
year, which was attributed to long-term drying shrinkage.

Hartl (2000) conducted a study on the influences of selected parameters on the development
of tensile stress in the overlay at the interface. According to his research, the most significant
influences are those of shrinkage strain and elastic modulus of the overlay. Thin overlays
reach the maximum tensile stress at an earlier stage than thicker overlays. They also
experience higher peak stress values. Relaxation however leads to similar long-term stress
values of thin and thick overlays.

Restrained shrinkage tests

For the evaluation of the effects of restrained shrinkage, a number of restrained shrinkage
tests are available, the 3 basic types being the linear, plate, and ring test. The mechanisms,
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advantages and disadvantages of available tesis have been documented n detal (ey.
Emmeons and Vaysburd, 1995, Bentur, 2001). In the following, a short overview on common
test methods is provided.

In the linear restrained shrinkage test, restraint of deformations is provided cither internally
by axially embedded bars, externally by a steel mould or frame, or by a combination thercof.
A common linear resirained shrinkage tesl, which is often used in conjunction with the
observation of relaxation characteristics, is the use of a prismatic, “dog-bone”-shaped
specimen, which is clamped at both ends (Figure 2.16 A), Oiher 1ests use linear restraint in
connection with rcgular-shaped prisms and member-end resiraint (Figore 2,16 B) (e
Banthia ct al, 1993) The German standard on conerete repairs (DAfSth, 2001) recommends a
free shrinkape test for resin-based repair mortars using a steel angle mould (Figure 2,16 C),
The ring test (ASTM, 2003) is a common method for testing the cracking bebaviour of
mortars and concretes and has been used for over 60 years. In this test, the material is cast
around a ring of steel which provides restraint dunng setting and hardening (Figure 2.16 D).
The relalive effects of material variations on induced tensile stresses and cracking potential
can be cstimated The test appears very useful especially for the direct comparison of
different mix ingredients, e.g, it can give an indication of the increase in crack resistance
resulting trom the addition of fibres (Connaldesi et al, 2003}, The ning test may be carried out
with a large number of ditferent sample sizes, as listed in a literature study by Emmons et al
(2000}, ranging from external diameters of 40 mm to 660 mn

Restraining frame
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B: Clamped prisms test
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- Steel anplc test

Figures 2.16: Common resirained shrinkage test methods
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The above test methads have been used extensively for the prediction of cracking in
restrained concrete and mortar specimens. In pencral they provide a good estimation of the
influcnces of different material propertics on the developments of tensile siress and stress
relaxation. Letsch (1991) siates thal ihe comparison between siresses measured in restrained
specimens angd stresses compuled from free shrinkage strains and elastic madulus gives a
good indication of the materials’ relaxation properties,

However, the common test methods discussed above may not alwayvs represent the degree of
restraint expericnced in actual composite members. Bentur (2001) stresses the need 1o resort
lo tests which provide informaiion which 1s of physical relevance both in terms of material
parameters and the nature of the siructural system wath respect to the restraint it produces.

‘T'o test the effects of overlay shrinkage restraint in real composite specimens, Vaysburd el al
(2000) conducied a series of restrained shrinkage tests under sile conditions, ufilizing 3
different environments in North America, The program included the application of 12
selected cementitious repair materials In cavities on o prefabricated concrete slabs
(ignre 2.17), and the visual monitonng of the repair surfaces for a period of 18 meonths. The
12 repair materials tested showed a hipher resistance to cracking than was onginally
anticipated. This was accounted to the workmanship and qualily contrel during the project. Tn
respect to environmental influences, 1t was concluded that a dry and hot climate in general
has a detrimentat effect an specimen performance,

mide view
i :':fyf;' o I'Tﬁﬁ. :.l = E ]
180 Bl o O\ N E
e prefabricated concrele slab
e, -
repair material (1830 x 457 & 75 mm)
Plan view Vi

1830 e 457

Figure 2,17 Restrained shrinkage specimcens for sile monioring
{Vaysburd et al, 2000}

Testing effects of differeniial shrinkage may be investigated with any kind of composite
subsirate-overlay specimen that is assumed Lo represent realistic conditions in terms of its
measurement and cxposure conditions.
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Emmens et al (2000} developed a test for the estimation of strams and stresses due to
restrained shrinkage in the form of a composite steel to concrete specimen. In this test, the
concrete is cast on to a than, 1300 x 100 mmn steel plate, and the whele specimen clamped at
its one end after the concrete has hardened (Figure 2.18) By measuring the curling
deflection at the free end of the specimen, the time-depended stresses can be calculated.
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Figure 2.18: "SPS Plate lest” {restrained volume change strainstress indicator)
{Emmons et al, 2000)

2.4.7 Summary

Stresses due to differential volume changes have long been recopnised as the main problem
for the performance of bonded concrete overlays, Direct overlay stresses are caused by the
restrnt of expansion or confraction parallel to the interface, whereby tensile stresses
resulting from constrained contraction are the most eritical and can result in extensive overlay
cracking. Bending siresses exist 1l curling, resulling [rom temperature or shrinkage sradients
through the overly depth, is restrained. Bending stresses can result in considerable inter(ace
tension at the overlay boundaries and may thus initiate debonding.

Liarly age shnnkage and temperature effects may lead to cracking or debonding in the early
days after overlay placement and are difficult to predict as overlay material properties are
changing rapidly. Long-term temperature e(lects are problematic especially in thin overlays if
substrate and overlay have significantly different coefficients of thermal expansion.

Differential shrinkage i1s generally considered to be the most eritical influence on the lang-
term performance of composite members. The mechanisms of diverse shrinkage components
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are well known. The effects of differential shrinkage on the performance of bonded overlays
have however not been fully clarified yet. This is mainly due to the large number of
influences on differential shrinkage stresses, which are difficult to assess individually and
which include time-dependent material characteristics, environmental conditions, structural
properties of the system, and the effects of workmanship. In a number of studies, common
repair mortars were found to have excessive free shrinkage strains, which explains the
general tendency of such materials to crack or debond. A number of test methods have been
developed to investigate the development of stresses under restraint conditions. These
methods generally serve as a valuable indicator of relaxation properties and can be used to
estimate the influences of different mix constituents. For prediction of stresses in actual
composite members however, these methods may not be practical as they commonly do not
represent the degree of restraint experienced in real structures.

Research on structural effects of thermal volume changes and shrinkage has shown that creep
and relaxation properties of the overlay have a major effect on the performance of composite
members. Mechanisms of creep and relaxation are discussed in the following section.

2.5 Creep and relaxation characteristics
2.5.1 Introduction

Creep is defined as the time dependent deformation of concrete under sustained loading. It
may also be manifested as a relaxation of stress under a constant deformation, which is the
most important form of creep for concrete overlays subjected to differential shrinkage stress.

Creep terminology differentiates between basic creep and drying creep. Basic creep is
defined as the creep that occurs when there is no drying shrinkage or moisture movement
between concrete and the ambient environment. Drying creep is the additional creep that
occurs when the concrete is also drying while being under stress. The distinction between the
two is, however, commonly ignored for practical purposes and creep is simply considered as
the deformation under load in excess of elastic strain and free shrinkage strain. Total creep
strain is a sum of two components: reversible creep, which acts as time-delayed elastic strain
under stress, and irreversible, or ‘plastic’ creep. Reversible creep reaches its maximum after a
relatively short period of time and can simply be taken as 0.4 times the elastic strain, whereas
plastic creep continues to increase for many years (Illston, 1979). Since for most design
purposes only long-term creep is of importance, it is generally only the total creep strain that
is considered in the design of concrete structures.

At service stress levels, creep strain in concrete is generally treated as a linear phenomenon

and is thus proportional to applied elastic strain and elastic stress. On this basis, creep strain
at a certain time t may be expressed as
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€ areep (1)

where o(to) is the applied stress at age to, E(to) is the elastic modulus at age to, and ¢ is a non-
dimensional creep coefficient depending on the age of loading to and the time t for which the
strain is calculated. The coefficient ¢ represents the ratio of creep to instantaneous strain and
its value increases with the decrease of age of loading t; and the increase of the length of the
period (t-to). The total strain due to elastic and creep deformations under constant stress
applied at to is

s(t)=%%%-(1+¢(t,zo)) 261

Creep in concrete is affected by many external and internal factors such as temperature,
humidity, mix composition, materials used, and the geometry of the member. The complexity
of the factors influencing creep makes it very difficult to develop an approach which is
applicable to all situations. The estimation of creep strains is therefore at best imperfect.
Many publications are available in which empirical methods for the estimation of creep are
presented (e.g. CEB, 1993a, EC2, 1991, ACIL, 1992). Bangash (1991) presented a
comprehensive summary of creep prediction models developed by national institutions and
individual researchers.

Only the method proposed by ACI (1993) will be discussed here since it will be used at a
later stage for the estimation of substrate creep strains in composite specimens. This method
was chosen, as it is straightforward and hence easy to apply. According to the ACI (1992)
method, the coefficient of creep at time t for age at loading to can be estimated from the
following hyperbolic function:

_ =)
olto) =T o5 Gty O [2.7]

The coefficient ¢, is the final creep after a very long time for an age of loading to and is
expressed as

Qu= Ot 10) =2.357Y=2.35 71 ¥2 Y3 Y4 ¥s5 Ve [2.8]

The correction factors v; to ys account for the most important parameters which affect the
magnitude of creep. A detailed description of these factors may be found in (ACI 1992). As
stated above, creep prediction is at best imperfect. Alexander (2001) compared different
creep prediction models with test results gained on South African concretes and concluded
that the ACI method tends to underestimate creep strains.
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The effects of creep on structural performance are generally manifested in a re-distribution of
stress and an associated increase in deflections. In bonded concrete overlays, the beneficial
effects of creep are the relief of tensile stresses induced by differential shrinkage or thermal
strains.

Walraven and Shkoukani (1993) tested compressive creep and relaxation characteristics of
concrete mixes subjected to restrained temperature deformations. They found stress
relaxation to be approximately 30% and 10% in specimens which were 2 months and 5 years
old respectively. They proposed stress- and temperature-dependent prediction models and
concluded that creep increases significantly with increasing temperature. However, for
bonded overlays, the first weeks after placement are the most important period for stresses
resulting from restrained deformations. Relaxation in concrete members less than 2 months
old is probably considerably higher than that measured in the above study.

2.5.2 Creep and relaxation under tensile stress

Most research on creep has been carried out for members under compressive loading.
However, for stress relief in concrete overlays, it is mainly tensile creep relaxation that is of
concern for the performance of the composite system. Rostasy et al (2002) state that creep in
tension is approximately equal to creep in compression. Kordina et al (2000) found creep in
tension to be approximately 20% higher than creep in compression under similar stress
conditions. Alexander (2001) states that creep in tension at a given tensile stress-strength
ratio is of the same order of magnitude as compressive creep at a corresponding compressive
stress-strength ratio. The initial rate of creep, however, may be higher in tension. Yuan and
Marsszeky (1994) base the analysis of shrinkage-induced stresses on the assumption that the
magnitude and rate of development of tensile creep are similar to those of compressive creep
at low stress levels involved. Bissonnette and Pigeon (1995) conclude from their literature
review that tensile creep is proportional to the applied stress if stress levels are kept below
approximately 50-60% of the tensile strength. Similarly, Kordina et al (2000) tested a
constant creep/stress ratio with loads up to 70% of direct tensile strength.

However, it should be noted that bonded concrete overlays often experience tensile stress that
exceeds tensile strength, which commonly results in extensive cracking. The assumption that
the specific creep does not depend on the stress/strength ratio might, therefore, be inaccurate
for bonded concrete overlays that experience very high stress levels when subjected to
differential shrinkage or thermal deformation. According to Kordina et al (2000), tensile
stress relaxation, in contrast to compressive siress relaxation, increases if the concrete
member has experienced a certain degree of pre-cracking. According to their research, tensile
stress caused by restrained shortening always causes micro-cracking if it reaches magnitudes
close to the tensile strength.
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Pigeon and Bissonnette (1999) found a constant ratio between specific tensile creep and free
shrinkage strain and used this value as an indication of the relaxation capacity of the material
under restrained shrinkage. Since tensile creep can determine the performance of concrete
overlays to a large extent, they suggest the use of the ratio between specific creep (i.e. creep
under sealed conditions) and free shrinkage as a dimensional compatibility index for concrete
repair materials. For the particular concrete mix they tested, the ratio between specific tensile
creep and free shrinkage was 0.25.

Estimation of relaxation is usually based on creep strain characteristics. However, the
relaxation of stress under applied strain might be different to creep strain under applied stress.
For a more accurate prediction, a direct relaxation function may be used. Horimoto and
Koyanagi (1994), and Gutsch and Rostasy (1994) proposed relaxation functions for concrete
under tensile stress due to restrained thermal movement. According to Horimoto and
Koyanagi (1994), the ultimate tensile creep relaxation of specimens loaded after 1 and 3 days
is approximately 25% and 15% of the initial stress respectively. In their tests, it took only 2-3
hours to reach the ultimate values of tensile relaxation. Both ultimate relaxation values and
time to ultimate relaxation were measured irrespective of the stress-strength ratio which
ranged from 0% to 60%.

Tests carried out by Gutsch and Rostasy (1994) also showed that the initial stress-strength
ratio has no significant influence on tensile creep relaxation. However, contrary to Horimoto
and Koyangani, they found continuous relaxation for more than 100 hours of testing and
proposed a time dependent relaxation function:

Wit - ty,0,) = T e —Pl(al)[ [2.9]

(t__ t]) Py(oy)
o(t)

k

where q; is the degree of hydration at time t;, t; denotes the time of first loading, tx is a
constant (tx = 1h), and P, and P, are empirical functions of the degree of hydration a; and can
be derived from relaxation tests. Gutsch and Rostasy used 2 concrete mixes for their tests and
found that approximately 10-20% and 15-25% of initial tensile stress were released after 1
and 10 hours respectively. Relaxation after 100 hours was found to be 35-50%. Kordina et al
(2000) tested different concrete mixes for tensile relaxation and found that maximum
relaxation values were reached after 2 days. In their tests, relaxation reduced tensile stress to
approximately 40-50% of initial tensile stress.

2.5.3 Creep under incremental loading

In most research projects, experimental work on the evaluation of creep characteristics has
been done under constant stress situations and the results are not necessarily applicable for
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the evaluation of creep under incremental load conditions such as differential shrinkage in
composite members. The linear relationship between creep and stress at low stress levels
allows the Boltzmann superposition principle to be applied to concrete subjected to
incremental loading. According to this viscoelastic law, the total creep Ecreep at the time t can
be estimated by summing the creep strains of the individual stress increments applied at
different ages during the preceding stress history (Iliston, 1979, Walraven and Shkoukani,
1993, Miiller and Kvitsel, 2002). Numerically this may be expressed as

H

& reep (1) = Z%@(L L) [2.10]

j=] i

for n increments of stress, where Ao; is the stress increment applied at time t;, E; is the elastic
modulus at time t;, and @(t, t;) is the creep factor for the time period (t-ti). More generally, for
a continuous variation in stress, as is for the case of ongoing differential shrinkage, the creep
at time t for a first age of loading of t, is given by:

Eoreep (1) = Jt'é%T—) - w -drt [2.11]

(Tliston, 1979). For calculation of creep in a young concrete overlay, the change in elastic
modulus with time would have to be considered in the above formula. For practical design
purposes, Trost (1967) developed a simplistic form of equations [2.10] and [2.11]:

g g, -a
gcreep (t) = EO' ’ ¢(t, tO) + . :

pp (t,1,) [2.12]

where p is an aging coefficient that considers that the stress (o, — oo) has been applied in
increments during the period (t — tp). The aging coefficient p commonly ranges between
0.5 < p < 1.0 (Miiller and Kvitsel, 2002). According to Walraven and Shkoukani (1993), the
value of p varies very little between different practical conditions and may be taken as 0.8 for
all concretes under “normal” load conditions with creep factors of 1.5 < ¢(t, to) < 4. More
accurate values for p were presented by CEB (1993 b).

2.5.4 Summary

Creep mechanisms play an important role for the performance of bonded concrete overlays.
Various creep prediction models have been developed. However, estimation of creep is at
best imperfect as the development of creep strains and stress relaxation depends on a large
range of complex influences.
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Most information available deals with creep under compression. However, for bonded
overlays, tensile relaxation of stress is of much greater significance. Various research projects
have shown that creep in tension can generally be considered to be similar to that under
compression. In a number of studies, tensile relaxation was found to develop rapidly after
loading, with relaxation decreasing stress levels to approximately 40-60% of initial stress.
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CAPTER 3

EXISTING ANALYTICAL MODELS FOR CALCULATING SHRINKAGE-
INDUCED STRESSES IN BONDED CONCRETE OVERLAYS

3.1 General

Models for the analysis of differential shrinkage stresses in composite members can
basically be divided into analytical and numerical approaches. Numerical approaches are
difficult to find in the literature since they normally consist of computer programmes which
cannot easily be presented in the form of papers. Publications on numerical models usually
concern results gained from a certain computer programme that was used in conjunction
with specific input parameters. In that respect, they do not present an analytical tool that can
be used in engineering practice unless the actual programme is made available. By contrast,
analytical models usually consist of one or more equations with which composite behaviour
can be computed. Refinement of analytical models can be carried out by FEM programmes,
using the same, or more, relevant input parameters. The focus of this section rests on
existing analytical approaches. In addition, a numerical approach based on FEM analysis is
discussed in Section 3.6.

A number of analytical approaches for the modelling overlay stresses due to shrinkage
restraint have been developed. In the following sections, the basic theories of these models
are presented and discussed. For clarity, the models are discussed individually. The order in
which these models are presented was chosen to facilitate the understanding of structural
issues related to differential shrinkage stresses. This chapter therefore presents a stepwise
introduction into existing tools for the analysis of composite members, starting with the
discussion of the simplest models to aid the reader to familiarize him- or herself with the
topic. However, during the individual discussion of each model, reference may be made to
other analytical approaches to highlight important aspects. Similarities and differences
between the models are discussed and summarized in Section 3.9. Models presented by
different researchers which are based on the same principles are summarized in each
respective section. The sections are named after the researcher who first introduced the model
under consideration.

3.2 Evans and Parker (1955)
Evans and Parker (1955) model the effects of differential shrinkage through tensile and
compressive forces (F; and F.) of equal magnitude acting on the overlay and substrate

respectively. Considering that the interface is the location of restraint, both F; and F; are
assumed to act at the vertical boundaries of the member at the interface. To facilitate analysis
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of stresses and strains, overlay and substrate are imagined to be unbonded. U and I'; produce
direct stresses and bending moments in overlay and subsivate vespectively. interface strains
can be calculated using the respeciive seclions propertics of overlay (Zo) and substrate (Zy;)
al the interface. The magnitudes of F, and F. are then evaluated from the compatibility of
direct siraing at the interface (Figure 3,13,

Bending moments due to Fy and 1

|_ A O = || Overlay
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Compatibility of interface strains in the bonded section = g4, — 6.

Figure 3.1: Evaluation of diffcrential shrinkage siresses, according 1o Evans and
Parker (1955)

“Partial restraint” of overlay shrinkage refers to the situation where the overlay is allowed 1o
undergo a portion of #s shrinkage deformations, as opposed to full shrinkage resiraint where
the overlay does nol undergo any deformation at all. Evans and Parker consider partial
restraint of overlay shrinkage based on relative member stiffnesses of substrate and overlay.
Modelling the resulting stresses through a force acting at the imterlace appears reasonable as
the interface 1s the location of restraint and hence the location of siress imitiation in both
substrate and overlay. Howewer, the above analytical approach solely depends on
compatibility of intertace strains, whereas full bond also corresponds to the compatibility of
interface curvature. The latter is not taken into account in the model, as overlay and substrate
are imagimed to deform independently from each other. Saha {1998) tried to improve the
model by incorporaling equations that account for curvature resulting from boih differential
shrinkage and sell-weight of the members. However, the suggested improvements cannot
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account for compatibility of interface curvalure ecither, which shows the difficulties in using
the above approach.

3.3 Birkeland (1960} and the prestress analogy

A model developed by Birkeland (1960) applies a compressive force I, to a bonded
compasite beam section, which 15 of magnitude cqual to the tensile force Fy necded to cancel
frec shrinkage strain g.ss on an unbonded overlay (Figure 3.2).

T Fi T Fi=fpetnEn=F,

G—Fn"lrﬂ'to

=47 r ey o
o =F/Aupeae 5= FoefZ

Figure 3.2 Modelling differential shrinkage stresses according to Birkeland {1960)

The mode!’s analviical procedure can be divided into 3 stages: firstly, the overlay is imagined
to be separated from the substrate beam and allowed to shrink freely, A tenwile force Fis then
applied 1n the centre of the overlay cross-section to cancel free shrinkage strain, Secondhy,
avertay and substrate are now bonded together and F, 1s cancelled through a compressive
force F. of equal magnitude, acting on the whole member. F, and F. act in the samc line.
Thirdly, stresses from the first 2 stages are supenimposed.

The sum of stresses generally leads 1o tension in the overlay and bottom of the substrate, and
compression at the top of the substrate. Curvalure induced by restrained shrinkage senerally
causes contraction in the overlay, and relieves some of the tensile stress, A stiff substrate
element, ¢cg large scolion properties, resulls in the minimisation of curvature and hence in
maximum overlay stress.

The cxiernal load applicd to the boundares of the composite member, i¢ the beam ends,
causes a4 constant moment and hence constant direct stress along the member length
According to conventional beam analogy, shear stress along the member is created through

the change in direct stress, which in twn corresponds 1o a change in bending mament
{¥Figure 3.3). Constant direct stress results in the non-existence of shear, Conventional beam
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analogy in connection with the assumption of constant direct stress can, therefore, not
aceount for intertace shear stress due to restrained overlay shrinkage.

i_o‘ Mf,ﬂ_l/
“\“"'-\. .|
\ dx do = o - o
/ dF_Fg F[_(G;-Gg}.dz.b

dyi 4‘;{} wWx)=dF /(b . dx)

with o = constant — t=10

Fito)]

Figure 3.3 Relation betwecen restrained normal stress and shear stress in conventional
beam analogy

Birkeland applies essentially the same theory as thal used in the structural analysis of bonded
prestressed members, The fabrication of prestressed conerete members includes the
elongation of the prestress strand by an outside foree Fy, which 1s transferred to the beam as a

compressive force F. by cufting the ends of the strand once the concrete has hardened
(Fipure 3.4,

1. Stage: ¢xtending the prestressing strand original length of strand

-

-
b

2. Stage casting ol concrete
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3. Stage: Load transfer to the member

I

L
&

F,

Y| = |Fe! (exel. lossis)

1Ir:|n:lirer i i * lrranaii::

E

& = corstant
Ligarer — length of presiress trunsfir through mierface bond betiveen steel and conercte

Figure 3.4: T.oad transter in bonded prestressed members

Compressive stress in the section develops in the member end zones through interfacial bond
between sieel and concrete. Interface shear bond stress, therefore, develops only at the ends
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of the strand over the length thal is needed to esiablish a constant direct stress (g
Thomsing, 1998), This is rational and easy to agree with, as the location of imtiation of
compressive stress, und thus the activation of bond stress between steel and concrete, 15 the
end of the member. By cutting the ends of the strand, the strand teands to slip wto the
hardened concrele, starting from the ends, which makes the restraint of slip a local

phenomenon at the member ends.

Rirkeland’s analytical model has the advantape of being bazed on a simple and (apparently)
Tegical theory. At first sight it seems reasonable 1o apply the prestress analogy ta the problem
of bonded overlays subjected to differential shrinkage, However, Birkeland’s illustration of
force appheation at the ends of the bearmn misjudges the location of stress initiation. Overlay
shrinkage 1s restrained at the interface along the whole lenglh of the member, and can thus
not be transformed into a single external force acting only on the member ends, The analopgy
to prestressed concrele members thus fails in modelling the actual stress initiation. The issue
of the location of stress mitation is very important, During the development of a new
analytical model, as discussed in Chapter 6, this issue will be dealt with in detail. At this
stage 1t should be noied that all existing analytical approaches model differential shrinkage
through forces apphed at the member endy, irrespective of the circumstance thal differeniial
shrinkage is restrained along the whole interface between substrate and overlay.

The basic ideas of Birkeland's analvtical approach have been used in a number of numerical
models developed al a later stage. Lvans and Chung {1967) extended Birkeland's model to
account {or the effect of eccentrically placed overlay reinforcement and the bending stresses
resulting theretrom, Tt s interesting 1o note thal Evans, by adopling Birkeland’s theory, seenms
to have discarded his own analybical model (Bvans and Parker, 1955), which was presented in
Section 3.2 Yuan and Marsszeky (1994) and Yuan et al (2003) directly adopted Birkeland's
approach, which was originally developed for precast concrete elements with in-situ overlay,
to model stress in repaired concrete members. Other moedifications and adoptions of this
method are discussed in maore detail the following sections.

3.4 Alonso Junghanns (1997}

When estimaling siresses due to differential shrnkage, the [irsl, and one of the most
importamt, classifications to be made is that of the degree of restrant from the subsirate.
Partial restraint infers that overlay shtinkage directly causes a certain degree of substrate
comtraction, allowing the overlay to underge a portion of its free shrinkage deformation.

Alonso Junghanns (1997) analvsed differential shrinkage tresses in concrete repair patches

and considered the degree of shrimkage restraint 1o depend on the ratio of substrate and
overlay siifiness:
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The above equation is based on the assumptian that the deformations of the vverlay (£o) and
the substrate (=y) are equal and constant across the whaole member depth. The whole member,
therefore, undergoes the same linear deformation and curvature is not considered. This theory
can be related to a resultant force Fo. acting in the centroid of the whole member, Figure 3.5
shows the attempt to schematically present ihe above theory.
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Figure 3.5 Siresses and strains due (o differential shrinkage, schematic based on the
model presented by Alanse Junghanns (1997)

The overlay experiences tensile stress due to the full restraint of fiee shrinkage deformations.
The resulting tensile foree of the overlay s counleracted by a compressive force of equal
magnitude acting at the centre of gravity of the composite member. The compressive stress
induced in the whale crass sectiom relieves parls of the tenale overlay stress, Resultant
overlay and substrate stresses are dependent on the stitfhess ralio, and hence on the elastic
properties and cross-sectional areas of hoth overlay and substrate. A substrate of infinite



stilTness would result in total restraint of overlay shrinkage and maximum overlay stress,
while equal stiffness of overlay and subsirate, 1.¢. equal cross-scctions and clastic properties,
would result 1n 50% - restraint of overlay shninkage,

{onsideration of partial restraint, based on clastic properties of the composites seems logical
and rcasonable. However, the consideration of member stiffncss through conversion of
restraint overlay shrinkape into a lnear deformation of the whole member as shown in Figure
3.5 1s not realistic, as this does not respect the circumstance that differential shrinkage
stresses are initiated at the interface, The asswmplion that the centroid of the composite
member can be considered as the point of load application is (oo simplistic 1o yield
reasontable results in the analysis of stresses and strains

The analytical approach used by Alonso Junghanns 1s essentially the same as that presented
by Birkcland (see Section 3.3), however with the difference that the force from overlay
shrinkage 15 considercd {o act at the centre of gravity of the compesite member. which does
not account for passible curvalure due Lo cccentric load application.

Alonse Junghanos used the above analytical model to estimate shrinkage stresses in repair
mariars bonded to stiff substrates, e, repair mortars experiencing full restraint of shrinkage.
Practical laboratory work was carried out nsing fully restrained mortar specimens clamped

into rigid steel frames (Figure 3.6),

Test specinien

«+— Steel framg, bolted to a sicel base plawe

Figurc 3.6. Test trame for the evalualion of stresses resulting from complete
shrinkage restraint (Alonso Junghanns, 1997)

The development of time-dependent tensile stresses measured on the specimens presented in
Figure 3.0 conformed relatively clesely o the above theory. However, {ull restraint of
shrinkage does not represent real-life conditions, where the elasticity of the substrate material
will always allow a cerlain deformasion at the interface. The test set-up was, therefore,
designed to {it the theoretical model, irrespective of the actual applicability of the model 1o
practical situations.



3.5 Bernard (2000)

Denarie presented a model to caleulate normal stresses duc to diffcrential shrinkage in
compositc beams with complete bond, This model was part of a publication prepared by
Denarié and Silfwverbrand (2004) and 1s based on an approach first developed by Bernard
(2000}, The model is based on the assumption that overlay shrinkage restraint is related to
the amounts of axial and flexural “freedom”™ of the compaosite section. where “freedom” is
defined as a lack of deformatonal restraint. Axial freedom is calculated following the same
principles as those used by Alonse Junghanns, as discussed in Secticn 3.4 (compare
equation 3.1). Flexural freedom is based on the ability of the member to deflect under an
applied bending moment. The principle of the analysis consists in balancing the tenstic force
in the overlay in the composite member by a compressive force and a bending moment
acting ar the centroid of the composite section. Therefore, the method used by Denarié
cotresponds to the method introduced by Birkeland (1960}, as discussed in Section 3.3,
using the same assumplions and the same caleulations, Denarié associates the degree of
overlay shrinkage restraint to the etfect of release of the stress for each degree of freedom:

Tpn — Ty — T
_ Y g I =g, [3.2]

i
o

fall
wheic
iL — degrec of restraint
ol = 1ensile overlay stress at the interface, assuming full restraint of overlay
shrinkage
oy = stress relief due to axial detormation of the composite member
ot = stress relief due to flexural deformation of the composite member

Mx = factor accounting for shrminkage restraint ccsulting from  axial
detormation of the composite member “axial release”
My — factor accounting for shonkage restraint resulting from  flexural

deformation of the composite member “flexural release”

Figure 3.7 shows a graphical representation of the method used by Denarié (Denari¢ and
Silfwerbrand, 2004) for a rectangular beam with En = 25 GPa and Eg = 35 GPa. Axial
release of overlay stress increases in a monotonic way when the overlay thickness increases.
The flexural release first increases with increasing overlay depth, passes a maximum and
then decrcascs to below zero. The decrcase to below zero relates to the case where the
overlay is thicker that the substrate, which results in negative curvature steain in the overlay,
Le tensile strmn, hence increasing tensile overlay stress. For the chosen set of parameters,
the global restraint vartes significantly for overlay depths smaller than approximately 30% of
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the substrate depth. Llowever, for overlays with depths greater than approximaiely 30% of

the substrate depth, the overall degree of restraint 1s relatively constant at (4.5 — 0.6,
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Figure 3.7%: Principle of resiraint of overlay shrinkage as a function of axaal and

{lexural freedom of the composite member (Denarié and Silfwerbrand, 2004)

* 1n Figure 3.7 are:

6, = aclual tensile overlay stress at the interface, 1aking into account axial and

I‘I.cxural degrecs of freedom

Motation “new” refers to the overlay, notation “old™ refers to the subsirale

The method presented by Denarié represents a useful and illusirative tool for the practical

application of the theory originally introduced by Biurkeland {1960), However, as stated

previously, Birkeland’s theory is too simplistic 1o model strains and stresses in composite

members realistically. The assumption thal siresses due lo dillerential shrinkage can be

modelled through forces applied at the member ends does notl account for the real logation of

load application, which is the interface, This point will be discussed in detall in Chapler 6.
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3.6 Hartl (1983}

Haril {1983} assumed that restrained overlay shrinkage stress is transferred to the substrate
only al the boundaries, i e the ends and sides, of the composite member. This is also reflected
in later models presented by Klopfer (1987), Haardl and Hitsdorf (1988), and Haardt (1991),
Haardr and Hilsdorf extended Hartl's theory by differentiating between two types of overlay
boundary conditions, namely free member ends and vertically bonded member ends (Figure
3.8).
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Figure 3.8: Systems with bonded and unbonded (free) vertical overlay perimeters.
Transmission of restrained overlay shrinkage forces mto the substrate, and overlay
stresses {direct siress! o) and interface shear s10ess (T weowee} 8Ccording to Haardt and
Hitsdor((1988).

According 1o this theory, [ree member ends result in a horizontal zone of force transmission
between overlay and substrate. Analogous to the induction of concentrated torces into a
conerete metnber, g columps resting on concrete foundations, the stope of force
Lransmission is assumed 10 be 2:1, which resulls i a foree transmission zone length ol twice
the overtay depth. The force transmission zone is needed 10 establish constant direct siress
conditions. Following the same relationship between direct stress and shear stress as
presemted in Section 3.3, this zone of changing direct stress is the only location where
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interface shear occurs. Vertically bonded overlay ends, on the other hand, resuli in constant
direct siress along the whole length of the overlay, which eliminales any interface shear

Stresses.

As discussed in Section 3.3, from a logical pont of view il seems unlilely that stresses due to
differential shrinkage are only transmitred at the ends of the member, considening that every
increment of the overlay is experiencing shrinkage and the overlay is bonded to the substrate
along its full fength. This misconception of stress lransfer is in particular apparent in the case
of vertically bonded overlay boundaries as presented in Figure 3.8, In that vespect, the above
model represents a purely academic attempt to analyse stresses from differential shrinkage
without correlation tw what actually happens in the member.

In 2000, Hartl presenied a parameter study on the influences ol different overlay and
substrate material propertics on dircet stresses in the overlay fibre at the interface. The study
was based on the theory discussed above, 1e. it was assumed that stresses due to differential
shrinkage arc transferred at the member ends only. With that assumption, stresses and strains
m the member can be calculated using common structural analysis, g, using Birkeland’s
theory, as discussed in Section 3.3, In his parameter study, Hartl accounted for the influences
of overlay shrinkage, overlay relaxation, overlay thickaess, and clastic moduli of overlay and
qubstrate. Results were expressed in relation to a reference concrete member with an overlay
depth of 20 mm. The results of this study are presented in Figures 3.9 A 1o E.

According to the above paramcter study, the most significant influences are those of
shrinkage strain and elastic modulus of the overlay. The influences of overlay thickness and
elastic modulus of the substrate reler 1o the in[luence of the relative stiffnesses of overlay and
substrate. A thicker overlay, as well as a substrate of lower elastic modulus, result in a lower
ratic between overlay and substrate stiffness and hence in a lower degree ol shrinkage
restraint. The above parameter study was conducted [or a substrale member of finile
thickness, however without stating the subsirate thickness used in the siudy, On a substrate
beam of infinite thickness, the inlluences of overlay thickness and elastic modulus of the
substrate should be negligible as an infinite substrate thickness, according to lartl, results in
full restraint of overlay shrinkage.

Ay stated earlier. ihe assumption that stresses are only lranslerred at Lthe member ends leads to
unrealistic rosults. The above parameter study s therefore believed 10 not represent realistic
stress conditions in the overlay, Howewver, Hartl’s approach to present the influences of
different parameters separately in graphic form scems very useful as it gives a good overview
and ndicates the main assumplions that the model is based on,
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Figures 3.2 4 A to E*: Selected parameter influences on restrained shrinkage stresses
in a concrete overlay. Figures redrawn from Hartt (2000,

* In Figures 3.9 are:

o= Tensite stress due to shrinkage, influenced by the chanee in magnitude of

the relevant parameter

5y = Tensile stress due 1o shrinkage for the initial magnitude of the relevant
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o = index; initial magmitude
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3.7 Haxardi and Hilsdort {1988}

In respect to the degree of substrate restraint, 1.e the ability of the substrate to restrain
overlay shrinkage deformations, Haardt and Hilsdorf (1988) linked the ratio between overlay
and substrate siiffnesses to overlay stress. Their findings were based on FEM analysis. They
considered that the substrate allows the overlay to undergo a portion of its shrinkage
deformation, In comparison to full restraint, this results in lower overlay stress. Haardt (1991)
presented a more detailed versien of these findings, which are summarized in Figure 3.10.
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Fignre 3.10*: Direct overlay stress due to restraint shrinkage in relation to stillness
ratio between substrate and overlay. Top: the substrate is free to deform, bottom: the
substrate cannot deform (Haardi, 1991)

*In Figure 3,10 are:
dxo = mean overlay siress due to shrinkage resiraini
Ec = modulus of elasticity of the overlay
Ex; = modulus of elasticity of the substrate
By -/ Ealg = Stillness ratio between subsirate and overlay
£50 = overlay shrinkage strain
do = overlay thickness
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According to Haardt, the degree of shrinkage restraint depends to a large extent on the
deformability of the composite member, i.e. on the freedom to curve (compare top and
bottom graph of Figure 3.10). Curvature results in additional compressive strain in the
overlay and hence in a relief of tensile stress. Haardt’s findings show that the ratio between
substrate and overlay stiffnesses is not the only parameter in determining the degree of
restraint. This stands in contrast to models based on the prestress analogy (Sections 3.3 to
3.6).

However, Haardt’s results as presented in Figure 3.10 seem to be somewhat unrealistic. For
example, it is startling that a stiffness ratio Euly/ Eolo of 100 leads to much lower stress than
a stiffness ratio of 1000 (Figure 3.10 - top, overlay depth dp = 10 mm). In practice, a stiffness
ratio of 100 could be considered exceptionally high and any value beyond 100 should not
influence the stresses to such a significant extent. Further, on composite sections with
relatively high stiffness ratios, the difference between elements that are free to deform
(Figure 3.10 - top) and those that are not (3.10 - bottom), should be less pronounced. For
example, an overlay of 10 mm depth, whose stiffhess is 1000 times less than that of the
substrate, should not cause major deformations of the composite member even if the
composite member was free to curve. However, Haardt’s model concludes that in such an
element, when compared to a composite member that cannot curve, overlay stresses are much
less.

In that respect, Haardt’s findings may merely be considered to qualitatively indicate certain
trends. The use of the numerical values in the analysis of composite members would not yield
reasonable results.

3.8 Silfwerbrand

Silfwerbrand (1997) developed a model for restrained overlay shrinkage stresses and strains
in simply supported beams, which is very different to any other analytical approach that can
be found in the literature. The model is based on a linear relationship between slip and shear
stress at the interface, and uses the following assumptions:

- Shrinkage restraint causes overlay slip at the interface and curvature of the whole
member

- Overlay slip and curvature of the composite member determine stress development in
the overlay

- Interface shear stress is directly proportional to overlay slip at the interface. Without
slip, there is no shear stress.

- Direct stresses and curvature are variable along the length of the member, with a
maximum at mid-span of the beam (Figure 3.11)

63



curvature ¥ = maximum at mid-span

l ¥ = 0 at beam ends

44‘ u)=slip (x)=flu)

Figure 3.11: Curvature and interface slip due to restrained overlay shrinkage ina
simply supported beam, according to Silfwerbrand (1997)

Slip, curvature, and direct stress are estimated using an empirical bond constant AL that
describes the effectiveness of interfacial bond. Silfwerbrand explains the linear relationship
between slip and interface shear with mechanical friction between overlay and base.
However, interfacial bond between substrate and overlay consists of mechanical, chemical,
and physical adhesion, cohesion, and interlock mechanisms (compare Section 2.3.2).
Mechanical friction can only be activated once these bond mechanisms have been partly, or
completely, destroyed. In practical terms, therefore, interface slip corresponds to a loss of
bond, and should at best be avoided in modelling the behaviour of fully bonded overlays.

Silfwerbrand’s approach differs significantly from most other analytical models in that it
assumes a change in normal stress along the member (Figure 3.12), which, in addition to slip
at the interface, is the second origin of interface shear stress. However, his calculated
interface shear values have a high peak at the beam end and approach zero in inner regions of
the member (Figure 3.13), which corresponds to the shear stress distribution suggested by
the models discussed previously (Sections 3.2 to 3.6).

A disadvantage of Silfwerbrand’s theory lies in the complexity of the suggested analytical
equations, which makes the model rather cumbersome and user-unfriendly. Further, the
verification of the analytical model was done using a very limited number of test results
which were interpreted in strong favour of the model. The outcome of the analysis depends
to a major extent on the bond constant AL. This bond constant has to be determined
empirically, i.e., through strain measurements on composite beams, which was done for a
single interface texture only. It was not questioned or tested if different interfaces would in
fact result in different strain values and hence in different bond constants. The practical tests
carried out to verify the model were, therefore, insufficient to allow any conclusions on the
applicability of the model.



Figure 3.12: Example of restrained normal stress at the bottom of the overlay as a
function of the bond constant AL (Silfwerbrand 1997).
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Figure 3.13: Example of interface shear stress as a function of the bond constant AL
(Silfwerbrand 1997).

3.9 Summary and discussion

The existing analytical models for bonded concrete overlays discussed in Sections 3.2 to 3.8
are based on common beam theory, and as such they attempt to model stresses through
externally applied forces. However, differential shrinkage between substrate and overlay
takes place inside the member and the location of stress initiation is the interface. Common
beam theory first converts internal stresses into outside forces to then calculate internal
stresses, which in itself is problematic. This point is probably the biggest shortcoming of
existing analytical models. None of the analytical approaches discussed in Sections 3.2 to
3.8 takes the internal stress development into account accurately.

In essence, there are 2 internationally accepted analytical theories for the modelling of |
bonded concrete overlays. These are the theories presented by Birkeland (1960, compare
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Section 3.3) and Silfwerbrand (1997, compare Section 3.8). The model presented by Evans
and Parker (1955), as discussed in Section 3.2, can be considered as inadequate as it fails to
apply both logic and sound analytical procedures. The models presented by Alonso-
Junghanns (1997), Denarié (2004), and Hartl (1983 and 2000) (Sections 3.4 to 3.6) are
essentially adaptations and modifications of Birkeland’s theory.

The prestress analogy, which is applied in the models based on Birkeland’s theory, is
convenient to use, especially because it is easy to understand and easy to apply. However, it
fails in formulating the correct force application to the composite member, with the result
that stresses are computed in an unrealistic manner. Considering the characteristics of
shrinkage strain development it appears to be illogical to assume that stresses can be
modelled through member end forces. In Chapter 6, which contains the development of a
new analytical model, these issues are discussed in detail.

Another shortcoming of existing analytical procedures is that they commonly simply
superimpose the effects of direct strain and curvature, which leads to an overestimation of
tensile stress release resulting from bending stresses. The force resulting from overlay
restraint produces secondary effects, i.e. bending stresses in the composite section. Since
curvature is linked to compressive strain in the overlay, it leads to reduction in tensile stress.
Direct and bending stresses in concrete members are commonly calculated individually and
subsequently superimposed to compute total stress. Moments induced by restrained shrinkage
are internal moments and as such they depend on internal deformations. The force that
produces bending moments and thus curvature in the composite section results from
restrained overlay shrinkage, i.e. it results from restrained shortening of the overlay.
Curvature causes additional shortening in the overlay and thus reduces the force that initially
caused the curvature. Bending moments and curvature must, therefore, be computed with the
total overlay stress resulting from elastic strain including curvature. This principle is
discussed in more detail in Chapter 6.

Silfwerbrand’s model represents an approach that is very different from the other existing

models. The problem with this approach is that its applicability was not tested sufficiently

through experimental research. Strains and stresses in this model depend to a major extent on

an empirical “bond constant”, which, in absence of test values, can be chosen arbitrarily to '
suit any desired analytical result. The model is based on the theory that stresses are

proportional to overlay slip at the interface. However, it is questionable if interface slip does

in fact commonly occur in composite members. Tests carried out on composite beam

specimens, as discussed in Chapter 4, indicated that slip did not occur in any of the tested

specimens, regardless of interface texture or overlay shrinkage. The theoretical basis of
Silfwerbrand’s approach, therefore, seems to be somewhat unrealistic. Further, the

complexity of the model’s equations makes it a very cumbersome tool to use. This is

especially unsatisfying considering that the equations are based on empirical parameters,
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An important aspect to notice is that all analytical models discussed in Section 3 agree in the
following 3 fundamental aspects:

- Composite sections correspond to Bernoulli’s principle that plane sections remain
plane after being stressed

- A substrate of in infinite depth in connection with an overlay of finite depth results in
complete restraint of overlay shrinkage

- Interface shear stresses only develop at the member ends, i.e. there is a zone at the
member ends over which the full stress resulting from restrained overlay shrinkage is
transferred to the composite section

The above 3 aspects are critically discussed and evaluated in detail in Chapter 6.

A shortcoming of most of the existing analytical models is that they are not supported by
sufficient practical experiments. Alonso Junghanns (3.3) utilized a laboratory test set-up that
corresponded to the assumptions on which she based her theoretical model. Even though she
could support her analytical approach with her tests, neither analytical approach nor test set-
up relate to the circumstances actually encountered in composite members. In general,
practical tests are often insufficient in number and sometimes do not include the most
important parameters that should have been tested to support the theoretical approach.

Based on the review of existing analytical approaches it appears necessary to develop a new
model with which stresses due to differential shrinkage can be computed in a more logical
manner. As an engineering tool for the design of bonded overlays, the model should be
based on relatively simple formulae that can be applied easily. However, the formulae must
be based on a sound theoretical background that incorporates both logic and reason without
deviating from the basic principles of structural analysis. Since differential shrinkage
between substrate and overlay is a very complex problem, the verification of the analytical
approach must be supported through extensive practical research. For a comprehensive
investigation, practical work must include the important parameters of overlay material
characteristics, interface texture, and member dimensions. Since stresses can be related to
strain, strain measurements on composite specimens appear to be a suitable method in
determining stress development. The number of tests must allow a sound statistical
evaluation of the results, and the chosen parameters should relate to real composite
members.
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CHAPTER 4

STRAIN CHARACTERISTICS OF COMPOSITE SPECIMENS SUBJECTED TO
DIFFERENTIAL SHRINKAGE

4.1 Introduction

Differential shrinkage between substrate and overlay has a significant influence on the
serviceability and durability of the composite system. Existing analytical models for the
analysis of stresses resulting from differential shrinkage are based on simple beam theory and
may not represent real strains, and thus real stresses, of the member.

Composite specimens consisting of substrate concrete beams with bonded concrete overlays
were tested for their short-term and long-term strain characteristics. At the time of overlay
casting, the substrate beams were at least 9 months old to ensure that most of the substrate
shrinkage had taken place before the overlay was applied. Measured strain on the members
was therefore fully accounted to the effects of overlay shrinkage.

Based on literature and the evaluation of existing analytical models, the following main test
parameters were identified:

- Strain distribution along the length of the overlay

- Strain distribution across the depth of the overlay

- Strain distribution across the interface between substrate and overlay

- Strain distribution across the depth of the whole member

- Influence of the interface texture on strain and stress development

- Influence of overlay shrinkage characteristics (different overlay materials)

- Influence of overlay and substrate depths, and hence, in connection with elastic
material properties, the influence of the relative member dimension of substrate and
overlay

The analysis of strain measurements in composite members is complex. In general, strain
values can be interpreted in a number of different ways, analysing a large range of different
aspects both in respect to numerical strain values and fundamental strain characteristics. In
this research, a large number of specimens with different properties were tested, which
offered the possibility to research many important aspects in detail. However, to not exceed
the scope of this section it was decided to concentrate on the identification of fundamental
aspects of strain characteristics. The combined influence of different strain components on
the behaviour of bonded overlays can be analysed with the prediction model discussed in
Chapter 6. This model was based on fundamental strain characteristics of bonded overlays
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discussed in this section. The strategy adopted in this research for the development of an
analytical model and detailed analysis of experimental work is illustrated in Figure 4.1.

Experimental research

i

;

‘

5 A 4

Identification of Analysis of
Sundamental strain numerical test results
characteristics of bonded obtained during the
concrete overlays experimental research

[ 3

v

Development of an
analytical model for the
prediction of overlay
strains (Chapter 6)

Figure 4.1: Research strategy for detailed interpretation of experimental results and the
development of an analytical model

4.2 Test specimens
4.2.1 General

Shrinkage in concrete members is a 3-dimensional phenomenon, i.e., concrete members
shrink in all directions. However, analytical models for shrinkage stresses in composite
members generally only consider shrinkage strains parallel to the longer axis of the member.
This is a reasonable simplification, as it allows for stresses in the most critical direction and
facilitates analysis. Therefore, shrinkage measurements on the test specimens were taken
along one axis only, treating overlay shrinkage as a one-dimensional phenomenon.

4.2.2 Substrate concrete

For the duration of this work, the same concrete mix design was used for all substrate
concrete specimens. A concrete mix with a target strength of 40 MPa was designed using
conventional, locally available materials in order to simulate common concrete repair and
concrete strengthening situations. Crushed Greywacke of 19 mm nominal maximum size,
typically used for concrete construction in the Cape Peninsula in South Africa, was chosen as
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the coarse aggregate. From the two commonly utilised local sands, Klipheuwel sand, which is
a siliceous pit sand with good particle shape and continuous grading, was chosen because of
its relatively high content of coarse aggregate particles. The latter provided a sound and
rough interface texture using sandblasting for interface preparation.

Procedures for the testing of material parameters are described in Section 4.3. Mix design and

relevant fresh and hardened properties of the substrate concrete are presented in Table 4.1.

Table 4.1: Substrate concrete: Mix design and material properties
Cement CEM 142.5 [kg/m’] 350

Water [kg/m’] 175
19 mm Greywacke [kg/m’] 1025
Klipheuwel sand [kg/m’] 875
W/C ratio [-] 0.50
Slump [mm] 901420

28d Compr. Strength [MPa] 48 .4
28d Elastic modulus [GPa] 28.1

4.2.3 Interface texture and substrate surface condition

The substrate concrete of all composite test specimens was least 9 months old at the time of
overlay placement to make sure that most of its drying shrinkage had taken place. Different
substrate surface preparations, and hence different interface textures between substrate and
overlay, were selected to study the effects of micro- and macro-roughness and the resulting
degree of restraint at the interface.

4.2.3.1 Sandblasted interface

Sandblasting the concrete substrate is one of the most common methods for provision of a
sound and rough interface for concrete repair works and was, therefore, adopted as the main
interface texture in this project. The original surface of the freshly cast beams was made
smooth using a trowel. The beams were sandblasted at an age of approximately 3 months,
leaving fine aggregates and, at random intervals, coarse aggregates exposed. Due to the
originally smooth surface of the beams the sandblasted interfaces had virtually no macro-
roughness, i.e. the overall surface texture of the substrate beams was relatively smooth. The
average surface roughness of all specimens, measured with the Sand-Area Method
(Kaufmann, 1971), was 0.7 mm. Figure 4.2 shows a typical sandblasted surface.
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Figure 4.2 Phﬂtﬂgrﬂph -:rf a typical sandblasted concrete surface

4.2.3.2 Smooth interface

Specimens with smooth substrate surfaces were used to study differential shrinkage of
composite members with relatively little mechanical restrant at the interface. Smooth
surfaces were cast against steel formwork and, cxcept for surface pores, had a roughness only
on microscepic scale. Very little formmwork oil was used for the casting of specimens in order
to prevent deterioration of the interface. Figure 4.3 shows substrate beams with a smooth

surface,
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4.2.3.3 Noliched interface

Substrate members with notched surfaces were prepured to represent interfaces with well-
defined macro roughness and minimum of micro roughness. To study the effect of macro-
roughness in more detail, notches were applied with a different spacing, in the {ollowing
named wnotched interface § and pofched inrerface 2 with a spacing of 110 and 220 mm

respectively (Figare 4.4},

o Overlay

——

1L} {notched 1)
220 (nodehued 2}

Subatrarc

Figure 4.4: Schematic of notched interface texture

A notched 1 interface provided more regular mechanical interaction between substrate and
overlay, compared to a nofched 2 interface. A photograph of the notched interfaces is shown

in Figure 4.3.

Figure 4.5 Photopraph of substrate beams with notched surfaces (merched f in the
front and notched 2 at the rear)
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4.2.3.4 Substrate moisture condition

All substrate surfaces were kept moist for 24 hours, using wet burlap and plastic sheets, and
left to dry for approximately 30 — 60 minutes prior to overlay application. This was done to -
prepare a saturated, surface-dry substrate, which represents optimum moisture conditions for
bonding (compare Section 2.3.4.2).

4.2.4 Overlay materials

Overlay mixes were designed to suit different shrinkage characteristics. In general, overlays
with high free shrinkage strain (erss) were designed with high paste content as a mortar
without coarse aggregates, whereas those with low &pss were designed as concretes with
crushed granite of 9 mm nominal maximum size as coarse aggregates. The consistency of
fresh overlays can have a major influence on interface bond strength. In general, higher
fluidity leads to better bond properties as it facilitates the penetration of open surface pores
and thus improves anchorage to the substrate. In order to achieve high bond strengths, all
overlays were designed with a high slump. This was done by means of relatively high water
contents. No admixtures were used. Concrete mix proportions and selected material
properties are presented in Table 4.2.

Table 4.2: Overlays 1 — 3: Mix proportions and selected material properties

Overlay I  Overlay2 Overlay 3
Designation® LS HS MS
Cement CEM | [kg/m’] 394 640 510
Water [kg/m’] 217 300 235
9 mm Greywacke [kg/m’] 985 - 940
Klipheuwel sand [kg/m®] 750 1300 660
W/C ratio [-] 0.55 0.47 0.46
Slump** [mm] 110420 collapse 80+20
28-d Compressive Strength [MPa] 54.1 50.9 533
28-d Tensile split strength  [MPa] 34 2.1 30
28-d Elastic modulus [GPa] 25.1 22.1 29.6
28-d egss [107] 140 540 290

* For this research the following designations were given to Overlays 1-3:
Overlay 1: LS = low shrinkage
Overlay 2: HS = high shrinkage
Overlay 3: MS = medium shrinkage

** The slump was measured according to BS 1881:Part 102:1983.
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4.2.5 Specimen dimensions and test parameters
4.2.51 Overview of specimens and main test parameters

For testing shrinkage-induced strain characteristics of composite members, specimens
comprising substrate concrete beams with a concrete overlay were prepared. Initially, the
influence of different interface textures on overlay strain along the length of the member was
tested (Specimens A). Two different overlay material compositions were used for this
(Overlays 1 and 2, see Table 4.2). Specimens with Overlay 2 showed extensive cracking,
which was due to the high rate of shrinkage strain development at early ages. By contrast,
using Overlay 1, cracking was avoided.

The analysis of test results and ongoing research revealed the necessity to also test strains
across the interface, i.e. strains close to the interface in both substrate and overlay (Specimens
B). Based on the performance of Overlays 1 and 2 on Specimens A, Overlay 3 was designed
for Specimens B with shrinkage strains intermediate between Overlay 1 and Overlay 2.

On identifying substrate strains at the interface it was apparent that information on strains
across the whole member depth was also needed in order to complete the information on
strain characteristics (Specimens C which were unable to curve, and Specimens D which
were free to curve). For these specimens, Overlay 3 was utilised as it had proved to lead to
conclusive results on Specimens B.

Therefore, specimens were made and tested over a 3-year period with a casting sequence of
approximately one year between Specimens A, B and C/D. The different types of specimens
are described separately in Sections 4.2.4.2 — 4.2.4.5. Table 4.3 presents an overview of the
specimens and the main test parameters.

Strain measurements were taken by 2 different operators. Comparison of experimental data
obtained from the 2 operators showed that the variability between their measurements was
insignificant and did not inflict on the accuracy of test results.

4.2.5.2  Overlay strain distribution along the length of the member — Specimens A

Strains along the length of the overlay were measured on beam specimens consisting of a
substrate concrete beam (1600 x 155 x 200 mm) with a 40 mm overlay. Strain-measuring
discs were applied on the overlay at 100-mm gauge length both at the interface, as close to
the substrate as possible, and on top along the centre-line of the overlay. The measurement
locations were numbered according to their position on the specimen. Due to symmetry of the
beams, most positions were presented twice on the same mlmber (Figure 4.6).
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Table 4.3 Overview of specimens and main test parameters

.l . Overlay
Specimen | Intcrface texture Marn test parameter
Thype ; depth [mm]
Al sandblusted 1 (LS} | 40
A2 sandblasicd 218} ai | Overlay stratn development at
Ay || smooth 2 (HS) | 40 Efﬁﬁ}’{m! locations along the
: | mterface and the top of the
Ad notched 1 | 2 (J18) 40 member
A3 | notched 2 | 2 (i1S) _ 40
Bl | sandblasted | 3(MS) 40 I
; Strains across the micrface
B2 smodath 3 (M) 41
1l - 3 (ME) 70
C2 sandblasted 3 (M) 410 r— =
. 3 (MS t Strams across the depth of the
C3 = __ |t 8¢ whole member. Influcnce of
DI 3 (MS) 20 - relative crass-sectional areas
: of substrate and overlay
D2 sandblasted 3 (M3) | 40
- I
e 3 (M5) 80
Detnil A Numbers 1 — 8 locations of strain readings
oy T . T R T
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Figure 4.6. Specimens A: specimen dimensions and location of stran-meusuring
discs
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Shnnkage readings were taken with a BAM strain-measurmg extensometer, PELNDER type,
rated measuring length 100 mm, Measuring resolution: 0.001 mm. Developed by the Federal
Institule [or Malenal Research BAM, Berlin, Germany (Figure 4.7).

Figure 4.7: Photograph of strain-measuring discs applied Lo the overlay and sirain-

measuring extensomeler

Strain readings along the interface were taken on only one side of the specimen. Prior to the
test programme, composite specimens with the same dimensions as shown in Figure 4.6 were
tested for differences in overlay strain between both sides of the member. Different averlay
materials were tested over a period of approximately 8 weeks In all cases, strain values on
opposite sides were very similar, with measurements on the two sides in most cases not
differing more than 20.107°. This was observed along the whole length of the members. This
led to the conclusion that specimens undergo a deformation that is uniform across the
member width, Hence, strain measurements taken on only one side were laken as
representative of the deformation of the specimens.

2 beams were cast per lesl parameler in order to allow statistical evaluation ol sirain
measurements. Consequently, measurements were usually taken at 4 different positions per

strain location along the members.

In addition to the measurement of shrinkage strains, the specimens were used lor the
observation of overlay cracking. Cracks were identified visually with a magnifying glass.

Different interface Lextures and dillerent overlay mixes were tested. Table 4.4 summarizes
the specimens.
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Table 4.4; Summary of Specimens A

Specimen | Interface texture | Owverlay |
Al sandblasted 1(L8}
A7 zandblasted 2(HS) |
A3 smoath 2{HS} |
Ad nutched | | 24{H5)
AS notched 2 - 2{H§)

4.2.5.3  Strains across the interface — Specimens B

Afler evalualion of strain results on Specimens A, 1t was apparcnt that additional information
on strains across the interface would be needed in order to characterise the restraining action

of the substratc. Specimens B were cast with strain targets applied close to the interface on

both substrate and overlay {Figure 4.8).

_Detail :

\ D

TR T Specimen dimensions sec Figure 4.6

D34 T8 TR T6543 91
"MN\‘-

T

Tirdeagias TR an Bt Strain-measuring discs
@l o2 ¥ ot
@ ® @ ® 7 U <imm

o0 to0 100

Figure 4.8: Specimens B: Location of strain-measuring discs along the interface

Specimens B had the samc dimcasions as Specimens A, e, the same substrate beam
dimensions ard a 40 mm overlay. To compare the influence of the different degrees of
mechanical bond between overlay and substrate, both sandblasied and smooth interface
textures were used. The overlay (Overfay 3) was designed Lo have gher crack resmistance
than Overlay 2 and higher shtinkage strain than Overlay 1. Only onc specimen was cast per
test parameter. Table 4.5 summarizes the specimens.

Table 4.5, Summary of Specimens B
Speeimen | Interface texture | Overlay
- Beam B sandblasted 3 (MS)
' Beam B2 smooth 3 (M5

7T



4.2.5.4  Strain across ihe member depth, members that cannoi curve -
Specimens

Specimens (C were designed with the aim to isolate the effects of overlay shrinkage strains

from curvature strains (Figure 4.9).

Oricntation of strain measurcments (with
the same arrgngement on the rear)

20, 44, and 80 1640 20), 4, and 80

Figure 4.9 Spevmens C! Specimen dimensions and location of straln-measuring
discs

Overlays were cast at 3 different depths, 20, 40, and B0 mm. Strain-measuring discs were
applicd on the overlay at the interface, and acress the substrate with a spacing of 50 mm.
Subsirale strains were measured at § different heights. One specimen was cast per overlay
depth. Measurements were taken at 2 ends and 2 sides of the specitmens, resulting in 4
measurements per tesi localion. Test results for cach level therefore commonly represent the
mean value of 4 measuremenis, The interface was sandblasted, Table 4.6 summarizes the
specimens.

Table 4.6, Summary of Specimens C

Specimen Interface texture - U»crlaw

Beam C| sandblasted 3 (M5}, 20 mum
Beam C2 sandblasled 3 (ME}) 40 mm
| Beam O3 | sundblastcd 3 (MS}. 20 mm

4.2.5.5 Steain across the member depth, members that are free (o curve —
Specimens D

Specimens D were cast in order to evaluate the influence of relative substrate and overlay

dimensions on stramn characteristics of the whole member if the member 5 free to curve
(Figure 4.10).
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Figure 4.10: Specimens D: Specimen dimensions and location of stram-measuring
dises

Strain-measuring discs were applied on the overlay on lop of the beam and al the interface,
and across the whole depth of the subsirale with a verbical spacing of 30 mm. In total
spbstrate strans were measured at 7 different heights. On each horizontal level, 5
measurements were taken as shown in Figure 4 10 Test resulls for each level theretore
represent the mean value of 5 measurements. Overlays were cast al 3 different depthy, 20, 40,
and 80 mm. Table 4.7 summarizes the specimens.

Tahle 4.7 Summary of Specimens D

Specimen | Interface texture Overlay

Beam D sandblasted 3 (MS). 20 mum
Beam D2 sandhlasted 3 {MS). 40 mm
Beam D3 sandblasted 3 (MS), 30 mm

4,2.6 Curing

All overlays were moisi cured for a period of 7 days after casting, vsing wet burlap and
plastic sheets. Subsequently. the test specimens were lefi uncovered in the laboratory where
they were exposed to seasonal changes in temperature and relalive humidity ranging from 16
to 23 "C and 55 to 75 % RH respectively. All overlays were cast in auiumn or winter in order
tr prevent rapid shrinkage developmeni.

The strain results presented in the following sections represent measured values, i.e., values
that were not adjusted for changes in temperature or humidity. This was based on the
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conditron that overlay strains were always interpreted in comparison to free shrinkage strains,
Since these were measured on specimens exposed to the same curing conditions as the
overlays, the influences of temperature and humidity on the analysis of overlay strain
readings were considered to be of minor importance,

4,2.7  Statistical analysis and presentation of strain measorements

Strain values of the composite specimens were related to the position of the measurement
along the length or across the depik of the member. Due 1o the number of 1esl specimens and
symmetry of specimens, between two and four readings were available for most measurement
locaitons. Table 4.8 presents an example of the analysis of strain measurements. Rows 17
and *27 in the ghove table refer 1o the firsl beam, and rows 3 and 4 (o the sccond beam ilested
for Spccimens A3 (Figure 4,11),

Table 4.8 Specimens A3, Location 1 al the mterface: example of analysis of sirain

measurements
Measurcment | Day

mimber - @.... 14 22 37 23 144

l | 100 3 190 150 H313] 260 360

Z 160 190 230 3t 2490 270 380

3 E60 170 320 330 330 460 630

4 190 130 290 -50 350 470 H11{l
mean 133 143 257 194 282 330 435

- - -

Beam | Beam 2

Figure 4.11: Schematic of strain mecasurcments on composie members as an
illustration of the valucs given in ‘Table 4 B

The analysis of strains was done with a focus on the identification of trends in relation Lo the
defined locations on the members, The mean stram values werce therefore commonly used in
the analysis. At instances a whole row of values was very different from the other rows, 1Le.
measurements at the same defined location were very diflerent between different beams or
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different sides of the same beam. At such occasions, the "outlying row” of measurements was
presented separately wm the graphical analvsis of overlay strain values along the member
length (Scction 4.5) A row of measurements was only considered to be an “outlving row” if
it was consistently different from the other measurements at that location, For example, the
strain value at day & in row “I7 in the above table represents a single outlying value,
However, for most of the other days, values of row “17 cannot be considered as cutlying
valucs. For consistency, the whole row ©17 was therefore considered in the analysis.

Single readings were omitted in the analysis only if they clearly represented a measurement
error, which was commeonly identificd by companng the respective value to previous and
subsequent valucs at the same position. The value in row 4, day 22 (Table 4.8) 15 an example.
In Appendix 4, all omitted single values are pointed out,

Statistical evaluation of strain measurements was carried out for all specified locations alony
the specimens. Details are provided in Appendix 4 for all measurements. The mean standard
deviation for measurcments alony specitied locations of Specamens A and B (1 ¢, Locations
1-8, as illustrated in Figure 4 8) ranged between 26% and 34%, which i1s in an acceptable
range, considering the many factars influencing overlay strain readings,

The time-dependent development of strains could usually be related to trend lines, typically
in the form of power functions. However, measured values were more valuable for the
analvsts of strain characteristics. Trend lines were not used.

4.3 L'esting material parameters
4.3.1 Concrefe compressive strength

Concrete compressive strength was tested in aceordance with BS 1881:115 (1983) on 100
mm cubes. 28 day compressive strengths of Overlays 1-3 are presented in Table 4.2,

43,2 Concrete fensile strength

Conerete tensile strength was cvaluated as tensile splitting strength on 100 mm cubes,
according to BS 1881 - 117 {1983). Test results for Overlavs 1-3 arc presented in Figure
4,12, For the composite specimens, day 7 in Figure 4.12 represents the end of the overlay
curing period and hence the onset of overlay drying shrinkage, Overlay 3, having similar
compressive strength as Overlays 1 and 2. had comparatively low tensile strength. This was
duc to relatively large inherent surface stresses resulting from high paste content (Overlay 3
had no coarse aggregate) in connection with high shrinkage strains and air-drying.
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Figure 4.12: Development of tensile splitting strength fi,., of Overlays 1-3

Stresses due to restraimed shrinkage in bonded overlays can mainly be considered as direct
tensile stresses. According to Neville (2002}, the tensile splitling strength is generally
believed to be close to the direct tensile strength of concrete, being 5 to |2 percent higher,
The values presented in Figure 4.12 were therefore representative for the direct tensile

strength of the tested overlays.

4.3.3 Elastic Moduolus

Elastic Modulus in compression was tested on 200x100x100 mm prisms, using a
compressometer device (Figure 4.13) in connection with electronic data aguisition, Test

results are presented in Fignre 4.14

i
PR

Figure 4.13: Testing crf elastic modulus - Photograph of test equipment and specimen
(hydraulic compression machine not shown)
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Figure 4.14; Development of the modulus of elasticily in compression E.. of
Overlays 1-3

Overlay 3 showed a unigue develepment of clastic modulus, as the measured modulus of
clasticity had already resched its 28-day value after 7 davs and remained relatively constant
therecafter, which could not be explained.

Simee honded overlays subjected to differential shrinkage commonly cxperience tensle
stress, the modulus in {ension 13 of greater significance than that in compression. liowever,
the two can generally be considered to be very similar (Neville. 1995) angd the measurcd
modulus of clasticity in compression was therefore used in the analysis of tensile overlay
stress.

4.4 I'ree overlay shrinkage strains
4,4.1 Test specimens

Strains on bonded overlays resulting from overlay shrinkage can be analysed only in relation
i frec overlay shrinkage strain, 1.e., the strain the overlay would have experienced had it not
been bonded to the substrate,

Free shnnkage strains (grss) were measured on specimens made from the same batch of
concrete as the overlays. Dilferences in free shrinkage strains between Specimens with the
sanic overlay material are a result of ditferent casting dates. Measurements were taken over
the whole test period under the same curing conditions as Lhe composile specimens. The cross
sectional dimensions of the lest specimens were the same as Lhose of the lesied overlays
{Figure 4.15).

Two specimens were tested per mix, Test results therefore commeonly represent a mean of

four measurements. All specimens were moist cured during the first 7 days after casting and
did not show any strain during this tinc
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3 strain-measunng discs (providing 2 sirain measurcmants)

r I
= ] |

300 :

Figure 4.15: Specimens for the testing of free sheinkage strain of 4 40 mm overlay

4.4.2 Tesl results and analysis
4.4.2.1 Short-term resolis

Most important for the serviceability and duratubiuy of bonded conerele overlays is the
shrinkage strain during the first days and weeks, as this is Lhe Ume period where reslrained
shrinkage oflen exceeds the tensile strain capacity of the material, thus causing cracking
and/or debonding. Fignre 4.16 shows the shori-lerm free shrinkage strains of overlays 1 - 3
(40 mm depth), where “day 07 denotes the end of the moist curing period at 7 days,

g |10 l"|

¢ Oyeray L
B Dvertay 2
& Ohverlay 3

[days]

il 164 20 30

Figure 4.16; Free shrinkage strains of Overlays 1 2 {40 mm depth), shorl term
results and trend tines

The trend lines shown in Figure 4.16 arc calculated by Microsoft-Windows-EXCEL and show
a closc corrclation of the test results to power functions, The exponents of the trend line
equations are always smaller than 1, showing that the rate al which shrinkage develops is
larger at earlier ages, 7-day shrinkage strains reach approximately 50-60% ol the 28-day
values Thas retatively rapid shrinkage strain development in early days explains the high risk
ol earty age failure of bonded concrete overtays. At young ages, concrete stress relaxation s
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high and the elastic modulus is low, which is of benefit for the development of lower
restrained shrinkage stresses. However, rapid stress increase due to high early age shrinkage
in connection with low early age strength often leads to overlay cracking shortly after the end
of the curing period.

4.4.2.2 Long-term results

Long-term shrinkage strains of Overlays | - 3 are presented in Figure 4.17.

1000
800 -
EFag [ l f]ﬂs}
&40
—o— Overlay |
4001 —E—Overlay 2
200 —&— (verlay 3
(1@ . s
' |days]

0 0 Lo 150 200 250 200

Figure 4.17: Free shrinkage strains of Overlavs ! — 3 (40 mun depth), long-term
results

As presented in the above figure, considerable shrinkage strain develops for much longer than
28 davs. CEB-FIP (1990) and ACI (1993) (comparc Scction 2.4 53) cstimate 28-day
shrinkage strains to be 49% and 44% of the ultimate shrinkage strains respectively. This, in
comparison 10 test results of Overlays [ — 3, seems reasonable.

4,423 The influence of the overlay depth

Member dimensions influence the rate at which shrinkage develops, as thin members tend to
dry out guicker than thick members. The influence of member dimensions 1s commonly
expressed by the notional member thickness hy {e.g. compare CEB-FIP, 1990, shrinkage
prediction model, equation 2.3)

Specimens C and D were cast with overlays of 20, 40, and 80 mm. Frec shrinkage strains for

these overlays were measured on specimens of the same cross-sectional dimensions as the
overlays {Figure 4.18). Test results are presented m Figure 4.19,
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Figure 4,18 Specimens for the testing of (ree shrinkage strain of 20 and 80 mm
overlays
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Figure 4.1% Free shrinkage strains of Overlay 3, test results n relation to overlay
thickness

Thin overlays have a higher rate of shrinkage development and higher shninkage values at
carly ages. The difference m shrinkage stramn between different overlay thicknesses becomes
less pronounced as time proceeds, The overtay thickness thevelore has a significant influence
an the rate of shrinkage strain development, which has to be considered in the analysis of
strains on compasite members.

Specimens for the testing of free overlay shrinkage were cxposed to the environment at all
sides. However, at the interface to the substrate, bonded overlays are not exposed to the
enviromment. This effect was neglecied as generally overlays also loose mosture to the
substrate, resulting from the substrate’s capillary suction.
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4.5 Overlay strain distribotion along the length of the member
4,51 Iniroduciion

For the anatysis of overlay sirain distribution along the lengih of the member, Speciinens Al-
A5 and Bl {compare Sections 4.2.4.2 and 4 2.4 3) were used,

Due io high overlay shrinkage strains, alli members with Owverlay 2 (LIS} (Specimens A2 —
AS) cracked extensively during the first 2 weeks after casting, which spiit the overlays into
separate parts, Overlay sirain measured across cracks was considered nol to represent Lhe Lest
parameter under congideration. Therelove, [or the analysis of overlay strain distribution along
the member, only sections situated between cracks were utitized (Figure 4.20),

crachs
7 M

uncracked sections wiilized for the analvsis

Figure 4.20- Cracked overlays: only uncracked locations were used for the analysis of
the magnitude of overlay sirain

The influence of cracks on overlay stram charactenistics 15 discussed separately in Section
4.11. Specimens Al and B1, which were made with overlays of “low"” and “medium”
shrinkage sirain, did not crack during the test penied and were therclore taken as the most
cenclusive specimens for the analysis of strain distribution along the length of the wmember

Sections 4,5.2 and 4,53 comprise the presentation of test results, Discussion and analysis of
the test resulis 1s presented in Seciion 4.5.4.

4.5.2 Owerlay strain at the interface — test results

Figures 4.21 to 426 show the time-dependent overlay strain distributions along the
interfaces of the specimens with respect to ditferent overlays and different interface textures.
The fipures show [rce shrinkage strains {opss) overlay straing at the interface {sqi) at
uncracked lecations along the member, and the mean value of overlay strains. For the
specification of different locations along the wember, sce Figure 4.6 The [ocus of this
section lies solely on the strain distribution along the specimens. The numerical magnitude of
overlay strains will be discussed separaiely 1n Section 4.7, Test results prescoted do not
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ingclude measurements taken at the ends of the beams {Location 1), The member ends showed
significantly higher strain values than the inner parts of the member, which will be discussed
in Section 4.10. Specimens B2, on which overlay debonding occurred, are discussed

separately in Section 4.11.3.

Location
R S 2

500
s - 3
400 /)e_/' i | o

| [dﬂYSj —h— Mean
—~+—TFR8

0 S0 100 150 200 250

Figure 4.21: Overlay strains at the interface: Specimens Al {sandblasted interface,
Owverlay 1 (LS))
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Figure 4.22: Overlay strains at the interface; Spechmens A2 (sandblasied
interface, Overlay 2 (HS))
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Figure 4.23: Overlay strains at the mterface: Specimens A3 {smooth interface,
Overlay 2 (HS))'

! Locations “3L" and “3H™ represent the lowest and highest strain measured at Location 3 respectively, Due to
the larpe difference between the two, the mean value was considered not to be representative for the
representation of trends. [n Figure 4.23, the two lecations were thereliwe presented scpamtcly,
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Figure 4.24; Overlay strains at the interface: Specimens A4 (notched interface A,
Overlay 2 (HS))
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Figure 4.25: Overlay strains at the interface: Specimens A5 {notched interface B,
Overlay 2(HS))
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Figure 4.26: Overlay strains at the interface: Specimens Bl (sandblasted interface,
Overlay 3 (M8))



4.5.3 Srrain on top of the overlay — test results

Figures 4.27 to 4.31 show the time-dependent stramn distributions along the top of the overlay
with respect to different overlays and different interface textures.

5{][} 7 o

e [107]

0 50 100 150 200 250 —<—FSS

Figure 4.27; Strains on top of the overlay: Specimens Al (sandblasted interface,
Owverlay 1 (1.S)
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Figure 4.28: Strains on top of the overlay: Specimens A2 (sandblasted inlerface,
Overlay 2 (HS))
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Figure 4.29: Strains on top of the overlay: Specimens A3 (smooth interface, Overlay

2 (HS))

? Far lacatians 2L and 2H, see footnote 1 an page $3%
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Figurc 4,30 Stramns on lop of the overlay: Specimens Ad (notched interface A,
Overlay 2 (HS))
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Figure 4.31: Strains on top of the overlay: Speaimens A3 (notched interface B,
Overlay 2 (HS))

4.5.4 Discossion of Lest resulis

Specimens A2-AS showed very large scatter of test resulls, which are a result of the
formation of overlay patches along the meimber, scparated by cracks. The evalyation of strain
characteristics on continuous, “long™ overlavs was not possible with these specimens. The
position of strain-measuring discs 10 respect to cracks might have influenced the measured
strain, Honwever, no strain trends related to the distance to cracks could be established. ic |
some positions next to cracks showed relatively high, others relatively low strain,

Specimens Al and Bl did nol crack and were the most conclusive in terms of strain
distribution along the member length It was cvident that the location along the specimens at
the interface or on top of the overlay had no inlluence on overlay strain values, Maxamum
and minimum strains cccurred arbitrarily across different locations along the beams, with the
scatter of test resulls being relatively small. ‘Fypical variation of strains along the lenglh of
the member is presented in Figure 4,32, using interface strains of Specimens Al, measured
98 days alier the completion of curtng, as an example,

? For logadons 3 ind 3. soe Tootnole 1 on page 38
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Figure 4.32; Vanation of stramns along Lhe intertace of Specimens A1, measured 98
days aficr completion of curing

The substrate beam provided constant restraint to overlay shrinkage along its whole lengih.
The only cxcoptions to this observation were the member ends, which will be discussed
separately m Section 4.10.

4,6 Strain across the overlay depth

Drving shrinkage in concrele members has 4 maximum value at the surtaces exposed 1o the
enviropment, which causes strain gradients throughout the member thickness. In bonded
overlays, drying might also take place at the imerface to the subsirale, depending on the pore
structure and moisture condition of the substrate surface regon Overlays therefore
expericince a non-lincar shrinkage profile across thewr depth, However, existing analytical
models for bonded concrete overlays usually assume a constant shrinkage profile, and hence
constant direct strain, across the overlay depth (Chapter 3). In such models, the only
differences 1n strain across the overlay depth are those resulting from curvature. The
simphfied assumption of constant strain factliates the analvtical modelling and is generally
believed to be apphicable for relatively thin overlays, On Specimens Al-A3, overlay strans
were measured at the interface and on top of the composite member, 10 order to test if the
assumplion of constant strain theoughout the overlay depth s reallstic,

Overlay straing of Specimens Al-AS are summarized in Frgures 4,33 The stram values in
the figures represent the mean value of all tocations along the member, with exception of
member end locations.
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Figures 4.33: Summary of'test resulls of Specimens Al-5, overlay shrinkage sirain

£ and lree shrinkage sirain grsg

Specimens AZ expenenced very similar overlay sirains al the interface and on lop of the
beams. In Specimens Al and A3, overlay sirains on {op of the composilte member were
slightlv higher than at lhe interface. Specimens A4 showed a unigue and unusual sirain



distribulion acrass Lhe overlay depth with Lhe lop of the member experiencing substantially
larger strain than the interface. By contrast, Speeimens AS expenenced slightly larger overlay
strain at the interface, compared to the top of the member. Strains on Specimens A2-AS
might have been influenced by the crack patiern in the overlay, which could explain the strain

profiles in Specimens A4 and A5

The strain distributions across the overfay depth of Specimens Al — A3, expressed as the
ratio between overlay strains on top of the member and overlay strains at the interface, arc

presented in Fignre 4,34,

e
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L0
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Figure 4.34: Strain distoibution across the overlay depth of Specimens A1 AS: ralio
between sirains on lop of ithe member and interface straing

Figure 4.34 shows that using Spccimens Al-5 it is difficult to gencralizee the strain
distribution across the overlay depth. llowever, it appears that strains on top of the member
have the tendeney to be somewhat higher than interface strains. This was cxpected due 1o the
influences of restraint decay in regions distant from the restraining substrate, and curvature,
Om overlays with depths considerably greater than 40 mm, the ditterence between interface
stramn and slrain on lop of the member would be expecled Lo merease with increasing overlay
depth. However, for the computation of tensile siress in relatively thin overlays, i.e averlays
up to approximately 40 mm depth, it scems reasonable to make the simplified assumption of
constant strain, and bhence, constant stress across the overlay depth. I interface strain values
arc utiliscd for this, the computation of stresses is conscrvative,
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4.7 Magnitude and development of overlay strains
4.7.1 Introduction

This section comprises the analysis of overlay strain magnitudes of Specimens A1-A5 and
Bl, with an emphasis on the complex interaction between different strain and stress
components. A method for the analysis of overlay strains is introduced, including a critical
assessment of the practical limitations of this method. Fundamental strain characteristics are
identified and discussed.

4.7.2 Sign convention

Free shrinkage strain, i.e., contraction, is considered as positive strain. Compressive strain in
structural members, however, is generally considered as negative strain. For the evaluation of
strain measurements, compressive strain on the composite members, as well as free shrinkage
strain is defined as positive.

4.7.3 Different strain components

Overlay strain measurements on composite members represent the sum of different strain
components. These can be divided into the following:

- Direct elastic strain

- Curvature strain

- Strain reduction due to overlay stress relaxation
- Substrate creep strains

- Interface slip

Direct elastic strain results from the interaction between overlay and substrate. The overlay
attempts to contract, which is partly counteracted by the restraining action of the substrate.
Overlay shrinkage induces compressive stress into the substrate, which is coupled to
compressive strain, i.e. contraction. The substrate does not restrain overlay shrinkage
completely and, depending on the magnitude, of restraint, both overlay and substrate undergo
elastic strain, i.e. shortening. Direct elastic strain is a positive strain component (compressive
strain).

Curvature is caused in members that are free to deform, with the overlay commonly

experiencing compressive bending strain. Curvature strain in the overlay is therefore a
positive strain component.
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The partial restraint of overlay shrinkage induces tensile stress into the overlay. The tensile
stress is the result of an imposed deformation, or, in actual fact, it is the result of the
prevention of an attempted deformation, which, in principle, is the same phenomenon.

Concrete members under constant imposed deformation experience stress relaxation with
time, i.e., a time dependent reduction in stress. The effect of stress relaxation is generally not
associated with strain. However, overlay stress relaxation reduces tensile overlay stress,
which leads to a redistribution of forces in the composite member. The redistribution of
forces, in turn, has an influence on overlay and substrate strains. Stress relaxation can be
divided into short-term and long-term effects. As stated in Section 2.5.2, a large component
of tensile stress relaxation in concrete occurs in the early hours after stress induction. Short-
term overlay relaxation has therefore a more direct influence on strain of the composite
member as rapid relaxation of overlay tensile stress could possibly prevent the development
of direct elastic strain. Therefore, overlay stress relaxation causes a reduction of positive
strain components.

Substrate creep strains result from sustained elastic stress related to the restraining action
described above. Substrate creep strain is a positive strain component. It has commonly not
been considered in the modelling of bonded concrete overlays, however it proved to be
significant for the tested specimens.

Interface slip could be caused by localised debonding, leading to overlay movement relative
to the substrate. Slip is a positive strain component.

The accurate estimation of the magnitudes of individual strain components from overlay
strain measurements is difficult as all the above components interact with each other and
depend on the time-dependent material characteristics of substrate and overlay (Figure 4.35).
However, the trends in strain development observed on the composite specimens allow a
reasonable estimation of the influence of different strain components, as well as an estimation
of overlay stress relaxation, which will be discussed in the following sections.

4.7.4 Method of analysis

In order to evaluate the magnitude of overlay strain (go), it has to be compared to the free
shrinkage strain (erss), i.e. the strain the overlay would have experienced had it not been
restrained by the substrate. The difference between free shrinkage strain and overlay strain
measured on the composite member indicates the degree of restraint. The degree of restraint,
in turn, can be related to stress.
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Figure 4.35: Schematic of the interaction between different strain and stress
components in a bonded concrete overlay

In order to facilitate the analysis of the test results, the graphical presentation of overlay strain
measurements (both at the interface and on top of the specimens) was divided into 2 different
parts:

Eo(t).

Erss (1)

- Numerical strain difference between €o and erss = €55 (1) — £, (1)

- Strain ratio between goand epsg =

The ratio between €0 and epss at any time can be used as an indicator of the combined
influences of different strain components over the total test period under consideration
(Figure 4.36). A relatively low initial ratio can best be interpreted by high early age overlay
relaxation as discussed in Section 4.7.3. An increasing ratio between g and gpss with time
indicates a decrease in the magnitude of overlay shrinkage restraint. As time proceeds, the
overlay experiences an additional component of strain to what would be expected on the basis
of pure elastic interaction between overlay and substrate. This can be related to substrate
creep deformations. Another influence on an increasing ratio between g0 and €psg is that of
decreasing overlay relaxation, i.e. the more mature overlay experiences less total relaxation
and lower early age relaxation (early age relaxation denoting the relaxation shortly after
shrinkage-induced stress). By contrast, a constant ratio between €o and €pss over a certain
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period of time corresponds to constant restraint. The latter, in connection with increasing
strain values, theoretically leads to a constant increase in elastic overlay tensile stress. In
practice however, overlay relaxation would prevent such a steady increase in stress.

4

Eo(t) A : o
steady increase indicates
Erss (1) decreasing overlay relaxation
and/or increasing substrate
creep sirains

Constant ratio indicates
constant degree of restraint

Low initial values indicate
high early age overlay stress
relaxation

= Time

Figure 4.36: Schematic of graphical analysis of overlay strain values: ratio between
overlay strains and free shrinkage strains

The numerical strain difference between &o and erss denotes the magnitude of restrained
overlay shrinkage, i.e., the strain the overlay was not “allowed” to undergo (Figure 4.37). It
is therefore directly related to the tensile stress development. Under purely elastic conditions,
tensile overlay stress would correspond to:

Oo = (Epss()—Ex (1)) Eq [4.1]
However, overlay stress relaxation reduces the elastic stresses substantially.

A large increase in (grss(t) - £o(t)) over a given period of time generally corresponds to a low
ratio between go and gpss in connection with a steady increase in elastic stress. As stated in
Section 2.4.6, the tensile strain capacity of concrete is approximately 100 to 200.10°, In the
absence of overlay stress relaxation, a numerical difference between go and gpss larger than
this value would result in overlay failure, i.e. cracking or debonding. On sound overlays,
(erss(t) - eo(t)) can therefore serve as an indicator for overlay stress relaxation.
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Figure 4.37. Schematic of graphical analysis of overlay strain values: numerical
difference between overlay strains and free shrinkage strains

With the above, different strain components as well as overlay tensile stress can be estimated.
However, correct estimation of different strain and stress components from overlay strain
measurements is difficult. Table 4.9 gives an overview of the influence that different strain
components and overlay relaxation have on the development of the ratio between €0 and &ss.

Table 4.9: Influence of different strain and stress components on the time-dependent
development of the ratio between &0 and grss

Strain/stress component | Time-dependent
ratio 80/ Erss
Elastic strain constant
Curvature constant
Substrate creep increase
Overlay slip inicrease
Overlay stress relaxation decrease

Substrate creep, overlay slip, and overlay relaxation all lead to a reduction of tensile overlay
stress. However, while the former two lead to an increase in the ratio between o and epss
with time, the latter leads to a decrease. As can be seen, the interpretation of overlay strain
measurements in terms of different strain components is complex. The emphasis during
interpretation of test results should therefore rest on the identification of trends rather than the
analysis of isolated measurements.
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4.7.5 Test results
4.7.5.1 Introduction

In the following sections, overlay strains are expressed as the mean of all measurement
locations along the respective specimens. Mean values of overlay strains at individual
locations along the members were presented in Figures 4.21 to 4.31. Strain at the member
ends are excluded at this stage and are discussed separately in Section 4.10.

The restraint of differential shrinkage takes place at the interface between substrate and
overlay. Interface strains are therefore the most indicative parameter of overlay shrinkage
restraint. For this reason, the analysis of overlay strain values as discussed in the following
sections is done for interface strains only. Strain gradients across the overlay depth were
discussed in Section 4.6.

Analysis of test results was carried out for overlay strains that occurred during the first
approximately 8-12 months after fabrication of the composite members. Strains during this
period were believed to be of importance for two reasons. Firstly, they can be used for the
identification of the time-dependent development of different overlay strain components.
Secondly, the first 8-12 months represent approximately the period where significant
shrinkage strains occur. Short-term overlay strains, i.e. strains during the first weeks after the
onset of drying shrinkage, are discussed in connection with overlay failure in Section 4.11.

In Section 4.7.5.2, test results are presented and briefly discussed. Detailed analysis of
overlay strains in terms of the following parameters is done in Sections 4.7.6 t0 4.7.9:

- Magnitude and development of overlay strains
- Influence of interface texture on overlay strains
- Substrate creep deformations

- Overlay stress relaxation

The main findings are summarized in Section 4.7.10.

4.7.5.2 Presentation and discussion of test results

Strain test results of Specimens Al (sandblasted interface, Overlay 1 (LS)) are presented in
Figures 4.38.
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Figures 4.38: Specimens Al {sandblasted interface, Overlay 1{LS)} Summary of test
results

The mmtial ratio belween g; and grsg on Specimens Al wis relatively low, campared to the
rest of the test pencd (Figure 4 38, left), This indicates high carly age overlay relaxation as
discussed in Section 4.7 4. Congidering the remaining test period, the ratios between o and
£rgg were relatively constanl al between 0.55 and 0.61. This was relaled to g relatively steady
inerease 1n tumerical strain dillerence between &pgy and g, {Figure 4,38, nght), However, the
critical value of the tensile strain capacity of concrete of roughly 100-200.10° was only
reachad after approximately 100 davs During this time, overlay relaxation should have
reduced overlay tensile stress substantially, which explains the absence of cracks on
Specimens Al

Specimens Bl, which were made with o “mediam shrink™ overlay (Overlay 3) and
sandblasied 1merface, showed essenbially similar strain characteristics compared 1o
Specimens Al Howewver, overlay strain as a ratio of free shrinkage was considerable lower
otl Specimens B1 (Figures 4. 39).

080 Specimens Bl 0 Specunens Bl

&
gess - g0 [107]

|davs)
(.20 : ; At 0 é . ,
{l [HH 20K 3t ] 1063 208D 30

Figures 4.39 Specimens B1 (sandblasted interface, Overlay 3 (MS}). Summary of
test results
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During the first approximately 130 days, the ratio between en and epgz on specimens Bl was
relatively constant al between 0.35 and 0.42. This was connecled lo a steadily increasing
numerical difference between s, and gr55. Similarly to Specimens Al sirains developed at a
rate slow enough for relaxation to reduce tensile overlay stress and prevent cracking. Afier a
periad ol appresamately 150 days, overlay strains, compared to free shrinkage strains,
developed at an increasing vate, which can probably be related to the increasing influence of

substrate creep strains,

The relatively ligh overlay straing of Specimens Al, in comparison lo free shrinkage, scem
somewhat startling [lowever, absolute overlay strains of Specimens Al, in comparison Lo the
other specimens, were low. Positive strain compenents, such as substrate creep, might have
therefore had a velatively large impact on total strain values, which could cxplain the
relatively high overlay strains,

Ay slated earlier, due to the complexity of overlay strain components, the focus of this section
rests on the dentification of general trends. Specimens A2-AS) which were made with the
same overlay (Overlay 2 (HS)) but different interface textures, and all of which showed
exlensive cracking during the first 10 days, are therefore discussed concurrently, Results of
Specimens A2-AS arc presented in Figures 4.40 to 4.43.

3,80 7 Specimens A2 GO0 - Specinens A2
- — 500
—" i
£ 000 (PN = 400
[Tk} pas
— e
o L300
0,40 - =200
'@/Vg/ - 100 T
: |davs] l |davs]
20 - ST () |
{ 101 200 300 f {14 2080 300

VFigures 4.40° Specimens A2 (sandblasted nterface, Overlay 2 (HS)) Summary of
test results
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Figures 4.41: Speciimens A3 (smooth interface, Overlay 2 (HS)): Summary of test
resulls
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Figures 4.42; Specimens A4 {notched interface A, Overlay 2 {HS)): Summary of test
results
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Figures 4.43: Specimens A5 (volched mierlace B, Overlay 2 (HS)), Summary of tost
results
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Specimens A2-AS showed a rapid increase in (gpsg — go) during the first approximately 30-50
days, which resulted in overlay cracking at carly ages. The characteristics of cracking are
discussed in detail in Seetion 4.11. Subscequently, {(epss - £0) generally showed a relatively
constant increase at a slower rate. This was initially rclated to a relatively stcady increase in
the ratia between g and &y, indicating a decreasing degree of restraint while the overlay
was able to imcreasingly undergo more of its “desired” delormation. This elYect can probably
best be related to the dominant influence of substrate creep strains, as discussed in Section
474 At a later stage {after approximately 100 days), the ratic between o and gpss remained
relatively constant as overlay strain and free shrinkage now developed at a similar rate. Llus
mdicated that none ol the viseo-elastic strain components had a significantly dominant
tnflucnce as both substrate creep and overlay relaxation developed at relatively slow rates,

The above results on overlay strains in Specimens Al-5 and Bl allow conclusions on
important strain characteristics in bonded concrete overlays, which i discussed in detail n
the following sections,

4,76 The magniiude and development ol overlay strain

All specimens experienced initial interface strain of approximately 23-35% of [ree overlay
shrinkage strain. Subsequently, they showed the trend of an increasing ratio between go and
frss with time. The increase in interface strain can mainly be related to the following aspeets:

- High early age stress relaxation in the overlay (intially low £a)
- Reducing relaxation in the overlay with time (Increase 10 £o/spsy)
- Inereasing substrate crecp deformations with fime {(increase in 2o/epss)

Stress relaxation in concrete is higher at vounger ages. The overlay therefore had a relatively
high relaxation capacity during the first davs of loading, 1e during the first davs after the
onset of drving shrinkage. A substantial part o overlay stress was therefore released shortly
after it was transmitted to the substrate. Due to redistribution of {orees. this resulted in
reduction of elastic strain shorily afler clastic strains were induced, which explains the
relatively low initial strain valucs. At later ages, relaxation in relation to applied load would
havc been less, which is one explanation of the increasing ratio between £o and gess. The
overlay now had more “power” to cause elastic deformations at the interface as less of its
siress was released. The other major influence iy that of increasing subsirate creep
deformations under sustained imposed strain. This efect is discussed in more detail in
Section 4.7 8.

Comparing all specimens, overlay strains in relation to frec overlay shrinkage showed a

refatively large range of results, In general, the overlay was able to experience approximately
25 to 50% of its free shrinkage strain during the test period. Specimens Al were an exceplion
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with relatively large lung-lerm overlay strains of apprestimately 60% of free shrinkage. With
information on overiay relaxation capacities, these numbers serve as an indicator for tensile
overlay stress, which is discussed in Section 4.7.9.

4.7.7 The influence of interface texture on overlay sirains and stresscs

Specimens A2 — AS were made with the same overlay (Overlay 2 (HS)) but different
intertace textures, ‘The aim of these specimens was lo investigate the influence of interface
texture on averlay strain characteristics. The ratios between overlay strains at the interface
and free shrinkage strains of Specimens A2 — A5 are summarized in Figure 4.44.

0.70 Summary Specimens A2-AS

r A2 (sandblasted)
A - B A3 (smooll)
=~ 150 - T
2 P i @ T ~# Ad (notched A)
= 040 R i v eme—
g e R s -0~ A5 (notched B)

.30 @.@.fg# B

a”
(1,20 PR = | | | [days]

( Al 1.0 130 2Ky 250 300

Figure 4.44: Specimens A2-AS (Overlay 2, (HS)), summary of ratios 2 / &rss

All inlerface lextures offered a different type of mechanical restraint The sandblastied
interface of Specimens AZ had a relatively uniform micro-roughness along the whole length
of the member. The mechanical restraint of Specimens A3 (smooth interface) was
thearetically restricted to anchorage of overlay comncrete in open pores on the substrate
surface. The notched interfaces of Specimens A4 and A5 provided good macro-roughness,
with Specimen A4, providing notches n smaller intervals, producing more constamt
mechanical interaction. Raling the degree of mechanical restraint. it was assumed that
Specimens A2 would have offered the highest restraint, followed by Specimens Ad. AS, and
A3 However, Figure 4 44 shows that the diltferences in the ratios &n / grgs were nol connected
to the degree of mechanical restraint as rated above. Overlay strains at the interface could,
therefore, not conclusively be related to interface texture, Tt seems that the degree of
mechanical bond at the nterfuce was not a relevant factur for shrinkage restraint on
Specimens A2 - A5
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By contrast, as discussed in Section 7.4.3. 1, interlace shear bond strengths were significantly
different [or specimens with different interface textures, Dhiterences in shear bond strengths
could mainly be related to differences in mechanical interaction between substrate and
overlay, interfaces with a higher macro-roughness having higher bond strength, Interface
shear bond strengths essentially conformed to the rating of mechanical interaction as
described above. Hence, in fully bonded overlays, slwinkage restraint appears to cxist
independently from interface texture and macrg-mechameal hond strength, The significance
of this observation 1s that, in fully bonded overlays, stresses due to ditferential shrinkage can
be modelled without consideration ol interface texture.

4.7.8 The characteristics of substrate creep deformations

Compared to the imitial magnitudes, all specimens experienced an tnerease in the ratwo
between =o #nd grss with time (compare Figeres 438 to 4.43). An increasc of the ratio
between €5 and erge with time indicates a decreasing degree of restraint as the overlay can
pradually underge more of ity “desired” deformation. As stated in Section 4.74, this
phenomenon can in theory be explained by the mechanisms of interface shp or substrate
creep. Measurcments of strains across the interface, as discussed in Section 4.8, indicated that
slip did not occur in the tested specimens. Substrate creep is theretore considered 1o be the
main mechamsm causing the decrcase in overlay shrinkage restraint, This can be explained
by looking at the magnitudes of interface strain

For cxample, Specimens A2 — AS had overlay strains at the interface of approximately
200.10" after roughly 30 days, which further increased with time Assuming full hond,
overlay and substrate had the same interface strain at any time (results discussed in Section
4.8 show that this assumption is teascnable). The substrate was therefore subjected to
considerable sustained compressive stress;

gs = £ . Fe= 200,10° 30 =6 MPa

The above was calculated with the ssimplifving assumption that the full amount of substrate
interface strain aller 50 days caused clastic stress. Actual substrate stress would be lower
singe & porlion of measured interface strains consists of substrate creep strains. However, the
above numbers show that the substrate experienced relatively high compressive stress at the
interface, which nccessarily resultcd in considerable creep deformations. Using the ACT
(1992) method for the estimation of creep strains in the tested specimens, long-term substrate
creep strains could be estimated to be approximately 130% of imposed elastic strain
(vcompare Section 6.10). This shows that substrate creep was a major strain component in the
compositc members.
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The influcnce of subsirale creep would be less pronounced on composite members with
relatively old substrate sections. However, cven old concrele members cxpenence
considerable creep deformations under sustained load, which can be estimaled using
convenfional models for the prediction of creep strain {compare Scction 2.5, 1),

Substrate creep strains are commonly not included in the modelling ol bonded overlays.
However, test rosults indicated that they represent a major strain component thar should be
constdered il overlays arc to be modelled realistically. The mechanisms of substrate creep in
respect to other strain componcnts are discussed in detall in Chapier 6.

4.7.9 Stress relaxation in uncracked overlays

Specimens A2-AS cracked extensively dunng the first 10 days. Overlay siress relaxation of
these specimens is discussed in Section 4.11.4 By contrast, Specimens Al (sandblasted
mterface, Overlay 1) and Bl (sandblasted interface, Overlay 3) did not crack durimg the test
period. The critical magnitude of shrinkage restraint, which is approximaiely 100-200.107,
was only rcached after roughly 100 and 50 days [or Specimens Al and Bl respectively
{compare Figures 4.38 and 4 39). During this time, sufficient overlay relaxation developed to
prevend {ensile siress exceeding tensile strength,

The strain mcasurcinenis taken on these specimens allow an insight into overlay relaxation
characteristics. The estimation of overlay stress relaxation In the following 1s carried out for
Specimens Bi (Overlay 3), Elasiic modulus Eq and tensile sirength fi of Overlay 3 at 28 days
were approximately 30 GPa and 3 MPa respecltively (compare Seclion 4.3), Restrained
overlay shrinkage strain at 28 days, expressed by the numerical difference between grgy and
£ (Figure 4.37), was 140.10°° In the absence of stress relaxation, the restrained shrinkage
would have corresponded to clastic stress of

. ¥ 4
T, slastic = B0 resteafoed shrinkage F‘D = 140107, 300" MPa — 4.2 MPa
Therelore, al 28 days, tensile stress relaxation can be computed fo a factor wo -
W >= f TH, clustte — 30/42 071
The factor 0.71 implics that tensile relaxation reduced the actual stress to 71% or less of the
elaslic stress, thus relcasing at lcast about 29% of the clastic stress. Repeating the above
calculations for days 50 and 100 computes relaxation factors of no less than (.50 and 0,43

respectively, These substanttal stress relaxation values explain the absence of averlay
cracking on Specimens Bi.
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Specimens Al had comparatively low free shrinkage strains and high overlay strain. The
computed relaxation factor at 150 days, following the above method, was no more than (1,82,
which indicated the large remaining strain capacity.

4,7.10 Samnary of main findings

Muaodelling bonded concrete overlays in @ realistic way requires information an different strain
components, The development of strain on the test specimens discussed in the previous
sections gave an insight into the main strain components experienced in bonded overtays, The
influcnces of substrate creep and overlay siress relaxation were identified. In Scction 6, these
strain components are incorporated in an analylical model, based on strain characteristics
discussed in the previous sections, The influences of other sirain componenls such as slip and
curvature arg discussced in the following sectians,

The inlluence of interface textures on gverlay strains was established. ¥or the design of fully
bonded overlavs it is imporiant (o note that the interface texlure does not influence overlay
strains and stresscs.

Time-dependent magnilndes of overlay strains discussed in the previous scctions were used
10 develop and venly a new analylical model for bonded concrete overlays, as discussed in
detail in Section 6. Tmportanl mtormation gained from the testing of composite specimens,
including the above aspects, which was used for the development of the atalvtical modef is
summarized in Section 4,12,

4.8 Stirains across the interface between substrate and overlay

Overlay strain characteristics were discussed n the previous sections, This section
investigates the characteristics of shrinkage resiraint in relation Lo substrale strains at the
interface.

Specimens B and B2 were cast for the measurement of strains across the inlerface, e, the
comparison of overlay and subsirale sirains al the inlerface Specimen dimensions and sirain
measurement localions were presenied in Seclion 4.2.4.3. The overlay of Specimen B2
{smoolh interface) debonded afler a2 fow weeks. Therclore, no test results in relation to the
aclual lesl parameter conld be gained from this Specimen. The mechanisms of debonding
observed on Specimen B2 are discussed n Section 4.11.3,

Test results of Specimen Bl {sandblasled interface) are presented in Figure 4,45
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Figure 4.45 Specimen B1: Overlay and substrate strains at the interface in
campariscn to free shrinkage strains

Siraing in the above {igure represent the mean value of all test locations along the specimen
The magmiude of overiay stramns at the imerface of Speaimen B! was discussed in
Section 4,7 5, The above figure shows that ai the interface, subslrate strains were very similar
to overlay strains. In the first 7 days, the overlay showed a higher strain rate compared to the
snbstrate. This resulted in an early difference in strain values of approximately 30.10°° which
remained relatively constant throuphout the test period. Very similar observations were made
on Specimens € and D, as discussed in Section 4.9,

This mntia! overlay contraction relative 1o the substrate is probably the result of overlay
refaxation, 1.e. the overlay released a porlion of its strain energy betore 11 caused Tasting strain
i the substrale, Another possible explanation is overlay shp al the uterface, However,
overlay slip should have had a maximum value at the member ends, but very similar imtial
strain differences were cbserved along the whole lenpth of the member. Overlay siress
refaxation, therefore, was probably the main mechanism causing this phenomenon. More
importamt however 1s Lhat, except for this initial “head-start” of overlay strain, both substrate
and gverlay strams of Specimens Bl progressed at virtually the same rates, which indicates
that overlay and substrale were {ully bonded.

The above atlowws conclusions on Lhe mechanisms of nterface ship and interface shear stress.
Interface slip, which was used by Siliwerbrand (1997) Lo model overlay deformations
{compare Section 3 8}, was shown not to be a factor responsible for overlay strain, Assuming
adequate bond, it therefore appears appropriate to model composite members with the
assumption substrate and overlay are fully bonded.

Another important aspect related to substrate stiramns is that of interface shear stress along the
member. Substrate strains at the interface of Specimen B! were relatively constant along the

109



tength of the member. Likewise overtay strains at the interface {see Section 4.5) were
sensibly independent of the measurement locations along the specimens, The only exceptions
were the beam cnds which showed slightly higher strains than the rest of the member
{Figure 4.46).

member end
200 1 Specumen B1, substrale sirains al the interface
——1
i3

—3— 4
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. ldays]
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Figure 4.4G; Specimen B 1. distnbution of substrate siraing along the mterface. (For
the definition of strain locations 1-8, see Scction 4.2.4_3)4

The section to follow (Section 4.9) shows that strainy “fade oul™ inte the depth of the
substrate 1o reach a point of zero strain, This indicates that shninkage restraing is 2 localised
phenomeneon at the interface, Tn connection with constant substrate strain along the whole
length of the interface thiz incans that intertace shear, which is the mechanism of restraint,
musl be constant a2long the whole length of the interlace The only exceptions to this are the
member end locations that showed slightly higher interface strain, indicaling higher shear
stress values.

The above stands 1n contrast o existing anabyvtical maodels for bonded concrete overlays,
which assume thatl interface shear stresses due to differential shrinkage exist only at the
metnber ends (compare Chapter 3). For the correct modetling of bonded overlays 1 15 very
important to identity the mechanisms of shrinkage restraint in respect to the above aspects.
The following sections investigate the restraining action of the substrate in more detail.

* Strain mcasuring discs of locations 5 and 6 detached from (he spesimen during tha tast pariod. No long-torm
results are available for these locations.
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4.% Strains across the substrate depth
4.9.1 Introduction

The characteristics of overlay stramns as well as substrate strains along the interface were
discussed in the previous sections. Substrate strains at the interface were found to be
relatively constant along the whele length of the member, indicating constant restraint of
overlay shrinkapge along the interface. Test results on Spectmens C and I3, discussed in thes
section, were used to charactense the restraiming action of the substrate in more detail. T'his
was done by measuring strains across the substrate depth. The restrant of differential
shrinkage causes direct strains in the substrate and, in members that are ivee to deform,
secondary strains due to bending. Specimens C were not free to curve and were used for the
assessment of direct straing in the subsirate. In addition, Specimens D were used for the
assessment of the combined influence of direct strains and curvalure. Specimens with
different overlay depths were tested to assess the wfluence of the relative dimenstons of
substrate and overlay.

Test results of Specimens C and I are presented and discussed separately in Sections 4.9.2
and 4.9 3 respectively 1n addition to the above aspects, test results on Spectmens ) could he
used for the quantifalive estimalion of substrate creep slrains as discussed m Section 4.9.4. A
summary of the main findings concludes this section

4.9.2 Members not free to curve - Specimens C

Spectmens C were prepared for testing the direct influence that differenval shrinkage has an
substrate stratns, excluding secandary eftects from curvature. Spectmens C are not intended
10 represent the most common restrainl characteristics experienced im composite members, 1n
cormmmon members, the substrale concrete usually provides longitudinal restramt, Specimens
C were designed fo lundamentally discuss the question of strain localisation, Specimen
dimenstons were presented in Section 4.2 4.2 {compare Figure 4.9, page 78), Straing across
the overlay depth were nol measured on Spectmens € as these were discussed in the previous
sections. Measurements on Specimens O were taken during a period of approximately 50
days, as the early weeks are the most important pertod for the development of overlay
stresses 1n composite members. Figure 4.47 presents the development of interface strains in
the overlay and strains across the substrate depth, The magnitudes of substrate interface
straing are used Lo compare the subsirale’s resiraiming action in respect to different overlay
depths. Tn all spectmens, substrate siraing had a maximum value al the interface and showed
the iendency Lo approach zero strain in regions away from the interlace. Interface straing
increased with decreasing overlay depth, which can be ascribed to the circumslance thal
thinper overlays bave a higher rate of shrinkage strain development compared o Lhicker
overlays.
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Figure 4.47: Specimens C, schemanc of strain development across the substrate

On all specimens. interface strains in the overlay were found to be shightly mgher than those
i1t the subsirale. This effcct was also observed on Specimens B1, as discussed in Section 4.8,

The above test results atlow important conclusions on the appheability of the following 2
main assumplions on which existing analytical models {(compare Chapter 3 are based:

- Bernoulli's hypothesis of planc scctions remaining plane afier being stressed applics
to members subjected to differential shrinkage, 1. strain profiles across the sections
arc lincar

- Shonkage restraint 15 directly related to the relative member dimensions of substrate
and overlay

(12



Strains megsured across the subsirates of Specimens C indicate that the above two
assumptions do not apply for specimens subjected to diflerential shrinkage. By contrast Lo the
above assumptions, strain profiles across the sections of Specimens C, approaching a point of
zerar slramn, were non-linear and strain magnitudes appeared to be independent of overlay
dimensions, The restraint of differential overlay shrinkage appears to be a localised
phenomenon at the interface that cannol be modelled using conventional beam theory. This
shows the need for an analvtical approach with which bonded overlays can be modelled in a
more realistic way. The magnitudes of substratc interface straimy indicate the influence that
the relative member dimensions bave on the degree of shrinkage restraint, As discussed in
Section 4.4.2 3, thin overlays cxperience a higher rate of shrinkage development, compared
to thick averlays. Tuterface strains of Specimens € must Lherefore be interpreted in relation to
the respective free shrinkage strain of the overlay, Free overlay shrinkage strains of
Specimens C arc presented in Figure 4,19, Substrate interface strains in relation to free
overlay strinkage are presenied in Fignre 4.48.

Specimens C, substrale inerface strains
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Figure 4.48: Specimens C, ratio between substrate strains at the interface and free
overlay shrinkage strains

The ratios beiween o and &g and the development of interface strains of Specimens C were
very similar to those of Specimens A and B, For the iulerpretation of strain magniludes,
relerence is thereflore madce to Section 4.7,

Specimens Tl o €3 experienced similar substrale interface strains in relation to the
respeclive [ree overlay shtinkage Thus, overlay dimensions (here presented by overlay
thickness) had litlle practical influence on shrinkage restraint. Therelore, as stated above,
rostraint of overlay shrinkage appears to be a localised phenonicnon at the interface.

However, the observation that Specimens C1 {overlay depth 20 mm) bad the highest interface
strain i relation to ils free shrinkage, 15 of comsiderable interest and further rescarch is
necessary 1o conclude on the effecls of overlay thickness on interface strains



4,93 Members free to curve — Specimens

Specimens D in contrast to Specimens C, were free to deform and the resulting strains across
the composite sections were a combmation of direct strains and curvature. On these
specimens, strams were measured across the whole substrate depth as well as across the
overlay. Specimen dimensions are discossed In Scction 4.2.4.5 {compare Figure 410,
page 79,

The development of strains across the members are presented in Figure 4.49. Numenical
substrate interface strains are presented as an indicator for the degree of restraint in respect to
difterent overlay depths.
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Figure 4.49: Specimens 13, schematic of strain development across the member
depths

Interface strains in Specimens D were very similar duning the first approximately 50 days.
Subsequently, the specimens clearly showed increasing inlerface sirains with increasing
averlay depth. This development can be related o the circumslance thai thin overlays initially
experience a higher rate of shrinkage development and therefore a lower rate al later ages,
comparcd to thicker overlays.
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The influence of curvature on interface strains in relation to overlay thickness is difficult to
assess from the above measurements. Curvature 18 linked to the overlay force resulting from
restrained shrinkage {Figure 4.50),

£ dircel F giren £y

| e T WL PR
1. . ‘ = fi
L

= Dirget strains across the member (assuming simplificd stram profile, based on

£ st
localised sirain discussed 1o Section 4.9.2)
O G = Dhirect stress (in the overlay resulting from restrained shrinkage)
F-.F; = Resulting forces in overlay and substrale
G = Lever arm of intemal forces
BM = Bending moment
Ex = Curvature stran resulting from BM and member stillness
z — Distance between centroid of the composile seetion and interface

Figure 4.50; Schematic of strains and stresses in a composite member that 15 free to
curve, assuming stmplified strain patterns (the principle of curvalure strain was

discussed in Section 3.6 on page 006)

As illustrared in Figure 4 30, curvature strain at the interface {& ) is dependent on the force
Fo, which combines the mluences of shrinkage restraint and overlay dimensions, the lever
arm of mternal forces. the stiffness of the compaosite section, and the distance 7 between the
centroid of the composite scetion and the interface, An increase n overlay thickness has the
following cffects on curvature strain at the inlerface:

- Increase in Fo {increase in curvature, hence increase in g, )

- Increase in ¢ {increase in curvature, hence increase n g, ;)

- Increase in member stifthess {decrease in curvature, hence decrease in g, )
- Decrease in z (decrease in g,)

As can be seen Irom Lhe above, the relation between overlay thickness and intertace curvature
strains is complex. It is interesting to note that interface strains, resulting from the combined
influence of direct strains and curvature, were imtially very similar in members with different
overlay depths. This is a result of the contradicting nfluences that a change in overlay



thickness has on overlay curvature strains, as stated above. The influence of overlay thickness
on curvature strains can be estimated under purely elastic conditions when direct strain
profiles are known. However, strain measurements on Specimens D combine direct and
curvature strains under visco-elastic conditions, which makes it difficult to interpret the
measurements in terms of different strain components. This is important to note as the strain
profiles of Specimens D seem to correspond to Bernoulli’s hypothesis of plane sections
remaining plane. The test results presented in Figure 4.49 could therefore be mistaken as a
confirmation of existing analytical models. In Section 4.9.2 however it was shown that
Bernoulli’s hypothesis is not applicable. This shows that strain measurements taken on
members that are free to curve are difficult to interpret in terms of overlay shrinkage restraint.

Two main conclusions can be drawn from Specimens D. Firstly, in members that are free to
curve shrinkage restraint at the interface appears to be independent of overlay dimensions,
which is linked to the aspects discussed above. Denarié et al (2004) included this
phenomenon in his model for bonded overlays, as discussed in Section 3.5. Secondly, strain
measurements on members that are free to deform are difficult to interpret in terms of
different influences on total strain values, i.e. direct strain and curvature. The characteristics
of shrinkage restraint are therefore at best examined on specimens that cannot curve, as
discussed in Section 4.9.2 (Specimens C).

4.9.4 Substrate creep strains

Specimens D were used to measure strain profiles across the whole member depth. Strains
across the distance between measurements locations were assumed to vary linearly with
depth (compare Figure 4.49). The strain profiles measured on specimens D allow an
estimation of the magnitude of substrate creep strains. Since no external forces or moments
were applied to the members, the sum of internal compressive forces in the substrate must be
equal to the sum of internal tensile forces in the overlay, the latter resulting from the partial
restraint of overlay shrinkage.

The tensile force in the overlay at time t resulting from the restraint of shrinkage, using a unit
width for force integration, can be written as:

overley

F,() = wo(t,ty) J'Eo(sts (t)_g(tado)) dd, [4.2]

int erface
where tp = time at which overlay shrinkage commenced

Yo = factor accounting for the influence of overlay stress relaxation
g(do) = strain across the overlay depth
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The compressive force in the substrate at time t resulting from the imposed strain can be

written as:

1 int erface

Fithm e 1R d.)dd
s(t) 1+ 0 (b6, dJ;SS(t’ s) s

where @s = factor accounting for the magnitude of substrate creep strain

&(ds) = strain across the substrate depth

The sum of forces across the section must be zero:

Fo (1) = Fs(1)

os(t,ty) =

int erface
[Ese(t,dg)dd,

d
d : -1
overiay

Wit te) [Eo(erss(H—8(t.do))dd,

int erface

[4.3]

[4.4]

The above represents a simplified approach. The actual relation between strain profiles across
the member, substrate creep strains, and overlay relaxation is complex. However, in the
current context, equation 4.4 can be used for an estimate of substrate creep.

Specimens D were made with overlay 3 (MS). On Specimens B, the relaxation factor for
overlay 3 at 50 days was estimated as being no more than 0.5 (compare Section 4.7.9). For
the estimation of substrate creep strains in equation 4.4 therefore an overlay relaxation factor
of yo = 0.5 was applied. Substrate creep factors @s(t,to) were computed using the simplified
strain profiles illustrated in Figure 4.49. Test results are presented graphically in Figure 4.51.

¢s (t,ﬁ)) [-]
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Specimens D - substrate creep estimation
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Figure 4.51: Estimation of the substrate creep factor @s(t,to), using test results
obtained with Specimens D
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The estimation of @s(t,to) as presented in Figure 4.51 shows a relatively large variation
between specimens with different overlay depths. However, as stated previously, the above
presents an estimate of substrate creep strains using simplified assumptions. The observed
variation could thus be expected. The creep factors @s(t,to) of Specimens with 80, 40, and 20
mm, averaged over the test period, were 1.3, 1.2, and 1.6 respectively. This implies that creep
strains were somewhat higher than elastic strains. Using the ACI (1992) method for the
estimation of substrate creep in the tested specimens, substrate creep factors could be
estimated to be approximately 0.9 and 1.0 at 50 and 80 days respectively (compare Section
6.10). Considering that the ACI method represents a relatively rough estimation of creep
strains and that the interpretation of overlay strain values is complex, as stated before, it can
be concluded that predicted and measured values related to each other sensibly.

Specimens D showed that substrate creep plays a major role in the behaviour of bonded
concrete overlays. This must be considered for the analysis of strain measurements on
composite specimens and the modelling of bonded overlays. Substrate creep is however
commonly not considered in existing analytical models.

4.9.5 Conclusions and main findings

Specimens C and D were cast to investigate the restraining behaviour of the substrate in more
detail. The restraining action of the substrate at the interface was characterised through
substrate interface strains which appeared to be independent of the overlay thickness both in
specimens that were free to curve and in those that were not. However, due to the complex
interaction between direct strain and curvature in members with different overlay depths it
was concluded that strains measured on specimens that cannot curve are a better indicator of
the restraining behaviour of the substrate than those measured on specimens that are free to
deform.

Strains measured across the substrate depth of Specimens C (no curvature) indicated that
Bernoulli’s hypothesis of strain sections remaining plane does not apply for composite
members subjected to differential shrinkage. Overlay shrinkage restraint was found to be a
localised phenomenon at the interface, resulting in non-linear strain profiles across the
members. Overlay dimensions appeared to have no practical influence on substrate interface
strains. This indicated that existing analytical models, which link the degree of shrinkage
restraint to the relative sectional dimensions of substrate and overlay, are deficient in
predicting actual stresses in the member.

Specimens D were used to estimate the magnitude of substrate creep, using the principle of
internal equilibrium of forces. Substrate creep strains were found to play a significant role in
the behaviour of composite members. A realistic analytical model for bonded concrete
overlays should therefore consider the effects of substrate creep.
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4.1¢ %Sirain at the member ends

4.10.1 Introduction

Specimens A and B were also used [or the analysis ol strain distribution along the length of
the members. Member end strains were found to be considerably higher than strains in inner
regions and are therefore discussed scparately. In general, member end strains can be used tor
the charactensation of stress initiation at overlay boundaries. For the correct analysis ol
member end straing it 15 however necessary to first identify charactenstics of shrinkage
restraint at the interface. Uxisting analytical models assume full transfer of overlay shrinkage
stress al the member ends {compare Chapter 3). High member end strains, when analysed on
their own, 1.e. without consideration of strain profiles across the member sections, could be
falsely interpreted as an indicanion that the above assumption Is corect. In this section, high
member end strains are analysed in connection with test results discussed in previous sections
ter obrtain a more realistic insight into the strain and stress characteristics al the member ends,

The discussion of strain characternistics in previous scotions showed that interface strains are a
usefi] indicator of overlay shrinkage restraint. Tor the analysis ol member end conditions,
interface strains were theretore used,

Om Specimens A and B, member ends were defined as being in the region of the first

measurcment location at the ends of the beam (Figure 4,52).

“end” “Inner regions” “end”

Mumbers I 8 locations of strain readings (compare Section 4.2 4.2)

Sy

: 1 ®
: @ e '8' i Slrain-measuring discs
" 100 mm
= 10 =20 mm

Figure 4.52: Test locations along the composite members: Defliniton of member end
locations on Specimens A and I3
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Locations 2 along the beam. i ., the locations adjacent to the member ends, showed the same
strain as the rest of the inner regions along the members, High member end strains only
ocenred in the region of Tocation 1. Towever, due to the distance of 100 mm between the
strain measuring discs, it could not be established If these maximum strains were in fact
distribuled over the whole length of the 100 mm, or possibly only occurred closer to the
actual member ends

4.10,2 Test resulis and discussion

Figures 4.53 show strains at the member ends in comparison 1o the mean straing along inter
regions of the member {for strains in inner regions, compare Section 4.5). Strains are
expressed as the ratio belween overlay strain and free shrinkage strain.

In general, the specimens experienced notably higher sivains al the member ends compared {o
mner vegions of the member. Specimens AS were the only exception. The comparatively low
member end strains of Specimens A3 could nat be explained. However. since all other
specimens showed significanily higher member end strains. Specimens A5 were believed not
o be representative of practical strain characleristics and are therefore excluded in the
filtowing discussion. lurther research 1s necessary to identify if the difference mm strain of
Specimens AS was actually anomalous or merely a result of the expected scatter of test
resnits.

The ratios between member end sirams and sirans in Inner regions of the member are
summarized for Specimens Al-4 and Bl (Figure 4,54). During the fivst approximately 30
days, a large variation between the different specimens was observed. Al a later stage,
member end sirains were generally approxamately 50% higher compared 1o nner regions of
the members. [lowever, In Specimens A3 (smoolh interface), member end strains were
approximately twice as high as in inner regions. This could be an indicator of interface slip,
and hence partial or full debonding, at the ends of Specimens A3, This assumption was
confirmed through the hammer-tapping method with which a hallow sound was 1dentified at
the member ends of Specimens A3, indicating that a portion of interface bond strength had
heen destroyed. By contrast, debonding could not be identified on any of the other specimens.

Despile high values, member end strains of Specimens Al, A2, A4, and Bt were sull
considerably smaller than free shrinkage strains, wilth the mean ratio belween £o1 (membe end)
and rpgs being in the region of 4.60, indicating thal even al member ends there was
considerable restraint of overlay shrinkage, The praciical explanation of high strain values is
the absence of a restraiming “neighbow™ in both overlay and substrate and hence a
discontinuity effect at the member ends. The beam end. which has no “neighbounng piece”
attached to i, 15 relatively free to deform {Figure 4.55).
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locations 1n mmner regions of the member were used).

Obscrvations on Specunen Bl showed that overlay and subsirale experience the same strain
at the member ends, confonining to complete bund. Details are provided in Appendix 4.

2]



g Member end strains, Summary
; —o— Al (sandblasted. LS)

—o— AZ {sandblasied HS)
—— A3 (smoath. HY)
—— Ad (notched AL HS)

S end ¢ £ inside | =

—o— B1 (sandblasted, MS)

days]

i 100 200 ELLY
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Figure 4.55; Members with free endy: schematic of slratns at the member ends

The above observaiions allow conclusions on stress transfer at the member ends.
Sillwerbrand (1997) measured a stmilar phenomenon, ie. comparatively high member end
strains, in similar types of specimens. From this he concluded thar stresses due to ditferential
shrinkage are transferred at the member ends only, L.e. intertace shear forces i inner regions
of the member are zero. This lmplies that restraint of overlay shrinkage ts a localised
phenomenon at the member ends llowever, test results discussed in previous seclions
indicate that mechanisms of shrinkage restraint exist along the whole interface, from which i
can be concluded that siresses are transterred along the whole interface. Hince the
mechanizsms of resiraini at the interface can be modelled through inlerlace shear stress, this
implies that the whole interface experiences shear sivess. High member end strains mercly
indicate that tnterface shear forces have a maxmmum value at the member ends and are
constant tn imner regtons of the member. The difference between the 2 approaches s

schemattcally 1llustrated in Figure 4.56.

It should be noted that the mechanisms of shrinkage restramnt and inlerface shear stress at
averlay boundartes might be different in members thai have fixed ends, ie in which the

member ends are not free to delorm (Figure 4.57).
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Figure 4.56: Schematics of mechanisms of shrinkage restraint in relation to interface
shear stress, exasting analytical models and conclusions drawn from this research
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Figurce 4.57: Schematic of members with fixed substrate ends

It the zhove-illustrated member, the subsirate concrele al the memmber ends 15 not tice to
move under the compressive stress that 15 impaosed by overlay shrinkage, The restraind of
shrinkage in this region should thercfore be higher compared to members with free ends.
Howevcer, this casc was not examined during this research.

4.10.3 Conclusions

High member end strains imeasurcd on Specimens Al-4 and B1 were used as an identification
of the mechanisms of stress transfer at member ends, Existing analvtical models assume that
overlay shrinkage 13 restraint through interface shear furces at the member ends only. Test
results obtained during this research indicate that this assumption is not aceurate. 1hgh
member cnd strains in connection with constant strain along inner regions of the member
indicate that interface shear stresses have a maxamum at the member ends and are of constani
magmtude in inner regions of the member. This obscrvation is considered very impartant as it
directly relaies to the mechanisms of overlay shrinkage restraint at the imterface. Only with
realistic assumptions of the mechanisms of shrinkage restraint can overlay stresses be
madclled in a reasonable way,



4.11 Charxacteristics of overlay lilure
4.11.1 Introduction

The characteristics ol overlay and substrate strains along crack-free regions were discussed in
the previous sections. DilTerential overlay shrinkage might causc overlay failure, i.c. cracking
ar debanding ar both A comprehensive understanding of the behaviour of bonded overlays
must include aspects of overlay falure. Specimens A2-AS showed exiensive cracking al early
ages. Prom wvisnal obscrvations and strain measurements on these specimens, fundamenial
characteristics of overlay crack development could be identified (Section 4.11.2). The
mechanisms ol debonding arc discussed using observations and strain readings of Specimen
B2 (Section 4,11.3).

Strain measurements prior and subscquent to the occurrence of averlay fadure allowed an
estimalion of the magnitude of overlay stress relaxation, as discussed in Section 4,11 4.

4,11,2 Owverlay cracking
4.11.2.1 Discussion of general observations and everlay sirain valoes

The ovetlays of Specimens A2 — AS (Overlay 2 (HS), different interface textures) cracked
extensively during ihe first weeks This was the result of the combined influences of a high
ratc of shrinkage development ai early ages (compare Section 4.4.2.1) and low tensile
strength (compare Scction 4.3.2),

Cracks were identificd wisvally using a magnifying glass and were found 10 oceur,
independent from interface texiure, at relatively regular spacing of 100 to 200 mm The first
cracks along the members were commonly siluated approximately 150 1o 230 mm (rom the
beam ends. The majority of cracks traversed Lhe whole width and depth of ithe overlay, Visual
obscrvations were analysed in connection with strain measurements across the cracks (Figure
4,58},

130-250 W0 =200, Jurther cracks at 104} - 200 mm spacing

St : : 1 Strain measurmg discs
fesnes ® —» @ i

substrare

\ Strain readings across cracks

Vignre 4,.58; Tvpical overlay crack pattern on Specimens A2-A5



Strain values at differcnt cracked locations along the members showed a fairly large scatter of
results, indicating thal some cracks opened wider than others. A tvpical scatter of test results
15 presented in Figure 4.59.

2000 Specimens A2 - overlay siraing across cracks
— 1o
'E + mean
E 0
£ o melividyat
5 i logations
3.

=200

=300 -

Figure 4,39 Specimens A2, overlay strains on top of the beam, measurcd across
cracks. as an cxample of the scatter of test results

To facilitate the analysis of strain measurements, the mean values of all strains measured
across the cracks of cach specimen were used n the following discussion Howcever,
considering the large scatter of test resulis across cracks, the focus of this section lics on the
identification of fundamental mechanisms and not on the interpretation of absolute test
vilyes, The shori-term strain development of Specimens A2-AS Is presented in Figure 4,60,
Strain values of uncracked locations are presented as a comparison,

Specimens A2 (sandhlasted interface) and A3 (smooth interface) showed similar strain
characteristics. The majority of cracks on both specimens appeared between & and 10 days
after complction of curing. Locations that were going to crack showed lower inilial strain,
compared 1o the locations that would not cruck. These lesser values were a sign of incipient
cracks, indicating that the locations of major crucks were somewhat predestined.

Compared 1o Specimens A2 and A3, Specimens A4 and AS (notched interfaces A and B)
were different in respect to straim characteristics prior to cracking. Cracked locations showed
negative sirain values from the beginning of the test period, Cracks were only identificd
visually ailter approximately 7 days but the sirain values indicate that cracks probably
developed carlier, which could have been a resuit of the high mechanical resiraint provided
by the notches.
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Figures 4.60: Specimens AZ2-AS5, overlay strain development at cracked and
uncracked locations (mean values). The arrows indicate the time of first visual erack

identification
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Subsequent to the onset of cracking uncracked locations showed a temporarily lower rate of
strain development, indicaling release ol overlay strain cnergy. Strain at the cracked locations
gencrally followed a negatively increasing trend, indicating further opening of cracks.
However, this increase In negative stram was relatively small. An increase in crack width al
the interface would have been conpected to local debonding at the cracked locations, The
relatively constant strain values at cracked locations at the interface indicated that major
debonding probably did nol occur.

Strain values across cracks at the interface and on top of the members were generally very
similar, hence crack widihs seemed 1o be relatively constant throughout the overlay depth
Actual crack widths were however notl measured on the specimens.

The long-term strain development of Specimens AZ-A3S is presented in Vigure 4.61.

Over most of the test period, cracked locations on Specimens A2 showed higher negative
strain on top of the member compared to the interface This can be related to larger crack
widths on top of the member By contrast, Specimens A3, A4 and A5 showed similar strain
both at the interface and on top.

Cracks separate adjacent parts of the overlay {rom cach other, thus creating isolated overlay
“patches” glong the member. As menticned earlier, increasingly negative values ar cracked
locations would have been an indicailor tor debonding, but weire not measwred. In general,
strains across cracks were either relatively constant over ihe test period or slightly mereasing
towards more positive values. This inerease in positive sirain could theorelically indicate a
decrease i crack width. From a practical point of view, however, it seems unlikely that
cracks closed up again, Therefore, despite the formation of smgle overlay patches there was a
global eflect along the whole member, resulfing in compressive subsirate creep strains along
the length of the mierface.
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Figures 4.61; Specimens AZ2-AS, long-term overlay strain development at cracked

and uncracked locations.
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4.11.2.2 Discussion of the main findings

The visual observation of ¢racking behaviour in connection with strain measuremenis on the
cracked specimens allowed conelusions on fundamental cracking charactenstics of bonded
concrete averlays.

Tt is commonly accepted that overlays either crack al early ages or do not crack at all. which
was confirmed by the specimens investigated during this research, Cracks on Specimens A2-
5 oeourred at regular small distances, while uncracked specimens {Specimens Al, B1, € and
Y did not show any sign of [atlure, This confivms abservations made by Weber (1971) who
staled that bonded averlays either crack at regular and smail distances, or completely vesist
cracking through plastic and clastic deformations,

Strain mcasurcments indicated that overlays did nol mave away [rom cracks, i.e the bond
between substrate and overlay was not affected by the occurrence of cracks, even though the
averlays had high shrinkage strains, This is noteworthy espectally for the smooth interfaces
of Specimens A3, which offered low mechanical restraint of overlay slip. Bond tailure, which
is sometimes obscrved n actual composite members next to eracks, can therctore praobably be
related to the influcnces of poor interface preparation or cyche loading due to lemperature
chaniges rather than the influences of ditferential shrinkage,

With strain measurciments of Specimens A2-A3, lensile overlay stress relaxation can be
estimated, as discussed in Section 4,114,

4.11.3 ©Overlay debonding

‘The overlay of Specimen B2 (smaoth interface, Overlay 3 (MS8)) debonded from the substrate
after approximately 4 weeks, No cracks developed n the gverlay and debonding was thus the
sole mechansm of stress release. Debonding was abscrved visually as the overlay had clearly
separated from the substrale over approximately $0% of the member length. Debonding
started on one end anly while the ather end remained bonded to the substrate over the whole
test period (Figure 4.62).

Overlay and substrate strains at the interface, in comparison o free gverlay shrinkage strains,
are presented in Figure 4.63.
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Figure 4.63; Specimens B2: Strain values at the interface compared to free overlay
shrinkage strain

During the first approximately 2 weeks, overlay strain developed at a fairly low rate. No
subsiantial substrate strain was measured during this pertod. This confirmed the previously
discussed observation of an inittal refative movement between averlay and substrate. After
approstmately 2 weeks, substrate and overlay strain at the interface began o develop at a
simnlar rate. n Figure 4 63, debanding is indicated through the sudden jump of overlay strain
towards higher vatues afler approximately 4 wecks. In the same moment, ic in the moment
of debonding, subsirate compressive strain and stress were released, as indieated by the jump
of substratc strain towards lower values,

Subscruently to the onsct of debonding, overlay strain developed at a much faster rate than
free shrinkage strain, Thereafer, overlay and free shrinkage straing tncreased ar virtually the
same rates, indicating that the overlay was now able to shrink {reely. The step in the overlay
strain curve between days 28 and 42 suggests that the bond was destroved in stages.

The above observations arc significant as they can be used for the cstimation of tenstle stress
rclaxation, which is discussed in the following section.
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4.11.4 Ovwerlay stress relaxation through failure
4.11.4.1 Siress relaxation through cracking

The strain development of Specimens A2 and A3 clearly indicated the time of overlay
cracking, as discussed in Scction 4.11.2.1. The estumation of overlay crecp relaxation is
therefore based on Specimens A2 and A3,

Elastic modulus Frn and tensile strength § of Owverlay 2 al the time ol ¢racking were
approximately 22.5 GPa and 2.0 MPa respectively (compare Section 4.3), On Specimens A2,
the majority of cracks were detected after 7 days when free shrninkage strains were
Crss7d — 26010 Free shrinkage strains mcasured before cracking was detected were
Crsyad — 200, 107 at 4 days. U is therefore assumed that overlay cracking on Specimens A2
oceurred between 4 and 7 days, with the [ree shrinkage strain al the time just before cracking
being approximately fyss. making — 230.107

The average overlay strain at locations that were going Lo crack, measured alter 4 days, was

Eo,4q = 4. 107 Therefore, the restramed shrinkage at the time just betore cracking occurred
can be cstimated to be

Bty e = (230 400107 o 10
which, 1n the absence of relaxation, would correspond to elastic stress of
Gy ™= Ko, renrined shrinkage - D190, 107 . 22 5. 10°P MPa = 4.3 MPa

At the time of cracking, tensile strength was i = 2.0 MPa from which the short-term
relaxation factor for Specimens A2 can be esiimaied as

W —20/43 =047
The factor 0.47 implies that relaxation reduced tensile stress to 47%% of the clastic stress.

Repealing the above calculations for Specimens A3 results in a short-tenn relaxation factor of
(+.63. Overlay relaxation therefore led to a reduction in tensile stress of ronghly 40-50%

4.11.4.2 Siress relaxation throngh debonding
Simuilarly to the cracked overlays of Specimens A2 and A3, strain development of Specimens
B2 can be vsed to estimate the magnitude ol teasile creep relaxalion. The ratio between

overlay astrain at the imterface and free shrinkage strain of Specimen B2 is presented in
Figure 4.64.
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Figure 4,64; Specimens 132: Ratio between overlay strain at the interface and [ree
shrinkage strain

The low ratio between overlay shrinkage and free shrinkage of roughly 0.2 dunng the first 4
weeks indicates gh initial restraint. The onset of debonding led to a sudden increase in the
ratio of up to 0.47 and after approxrmaiely 6 weeks, when debonding was completed, the
ratio reached a value of (0.537

The difference i overlay sirain between the onset and completion of debonding denotes the
elastic component of restrained shrinkage, 1.6 the component that could be recovered after
the restraining action was elminated. The inelashic component of resirained shrinkage, ie.
the component that could not be recovered after debonding, 15 expressed through the
difference helween lree shrinkage strain and cverlay strain at the completion of debonding,
This strain difference corresponds to the siress released. In that respect, the ratio between
overlay shrinkage and {ree shrinkage of (.57 at {he completion of debonding corresponds
the relaxation factor y. Therelore. during the first & weeks. overlay relaxation led o a
reduction of restrained shrinkage stress of approximately 43%.

4,11.4.3 Summary and discussion

Tensile stress relaxation is a crucial mechanism for durability and serviceability of bonded
concrete overlavs. The magnitude of restrained shrinkage often exceeds the tensile strain
capacily of the overlay. This would lead to failure in form of cracking and/or debonding if
these siresses were nol partly released through overlay relaxation. The importance of tensile
siress relagation for bonded averlays has long been recognised {compare Section 2.52)
However, detailed information on actual relaxation values is rare and information on stress
relaxation measured on composite members subjected to differential shrinkage was not found



in the literature. The results of Specimens A2-A5 and Bl therefore serve as a valuable
indication of relaxation characteristics in bonded concrete overlays.

Test results of Specimens A2-A5 and B2 showed that significant overlay relaxation occurs in
the early ages of loading. In general, relaxation reduced tensile overlay stress by
approximately 40-50%. These values were used to confirm the validity of the analytical
model discussed in Chapter 6.

However, overlay relaxation may be very different for different materials and it is necessary
to examine the relaxation characteristics of common overlay materials, including concrete
repair mortars.

4.12 Summary and conclusions

The experimental research discussed in the previous sections allows conclusions on the
parameters identified in Section 4.1 and reveals shortcomings of existing analytical models
for the design of bonded concrete overlays subjected to differential shrinkage.

Existing models are based on simple beam theory and apply Bernoulli’s hypothesis of plane
sections remaining plane after being stressed. Consequences of this assumption are that
stresses resulting from differential shrinkage are only transferred at the member ends, ie.
interface shear forces only exist at the member ends, and the degree of overlay shrinkage
restraint is related to relative member dimensions of substrate and overlay. Strain
measurements discussed in the previous sections reveal that Bernoulli’s assumption does not
apply for the case of differential shrinkage in composite members. The restraint of overlay
shrinkage appeared to be a localised phenomenon at the interface that cannot be modelled
realistically if simple beam theory is applied.

Comparison of test results taken from different specimens revealed the importance of critical
interpretation of strain measurements. While the behaviour of some of the tested specimens
could theoretically be linked to existing analytical approaches, others indicated that existing
approaches are based on unrealistic assumptions. It is therefore crucial to identify not only
relevant test parameters but also adequate specimen properties to draw correct conclusions. In
this research, combined test results from different specimens were analysed to identify
fundamental characteristics of bonded concrete overlays,

The interpretation of strain measurements on composite members subjected to differential
shrinkage is complex as many time-dependent material properties influence the test results.
Measured strains combine elastic and visco-elastic effects and in general it is difficult to draw
conclusions on individual strain components. However, the range of test specimens and the
methods of analysis discussed in the previous sections allow an estimation of the influence of
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different strain and stress components in composite members. Results of the experimental
work were used for the development of an analytical model that is based on localised strain
initiation at the interface between substrate and overlay. The development of the model is
discussed in Chapter 6.

For clear presentation, important findings of the experimental work are summarized
individually in the following, concentrating on the main aspects used for the development of
a new analytical model. For a detailed discussion of these findings, reference is made to
previous sections.

Bernoulli’s hypothesis

Existing analytical approaches generally assume that Bernoulli’s hypothesis, which states that
plane sections remain plane after being stressed, applies for the case of bonded concrete
overlays. Test results indicated that this assumption is not correct for the case of differential
shrinkage. In substrates of large depth, strains have a maximum at the interface and fade to a
point of zero strain in regions away from the interface. The composite member is therefore
subjected to localised strain effects at the interface.

Relative sectional dimensions of substrate and overlay

Existing analytical models assume that overlay shrinkage restraint is related to the relative
member dimensions of overlay and substrate, concluding that relatively thin overlays on large
substrates experience complete restraint and hence maximum stress. Test results indicated
that the relative section dimensions have little influence on interface strains. Due to localised
effects at the interface, even thin overlays experience considerable strain and hence release of
tensile stress.

Force transfer length at the member ends

All existing models are based on the assumption that forces from restrained overlay shrinkage
are fully transferred at the member ends. This assumption facilitates the modelling of
composite members using conventional analytical approaches. The member ends of the tested
specimens showed considerably higher strains compared to inner regions, which was mainly
due to the absence of a restraining “neighbour”. Member ends experienced higher restraining
action compared to inner regions, which is probably connected to a maximum of interface
shear stresses. However, overlay shrinkage appeared to be restrained locally along the whole
interface. Inner regions of the member experienced similar levels strain and hence the same
restraining action along the whole interface, indicating that interface shear stresses exist and
are uniform along this region. A force-transfer length at the member ends over which the full
amount of force is transferred to the member does therefore not exist.
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Interface slip

In some models, interface slip has been considered in the analysis of bonded overlays (e.g.
Silfwerbrand 1997). However, results obtained on Specimens B and C indicate that overlay
and substrate, if fully bonded, experience the same strain at the interface. For fully bonded
overlays, interface slip may be ignored in the computation of strains and stresses.

Strain distribution across the overlay depth

Strain gradients across the overlay depth were detected on Specimens D3 with an overlay of
80 mm depth. This might have been a result of curvature and/or decreasing restraining action,
i.e. increasing freedom to deform, towards the top of the overlay. On thinner overlays, i.e.
overlays of 20 and 40 mm depth, strain gradients were less pronounced. For thin overlays
with a depth of up to approximately 40 mm, it therefore appears appropriate to assume a
constant strain profile throughout the overlay, as is commonly suggested in existing
analytical models.

Substrate creep strains

Existing analytical approaches do not consider substrate creep for the modelling of bonded
overlays. However, for all specimens tested, substrate creep proved to be a major mechanism
for strain and stress development in the overlay. Substrate creep strains were found to
increase overlay strains, and therefore relax overlay stress, considerably. For the correct
modelling of bonded overlays it therefore essential to account for substrate creep. The
influence of substrate age on creep strains is discussed in Section 6.10.

Overlay creep relaxation

Tensile stress relaxation has long been recognised as being one of the most important factors
for stress development in overlays subjected to restrained shrinkage. However, information
on tensile stress relaxation is limited and no information on relaxation values directly
measured on bonded overlays was found in the literature. Specimens A and B allowed an
estimation of the tensile stress relaxation factors of overlays 2 and 3, which were computed to
be approximately 0.5 — 0.6. This implies that on these specimens roughly 40-50 % of tensile
overlay stress was released through relaxation. Specimens A further indicated that
considerable relaxation occurs shortly after loading. More research is however necessary to
find relaxation factors for different types of overlays.

Curvature

Differential shrinkage is generally considered to induce curvature into composite members,
with the overlay experiencing compressive curvature strain. Specimens C, which could not
curve, showed overlay strains similar to specimens that were free to curve. Curvature strains
are generally difficult to assess from strain measurements as the effects of overlay thickness
on curvature are complex, especially in members that are subjected to both elastic and viso-
elastic strain components, as discussed in Section 4.9.3. The influence of curvature could
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therefore not clearly be identified. Generally, it would be conservative to design bonded
overlays without accounting for the effects of curvature.

Influence of interface texture and mechanical bond strength on overlay strains and
stresses

Specimens A2-AS were made with the same overlay but different interface textures. The
interface texture was found to have no significant influence on overlay strains. By contrast,
different interface textures resulted in significantly different shear bond strengths between
substrate and overlay, which is discussed in Chapter 7. Mechanical interface bond strength on
a macro scale therefore had no notable influence on overlay stresses due to restrained
shrinkage. This observation is significant as it allows to model overlay stresses irrespectively
of interface texture as long as full bond is assured.

Overlay failure in general

Specimens A2-AS5 cracked extensively at early ages, releasing overlay stress resulting from
restrained shrinkage. Strain readings on these specimens indicated that during the test period
significant debonding did not occur on these specimens despite high overlay shrinkage
strains. By contrast, Specimen B2 completely debonded along nearly the whole length of the
member but did not show any cracks. It appears that a mixed mode of failure, ie a
combination of debonding and cracking, did not occur in the specimens. Tensile overlay
strength seems to govern the mode of overlay failure in cases where stresses due to
differential shrinkage exceed overlay strain capacity.

Overlay cracking characteristics

Specimens that developed cracks did so in the first days after completion of curing, which
confirmed observations made by Weber (1971) who concluded that cracks develop at early
ages or do not develop at all. Cracks occurred at small, relatively regular intervals. This
coincides with observations made on patch repairs which often crack extensively even if they
cover small areas.

Comparison of existing analytical models to experimental results

Existing models were not tested against the numerical overlay strain values obtained during
the experimental research as this was thought not to be necessary for the following reasons.
Existing analytical models assume that stresses resulting from differential shrinkage are
transferred at the member ends only. Localised effects at the interface are not considered. The
models base on Bernoulli’s hypothesis that plane sections remain plane after being stressed
and apply common beam theory for the computation of strains and stresses in the member.
The above two assumptions were challenged by the test results obtained during the
experimental research. Considering that an estimation of overlay strains is difficult due to the
numerous elastic and visco-elastic influences, existing models could in fact be interpreted as
to conform to strains measured on Specimens A and B and D. In other words, test results
from these specimens could be interpreted in favour of the existing models discussed in
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Chapter 3. However, interpreting the above specimens in conjunction with Specimens C
(members that were unable to curve) shows that existing models apply impractical
assumptions. Existing models may thus be useful for the prediction of overlay strains in
members that are free to curve and that have relatively small substrate depths. By contrast,
these models cannot predict strains and stresses in members that have large substrate depths,
which for some applications of bonded overlays, e.g. concrete repair, present the most
common cases. This shows how crucial it is to test theoretical assumptions against relevant
test results. Testing existing analytical models against the combined results obtained on
Specimens A,B,C and D shows that these models apply unrealistic theories. A comparison
between existing analytical approaches and numerical test results is therefore considered
unnecessary.

The experimental research allowed conclusions on fundamental characteristics of bonded
concrete overlays as summarized above. The need for the development of a new analytical
approach with which strains and stresses in bonded overlays can be modelled realistically
was identified. In Chapter 6, the development of an analytical model that is based on
localised effects at the interface between substrate and overlay is discussed. In this section,
the above aspects are dealt with in detail from a theoretical point of view.
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CHAPTER 8

NUMERICAL SIMULATION OF STRAINS IN COMPOSITE MEMBER
SUBJECTED TO DIFFERENTIAL SHRINKAGE

5,1 Introduction

For identification of fundamental strain characteristics of bonded overlays subjected to
differential shrinkage, a parameter study was carried out using the Finite Element Method of
analysis. The results were used to confirm important observations from the experimental
research. The following parameters were investigated:

- Characteristics of localised restraint at the interface between substrate and overlay
- The applicability of Bernoulli’s theory that plane sections remain plane

- Influence of overlay thickness on interface strains

- Strain profiles across the member depth

- Influence of elastic overlay properties

Overlay and substrate strains resulting from overlay shrinkage were modelled using overlays
of different thicknesses and different elastic properties. Overlays were defined as being fully
bonded to the substrate. Only elastic behaviour was examined, visco-elastic effects were not
considered. A simplified structural system was used, allowing for one-dimensional
deformations in a plane strain analysis, i.e. a 2-dimensional member was used to model
strains parallel to the interface and vertical strain components were not considered.

Results of the numerical simulation do not represent actual strain values of bonded overlays
subjected to differential shrinkage. They merely serve as an indicator of fundamental
characteristics of the behaviour of bonded overlays. The main aim of the numerical
simulation was to confirm the observation that restrained overlay shrinkage is a localised
effect at the interface.

In general, numerical simulations using FEM analysis can assist in the identification of strain
characteristics in bonded overlays, considering important aspects such as visco-elastic
material behaviour. However, the focus of this dissertation rests on the development of an
analytical model for the prediction of stresses in bonded overlays. The development of the
analytical model is discussed in Chapter 6. Results from the numerical simulation were
merely used to help identify and confirm important parameters for the development of the
analytical model. A detailed numerical simulation of the behaviour of bonded overlays
exceeded the scope of this research.
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5.2 System and models used

5.2.1 General

The software uscd for the FEM analysis was ABAQUS Version 6.4-3. The basic structural
systerm chosen [br the analysis comprised the following:

- 2-D continuum elemetl
- Planc strain analysis
- One-dimensional strain cffects (no vertical displacement)

Overlay and substrate were modelled as being fully bonded, e slip between the composites
was not considered, which corresponds to results from the experimental research as discussed
in Section 4.8 The dircet modeling of differential overlay shrinkage was not possible with
the software used, Overlay deliwmation was thus simulated by applving a decrease 1n
temperature to the overlay, which ted 1o shonening and therefore 1o an equivalent effect to
shrinkage. The change in temperature was applied as a constant throughout (he overlay deplh
and width (Figure 5.1} A decrease in temperature was chosen that corresponded to a free
shortening of 300,107

5.2.2 Specimen dimensions and material properties

Strains werc moedelicd on members of 1m width, Imitbally, substrate depths of 5 m were used
in the analysis. However, substrate depths in excess of 2 m were found to have no practical
intluence on the restraml of averlay shrinkage at the imterface. A substrate depth of 2 m was
therefore used in the numerical simulation. (verlays were modelled with varying depths

{Figare 5.1).

Varying overlay depths

Application of

temporalure deercase
constant throughout
the overlay 2004

-~
C oo
Figure 5.1; Basic member dimensions used in the numerical simufation
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Substrate properlies werc kept the same for all simulations. The influcnce of the overlay
stiffness was tested for a range of overlay thicknesses and elasiic properties. For clarity, all
specimen parameters, i.e. dimensions and clastic propertics, are described in the following
seclions in combiration with the results ol the numerical simulation.

5.3 Results of the numerical simulation

5.3.1 General

The results of the numerical simulation were analysed in terms of the following parameters:

- Strain profiles across the member depth
- Strain values al the interface at the centre ine of the member (Figure 5.2).

J‘; N

\Interface strains at the centre ling

Strains at the ¢entre line across the member depth

Figure 8.2 Schematic of analysed parameters

As stated previously, the numerical simulation of restrained overlays with FEM analysis was
used lo identily lundamental strain characteristics. Therefore, a detailed investigation on
strain values across the whole member depth and strain distribution along the interface were
not carned out as this would have exceeded the scope of this section. However, il is
interesiing to notice that sirains at the edges of the member were generally higher than in
INMer regions.

High member end strains were also identificd during the experimental research and are a
result of the absence of a restraimng “ncighbour™ at free cdges. The analvtical model
developed 1o Section 6 concentrates on inner regions of the member, i.e. regions distant from
the influence of member end effects. These arc commonly the regions of most importance for
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tensile siress devolopment and hence cracking behaviour of the overlay, Therefore, only
centre line sirains as illustrated in Figure 5.2 are anatysed in ihe scope of (his scction.

5.3.2 Strains in a member with “infinite” substrate and overlay depths

The basic appticability of Bernoulti’'s theory of plane sections remaining plane aficr being
stressed was lested on a composite member with infinite substrate and overlay depths.
Overlay and substrate depths exceeding 2 m were found to have no noticeable influcnee on
the characteristics of restraint at the interface Therefore, avertay and substrate depths used in
the simulaiion werc 2 m (Figare 5.3},

E-— 200 GPa
AT, corrgsponding to g = 300,10 d
2000
.
F
E. =200 4GPy
2006

10040
-.-_'_-r.'
Figure 5.3 Simulation of a compaosite member with “infinite” substrate and overlay
depths: member dimensions and properties

Both overlay and substrate were maodelled with the same material propertics. i.¢. the same
clastic properties. Toe model perfecily etastic conditions, the composite member was defined
as a steel section with an elasiic modutus of 200 GPa. Llowever, it should be noted that the
choice of material, i.e concrete or stecl, was found to have no influcnece on the cesults of the
numerical simulation of the above member. The overlay was subjected to a temperature drop
corresponding to a free contraction of 300,107, Strains across the centre ling of the member,
resulting from the restraint of the differential contraction, are presented in Figure 5.4.

The strains illustrated in Figure 5.4 correspond to a deformed member shape as shown in
Fignre 8.3,
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Figure 5.4 Spccimen with “infimite” substrate and overlay depths, strain values in the
centre line across the member depth

EFroe | Epree = fTeg deformation, mo restraint
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Figure 5.5. Member with “infinitc” substrate and overlay depths, deformed member
shape resulting from restraint of overlay contraction,

As can be seen in Figures 5.4 and 5.5, according o Lthe numerical simulahwon, Bernoulli’s

hypathesis of plane sections remaiming plane does nol apply 1o Lhe case of dillerential

shrinkage in bonded concrete overlavs. At the interface, overlay and subsirate respectively

experience maximum restraint and strain. 1n the simulation, the top of the overlay was too far
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removed (rom the wnterface Lo experience appreciable restraint and could deform freely.
Similarly, the bottom of the subsirate was 100 tar removed from the interface to experience
noticgable strain. The depth of strain decay, i.e. the depth after which a reasonably constant
strain was reached and where the restraining action at the inler(ace ceased to mfluence the
behavicur of Lhe sections, was approximalely 800 mm [or both overlay and substrate, Strain
prafiles in averlay and subsirale were parabolic,

At the interface. 50% of the free overlay deformation was resirained {ISID.]ID{‘}, Le the
overlay was in effect pulled back by 150.10™ Simullaneously, the subsirate was forced to
undergo a enmpressive deformation of 130,10 al the interface, At the interface, therefore,
due to the same elastic properiies of overlay and subsirate, tensile stress in the overlay was ol
the same magnilude as compressive stress n the substrate. This phenomenon ol equal bul
opposite overlay and substrate stresses at the interface was discovered to not exist in
members with overlay depths of less than approximalely 300 mm, as discussed in the
{ollowing section.

5.3.3 Sirains in relation to overlay depth

The influence of overlay Lhickness on interface strains was simulated using substrate
members of 2 m depth and overlays with depths ranging from 1 to 1000 mm (Figure 5.6).
Matenal parameters such as elastic propemes of overlays and substrate were ihe same as
those discussed in Section 5.3.2.

"} Overtay depths: 1, 10, 20, 40, 60, 80, 100, 140, 180, 220, 240, 300, 400
A0, BO, and 000 mm

E. =200 GiPa

AT, corresponding to & — 300,10°
20010

E. =200 GPa

Figure 5.6: Simulation of composite members with different overay depths; member
dimensions and properties

As shown in Figure 5.7, in members with overlays of up to approximaiely 300 mm thickness.
interface strains were decreasing with decreasing averlay thickness. An increase in overlay
thickness above approximately 300 mam did not result in significantly higher interface strain,
1t is interesting to note thal even an overlay of | mm thickness causes notable interface sirain
on a 2 m thick substrate.
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Vigure 5.7 Strains across the member depth in relation ta overlay thickness

The basic shape of strmn prohiles acrass the member depth was the same fov all simulated
members, with strain magnitudes depending on the overlay thickness. The zone in which the
subsirate cgpericnced strain due to ils restraining action was wvirtually the same in all
spcoimens, independent of overlay thickness. This zone, which can be termed the depth of
strain decay, was approximately 800 mm from the interface.

The above results mdicate that restraint of overlay shrinkage is 4 localised phenomenan at the
imterface. If the overlay has a thickness greater than & certain limit, in the above simulation
approximately 300 mm, relative member dimensions do not have a sigmficant influence on
interface strain. Figure 5.8 shows interface stvain values as a function of overlay thickness,

For the computation of mterface strains it 15 Impoertant to have information on the limting
overlay thickness for interface restraint, i.e. the overlay thickness above which an increase in
thickness does not influence nterface strans. As stated above, in the mumerical simulation
this limiting overlay thickness was approximately 300 mm.
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Figure 5.8: Interface strains in relation to overlay thickness

In the experimental research programme discussed In Section 4 overlays of 20, 40 and 80 mm
were found to result in very similar interface strain values. Therefore, it seems that, in the
tested composite specimens, the limiting overlay Lhickness for ingerface restraint lay below 20
minl, More expenmental research 1s necessary to identily this imiting overlay thickness for
common overlay materials under characteristic conditions,

5.3.4 Interface strains in relation to elastic overlay properties

The influence of elastic overlay properties was simulated on members with cverlays of 20, 40
and 80 mm. Substrate and overlay were defined as concrete sections. The elastic modulus of
the substraie was 35 (iPa. Ditferent elastic moduli for the overlay were 20, 23 and 35 MPa
(Figure 5.9),

i Overlay depths: 20, 40, and 80 mm

| E,— 20 25, and 30 GI'a

ATy corresponding to & = 300,107
200000

E;=350GPa

and properties

As shown in Figure 3,10, wnierface strains are related to the elastic modulus of the overlay.
An increase in elastic modulus of the overlay results in an increase in inlerface strams, A
stiffer overlay has more “power” to cause contraction at the interface. The difference between
interface strains resulting from different elastic moduli increases with overlay depth.

145



Orverlay thickness: 20 mm 40 mm 80 mm

0 . Strain [ 16°7]
all
=200
400 Elastic madulus
_ of the overlay:
Substrate ! ——
depn W ——//—————— 20 MPal
[mum] 5_ — 25 MPa
=80 .......... 25 MPy
=10

Figure 5.10: Strains across the member scction in relation to overlay thickness and
elastic modulus

A detailed analysis ol strains was not carned owt as the above results are merely used to
identify fundamental characteristics, The most important mnformation that can be drawn from
the above results is that interface strains are related to the relative elastic moduli of overlay
and substrate.

5.4 Summary and couclusions

The results of the numerical simulation of strwns in composite members allow conclusions
on fundamental strain characteristics ol bonded overlays. The following aspects are
considered as important in the correct modelling of bonded overlays:

- Bernoulli’s hypothesis that plane sections remain plane after being stresses does not
apply to bonded overiays.

- Owverlay shrinkage restraint 1s a localised phenomenon at the interface.

- The overlay thickness influences interlace strains when it does not exceed a certain
limit, It the overlay is thicker than this limiting value, shrinkage vestraint at the
interface is independent of overlay dimensions.

- Interface strains are related to the relative elastic properties of substrate and overlay.
An increase 10 elastic modulus of the overlay resuls in an increase in interlace strains,

The numerical simulation confirmed aspects from the experimental rescarch, most important
of which are the non-applicability of Bernoulli's principle and the aspect of localised effects
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al the interface. These issues indicate that existing analytical models, as discussed in Scetion
3. [ail to model bonded concrete overlays correctly,

The above aspects were used 1o support assumptions made for the development of an

analytical model for strains and siresses tn bonded concrete overlays, as discussed m the
following Chapter 6.
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CHAPTER 6

MODELLING COMPOSITE MEMBERS BASED ON LOCALISED STRAIN AND
STRESS CONDITIONS

6.1 Introduction

This chapter presents the development of an analytical model for the analvsis of restrained
averlay shrinkage stresses based on localised strain conditions inside the composite member.
Reference is made to the literature wherever appropriate. The developmient of the theoretical
approach was accompanied by extensive pracucal research (Chapler 4). Selecled parameters
were {unher verified using the Finile Elemenl Method of analysis (Chaptler 5). For
verification of chosen parameler values, reference will be made to these sections where
necessary (Figure 6.1),

Labomitese wisck Tesl results on stratn distribution along the Iength and across the
{Chapter 4} depth of composite members, as discussed 10 Chapler 4, are applied 16
adjust the model to reabistic eompasite behaviour,

Numerical modelling Numerical modelling of overlay strains 15 uvsed to vorify
{Chapter 5) Tundamental aspoeets concerning overlay stran charactonstics.

ks Important aspests of existing analvtical models are discussed

{Chapter 2) and evaluated.

] ¥ ;]

Developmenl of anabdtical model, based on o logcal approach

Figure 6.1: Schemalic of the development of the analytical model, based on literature
rescarch, strain measurcments on composite members, and numerical modelling

Diflerential shrinkage between overlay and substrate is relaied lo internal material properiies
and cxternal influcnees resulting from the environment. Bue to the complex nature of
concrete material propertics under time-dependent influences, any analytical madel far
restramed overlay shrinkage can only present an estimation of actual strams and stresses. The
model should therefore be simple and logical and based on reasonable assumplions that can
be verified through practical research,
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The analytical madel presented in the following sections considers elasiic sirains and stresses
at an jsolated time increment, However, the development of aclual stresses in the member
will be strongly inlluenced by tme-dependent matenal properties, especially by the
interaction between the varving nfluences of shonkage, creep, and elastic modulus These
time-dependent material properties will be discussed in Section 6.9

6.2 Basic philosephy of the analytical model

The perspective fram which this problem is observed depends on the plulasophy of analysis
and it 15 crucial to deline perspective and philosophy before the analytical model 1s
developed, There are three possible levels of analywis, namely the global level, the local level,
and the migro level, as discussed below,

6.2.1 Global level of anal¥sis
The comman approach using conventional linear analysis can be described as a global
analytical perspective that looks at the member as a whole, modelling intemal strain and

stress through externally apphlied forces without consideration of local influences (Figure
6.2).

B C

— 4

A: Considering the whole member on a global scale
B: Modelling stresses through extemal forces acting on the member ends
C; Caleulation of strains and stregses vsing conventional solid mechanics

Figure 6.2; Modelling stresses due to differential shrinkage on a global scale

Curvalure, hending moments, shear and divect stresses, and stress distribution depend on each
other in the conventional way and can be calculated for any part of the member fatrly simply
with common theories. llowever, the shoricoming of analytical models that are based on a
global level alone is that they tend to oversimplify the problem to an extent where linear solid
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analysis can no longer express what happens locally inside the member It i3 crucial to
consider local parts of the beam, as it is here where stress is wmtiated.

All existing analviical models operate on a global scale, considering ihe composite member
as 4 whole and caleulating stresses and strains through externally apphed torces {see Seclion
3). The test results obtained during the experimental research as well as the FEM model show
thal the existing analylical approaches fail to correctly modet strains m compowite members,
which highlights the problem of the global perspective,

6.2.2 Local level ol analysis

The main shortcoming of the global level of analysis is that it fails to acknowledge that
differential shrinkage stresses are inmitiated in the intcrface plane between substrate and
overlay. By coutrast to the global approach, the local level of analysis attemnpis to explain
stramn and stress distribution in composite members rationally on the basis of tocalised
conditions across the composite section {Figure 6.3},

A B C

T —a B GRS F(dy.dv) /

<= ik -— .
ey

L

— | mm

A Constdering stress initation locally al the ilerface
B: Mudclling restraint, strain and siress at the location of their origin
C Caleulating strain and stress across the member section on g mtional basis

Figure 6.3; Modelling stresses due to differential shrinkage consideting localised
conditions across the member depth

The Tocal level of analysis offery the advantape of taking into account the following aspects
in the modelling of ditferential shrinkage stresscs;
- Swess initiation at the inlerface between substrate and overlay, as opposed to existing
analytical models that model stresses through torces applied at the member ends

- T.wecalised, Le non-lincar, strain distribution acriss the section

The strain measurements on composite members, as described in Chapier 4, showed the need
to model strains and stresses on a local level with consideration of the above parameters,
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6.2.3 Micro level of analysis

The micro level of analvsis could be used to express what actually happens at a nucroscopic
scale (Figure 6.4).

rd}r

overlay hydration producty _ :
; -
j ¥ 1 mum

: 3
A it

subsiraie

Figure 6.4: Consideration of material parameters on g nucroscopic scale

Microscopte aspects that may be o value for the analysis of compostle members are:

- Microscopie mechanisims of shrinkage and crecp, which help to identity the location
of’ stress orgin and the resulting characteristic of stress development and stress
distribution

- Assessment of partial or full bond failure, Definition of the actual locanon of tracture
after overlay failure {i e interface or material fatlure on a microscopic scale)

Aspects relating to the micro level of analysis are commonly not considered in existing
models tor bonded concrete averlays,

6.2.4 Combination of the 3 different levels of analysis

As siated previously, most cxisting models arc based solely an global analysis cven though
phenomena occur on a microsgapic seale, To model composite behaviour of overlay and
substrate on a mcroscopic scale alone 1s, however, not practical. In this thesis, the micro
scale 15 used to lomcally explan stress imnation at the interface berween substrate and
overfay.

The local level of analysis proved to be the most appropriate tool for the modelting of stresses

and strains in bonded concrete overlavs 1t lacihitaled the interpretalion of strain
measurcments in compaosite specitnens and provided a rational basts [or the development of
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an analytical model. The strategy adopted in this thesis is therefore to commence the analysis
on a local level, based on an understanding of material characteristics on a microscopic scale.
From that starting point, conclusions on the global level can be drawn for the prediction of
the behaviour of the whole member (Figure 6.5).

Existing analytical approaches Approach adopted during this research

Micro level Micro level

£

Consideration of microscopic aspects
for the modelling of strains and

/NO connection, micro stresses on a local level

© level is not considered

iy

on a local scale

Local level Local level | (modelling platform)
A
; Use global models to Analyse the member on a global scale
: 4 using strains and stresses modelled
: explain what happens locally

Global level | (modelling platform) Global level

Figure 6.5: Different analytical perspectives for the modelling of stresses and strains
resulting from restrained overlay shrinkage

6.3 The degree of bond between substrate and overlay

As outlined in Section 2.3.2, adhesion between substrate and overlay can be divided mainly
into mechanical interaction and chemical bonding. Overlay shrinkage might cause interface
stress that leads to partial or full loss of any of the above bonding mechanisms. Once partial
bond failure has occurred, mechanical friction may be activated to prevent further debonding.
Partial debonding might cause interface slip, which would result in a relaxation of overlay
tensile stress.

The definition of the degree of bond is an important factor for the analysis of composite
members and must be defined before any other assumptions are made. Silfwerbrand (1997)
models bond between substrate and overlay through mechanical friction and relates tensile
overlay stresses to interface slip (compare Section 3.8). By contrast, all other existing
approaches that were investigated assume full bonding. Interface slip corresponds to a certain
degree of debonding. As such, it does not correspond to what should be expected in sound
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composite specimens. The model described herein assumes perfect bond without interface
slip. Overlay and substrate, therefore, undergo the same deformations at the interface:

€01 = Es1 {6.1]

The validity of Equation 6.1 was confirmed through strain measurement across the interface
between substrate and overlay as discussed in Section 4.8.

6.4 Strain gradient across the overlay depth

Because drying takes place at the surface exposed to the environment, monolithic concrete
members commonly experience shrinkage gradients throughout their thickness, with
maximum strains in the surface region. However, depending on the substrate pore structure
and moisture condition, drying of concrete overlays might also take place at the interface. A
relatively dry and porous substrate concrete may generate considerable capillary suction,
possibly resulting in even higher drying shrinkage at the interface than that experienced at the
surface exposed to the environment. For simplicity, analytical models usually assume a
constant shrinkage profile throughout the overlay depth.

Another influence on strain gradients across the overlay depth is that of the decay of
shrinkage restraint towards the overlay surface. The overlay at the interface, being in full
contact with the substrate, experiences the largest restraint. Succeeding layers are subjected to
the decay of restraining action (Figure 6.6).

€ top

dys &3 = Eay2 (1+0y3)
strain gradient across

dyz &2 = &an (110y2) overlay depth
dyl 8dyl = 8FSS/ﬁ' £ interface
T substrate
interface dy; = overlay depth increment at the interface

dy = overlay depth increments in succeeding layers
fi = coefficient of shrinkage restraint at interface
g = actual overlay strain
0,; = factors expressing the decay of restraint

Figure 6.6: Principle of shrinkage restraint decay throughout the overlay depth

The above can best be visualised on an overlay of infinite thickness, where the surface of the
member is so far removed from the substrate that the restraining action does not influence the
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surface fibre of the overlay. The decay of restraining action across the overlay depth was
demonstrated using FEM analysis as discussed in Chapter 5 (compare Figures 5.4 and 5.7).

Existing analytical models link overlay strain and stress distribution directly to the combined
influences of relative cross-sectional areas and elastic properties of substrate and overlay.
Shrinkage restraint decay across the overlay depth is therefore not considered in these
models.

Shrinkage distribution and decay of restraint throughout the overlay depth have the practical
implication that they define the magnitude of restrained overlay shrinkage. The latter directly
corresponds to tensile stress in the overlay and thus to the magnitude of the actual load
applied to the composite section.

Strain measurements on composite members with overlay depths up to 40 mm indicated
relatively constant strain, and hence constant restraint, across the overlay depth, as discussed
in Section 4.6. Strain gradients across the overlay depth were generally small and were
believed to mainly result from curvature. Modelling relatively thin bonded overlays (d < 40
mm) with the assumption of constant free shrinkage strain as well as constant restraint across
the overlay depth therefore seems appropriate from a practical point of view. However, for
the analysis of strains and stresses in thicker overlays, strain gradients might have to be
considered.

For simplicity, the analytical model developed in the following sections assumes both
constant free shrinkage and constant shrinkage restraint across the overlay depth.

6.5 Degree of restraint from the substrate, and stress initiation at the interface
6.5.1 Review of existing analytical approaches

In the estimation of shrinkage restraint, all existing analytical models consider the relative
member dimensions of substrate and overlay and the partial restraint resulting therefrom
(compare Chapter 3). Haardt (1991) carried out a detailed investigation on the degree of
substrate restraint using the FEM method of analysis. He concluded that even if the substrate
section is relatively large, overlay shrinkage is not completely restrained (compare Section
3.6). By contrast, all other existing analytical models agree in the point that substrates with
infinite depths results in complete restraint of overlay shrinkage, i.e. the complete absence of
overlay strain in connection with maximum overlay tensile stress.

The assumption that the degree of overlay shrinkage restraint depends on the relative overlay

and substrate dimensions is based on Bernoulli’s Principle which states that plane sections
remain plane after being stressed, i.e. in the presence of bending and axial forces, strains are
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proportivnal to the distance from the neutral axis of the compesite scetion. In connection with
Hooke's Law, e, stress 1s proportional o strain, this lcads to a linear stress distribution
across cach section (Figures 6.7 and 6.8).

En: e Etaty] G v Oy Ciatal

P R Y

Figure 6.7: Application of Bernoulli’s Pnngiple: Strain and stress distribution across
the composite member (model introduced by Birkeland, 1960) {compare Section 3 3),

g’ G G Tnlal

Figure 6.8 Application of Bernoulli's Principle: Strain and stress distribution across
the compuosite member (Alanso Junghanns, 1997) (compare Section 3 4),

The analylical approaches discussed in Scctions 3.2 to 3.8 model differential shrinkage
stresses through external lorces applicd to the vertical boundary of the compaositc scetion.
These torces are eilher applicd at centre line of the overlay (Figure 6.7) or the neutral axis of
the whole section (Figurc ©.8). Stresses and strains can then be calculated according to
Bernoulli's Principle. Sato et al {1994} measured strains on composite means subjected to
differential shrinkage and concluded that Bernoulli’s principle is “not necessarily” applicable,
however without incorporating this issue in an analytical approach. The assumption that
plane sections remain plane after being stressed s one of the most commoen prerequisites in
the structural analvsis of conerete members and at tirst sight 1t seems approprate to apply this
principle to the case of differential shrinkage. However, the apphcation of this principle n the
present case corresponds to a misconception of actual stress transler between overlay and
substrate, which will be discussed in detail in the {ellowing sections.

The analytical model developed in this thesis 1s based on the assomption that local strain
conditions result in cross-sections that do not remain plane after being stressed. The
asspmption of non-linear stram and stress distnbution was venified by strain measurements
across the substrale, as discussed in Section 4.9 (compare Figure 4 47), and FEM analysis of
bonded overlays. as discussed in Section 5 (comparc Figures 3.4, 57 and 5.10).
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6.3.2  Strcss initiation at the interface between overlay and substrate

6.5.2.1 Characteristics of restraint along the inlerface

One of the key issues in modelling stresses due lo dilfereniial shrinkage is the correct
understanding of bond mechanisms in the interface plane belween overlay and substrate, and

ithe siress nitiation resulting therefronm,

The characteristics of tree shrinkage strain help illustrate the mechanisms of interface bond.
All [ength increments of & congrele overlay, if Lhey were {ree to detorm, would cxpericnce
the same lincar shrinkage strain, The accumulation of deformations along the overlay would
cause the whole member to shrink symmetrically towards s centre ling (Figure 6.2,

T
- Li .
: dL, dl, dL, © dL, dL, dhy
3 " * ' * & *
Overlay divided wito
increments dlL, ol
Accumuylated deformation = 3 i s | L i 3

erss = (L) 1),
2H [;d],] - d].-': l}n'fd]q

B b Bl L. Gl 8

L,

Figure 6.9: Schematic of deformations due to tree shrinkage strain ergs, assuming ne
restraint of the overlay

As indicated in Figure 6.9, the accumulalion ol deformations of the single length increments
leads {0 a maximum displacement of the member cnd boundaries. 1L is imporiant io nole that
Uns maximum digplaccment 12 not connected to maximum strain sl the member ends. The
length Increments at the centre ling experience minimum displacement but the same strain as
the member end increments.

1t was stated earlier that substrate and overlay are assumed to be completely bonded, Existing
analytical models assume stress Lransfer only at the boundaries of the composite member
However, linear free shrinkage sirain as illusirated in Figure 6.9 and complete bond between
averlay and substrate results in constant overlay shnnkage restraini along the whole lengih of



the interface. This can at hest be demonstrated by comparing microscopic and global
perspeciives (Figure 6.10).

1'1

-0

substrate gel pores

' jum livdration

products

A C

cantraction Forees (rom
drving shonkags

— contraction forces overlay ——

{4 — — restraining forces subsirate

Figure 6.10: Illustration of local restraint of overlay shrinkage along the interface

Figure 6.10A shows a composite beam on a global scale, On a microscopic level, the
interface between substrate and overlay may be considered to have an arbitrary shape as
llustrated in Figure 6.106B Shrnkage 15 g phenomenon that includes the deformation of the
congrete matrix on a microscopre scale and what 1s commonly measured as shiinkage strain is
the sum of microscopic deformations. This delormation s caused by contrachion forces that
ave generated mainly as water is removed from the gel pores (compare Section 2.4 5.2} Since
cach inerement of the overlay expericnces the same drying mechanisms, contraction lorces
cxist inside the overlay along the whole length of the member (Fignre 6.100) At the
interface, the countegraction of contraction forces, i.e the restraint of overlay shrinkage,
oceurs locally along the bond line between overlay hydration products and substrate (Figure
6,101}, This 1s best visualized by projecting the piclure back onto the global scale presented
in Figure 6. 10A. At this scale, inoer regions of the beam would be far removed from the
beam ends, which illustrates that member end conditions would not influence overlay
shrinkage restraint in inner reglons of the member,



On a microscopic scale it appears logical that overlay shrinkage is restrained at the location
of its origin, i.c at every increment along the interface This consequently leads to constant
shear stress initiation due to restrained shrinkage along the interface.

6.5.2.2 Presiress analogy versus thermal contraction analogy

The theory on which most analytical models are based is that originally introduced by
Birkeland (1960} who uscd a prestress analogy to model strains and stresses in bonded
concrete overlays and assumed stress initiation only at the member ends (comparc
Scction 3.3} The charactenstics of shrinkage restraint along the interface outhined in the
previous scctiom, as well as the practical work discussed in Chapter 4, demonstrate that this
analogy 1s not applicable for the characterisation of differential shrinkage stresses

To help visualize the principle of overlay shrinkage resiraint, an analogy may be made with
bonded thermal contraction, ¢.g. the hypathetical case where a heated steel bar is embedded
in cold concrele. Assuming complete bond bebween steel and conercte, the thermal
contraction ot the steel bar is restrained along 1ts whole length and the assumption that forces
arc only generated at the member ends would be not correct, Figure 6,11 illustrates the
differenccs between the twao analogics,

A concrete overlay, [ully bonded to the substrate, can be comparcd to the casc of thermal
contraction. In both cases. the contracting momber {(cooling steel bar. shrinking overlay)
wauld undergo the same linear detonmation along its whole length if it was free to deform.
Restraint of that deformation takes place along the whole arca along which it is bonded to the
restraiming member. The end of the member experiences the initiation of restraint at the same
moment as the inner parts. The end of the members can therefore not influence the restraining
action in inmer parts. By contrast, a prestressed strand has from the beginning only heen
restrained at its ends. The cause of restraint changes from the clamps halding the bar at the
beam ends ta the concrete holding the bar at the beam ends. Inner regions are not affected by
the change of onc restraining mechanism to the other, Hence, they do not experience any
restraint themsclves once the clamps are cot off. Tt appears logical that an anmalogy to
prestressed strand is not applicable to bonded overlays.
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A: Prestress analogy

- Expansion of steel.
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e=F/(Apa. Eﬂml}
- Steel bonded to conercle: Foree :
transmission through cutting of stee!:

cul cut
A\
X X

I s F

d: f+-
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Shear stress 1 only develops at the member
ends to transfer the foree F. Outside the transfer
length, contraction of steel is restrained through -
the member end shear forces, hence inside shear |
Is zero,

Interface shear between substrate and bonded
overlay when prestress analogy ig applicd.

i
_—

Figure 6.11:
centraction analogy (B)

B: Thermal cuntraction analogy

+ = Expansion of steal:

Al

1

- Stoel bonded to concrete: Force transmission

through cooling of stccl

NIEI

Along its wholc length the stee! bar tends to
contract. Each length Increment is restrained
focally through shear forces that ure gencraced
at the interface between steel and conerete.
Member end conditions do not influgnce the
generation of interface shear mside the
member as all parts of the steel bar expenence
the restraint at the same moment.

[nterface shear between subsirate and bonded
overlay when thermal contraction analogy is
applied:

N - - -

Schematics of the prestress analogy (A) and the bonded thermal
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6.5.2.3 Summary and main conclusions frem practical research

Sirain mecasurements along the interface of composite members showed that, in regions
removed from the member ends, overlay and substrate strains developed independently from
the localion along the member (Section 4.5). 1L was further shown that, in the substrate,
localised maximum strains oceurred at the interface along the whole length of the member,
indicating localised inleraction between overlay and subsirale ai the interface (Section 4.9).
These observations confirm the assumption of iocal shrinkage restraint al Lhe inierface in
connection with conslani siress initiation along the member,

However, strain and stress differences along the overlay may result from different boundary
conditions, At the member ends, measured strains were higher than in inner regions of the
members, indicating that a certain length exists, over which the resirainl of overlay shrinkage
must be developed. The analytical model developed in this section only considers the mner
regions of the composite seclion. ic. the regions of vniform strain, restraint and stress. This
region is commonly subjecled to the highest tensile overlay stresses and 15 therefore the most
critical region for the development ol cracks.

Overlay and substrate stresses due to restrained shninkage have their ongin at the interface,
To dircctly model these stresses on a global scale with an outside foree actung at any location
other than the interface planc is, therefore, incoreect and unrealistic, The analysis of strain
and stress must start with an understanding of what happens at the mterface.

@.6 Strains and stresses in a very thin composite section
The characterislics of sirain and stress development in composite members subjected to

differential shrinkage can best be identified by first considering a very thin section with equal
substrate and overlay depths {Figare 6,123,

Y a
S SR an R tv.o
substrate mii}-‘.n
- - dy,o= dv,s and An= A,
dx
Figure 6.12: Skeich of a thin composite scclion with cqual subsirate and overlay
depths

Due to the small stitfness (resulting front the smali thickness) of the member sketched in
Figure 6,12, differential shrinkage between overlay and substrate would cause the whole
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member to curve considerably, However. Lthe focus of this section lies on the identification of
dircct strains and stresses in overlay and substratc. Curvature will therefore not be considered
in the modelling of the above member. The eflecis of curvature in composite members 15
discussed in Section 6.9 3.

The whole member expericnces shortcning as the free overlay shrinkage generates
contraction forces in the subsirate. Overlay shrinkage is restrained at the nterface to the
substrate, with the maximum resiraint bemg experienced at the interface. The characteristics
of restraint decay throughout the overlay depth were discussed in Sectron 6.4, However, due
ta the small depths of overlay and substrate of the above member it may be assumed that
sirains arc constant throughout the member depth, Since the bond belween subsirate and
overlay is assumcd to be perfect, both substrate and overlay undergo the same linear
contracton, Linear strain lcads to lincar stress in each section (Figure 6.13),

g e £ 5
- -
P =
1 1
' ]
e .
1 k
; 05
dx
Figure 6.13. Schematics of straing and stresses in a thin composie section (gnonng
curvature}

The overlay cxpericnces tensile stress as a portion of 1ts free shrinkage deformation gesg 15
restrained, This stress can be written as;

Go = (Crax r). En 16.2]
Comprasstve subsirale stress due to the actual strain can be written as;

g, =g . g 16.3]
The forces of the system must be n equibbrium:;

Ao . (o — ). Ba= Ag. ¢. By [6.4]
From An = As follows:

(zrss—€) . Fo— &, By [6.53]
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Solving equation [6.5] {or the strain £

E=Enh=E= s [ﬁ".'ﬁ]

From substituting equation |6.6] in equations [6.2] and [6.3] 1t follows that the magniiude of
tensile stress in the overlay equals the magnilude of compressive stress in the substrate:

|G[)|_|GS= ['ﬁ-?]

6.7 Localised inierface strain in a member of infinite depth

The tormuiae developed in the previous section refer to very thin composiie sections. In
composite members of larger thickness, substrate and overlay dimensions must necessarily
influence strain and stress distribution across the member. Tn order to facilitate the
understanding ol strains and stresses in composite members of common dimensions,
reference will first he made Lo the other extreme, i€ to a member with infinite substrate and
overlay depths (Figure 6.14).

overiay  |. do— infinite

subsrrate d. = infinite

Cdx dr=d. = infinite and A-= A = infiniie

Figure 6,14 Sketch ol'a composite seclion with infinile subsirate and overlay depths

L1t the analysis of the member sketched in Figure 6. 14, only direct strains will be considered.
The influence of curvature on sirains and stresses in composite specimens is discussed
sgparately in Section 6,93,
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In Section 6.4 it was argued that on an overlay ol infirite thickness, the surface of the overlay
is 5o lar removed from the substrate that the restraining action practically dees not influence
the surlace fibre of the overlay. This pheromenon, lermed decay of restraiming action, was
demonsirated using FEM analysis as discussed im Chapter 5. It was shown Lhat local strain
conditions resull in cross-sections that do not remain plane after being stressed, which
illustrates the non-applicabilily of Bermoulli's principle for the case of differential shninkage
in bonded concrete overlays. It [ollows that the pari of ihe overlay that lies outside the zone
ol restraint decay virtually does not expenience any restrainl and can shrink freely. Similarly,
there is a zone of strain decay in the substrate and oulside this zose, the substrate does not
underge any appreciable deformation (Figure 6.15),

deformed membar shape deformed bowndary

EI'SS ol L H ¢ s LFSS

x

restrained shortening
—r impuosed tensile
doie- deformation in
the overlay

overlay

| R

da = mfmie
|
dy = infinite

d{i_l:
subsirale g = inposad
 conpressive
deformation in
lg=0 tha substrate
Exr = Dwverlay straun al the interface
Exy = Restrained overlay sirain at the interface — rsg - Bop
g5 = Substrate strain at the mteeface

di}._" T

dﬁ..—.

Leneth of restraint decay in the overlay
Length of sivain decay in the substrate

Figure 6.13: Schematic of interface strain, restraint decay in the overlay, and strain
decay in the substrate in a member with infinite substrate and overlay depths, ignoring
Curvature

In Figure 6.15, strains in the regions of substrate strain decay and overlay restraint decay are
illustrated as to follow parabelic gradients,

The parts of the member thal lic oulside the regions ol restraint and strain decay do nol
influcece the degree of shrinkage restraint at the interface. If these parts were cul ofl irom the
member, strain patterns at the interface would virtually still be the same. The influence of the
relative member dimensions is thus eliminated [n terms of the influence of sectional
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dimensions, inierface strains s depend solely on the strain pattemns in overlay and substrate,
i.e, lhe depths and shapes of restraint decay and strain decay, The following 5 unknowns
determine the magnitudes of strains and stresses in overlay and substrate:

- Interface stram (equal in overlay and substrate)
- Shapc of restraint decay 1n overlay

- Depth of restraint decay 1n overlay

- Shape of strain decay in substrate

- Depth of strain decay in substraie

Strain palterns in overlay and substrate must adhere ta two prerequisiies:

- Interface stramns of overlay and substrate are equal
- The sum of tensile overlay forces and compressive substrale forces muysl he zevo

Overlay and substratc forces depend on the respective shapes and depths of restraint and
siratn decay. Of the 5 variables 4 arc independents. IF any of the 4 variables arc known the i
can be determmned,

For the analysis of strains in the member sketched in Figure 6,15, 1l 18 assumed that overlay
and substrate arc made of the same material compositions. In gencral, tensile and
compressive sirain characteristics of concrete in medium stress conditions may be considered
Ly he gimilar {compare Sections 2.5.2 and 4.3.3). For simplicity, it is therefore assumed that
in the above member tensile strain characteristics i the overlay are similar to compressive
strain characteristics in the substrate ie Lthe restrainl decay in the overlay is assumed Lo have
the same shape und depth as the strain decay in the sybsirale. With Lhis assumption, overlay
ard substrate shape patlerns have the same nlluence on mterface strain and thus thewr
ittfluences cancel oyt each other. The resiraint of overlay shrinkage at the inlerface becomes a
lucalised phettomenon that is not influenced by scction dimensions of overlay and substratc.
A3 such, inlerface strains and stresses can be obtatned following the same cquations as thosc
developed in Scction 6.9

Eina
L — Ty — Ey1 — I—E [6.8]
14+ ==
L

and | oar|=| ol [6.9]

Both overlay and subslrate experience a stress maximum at the interface. In regions distant
from the interface, stresses in overlay and subsirate will decrease according to the shape and
length of restraint decay and strain decay respectively. Figure 6.16 presents the schemalic of
strains and stresses aeross the member, assuming parabaolic strain and stress gradicnts.
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Figure 6.16. Schematic of strains and siresses across a2 member of infinite depth,
subjected to differential shrinkage

However, in members with dilferent sirain shape profiles m overlay and substrate, the
deterniination of interface strains becomes more complicated. A typical case where overlay
and substrate strain patterns arc diffcrent is a composite member of common dimensions.
This case is discussed in the foellowing section

6.8 Locatised restraint in members of finite dimensions
6,81 General

In the previous scction, interface strains were evaluated for & member of infinile dimensions
with the assumption that overlay and substrate have the same materal compositions and
hence the same strain characteristics. The relation between member dimensions and interface
strain appears mwore complicaled with common members of finite dimensions, 1e for
members in which the pounl ol zero restraint 1n the overlay 1s not reached and n which
substratc and overlay arc made of different materials. A crucial aspect for the modelling of
interface restraint, and therefore interface strain and stress. are the assumed lengths and
shapes of strain decay in both overlay and substrate. This section invesligates the case of
relatively thin overlays on thick substrates.
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6.8.2 Review of existing analytical models

As discussed in Chapter 3, existing analytical models use member end forces to model strains
and stresses in overlay and substrate. Stresses applied at the ends spread into the member and
cause constani direct stress over the section depth in inner regions of the member. Strains and
siresses caused by differential shrinkage are therefore related to the relative member
dimensions of averlay and substrate, which is a divect consequence of Bernoullt’s prineiple of
plane sections remaining plane, The relation between relative overlay and substrate
dimensions and direct strains in the member based on the above principle was expressed in
the equation presenied by Alonse Junghanns {compare Section 3.4} (Figure 6.17).

Fess ]._.| |._.1 lgis = length of force distribmtion

Mt et b 1 NP H o

i : N
PSR %
g !; o o e 5 e b S\ ja R \.\ %
F o . IF - member end forecs
—Px 3
'\\ ;,
\\ ;/
le »
I i
& A . E'.‘\;Lc 5
length of constant strain and stress with © = (see equation 3.1)
Bt i
At
| SR O

Figure 6.17; Principle ol force application and spread of stresses into the member,
based on existing analytical theories as presented by Alonso Junghanns (1997).

The principle illustrated in Figure 6.17, which considers direct siraing to bhe constant
throughout the member depth, represents the global level of analysis that uses the whole
member io model strains and stresses withoul consideration of localised elfects across the
member depth. As stated earfier, existing analvlical approaches generafly operate on the
global level.

6.8.3 Resalls of the nemerical simulation

Aceording to the numerical simufation described in Chapter 5, interface strain values are
closely related to the depth of the overlay, The magnitude of interface strains decreases with
decreasing overlay depth, corresponding to increasing degree of restraint. As such, interface
strain values can be determined by the characteristics ol strain decay in the substrate and
restraint decay in the overlay. Through the FEM modelling a relatively constant depth was
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computed of sirain decay in the substrate ds;.. 1.e the depth over which the substrate
expenences mposed stramn is independent of the overlay depth. Similarly, the basic shape of
the deformed member 15 always the same. The only varables are the sirain values across the
member depth, The strain values must adhere to the prerequisite thal the sum of fensile and
compressive forces in the member 15 zero, Inlerface sirains are thus determined by the strain
functions of overlay and substrate, which in turn depend on the overlay depth {Figure 6.18).

averlay striin
functions ={dg)

| \ \ k imterface

Iy

Jum

Emcn

i = constant for different overlay depths
sihstrate strain [unctions &(d.)

Figure 6,18; Principles of sirain distnbution across the member depth, assuming
perfectly elastic conditions, based on FEM analysis

However, the results of the above numerical simulation indicate trends under elastic
conditions, bul they do not represent real stram values in actual concrete members, In order to
model interface strain values, assumptions must be made for the strain paiterns in overlay and
substrate. This is explained in the following Section, nsing a simple example

6.8.4 Modeling interface strain values in relation to sirain profites

As stated in Section 6.7, the magnitudes of strains and siresses in the composite member
relate to strain characteristics, 1e depths and patterns of strain decay. in substrate and
overlay. The basic relation between interface strains and strain characteristics in substrate and
overlay will first be demonstrated using the following simplifying assumptions. which
roughly correspond to results from the experimental research discussed m Chapter 4:
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- The overlay has constant stram throughoul its depth
- The strain decay in the substrate is linear (Figure 6.19)

£ uniform = g Ga £y, s

L 2

-q—- = En

' Iho R

Fz=Fp
1’.1-31E

Lincar substrate strain and
stress decay

Figure 6.19. Schematic of assumed overlay and substrale siramn and resulling direct
siresses, using the simplifying assumption of lincar strain pattemns in overlay and
substrate

The only 2 unknowns in the system are the magnitude of interface strain and the depth of
strain decay in the substrate, Toterface sirain can be caleulated in terms of the depth of
substrale strain decay with the prerequisite that the sum of forces in the member must be

FETO!
Fs=0a.ho— Eo . (erss — &) . ho {6.10]
Fi—as1. 05ds:=Es o .05ds, [6.11]
PE=0 o @R=E 16.12]

Substtuting equations [6.10] and |6.11]In |6.127:

Epas i
B — 613
LR (W) =
E, | 2h,

Therefore, mierface strains arc a function of the depth of strain decay in the substrate 11 is
apparent that the basic form of the equation used by Alonso Junghanns (compare cquation 3.1
in Vigure 6.17) can bc maintained if interface strains arc cxpressed in ferms of strain
charactenstics in overlay and substrate. Tt was previously argued that the relative member
dimensions, in equation 3.1 expressed as the ratio between the areas of substrate and overlay
(Av'Ag), are not appropriale paramelers lor the prediction of interface strain. The term
{Aw/Ao) should thys be exchanged by a term thal accounis lor the combined influences af
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member dimensions and strain decay characteristics. In cquation 6,13, this is the term in
(brackets).

Equation 6.13 is based on the simplifying assumption that strains in overlay are constant and
strains in 1he subsirale follow a lincar profilc. In actual concrete members, this may not be the
case. Figure 6,20 shows a typical schematic of a strain prolile in the composite member.

€9 o1}
== —
S —
dS.u

S DN X\

Iigure 6.20: Schematic of non-linear overlay and substrate strain and resulting direct
SITERSES

For the above member, the tensile force in the overlay can be computed as:

E, = j-F'-::u '(Er:?s 'E(do )ddo [6.14]

nl el

The compressive force in the substrate can be computed as:

Fo= [Byos(d)dd, [6.15]

iy ¢

The sum of forces in the above member nmust be zere {(Fa = I'g, compare equation 6.12).
Similarly to equation 613, interface strains can be expressed as a function of the remaining
unknowns. In the above case of schomatic strain patterns, these unknowns denote ihe strain
pattcrns in substratc and overlay {e(ds) and =(do)), and the depth of strain decay in the
substrate (ds. ). Fur the general case, 1.e for arbitrary strain patterns in overlay and substrate,
equation 6,13 can thys be transtormed o

E'.FSE
LB Tis(d).d,)
Eﬂ 'f{E‘;an

SHE

{6.16]
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where f{e(ds), des) is a function accounting for the strain characteristics in the substrate and
f{e(do) is a function accounting for the strain pattern in the overlay for a given overlay depth.
These 2 functions combine the influences of member dimensions and strain patterns.

The literature does not provide information on strain decay characteristics in composite
members. In order to solve equation 6.16, strain patterns in overlay and substrate, as well as
the depth of strain decay in the substrate, have to be determined empirically for a range of
different overlay and substrate materials. This can be done through strain measurements in
composite concrete members as discussed in Chapter 4. Strain profiles of specimens tested
during this research were discussed in Section 4.9. However, analysis of strain measurements
in bonded concrete overlays and substrates is difficult as measured strains are a combination
of elastic and visco-elastic components. Visco-elastic strain components relate to imposed
stress and hence to elastic strain components. An estimation of visco-elastic effects such as
substrate creep strain and overlay relaxation requires an estimate of elastic strains and
stresses. It is therefore difficult to use strain measurements for the estimation of elastic strain
and stress components (Figure 6.21).

Elastic strains (.

v *

Elastic stresses Interpretation of

measured strain in

terms of elastic strain

A 4 components is difficult

Overlay stress Substrate creep p
relaxation strains K

¥ ‘
Strain
redistribution

Measured strains

Figure 6.21: Schematic of strain components in bonded overlays

In order to use equation 6.16 as an engineering tool for the analysis of bonded concrete
overlays, it therefore appears appropriate to account for the influence of these parameters in a
simplified way. The basic form of equations 3.1, 6.13 and 6.16 can be maintained while the
influences of strain pattern characteristics are combined in a single parameter. For facilitation
of strain computation and in absence of contradicting experimental results, basic strain
characteristics, i.e. strain patterns and length of strain decay, may be assumed to be time-
independent variables for given substrate and overlay materials. The ratio between the
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functions accounting for substrate and overlay strain characteristics can therefore be
considered a constant parameter:

Epss Srss
3 ) 6.17
1 +ES -f(S(ds)adg,S) 1+—E:—SC [ ]
E, f(@o)  Bo

where C. denotes the combined influences of member dimensions and strain patterns in
substrate and overlay. For practical use, the parameter C, has to be determined empirically for
different materials and structural systems. Strain measurements on composite beam
specimens were discussed in Chapter 4. Test results were analysed using equations for visco-
elastic effects developed in the following sections. Elastic strains were estimated using
equation 6.17, which allowed an estimation of the factor C; for the specimens used in this
research. Section 6.10 discusses these issues in detail.

6.8.5 Simplified assumptions for computing interface strains

Equation 6.17 in Section 6.8.4 refers to arbitrary overlay and substrate strain patterns. In
absence of detailed information on overlay and substrate strain characteristics it appears
appropriate to account for simplified strain patterns in the composite member to facilitate the
computation of interface strains. During the experimental research, strains were found to be
relatively constant throughout the overlay depth. Strains in substrates were found to follow
relatively linear patterns (compare Section 4.9). Therefore, for the computation of stresses in
relatively thin bonded overlays, i.e. overlays with depths of up to 40 mm, the following
assumptions are made:

- Overlay strains are constant throughout the overlay depth (compare Section 6.4)
- Substrate strains follow a linear profile

The above assumptions are illustrated in Figure 6.19. Interface strains can thus be computed
as a function of the depth of substrate strain decay using equation 6.13.

6.8.6 Summary

The test results obtained during the experimental research do not correspond to existing
analytical models that operate on the ' macro level of analysis, applying Bernoulli’s principle
of plane sections remaining plane. Existing analytical models are therefore unsuccessful in
realistically modelling strains and stresses in composite sections subjected to differential
shrinkage.
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In general, strains and stresses due to differential shrinkage can possibly most accurately be
modelled through numerical analysis, using a FEM programme that can take all significant
time-depended factors into account. However, as an engineering tool, analytical formulae are
generally more useful as they provide instant results without the need for special computer
programmes. In the previous sections, simple analytical equations were developed for the
estimation of interface strains in composite sections subjected to differential shrinkage. The
equations are based on the principle of localised restraint at the interface between substrate
and overlay. With these equations, interface strains are computed in relation to the combined
influences of member dimensions and strain characteristics of overlay and substrate.

Future research is necessary to gain information on strain characteristics for different overlay
and substrate materials. Based on experimental findings discussed in Chapter 3, a simplified
equation for the computation of interface strains, using constant strain throughout the overlay
depth and linear strain decay in the substrate, was proposed (equation 6.13).

Equations for the estimation of visco-elastic effects are developed in the following sections,
based on elastic strains computed with the general equation 6.17.

6.9 Elastic and visco-elastic strains and stresses in substrate and overlay

6.9.1 Introduction

Direct and bending stresses in overlay and substrate can be computed from the degree of
overlay shrinkage restraint, expressed through actual interface strain, and strain patterns in
overlay and substrate. The following sections discuss the computation of elastic stresses, i.e.
theoretical stresses without consideration of visco-elastic effects, as well as the computation
of substrate creep strains and overlay creep relaxation. For clarity, the different strain and
stress components are discussed separately and subsequently summarized in Section 6.9.6.

Theories for the computation of interface strains were discussed in previous sections. For the
development of elastic and visco-elastic stress components, the general equation for elastic
interface strains (equation 6.17) is used, as discussed in Section 6.8.4. For clarity, elastic
interface strains are marked with the subscript “elastic” in the following sections:

= —-—EE-FSS— [compare equation 6.17]
I+=—=.C
E

o]

€1 clastic

-4
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6.9.2 Direct elastic stresses

As shown earlier, direct overlay and substrate stresses can be derived from the degree of
interface restraint. Elastic substrate stress corresponds to elastic substrate strain, whereas
elastic overlay stress corresponds to elastic restraint of free shrinkage. The schematics of
direct overlay and substrate stresses were presented in Figure 6.20.

Direct interface stresses in the overlay follow from the restrained portion of overlay
shrinkage by combining Equations [6.2] and [6.17]:

—Srs |E_ (Tension) [6.18]

T o 1,divect elastic — | Bpss ™ E
s

1+—=.C
E

0

€

Direct stresses in the substrate result from elastic strain and have a maximum at the interface:

Erss ‘E
s

1+ES—-Cs
EO

] 8,1, direct elastic —

(Compression) [6.19]

Equations 6.18 and 6.19 express overlay and substrate stresses in perfectly elastic conditions.
The actual stresses in the composite member are influenced by the time-dependent properties
of both substrate and overlay. Next to the development of overlay material parameters such
as shrinkage strain and elastic modulus, the most important influences on stress development
are those of substrate creep strain and overlay stress relaxation. Elastic stress and creep in
bonded overlays depend on each other and the numerical estimation of the sum of all
influences is difficult. For clarity, the influences of curvature, substrate creep, and overlay
relaxation will be dealt with individually in the following sections. Subsequently, the
different influences on strain and stress development are summarized in 6.9.6.

6.9.3 Curvature

Restrained shrinkage causes tensile overlay stress. The resulting force in the overlay produces
secondary effects, i.e. bending stresses in the composite section. Bending stresses due to
differential shrinkage commonly have the beneficial effect that they relieve a portion of the
tensile overlay stress. However, for concrete repairs of common dimensions, i.e. thin overlays
on stiff substrates, the effect of bending moments can usually be neglected. Conversely, in
members with relatively low substrate stiffness, e.g. structural overlays on concrete slabs,
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bending moments due to differential shrinkage might cause considerable curvature, resulting
in compressive strain in the overlay and hence in partial relief of tensile overlay stress,

To cotpute bending moments, strain pattems in overlay and subsirate are needed since they
determine the lever arm of inlernal forces (Fignre 6.22).

steain & srss o

Figure 6.22. Schematic of stresses, resulting forces and intemal lever amn

In absence of detailed information on overlay and substrate strain patterns, simphifted
assuniptiony need Lo be made to compute the intemal lever arm ¢ As discussed in Section
.83, tor relatively thin overlays 1l appears appropriate (o assume constant strain throughout
the overlay depth and linear strain decay in the substrate. 1he schematics of direct strain and
stress, bending moment, curvature ¥, and total elastic strain and stress, using simplifying
assumptions for strain patterns, are presented in Figure 6.23.

Sabirect Tiire Er. O Etatal Trotal

Figure 6.23- Schematics of direct elastic strain, stress, bendmng rmoment angd
curvature, assuming sumplified strain patterns

The lever arm e belween Fi; and Fs can be computed as:

c=05hy | 033 ds, [6.20]
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The above fornula for the internal lever arm relates to the simplificd assumption that strains
are linear in the substratc and overlay struns are comsianl. Il dicect interface straivs arc
computed with equation 6.17, the relating internal lever arm, using the sbove simplifying
assumptions for curvalure stran, can be computed as:

i =5 Ty 16.21]

The bending siress initiation is analogous to the casc of prestressing. The tensile prestress
force 1n the steel 18 counteracted by compression in the conercte and the resulling elastic
strain in the concrete leads to a partial loss of prestress, To the case of eccentricity, the
remaining tensile force in the stegl, e the force that corresponds to the restrained shortening
of the sleel, causcs bonding stresses in the member. In the same manner it is only the
restrained part of overlay shrinkage that meluces stresses in Lthe section,

Dircet and bending stresses 1 concrete members are commonly caleulated individually and
subseguently supcrimposed to computc total stress. Llowever, simple superimposiion of
direct and bending stresses cavsed by dillerential shrinkage would lead to an overestimation
of the beveficial effects of curvature. Momenls induced by restrimmed shrinkage arc intcrnal
maoments and as such they depend on internal deformations. The foree that produces bending
moments and thos curvature in the composite seclion resulls {rom resirained overlay
shrinkage, 1.e 1t results (tom restramed shoremng of the owverlay, Curvaturc causes
compressive strain, 1.e. additional shortening in the overlay and thes reduces the force that
nitially caused the curvature. Bending moments and curvature must, therefore, be computed
with the total overlay stress resulting from clastic strain including curvature {Figure 6.24).

T diect o, HF o) Oiuore, {Oz 0L show)
4 é
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g |
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Figure 6.24: The interaction between direct overlay stress and curvature

The resuvlting overlay force ouma that produces bending moment and curvature can be
computed from the average stress in the centre of the overlay at distance z from the controidal
axis of the composite section, Fo.wa per nun width can thus be expressed as:
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where 5. — M P Pl Y |6.23]
Rl T el

where £, is the curvature strain in the centre of the overlay, E. the elastic modulus of the
composile section, and L the transformed second moment of area accounting tor different
elastic properties of the composiles.

Substituting equation [6.22] 1o equation [6.23] results in:

; \ i
LR } 1
By 2 = | BEss By v i LR [6.24]
= E_S' C, Ec - Ig b E'_J_:._h_{___ :
b E. E, 1 ot

where Lhe term in (ronl of Lhefbrackets}is the curvature computed directly from elastic
overlay stress and the term in the{brackets}is a correcnion factor accounting for the
interaction between curvature and inmternal forces. For the specimens tested during the
experimental research the correction factor computed with equation 6.24 was approximalely
(.90 and hence [or Lhese specimens the above elfect could in practice be neglected, However,
specimens with relativelv thin substrates might experience considerable curvature and
neglecting the above mechanisms would result 10 an overestimation of curvature strain.

l'or any [ibre al a dislance dz from Lhe cenlroidal axis of the composite member, the curvature
can be compuied as:

Bas [ :

B = | Bageone =+ By 'h;;. B . P [6.25]
g 1 s E5 FCE E-:_. ¥ J'_(: 'I (s EII] a h:_} g T :
E, E,. 1 !

where e = (1.5 hg + 0.33 ds.. (see equation 6.20).
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6.9.4  Suhstrate creep strain
As a result of 1ts restraining aclion, the subsirale undergoes considerable deformation at the
interface. Imposed elastic stran and stress consequently cause creep deformalions. Since
hond between substrate and overlay is assumed to be perfect, this leads {0 additional

shorlening of the overlay and hence to loss of shrninkage restraint and the associated
relaxation of tensile overlay stresses (Migure 6.23).

& Fyesy — B clastie

Ar = restrained overlay contraction — Sy — 81 s — Seep, 5,0

E':.'r\e-.u'p_ |

" Time

Figure 6.25; Schematic of overlay stress relaxation al the interface through substrale

crocp strain

The relatinn belween substrate crecp at the interface and direct elastic interface straim due to
resirained shrinkage is complex. T'he stress-producing interface strain at any time t, which is a
combination of direct elastic sirains and creep strains, may be called @starrtaneous interface
strain (£t It 15 influenced by the substrate creep that took place between the time of
stress initiation ty and t, Therefore, the general equation for intertace strain {equation 6,17)
can be extended 1o

1 .
Ej.l.'lgf.:I (t) = {EIT.SS (1) = E'n;;rrn.-.p.ﬁ..[ {tst‘ﬂ)) ' E [ﬁﬂ.ﬁ}
4
S e R C?‘
EO
Substrate creep in lurn depends on the imposcd instantaneous strain and stress:
Baups (1) =1 (C'-L'vat. -t tn})_ f(ﬁ'ms:_, 1(t7t¢}=EsJ (.27}

The characteristics of creep under incremental loading were discussed in Section 2.5.3. The
Holrmnann superposition principle will be adopted to cxpress substrate creep strain under
increasing stress due to overlay shrinkage, Using a stepwise approach of the Boltzmamm
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pringiple, 1.e. considering stress ingrements for the calculation of creep, 2 different simplified
approaches can be apphed as presented in Figure 6,26,

ncromental stross

gt e L

Figure 6.26: Schematic of possible approaches tor the application of the Beltzmomn
principle

The first approach (Figure 626, lett) is based on the concept that the total stress during a
certain Hime increment was present from the beginning of that time increment. The second
approach (Figure 6,26, nght}) accounts o the total incremental siress only at the end of the
particular time increment. The first approach leads 1o an overestimation and the second
approach to an underestimation of creep strains. Over- and underestimation may be neglected
if small time increments are used. For practical purposes, an aging coeflicient p of 0.8, as
proposed by Walraven and Shkoukani (1993} (compare Section 2.5), can be applied n
connection with the first of the above twoe approaches, Creep strains are calculated with the
simplitying assumption that 80% of the incremental stress was present from the beginning of
the particular ime increment, Consequently, the interaction between substrate creep sirain
and instantanesus stran at the interface may be expressed as {ollows:

att =1y

B e . (t,)=10 [6.28]

|
Cinse,| {t,)= &l | (L) — 21ty - E [6.29]
1+—>—-C
Folt,)

E:'.lllzl__ (t‘u} = i 5 {1':1) [f}3 D]
art=ty;

E..m-p.:m “ } - E:-_u:s'..._l(tu} iy (I'I . 1-uJ' F (Eim N (t} B “‘i: )} (18- Py {t1 : t-;) [{‘-3 1]

B () = (Bpgell) — B (5 ) El [6.32]

1+——C,
ED{t'lj
i 10 ) = B (1 ) — Brrenp.s. (t,) [6.33]
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att=tz:
E’mep,s,ll::tz} = E"'ms: ,l(tn} ) q}:; (tz! tI:I) + (Eimn A {tlj . E:msﬂ...l (tu)) ' [p‘i {tlntl) +

[6.34]
+(E1'mt.,l(t1) — g (0 - OB @ Ly, 1))

Bt (12) = (Bruslts) — Boeys, (12)) El [6.35]

e
B at1 (L2 ) = Bigge ({2} + E’mep.!i,!{tZ) [6.36]

att=1;:

Euru.'p,s.l{ti.) = g[{ainm A Y=y e ) @t 1 ]]"‘ (6371

(B () — B ({6, - 08 e (15,8, )

1
Bt L (t;) ={epss(ti) - L (1)) B [6.38]
1+——.C,
E,(t)

et (1) = Simi (t,)+ E e 5t (t;) [6.39]

Substituting equation [6.37] in equation [6.38] results in

B {ti) = (Epss (t. }+ Bl (ti-1 ) -0.8- ‘Ps{ti, W ) 2 zl: [(Eim:.,l (tl—l }_ Ei‘lﬁt.,I{ti—[nH)}) ¢ "-PS{tLti—n )]] :

n=]

E, &
-[1 + E G -C, +::r.s-qa3{t.],ti_,)j [6.40]

When the whoele period since commencement of overlay shrinkage is considered m a one-
step-analysis, equation [6.37] can be written in a simple manner;

B 61 1 ) =B 1 (o) 05 (it )+ (B 1 (B =8 680 ) < 0B - o (85 15) [6.41]
Since instantaneous strain af t = 0 1s zero, equation [6.41} can be written as:

Boroep,at (1) = By 1 0F 1 OB g (T, 10) [6.42]
Substituting equation [6.42] into equation [6.38] results in:

]
B 1{bi) =€ - [6.43]

1+—=—-C, + 08 0,(t,t
Boft) S
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The outcome of equations 6,40 and 6,43 were compared for a range of different substrate
ages at the time of first loading. 1t substrates arc subjected to differential shrinkage at carly
ages (c.g. 10 days), instantancous straims cemputed with cguation 643 over a period of 150
days are approximately 10 to 15% less than those compuled with equation 6.40. The
difference increases wilh increasing age of the composile member. Wilh an increase in the
substrate age at first loading, the difference between equations 6.40 and 6.43 becomes less
proncunced (Figare 6.27).

‘:F
pre Substrate
i) age at first
g loading:
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?_,3 —o— 10 days
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*; —&— 200 davs
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'E -
4 ] 30 100 150

time after loading |days|

Figure 6,27 Comparison ol test resulls compuled with equalions 6,40 and 6,43

For concrete repairs, substrates are usually relatively old at the time of overlay application.
Fquations 6,40 and 6,43 swould Lherelore give very similar results. In order (o [acilitate the
computation of differential shrinkage siresses in bonded concrete overlavs, it therelore
appears appropriale 1o use the simplified equation {cquation 6.43) for the calculation of
instanianecus interlace strains. The total interface strain at any time t can thus be computed
by combining equations £.39, 6.42 and 6.43 to

E1‘1-.1t,al,1 (t] == Ej|.':&~'..,[ (t) + Ec;mp.s.] (t) = EJEL,I(E] z {1 + {]8 2 m%“: t-:‘-}}

" B E : (I+08 (L)) [6.44]
1+ —2—-C, +08-p,(11.)
L, (1)

Rescarch on concrete creep strain generally refers to uniformly loaded members, ie
members (hat experience uniform stress over their cross-secnion, In the above casc of
differential shrinkage stresses, the subsirale is subjected 1o non-uniform stress conditions, Tn
that respect, substratc crecp strains calculated with the above formulae might be
overcstimated.  llowever, strain  imcasurcments on cemposite  specimens  indicated a
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considerable amount of substrate creep (compare Section 4.9). The practical applicability of
the above equations will be discussed in Section 6.10.

6.9.5 Overlay stress relaxation

Tensile overlay stress is partly relieved through relaxation. The characteristics of stress
relaxation were discussed in Section 2.5.2. As stated earlier, elastic interface strain caused by
differential shrinkage corresponds directly to overlay stress. Relaxation of tensile overlay
stress, therefore, results in a reduction of interface strain. However, the actual interaction
between overlay relaxation and elastic interface strain is complex. At the time of loading,
overlay and substrate undergo the same elastic deformation at the interface. Subsequently, the
overlay experiences relaxation, and the remaining stress can be written as:

4
Co = VWg | Epgs — _’“_EES'”S"“” ‘Eq [6.45]
1+=2.C

o}

£

where yo is the relaxation coefficient of the overlay. Since the relaxation of overlay stress is
not directly coupled with a reduction of overlay strain, the substrate still experiences the same
strain and hence the same stress as at the time of loading. This leads to a redistribution of
stress in the member since tension and compression must be in equilibrium. Overlay stress
relaxation influences interface strain therefore indirectly through the reduction in the actual
shrinkage force acting on the composite section and hence through the reduction in
instantaneous strain.

Strain measurements on cracked specimens (Section 4.11) led to the conclusion that a large
amount of tensile stress relaxation takes place in the early ages of loading. This was
confirmed in the literature as Horimoto and Koyangani (1994), Gutsch and Rostasy (1994),
and Kordina et al (2000) found tensile stress relaxation to develop rapidly afier loading
(compare Section 2.5.2). As such, stress relaxation develops at a much faster rate than
stresses resulting from ongoing overlay shrinkage. In order to facilitate analytical modelling
of overlay and substrate stresses, it therefore 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 6.28).

Consequently, it is not overlay shrinkage that causes interface strain but overlay shrinkage
strain adjusted to the overlay relaxation coefficient yo(t, to):
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al(t): Yo (4t,) Epss (1) [6.46]
1+ Es C.

Eq ()

where y(t, to) is the relaxation coefficient at time t, accounting for the total relaxation of
incremental stresses since the time of first loading to. The relaxation coefficient depends on
the age of the overlay since stress relaxation generally decreases with age, i.e. overlay
shrinkage at a later age will cause less stress relaxation. The substrate and overlay stresses
corresponding to interface strains calculated with equation 6.46 are:

05 (t) =&;(t) - Eg = Yo (t’té)'gm ©. E;  (compression) [6.47]

1+—-.C,
Eo (1)

Co,x(t) = (Yo (t,1)) Eps () —€ (1)) Eo(t) =

= Vo (1) s () - Yo eV e @ [6.48]

140 -C,
Eo (1)

8FSS (t)

Eg .C,
Eq (1)

= Yo (L, t0)] Brgs(t) — ‘Eq () (tension)

1+
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If the overlay relaxation function Wo(t) is known, yo(t, to) may be expressed with the
Boltzmann principle:

Yo (tato) = [Zt: (EFSS (ti)_gFSS (ti "l))'\yo (ti =1, )} 1 [6.49]

;=0 Erss (t)

A relaxation function ¥(t, to) for tensile creep was introduced by Gutsch and Rostéasy (1994)
(compare Section 2.5.2). In general, information on stress relaxation functions in the
literature is scarce and practical research would be required for an accurate estimation of
P(t, to) for different overlay compositions.

6.9.6 Summary

Actual overlay strains are a result of all different strain components discussed in the previous
sections. The interaction between the different strain components is complex. Overlay stress
relaxation depends on the loading history and hence on substrate creep strain. The latter in
turn depends on the imposed load and hence on overlay stress relaxation. To facilitate the
computation of overlay strains, overlay stress relaxation and substrate creep strains are
simply superimposed by combining equations 6.44 and 6.46. Overlay strains combining the
influences of overlay stress relaxation and substrate creep strains are termed €o,vis-et (“vis-€l”
= “visco-elastic”):

1
Sl,vis-elc(t)zW(tato)'e}rss(t)' E -(1+0.8-94(t,t,)) [6.50]
1+—2—.C, +0.8-04(t, t,)
E,(®)

As discussed in Section 6.9.5, the overlay stress relaxation factor v (t, to) accounts for the
total relaxation of incremental stresses since the time of first loading to. The relaxation at
different time increments depends on the age of the overlay since overlays tend to have less
relaxation when loaded at later ages (Figure 6.29).

With a simple computer programme, e.g. written in Microsoft Excel, the time dependent
relaxation of overlay stress can easily be modelled if the time-dependent relaxation function
P(t) is known. Appendix 8 contains such a programme. Strains at any time t can thus be
computed. If the time-dependent relaxation factor is not known, a simplified approach may
be used, estimating total stress relaxation at time t. This can, for example, be done by
estimating a relaxation factor y(t), based on creep tests for a given overlay composition.
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Figure 6.29: Schematic of overlay stress relaxation as a function of the time of
loading

As discussed in Section 4.7.9, overlay relaxation in the composite specimens examined at
different ages during the experimental research was found to be approximately 40-60% of the
total tensile stress. Based on these values, the relaxation factor y(t) in equation 6.50 for the
tested specimens may be estimated as 0.50. In absence of time-dependent relaxation values, a
constant relaxation factor may be used for an approximation of overlay stresses at any time t.
Considering the complexity of strains and stresses in bonded concrete overlays, such an
approximation appears appropriate for design purposes if it leads to a conservative estimation
of overlay stress. In general, a relation between basic tensile creep and shrinkage strain, as
suggested by Pigeon and Bissonnette (1999) (compare Section 2.5.2), can be considered as a
useful tool for the estimation of the relaxation factor y(t). Further research is necessary to
establish such relationships for different overlay materials.

Curvature is an elastic strain component that depends on the magnitude of overlay stress.
Curvature strain usually releases overlay tensile stress and therefore indirectly influences
overlay stress relaxation and substrate creep strains. For simplicity, curvature can be
calculated using the total overlay strain calculated with equation 6.50. Equation 6.25 can thus
be written as:

€0 vie-al (1
L e 1 [6.51]
1+25.C cic 1420 0
Eo ) Eq - I¢
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Total overlay strains at any time t can be computed as:
€0 1010l (1) = Egyis—a1 (1) + € (1) [6.52]

The above equations for the calculation of total overlay strains assume simple superposition
of different strain components. As such, they represent a simplified approach, as the actual
interaction between different strain components is complex. However, the exact estimation of
all combined influences on overlay strain is virtually impossible as the factors that need to be
considered are numerous and often uncertain, ranging from different strain components,
environmental conditions, interface conditions, workmanship, etc. The simplified approach
presented in this section is therefore a practical tool for the estimation of overlay strains due
to differential shrinkage. Strains predicted with the above equations coincided reasonably
closely to measured strains on composite specimens, as discussed in Section 6.10.

With the above equations, overlay stress at the interface can be calculated to be:
G0 (B =(w(t,t)) eps (D - €1 0.10m (1)) Eo (1) [6.53]

Neglecting curvature, tensile overlay stress at the interface can be obtained by substituting
equation 6.50 in equation 6.53:

010(8) = W(t, o) S (1) Eo (1) 1- Ec [6.54]

1+
Eo(t)- (1+0.8-95(t,t,))

6.10 Comparison of experimental research and analytical model
6.10.1 Imtroduction

The strain development in bonded overlays was investigated through experimental research,
using different overlay materials and different interface textures, as discussed in Chapter 4.
Fundamental characteristics of composite behaviour identified in the experimental research
were used for the development of an analytical model for the prediction of strains and
stresses in bonded overlays, as discussed in Sections 6.1 to 6.9. This model combines the
influences of elastic interface strain, overlay relaxation, substrate creep strain, and curvature.

It must be noted that any analytical model for the behaviour of bonded overlays can only
present an approximation of overlay strain values. The precise prediction of overlay strains is
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practically difficult as many time-dependent variables influence the behaviour of the
composite specimen.

In the following sections, overlay strains measured on specimens tested during the
experimental research are compared to the analytical model. It is anticipated to show that the
analytical model is able to predict strain development in bonded concrete overlays both in
terms of fundamental strain characteristics and numerical strain values (compare Figure 4.1,
page 69).

The analytical model is based on the following input parameters:

1. Material properties of the overlay:
- Shrinkage strain development &pss (t)
- Elastic properties Eo (t)
- Time-dependent relaxation factor y(t,ip)

2. Material properties of the substrate:
- Properties needed to estimate substrate creep strains (mix design, age,
environmental influences, etc)
- Elastic modulus Eg

3. System characteristics:
- Member dimensions do and dg (for estimation of curvature strain)

4. Empirical factor accounting for the combined influences of relative member
dimensions and strain characteristics of substrate and overlay (C;)

During the experimental research, information on all parameters mentioned under 1-3 in the
above list was obtained. These parameters can therefore be modelled appropriately for the
tested specimens. However, the empirical factor C; must be estimated. This poses a challenge
as C; can only be found empirically by interpreting experimental work with the analytical
model. The model, in turn, can only be verified against the experimental work if values for C,
are available. In the model, C; is used to compute elastic strains and stresses. The
interpretation of measured strain values, which include visco-elastic components, in terms of
elastic strain components is difficult, as discussed in Section 6.8.4 (compare Figure 6.21).
The approach used is to first estimate the factor C, from test results obtained on Specimens C,
which is discussed in Section 6.10.2. With this factor, overlay strains are computed and
compared to the experimental results (Figure 6.30).
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Figure 6.30: Strategy adopted for the comparison of experimental results and

analytical model

Using the above approach, the influence of the factor C, on the computational results is

discussed.

The computation of overlay strains is based on the equations developed in Sections 6.8 and
6.9. A simple computer programme was developed in Microsoft Office — Excel to facilitate
the step-wise computation of time-dependent strains and stresses. Input and output user
interfaces are presented in the following sections. Appendix 8 contains an electronic version

of the programme.
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6.10.2 Estimation of the empirical constant C;

The empirical constant C, estimates the combined influences that relative member
dimensions and strain characteristics of substrate and overlay have on interface strain values
(compare Section 6.8.4, equation 6.17). It is believed that in relatively thin overlays C,
increases, i.e. the degree of overlay shrinkage restraint increases, with decreasing overlay
depth.

Section 4.9.2 discusses strains across members that are not free to curve (Specimens C).
Substrate strains at the interface were measured using overlays of 20, 40, and 80 mm depth.
Substrate strain values could be related to the respective free shrinkage strains of the different
overlays. It appeared that substrate interface strains developed independently from the
relative cross-sectional dimensions of substrate and overlay and that the strains measured
were simply a function of free shrinkage strains. This phenomenon could in theory be related
to either of the two following explanations:

- For the tested specimens, elastic interface strains occurred independently from relative
member dimensions of substrate and overlay. With the given materials, an overlay depth
of 20 mm was sufficient to cause maximum possible interface strains. The measured
strains, which include visco-elastic components, were therefore equal for specimens with
different overlay depths

- The observed phenomenon describes the apparent effect of similar elastic strains. Actual
elastic strains were different for different overlay depths. However, the combined
influences of elastic and visco-elastic components led to similar interface strain values

It is not possible to draw final conclusions on the above from the limited test results
available. However, from a logical point of view, the apparent effect of equal elastic strains
could not have resulted from the influences of visco-elastic mechanisms. As outlined
previously, strains measured are a combination mainly of elastic strains, substrate creep
strains, and strain-redistribution resulting from overlay relaxation. A thin overlay, should it
cause less elastic interface strain compared to a thick overlay, would also cause less creep
strain in the substrate. Further, less elastic strain would be related to higher overlay stress and
hence higher overlay relaxation. Less substrate creep strain and higher overlay relaxation
both have the effect that they reduce total strain measured (Figure 6.31).

Similar total strain measured with different overlay depths can therefore not be related to
visco-elastic effects. It appears that the tested specimens experienced similar elastic interface
strain and that, therefore, the overlay thickness had no practical influence on the degree of
shrinkage restraint. However, this effect should be investigated further, using a range of
different overlay materials, to draw final conclusions on the above for practical application of
the analytical model.
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Figure 6.31: Schematic of strain components influencing measured strain, assuming
lesser elastic strain resulting from lesser overlay depth

In general, the parameter C; must be quantified for a range of different overlay materials and
overlay depths. Assuming that relative overlay and substrate dimensions have to practical
influence on interface strains, the parameter C, takes a value of 1. For computation of
interface strains with the analytical model, using the specimens tested during the
experimental research, a value of C, = 1 is therefore used in the following sections.

The influence of the numerical magnitude of C; on computed interface strains is discussed in
more detail in Section 6.10.4.4.

6.10.3 Input parameters for the computation of interface strains

During the experimental research, 3 different overlays were tested. To not exceed the scope
of this section, only specimens with sandblasted interfaces are discussed (Specimens Al
(Overlay 1), Specimens A2 (Overlay 2), and Specimens B1 (Overlay 3)). These specimens
were free to curve. Specimens that were not free to curve (Specimens C (Overlay 3)) showed
very similar strain values to Specimens B1 and are therefore not discussed.

Overlay and substrate material properties of the tested specimens were discussed in Section
4.3 and 4.4. Substrate creep strains are estimated using the ACI method (ACI, 1992, compare
Section 2.5.1). Overlay relaxation properties were discussed in Sections 4.7.9 and 4.11.4.
Overlay strains and stresses were computed using the computer programme mentioned
earlier. An overview of all input parameters for the computer programme is presented in
Figure 6.32, using Specimens B1 as an example.
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Overlay parameters
t(day) erss” Yo ** Eo ***
6 160 0.55 31.0
13 173 0.55 31.0
20 235 0.55 31.0
34 313 0.55 31.0
50 333 0.55 31.0
67 330 0.55 31.0
81 388 0.55 31.0
102 428 0.55 31.0
130 480 0.55 31.0
310 598 0.55 31.0
Overlay depth do (mm) 40
Substrate parameters
Elastic modulus Es (GPa) 32
Substrate depth ds (mm) 200

Parameters for substrate creep strain

Age of concrete at first loading (days) 720

Variation in RH (%) 20

Slump (mm) 90

Coarse aggregate (kg/m”) 985

Fine aggregate (kg/m’) 750

Constant Cg 1

Include curvature in calculation? (ves: 1, no: 0) 1

*  Values for grss: Compare Figure 4.17, page 85

**  Values for yo: estimated, compare Section 4.11.4.2, page 132. In absence of detailed
information, yo is assumed constant

**+* Values for Eo: Compare Figure 4.14, page 83. Eo was measured to be relatively constant
during the first 28 days. Long-term values of Eo were not measured. Eo is thus
assumed constant for the computation of strains and stresses

Figure 6.32: Computer programme for the computation of overlay strains, user
interface for input parameters, Specimen B1

Appendix 5 contains the computations of strains for all specimens discussed in this section.
Information on the input parameters of all specimens can be taken from this Appendix.
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6.10.4 Computational resulis and comparison to experimental research

6.10.4.1 Specimens Bl

Figure 6.33 (on the following page) shows the numerical tesl results computed with the
programme. Measured overlay interface strains of Specimen Bl and inilerface strains
compuled with the propramme are presented in Figure 6,34,

For the first approximately 130 days, the analytical model was able to relatively accurate
estimate bath overlay strain development and numerieal strain values. In general, the
prediction medel led to an underestimation of overlay strains, Possible veasons for differences
between computed results and actual measurements are numercus. The underestimation of
substrate creep strains 13 one of the possible explanations. As indicated in Section 4 9.4
{compare Figure 4.31 on page 117), measured substrate creep appeared to be hipher than
creep predicted using the ACH (1992} method.

Considering that time-dependent imfluences on actual overlay strain had to be estimated and
simplified approaches were used for the estimation of overlay relaxation and substrate creep
in the compuiation, the model can be considered to have predicted overlay strains of
Specimens Bl reasonably well.

1t is also interesting to compare the ratio between interface straing and free shrinkage strains
{Figure 6.35),

The effects of increasing ratios between mterface strains and free shrinkage strains (so/srss)
with time were discussed in Bection 4.7.5, The prediction of the development of sp/gms with
time shows similar pattem as those observed on Specimens A1-5 and Bl To not exceed the
scope of this section, only results obtained with Specimen B are presented in the above
tfigure, The increase i sofsres with time mainly relates to the mechanisms ol substrate creep.
Tt appears that these mechanisms can be modelled reasenably well with the prediction model,

The main objective of the prediction model is to assess the risk of overlay eracking by
comparing tensile overlay strength with computed tensile stress. Computed values for lensile
averlay stress can be found in Figure 6.33 in column “J”. Measured 28-day {ensile strength of
Owerlay 3 was approximately 3 MPa (compare Vigure 4.12, page 82} Computed tensile stress
never exceeded the tensile strength, which explains the absence of cracks on Specimens B1.
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Figure 6,33, Computation of strains and stresses' Specimens B1 (Overlay 3 (MS))
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Figure 6.34: Specimens Bl overlay strains at the interface, comparison between
experimental research and prediction model
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Figure 6.35: Specimens 131, strain ratios =0 /2pss. comparison between experimental
research and prediction model

6.10.4,2 Specimens Al

Computing strains for Specimens Al led to a substantial underestimation of overfay strain
values (Figure 6.36). The unusually high magnitudes of ovarlay strains of Specimens Al are
discussed in Section 4.7.5.2 and could not fully be explained as all other specimens had nuch
lower relative overlay strain values, It can however be seen that the analytical mode! was able
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to predict basic characteristics of overlay strain development, cven though the predicted
sirain rate was too low.
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Figure 6,36. Specimens Al, overlay straing at the intertace, comparison belween
cxpenmental research and prediction madel

Computed tensilc overlay stress was always lower than tensile strength, Also, considering the
dilference between computed and measured overlay strains, tensile stress was overestimated
with the analytical model. This cxplains the absence of cracks on Specimens Al,

6.10.4.3 Specimens A2

Specimens with Overlay 2 {I18) showed extensive cracking during the first weeks after the
onsel of drying shrinkage (compare Section 4,11, The analvtical model was able 10
reasonably well predict overlay strains during fhis period, especially in the cnitical first week
(Fignre 6.37}.

Tensile strength of Overlay 2 was measured to be approximately 1.8 MPa between 7 and 14
days (compare Figure 412, page 82). Cracks were identified visually after 7 days The
analylical model compules tensile overlay stress of 18 MPa at 9 days and was thus able to
predict the time of overlay failure reasonably accurately,
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Figure 637: Specimens A2, overlay straing at the interface at early ages, comparison
between experimental research and prediction model

6.10.4.4 The influence of C, an the computation of interface strains

The computation ol elastic strains in the analvtical model developed in Sections 6.1 to 6.9
depends on the constant €, that estimates the combined intlucnces of relative cross-sectional
areas and strain characteristics of substrate and overlay on the degree of overlay shrinkage
restraint. In Scctions 6.10.4.1 t0 6,104 3, a value of C. = 1.0 was used for the comparison of
the analytical model with experimental results, 1.e 1t was assumed that relative cross-
sectional dimensions had ne influcpee on overlay shrinkage restraint. This section examines
the mmfluence of the magnitude of C,; an total overlay strain, including time-dependent visco-
elastic components, using Specimens 31 as an cxamplc.

It must be noted that €, cannot take a vatue smaller than 1.0 as this would correspond to
decreasing restraint with decveasing overlay thickness, which appears illogical.

Computed overlay stramns using different values for €., and measured strains of Specimens
B1 are presented in Figure §.38 Overlay strains of Specimens Bl could at best be predicted
using a vatue of C, =1. Increasing values of C,, 1.e, increasing degrees of restraipt, resulted in
lesser comparability between experimental results and predicted strains, However, as stated
previously, C. should be tested [or a vange of ditlerent overlay materials to conlivim the above
observation for practical application ol the prediction model.
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Figure 6.38: Specimens B, computed overlay strains in relation to the constant €,

6,10.5 Conclusions

In general, the analytical model led to an underestimation of overlay strains in the tested
specimens. As stated previously, possible reasons for this are numerons. The influences of
snhstrate creep and overlay relaxation were estimated using simplified approaches.
Accounting for more substrate creep andi/or less overlay relaxation. for example. would result
in coniputation of strain values that are closer to strains measured on the test specimens.
However, exact prediction of overlay strams is practically difficult as discussed previously.
The computed strain values thercfore appear to predict overlay strains reasonably well,
Underestimation of overlay strains gencrally leads to copservative computational results of
tensile overlay siress, which Is acceptable.

The main intention of the apalvtical model s to compute tensile stress and predict crack
devclopment in the overlay, Modelling Specimens A2-A5 (Overlay 2 (HS)) led to the
prediction that cracks would oceur after approximately 9 days. Most cracks on Specimens
A2-A%5 were identified atter 7 dayvs {compare Section 4.11). By contrasl, Specimens Al
{Overtay 1(1LSY) and B {Overlay 3 (MS)) did not crack during the test period. I'or these
specimens the analytical model predicts tensile stress to not exceed tensile strength. ‘The
abowve indicates that the analytical nodel was suceessful 1n predicting cracking in the tested
specimens.

The intluence of the empaneat constant C. on the prediction of overlay strains of was tested,
The best agreemenl between experimental and comyputed strains were oblained or O, = |
and therelore appeared to develop independently of relative sectional dimensions ol substrate
and overlay. llowever, this phenomenon should be tested with a range of common overlay
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materials. including concrete repair mortars, 1o draw final conelusions on the influcnce of
relative cross-sectional dimensions of substrate and overlay,

6.11 Influence of individual material parameter on direct overlay tensile stress

Direct tensile overlay stress at the interface can be computed with equation 0.54 {(page 185}
A range of malerial parameters influence overlay stress values (grss, Yo, Eo Ex €., and s (as
a function of substrate age)). The nfluence ol each ol these parameters on tensile overlay
stress is discussed in the following, neplecting the effects of curvature. Overlay stresses were
computed with varying material paramelers and compared 1o a reference stress value The
latter was compuled with the material parameters listed in Table 6.1,

Dverlay paramuelers
t, (day) Epss Yo " .
LU { 0.0 0.00
; 23 Joeg {h. i) 254 2102
Overlay depth d- (mm) 44

Substrle paramelers

Flastic modulus Ts (GPa) 3
Substrate depth dz {mim) 200

Parameters for substrate ereep stram

Aoc of conercte at Mest loading (days) 5475 15 years) |
Variation in RH (%) 20 '
Slump (mm) 890

Coarse aggregate (kg/m’) D83

Fine aggresate (kp/m') 730

!Cnnstant Cu L.

Include curvature in caleulation? {yes: 1, no: 0) n

*Values in #fafies. parameiers that were varied for the evaluation of their influence on
arverlay tensile stress
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From equation 6.54 {page 185) it i3 immediately apparent that tensile overlay stress is
proportional to free shrinkage strain erggft) and overlay relaxation factor witty).

The influences of clastic maduli of averlay Eo and substrate L's are presented in Ligure 6.39.

L2.s Elastic mpoduli, By and Cs
5 111
g l —p— By
A A
5 |
§ 09! - G
E'g N I . i I i
16 07 08 0o I 1., | s 1.3

E/E ke I'}
Figure 6.39; Tensile overlay siress in relation to elastic moduli of overlay and

suhstrate

Increasing values for Eyg result in increasing restraint and hence increasing overlay stress,
Increasing values of Fo result in decreasing restraint but also in increasing stress, as the latter
15 a product of restrained strain and Fo. The relationships between elastic moduli {(E and Ey)

and overlay stress are virtually linear

An increasing value of €, results in inereasing restraint and henee increasing overlay stress.
Similarly to the influences ot elastic modul of overlay and substrate, there is 4 nearly linear
relationship between the parameter C. and tensile overlay stress (Figure 6.40), As can be
seen from the figure, the influence of C, on overlay stress is relatively significant.

An increase in substrale age results in a decrease of substrate creep strains and hence in an
increasc of overlay stress. Llowever, the influence of the substrate’s age on overlay stress,
when creep is computed with the ACI method (ACL 1992} is only noteworthy if the
substrate is fairly voung, L.e vounger than 5 years (Figurc 6.41) Llowever, it should be noted
that even relatively old substrates. 1e. substrates older than 30 vears, have noteworthy creep

deformations.
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Figure 6.40: Tensile overlay stress in refation to the parameter €,
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Figure 6.41: Tensile overlay stress in relation to the age ol the subsirale

6.12 Summary

Results from experimental research and numerical simulation indicate that existing analytical
approaches do not model the behaviour of bonded concrete overlays in a realistic way. A new
analytical model was developed, based on localised strain conditions at the interface between

substrate and overlay,

Elastic and visco-elastic strain mechanisms were discussed individually, Equations for the
prediction of different strain and stress components were developed. The following main
assumptioms were made and incorporated in the analvtical model:

199



- Owverlay and substrate arc fully bonded
- Shrinkage is constant throughout the overlay depih

- The restraint of overlay shrinkage is a localised phenomcenon at the interface,
Bernoulli’s hypothesis of plane sections remaining planc does not apply

- Overlay shrinkage restraint can at best be modelled through the prediction of
interface strains

- Elastic interface strains can be computed in relation 1o an empirical constant C, that
describes the combined influences of relative substrate and overlay dimensions and
strain characteristics

- Substrate creep strains are an imporiant compoenent for the behaviour of bonded
concrete overlays. The effects of substrate creep can be estimated using a simplified
approach that accounts for creep in a one-step analysis

- A significant part of overlay relaxation oceurs shorily afler stress mduction.
Relaxation therclore develops at a considerably higher rate than stress related to
continuous overlay shrinkage, ‘The effects of overlay relaxation can therefore be
considered 1n a simphtied way, assunming full relaxation to occur simultaneously
with stress induction.

Lxisling analytical models rclatc overlay shrinkage resiraint to the relative member
dimensions of substrate and overlay. The basic {orm of the generally accepted eguation
resulting from the above assumplion was kept [or the new analytical model, However, the
terin that accounts for the dircet influences of relative member dimensions was exchanged
apainst the factor €.

Curvature in composite specimens commonly causes overlay contraction and henee partial
release of tensile overlay stress. In existing analytical approaches, direct strains and curvature
arc generally computed indiadually and simply added up to obtain total strains. ‘This
however leads to an overestimation of the beneficial effects of curvature as discussed in
Scction 6.9.3. The analytical model developed in the previous sections computes curvaturce
strain with consideration of a correction factor. This factor accounts for the ¢ircumstance that
a portion of dircct overlay stress is released through curvature.

Substrate creep stratns can be estimated using crecp prediction medels presenied in the

literature. For the analysis of lest specimens, the ACT prediction model for creep (1992) was
used.
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Information on tensile stress relaxalion is scarce and more research is necessary to find time-
dependent relaxation functions for different concretes. In absence of more detailed
informalion il appears appropriate to account for overlay stress relaxation in the simphiied

way mentioned above.

Any analvtical model can merely present an approximation of overlay strains and stresses,
Numercus visco-clastic  influences and time-dependent mailerial parameters make it
praclically impossible to predict overlay strains exaclly, However, lhe comparison of the
analytical model with results obtained during the experimental research revealed thal the
maodel is able to reasonably closely predict overlay strain development. The prediction of
tensile overlay stress contormed to experimental test results. The anaivtical model can
therelore facilitate the design of bonded concrete overltays.
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CHAFPTER 7

INTERFACE BOND STRENGTH

T.1 Introduction

The bond between substrate and overlay is often the main aspect concerming durability of a
concrete repair project and hence its success, Fundamental mechanisms of adhesion between
coneretes of different ages and factors affecting short- and long-term bond development are
discussed in Section 2.3, lrom the literature review, 2 parameters were wdentified lor
experimental research (compare Section 2.3,.8):

- Short-term bond strength development in relation to mechanieal overlay strength and
the location of failure

- Long-term bond properties in relation to different overlay materials, cnvironmental
conditions and interface textures

Bond mechamisms, discussed in Section 2.3, indicate that overlay mechanical strength might
have a significant influence on bond strength. The relation between overlay strength and bond
has however not yet fully been examined In relation to bond mechanisms it appcars
unportant to identify the actual location of fracture, which, in connection with mechanical
material strength. can help identify fundamental bond mechanisms.

Factors concerning the long-term performance of bonded concrete overlavs relate mainly to
cracking and debonding, The charactenstics of overlay cracking in relation to overlay
shrinkage were discussed in Chapter 4. The testing of bond durability was carried out in
comunction with the measurements of strains on composite members, using the same
materials and nterface textures, The long-term bond specimens were thus designed to
estimate the influence of shrinkage restraint on bond durability,

7.2 Test methods
7.2.1 General

Bond strength was measured as the stress required for separating substrate and overlay. In
seneral, bond tests are designed to apply tensile, shear, or torsional stress to the interface of
the member. The most common test method 1s the tensite pull-off’ test on cores. The
popularity of the tenstle test relates mainly to the circumstance that it can be carried out on-
site on an existing structure as well as in the laboratory, By contrast, interface shear tests can
commonly only be carried out in the laboratory and can thus not be used for characterisation
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of bond strength in existing structures. Torsional tests may be applied on site and in the
laboratory, bul are very scldom used.

Far this research project, shear and tensile tests were initially vsed for the ideaiification of
interface bond strength. However, several ditticulties were encouniered with the tensile pull-
aff test, which made this method unfavourable fior the charactensation ot interface bond
characteristics, as discussed.

Far the wWentification of tensile inlerface sirength, a torce must be applied perpendicular to
the interface plape. Aoy misalignment of the pull-olT force leads 1o stress peaks ia the
member. which wmight have a sigmficant influence on measured strength  values.
Misalignments might be induced by the core dinlling process, an uneven substrate surface,
and the lest equipment and are generatly difficult to avoid. A combination of misalignments
from different sources mighl intensify the problem so that the measured stress at failure does
aot represcat actual tensile interface strength. Some of these problems might be eliminated
when the core is isolated from the structure and both ends carefully ground to be paralle]
before the member is tested. This, however, is a cumbersome procedurc if a large oumber of
tests have to be conducted,

A second problem that is commonly cocountered with tensile pull-oft tests 1s that only
sceldom does failure lake place in the interface planc. Reports on pull-off strengths in the
litcrature otten relale to material failure in either substrate or overlay. This problem was also
cxtensively encountered during this research as cores uader pull-off stress mainly failed ip
the substrate or overlay but seldom at the inlerface. It malerial failure oceurs, the measurcd
failure stress merely represents a lower bound value for interface strength, For practical
purposes, this may be sufficicnt to prove that required mimimum strength has been achieved,
which makes the pull-off test a valuable tool for in-situ comtrol of concrete overlays,
However, for the identification of actual interface stremgth in relation to different test
paramcters, the tensile-put] of test is of httle value. A third problem encountered with pull-off
tests is that the coring procedure nnght damage the bond belween subsirate and overlay,
which could result in premature failure whea the pull-off force 1s applied

For this research, interface hond was characierised with shear test mcthods ‘Tensile test
results are not considered, as they were inconclusive due to the above reasons.
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7.2.2  Interface shear bond lests

The shear bond specimens consisted of 2 130 x 150 x 73 mm conerele substrate body which
received overlays of 75 or 40 mm thickness, depending on the test method described below.

Two ditferent interface shear bond tests were designed to suit different test paramelers,
Method A (Figure 7.1) is a modification of the FIP test for direct interface shear (I1P, 1978)
and was applied where the overlay thickness was thought to have no influence on the test
parameter, which was the case with specimens fully cured in water,

Figure 7.1: Pholograph of interface shear bond test method A — dircet shear

For specimens that concerned the mmfluence of curmg and emvironmental condiions, a
modified guillotine test, method B, was utilised as shown in Figure 7.2, Method B allowed
an overlay thickness representing common repair patch dimensions. An overlay thickness ol
40 mm was chosen [or specimens tested with method B3

Dectails of the dimensions of the test equipments are given in Appendix 6. The schematics of

load application and interface stresses resulting from boih methods arc presented in
Figure 7.3,
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Fizure 7.2 Photograph of interface shear bond test method B — Guillotine test

With method A, a force way applied in the interface planc of the specimens. This, in theory,
led to pure shear stress at the interface. Method B applied the force with a small eccentricity
and therefore causcd shear and bending stresses al the interface, The calculation of direct
stresses af the interface, resulting from the bending moment induced by method B, is given in
Appendix 6.

Comparison of test resnlts was always done between specimens that had been lested with the
same method, 1.c. test results obtained with method A were not compared to those obtained
with method 3. Thercfore, direct stresses at the interface werc neglected for the analysis. Test
results of both methods A and B arc expressed as interface shear stress.

The size of test specimens was chosen following two main reasons. Firstly, common cube
moulds could be used for the fabrication of specimens {150 x 150 mm), which makes this test
suitable for practical repetition in future research projects. Sccondly. the relatively small
mterface area facilitates the investigation of the inltuences of differential shrinkage. Interface
stresses resulling from restrained overlay volume changes are highest at the boundaries of the
overlay, such as free member ends, joints and cracks. The size of test specimens therefore
allowed the development of relevant shear stresses over the test area.
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Figure 7.3: Schematics of Toad application and interface shear stresses resulling from
Test methads A (left) and B (right). (Applied forces and siresses resulf from the
dimensions of the rest equipiment, as discussed i Appendix 6)

7.3 Tesi specimens
7.3.1 Short-term bond strenglh development (Specimens S1-4)

The mechamsms of concrete compressive and tensile strength development with time arc
well known. By contrast, little work has been done on the mechanisms that influence bond
strength development between concrete of different ages. The test scries described n this
section almed at cstablishing a direct relalion between the developments of compressive
overlay strength and interface bond strength. Short-lerm shear bond strength developmem
was tested using specimens with sandblasted interfaces and overlays of different compressive
strengths. Sandblasted interfaces were chosen since they were shown to provide good bond
strength and relatively consistent results during picvions lests. Substrate bodies with
sandblasted interfaces are presenied in Figure 7.4,
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Figure 7.4: Substrate hodies for inter[ace shear bond lests, with sandblasted
utterfaces

Priar 1o overlay application, the substrate bodies were wetted with moist sheets [or 24 hours
and subscquently exposed to the laboratory for approximately 30-45 minutes to dry until the
mioisture surface shine disappeared. Overlays were compacted wsing a poker vibrator and
smoathened wilth a trowel Cuoring was done with wel hurlap for 24 hours. Subsequently,
specimens were cured in water at 23°C unti] testing. Test method A (direct shear test) was
used for determination of bond strength, Therefore, the overlay thickness was 73 mm.

Overlays were designed with consiant water content to achieve similar workahility, Mix
tlesigns are presented in Table 7.1. Shear test specimens were denoted Specimiens $1, 82, elc
(Specimens Shear 1, 2, ctc).

The overlays were designed for 28-day compressive strenaths of 10, 20, 30, and 50 MPa. Duc
to insufficient numbers of samples, inlerface shear tests of Specimens S71 and S2 were
completed at 14 days, For comparison of overlay strengths, 14-day compressive strength
valuey are therefore given in Tahle 7.1,
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Table 7.1: Overlay mix designs and material propertics for Specimens 51 — 54

Specimen 51 N2 53 54
Cement CEM 1 |kegim’| 510 192 294 235
- Water [ke/m’] 235 235 235 235
-9 mm Greywacke [ke/m’] 94 G40 G40 940
Klipheuwel sand [ke/tn’] 66} 75% 840) 891
W/C ratio [- | .46 .61 080 1.00)
Slurmip || 100 90 90 0
28-d design strength | MPa 50 30 0 10
14 compr, Strength [MPa] 427 287 171 a7

7.3.2 Long-term bond strengih in different and changing environments
7.3.2.1 General

Dilferent factors influence long-term bond propertics and compatibility between concretes of
different ages. The overlay undergoes volume changes due lo lemperalure cycles and
shinkage, which can be very different from those of the subsirate. These differential
movements may weaken interface bond strength and result in partial or full debonding.
Previous research on bond durability was diseussed in Section 2.3.6.

To date, data on the direct influence of overlay shrinkage on interface bond strength s not
available. The tests described in this section aimed at investigating the influence of long-term
shrinkage cn bond durability with respect to different mterface textures, different overlay
materials, and different curing conditions. To test the direct influence of overlay shrinkape on
bond strength, specimens were cured n the laboratory for a period of approxamately 2 vears.
Specimens used for these tests were cast i connection with the beam specimens described in
Section 4,2, having the same interface textures. material properties, and curning conditions,

The nfluences of dillerent and changing environments on bond sirength were tlested on
specimens Lhal were stored for 2 years in different outdoor locations in the Western Cape. 1n

addition, temperature- and meisture cveles were simulated in the laboratory.

The procedures for the control of substrate moisture condition and overlay application were
the same as those described in Seclicn 7.3, 1 {or Specimens $1-4,

All long-term bond specimens were tested with interface shear test method B (Guilluting
test).
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7.3.2.2 Long-term shrinkage under laboratory conditions (Specimens 55-8)

The long-term bond strengih lesis on specimens cured in the laboratery were designed to
supplement the shrinkage measurements described in Sections 4.5 to 4.7. They were further
used as a reference in comparison to the site-cured specimens,

AIT substrate bodies had an age of at least 8 months at the time of overlay piacing to ensure
that most of'the substvate shrinkage had taken place. Interface textures comprised sandblasied
{compare Figure 7.4), smooth, and notched interfaces (Figures 7.5 and 7.6).

Figure 7.5: Substrate bodies with smooth surfaces

The preparation of Interface textures was done in the same way as discussed for the beam
specimens (compare Section 4,23,

Overlays were moist cured for a period of 7 days afler casling, using wet buvlap and plastic
sheets. Subsequently, the test specimens were Iell uncovered in the laboralory wheve they
were cxposed to seasonal changes in temperature and relative humidity ranging from
1610 23 °C and 35 to 80 % RH respectively, All overlavs were cast in autumn or winter in
order to prevent rapid shrinkage development.
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Figurc 7.6; Substrate bodies with notched surfaces

Two overlays with differcnt shrinkage characteristics were used, namely Overlays 1 {"Low-
Shrink, L3")y and 2 ("High-Shrink, HS") as discussed in Scction 424, Mix desizn and
material propertics of Overlays 1 and 2 are presented in Table 4.2 on page 73.

The wnfluence of different interfuce textures was only tested with Owverlay 2 {HS). The
influence of difterent overlay shrinkage characteristics, using Overlays 1 and 2, was tested on
sandblasted interfaces only. Specimens are summarized in Table 7.3 (page 213).

Specimens were tested after 28 davs for short-term bond strength, and after approximately 26
months for long-term bond strength.

7.3.2.3 Sile conditions (Specimens 59-14)

To evaluate long-term bond strength in realistic environmental conditions, different sites
were chosen for the exposure of specimens. Specimens on all sites were placed such that the
overlay was exposed to the environment without protection against sunlight or rain. An
overview on the location of the sites 1s presented in Figare 7.7, Table 7.2 summarizes the
cnvironimental conditions encountered on the sites.

210



AL ANTICO UDCEAN

Figure 7.7: Overview on sitc locations fer the curing of shear test specimens

Table 7.2 Emaronmental conditions encountered al the site tocalions for the curmg
of shear test specimens

1no, Location Condittons

1 Wellington Winter, rainy, T > +3°C. Summer. dry and sumy, T<+35°C *

Cedar Mountains / ~ Winter, rainy, T > -3°C; Sumuner; dry and sunny, T<-35"C;
Tulbagh RH 25 - 90% **

E . stored on a breakwater damn, regularly exposed to splashing

Koeberg : sca water, Average RH 70% »*+
|

*  No data on RH is available for this site
** Data on RH supplied by South African Weather Service
**+ Data on RH supplied by the weather station at Kogberg Nuclear Power Plant

All specimens were prepared with sandblasted interfaces. Overlays consisted of Overlays 1
(LS) and 2 (HS) (compars Section 7.3.2.2),

The test specimens were moist cured for a period of 1 day after casting, ysing wet burlap and
plastic sheets, and tramsported to site and exposed to the environment the next day. A curing
period of one day was censidered to represent common conditions encountered on site during
concrete repair projects. All specimens were stored on site for 26 months and subsequently
tested in the laboratary.
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7.3.2.4 Temperature and moisture ¢cyvcles (Specimens 515-18)

Temperature and moisture cycles were simulated 1o the laboratory, using the same types of
speeimens as described in Scction 7.3.2.2 (Specimens 51-%). For this, the specimens were
cured for approximately 23 months under the same conditions as Specimens 81-3 and
subsequentty exposed to a total of 40 temperature and moisture cycles compnsing the

[oHowing:

- 4-5 hours oven drying at 40- 45°C
- 25-30 mmnutes rain simulation, using tap water (typically 12-14°C)
- Period between cyeles: 20 hours minimum

Specimens were placed in such a manner that the water came in conlact with the overlay
surface only. All other faces of the specimens were seated with silicon {(Figure 7.8).

Eam smmulaiion & _

water low

el !

Silicun scal Specimens

Figure 7.8, Arrangement of specimens for the simulation of temperature and maisture

cyeles

The duration from the first to the last cycle was approsamately 3 months. Specimens were
tested on completion of 40 cycles at an age of approximately 26 months.

7.3.3 Summary of test specimens

Table 7.3 summarires the shear test specimens.
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Table 7.3 Summary of shear test specimens

Spectmen | Curing condition | Tnterface Overlay Test aps

51 50 MPa e it
: 2 Water cured Sandhlasted 30 MPa
. 5_1 . 2':] .\'1Fﬁ 3 i 23 dﬂ.}"ﬂ**
| s . 10 MPa

53 b Sadplastad . Overlay 1(LS) | !
L S6 Laboratory 1 month and ;

57 coyirontnent Qs sty Overlay 2 (118) 30months

58 Notchad

59 Ste | .
LS Sue 2 Overlay 1{LS)
| Sk ) oriad ' Sandblastad
| S12 | Swel

313 Mt Crverlay 2 (HS

5153 | Site2 w2 (HS) 30 months

534 sue 3

815 I Orearlay | (LS)

Temperamre and SR
S16 . i
moisture eveles in e
817 the laboratory Smoolh Overlay 2 (15)
S18 Notched

* Specimens 81 and 82 were wested at 1, 2,3, 7, and 14 davs as the fiest 2 woeks are
comsidered important for strongth dovelopmant

¥ Spectmens 53 and 54 were of too low sirenath Lo be Lested before day 3 and were
therefore at dav 3. 7. 14, and 2% days

7.4 'Lest results
T.4.1  Statistical evaluation

Per test parameter and test age, between 4 and 10 specimens, depending on availability, were
tested for interface shear strength. Analysis of test results and companson between dilferent
parameters was done using the mean values of all tests after exchusion of outliers.

Outliers were detected using a method described by Montgomery and Runger {2003}, which
is shortly deseribed. Results obtained tor a certain fest parameter at a certain age are listed in
ascending order. Quarles are the three values of such a set ot results that partition it into four
equal parts. The cenire value is called the median, and the upper and lower values are called
lower and upper quartiles, respectively. The interquartile range i3 delined as the data range
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belween lower and upper quartile. An outlicr was defined as a data point that lics outside a
region of 1.5 times the inlerquartile range from the lower or upper quartile. 'The method is
illustrated in Figure 7.9, using test results of Specimens $9,

Tawet :: upper
yuarlils frirdidn yuartile
; r | w k J
number 1 2 1 by 5 6 7 4 9 | L0
test value [kKN| | 68 | 75 | 88 g |93 o7 | 100|105 | 110 113

Interquartile range IQR = 105- 83 =17
Cuatlicrs: values below 88 - 1.5x17 = 63; and values above 105 + 1 3%17= 131

Figure 7.9; Method of determination of oullying values, exemplified using lest results
of Specimens $9

As shown in Iigure 7.9, test results of Spectmens S did not have any outlying values, Due to
the relatively small number of test results for cach parameter from a statistical point of view,
outlier were found in a few instances only, Statistical cvaluation of all test results is given in
Appendix 7.

A statistical analysis on the significance of differences belween {esi resulls oblammed on
different scts of samples was not carned out. Sels of samples were compared on the basis of
enginecring judgement, using mean values determined as discussed above.

7.4.2 Shorf-tcrm bond strength development
7.4.2.1 Location of bond failure

Specimens 51 and §2 were tested at 1, 2. 3, 7, and 14 days. Specimens 83 and 84 were tested
at 3. 7, 14 and 2% davs (compare footnotes Table 7.3).

Practically all specimens failed in the inlerface plane, with very litile falure occurring n the
overlay or substrate, However, the ferm “mlerface failure™ used fov the descriplion of shear
farlure m this project 1o actual fact refers to material failure very close to the interface.
Failure truly along the interface would refer to scparation of overlay and substrate without
leaving overlay material attached to the substrate or vice versa. Substrate concrete surfaces
always have a certain roughness, provided by open pores and cavities (mucro roughness), and
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surtace texture (macro roughness). Mechamcal keys are formed between the two compositcs
when the overlay fows into the interface texture and fills open pores and cavities on the
substrate surfuce. Tnterface failure as such could only oceour if these mechanical kevs ate
pulled out of their anchored position, which 1 virlually impossible. Therefore, faillure mostly
ooours inside the materials. At most instances it was clearly vimible that a very thin layer of
overlay material remained on the interface, cven if at first sight, the failure seemed to have
happened at the interfuce plane as such. The overlay layer remaining on the interface usually
appeared to be of an estimated thickness of up to approximately 0.5 mm (Figure 7.10).
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Figure 7.10 Schematics of “interface failure”

In some instances, “interfuce fature” was also observed Lo refer to substrate failure very closc
to the interface. The abave observations point out that, for well prepared substrate surfaces,
the weakest part of the bond ling between substrate and ovetlay is not the interface as such
but the material very close lo the interface. This shows that overlay and substrate matenal
strengthy are signilicant faclors for interface bomd strength. Therefore, for stresses induced by
overlay shrinkage, overlay strength might be a critical factor for bond durability. This
ohservation relales to the assumption that 4 trapsition zone exists at the interface between
concretes of different apes, similar to the transition zone between aggregate and cement

pasle. as discussed in Section 2.3.2

Significant matena! failure oceurred only in Specimens 54 al a test age of 7 and 14 days. In
these specimens, failure occurred to approximately 708 and 30% at the interface and in the
ovetlay respectively, with overlay fallure reacling a depth of up to 10 mm from the intertace.
The reason tor this lics in the low strength of the overlay of Specimens S4.

In gencral, the appearance of failute very close o the interface showed that the test method
successfully induced shear stress in the interface.



7.4.2.2  Tnterface shear bond strengih in relution (o overlay compressive strength

Owverlay compressive strength was found Lo have a significant influence on interface shear
bond strength (Figure 7115 Individual test results of groups of samples, indicating the
scatter of results, arc presented in Appendix 7.

Shori-term shear bond sirenzth developrment
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Figurc 7.11:  Shori-term bond sirength development ol Specimens S1-4. Strength
values in (brackets) refer to overlay design compressive sirength,

Bond streagth development was found to corrclate consisteatly to overlay compressive
strength development. Table 7.4 summarizes the ralios betiwveen inlerlace shear bond strength
and overlay compressive strengih.

Table 7.4; Ratio between interface shear bond strength and overlay compressive
strength {in %a),

Specimen b day| 1 2 3 _l Lo 14 28
51 7 8 O e S T |
s2 G O 15} o A
53 | o, Al . 12 | B
S4 12 01z 1 | N0

tior all specimens, the ratio between interface shear bond and overlay compressive strength
was relatively constant during the test period within any one group. Intcrface shear hond
strenglh in all specimens was measured (o be approximately 0% of overlay compressive
strenglh, independent of the lest age This consistent correlation indicates that overlay
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compressive sirength can be used as an indicator for bond strength development, assuming
proper bond is provided. This observation relates to the existence of an interface transition
xome, in which mechanical material strength determines bomd properties, as discussed
previously,

With the abservation that in mest cases bond fallure oceurs in the overlay very close to the
interface, il is apparent that shear bond strength correlates to the shear strength of the overlay
paste at the interface, Decreasing overlay compressive strength led to an increasing ratio
berween interface shear bond strength and overlay strength as shown in Table 7.4, Shear
lailure in concrete is gencrally considered to be imtiated by tensile-type stress, Shear strength
of concrete can thus be related to its tensile strength, which in turn relates to compressive
strength, However, there i3 no direct proportionality between compressive and tensile
strength as the ratio between the two depends on the genera! level of strength of the concrete
(Neville 2002). As the compressive strength increases, tensile strength alse increases but at a
decreasing rate. This was believed to be the explanation for the slighily decreasing ratio
between interface shear bond strength and overlay compressive strength as overlay strength
increased.

7.4.3 Long-term bond sircogth develupmoent in dilTerent environments
7.4.3.1 Specimens cured in the laboratory
Specimens $5-8 were cured in the laboratory and tested at 28 days and 26 months for short-

and long-term interface shear bond strength respectively. Test results are summarized in
Figure 7,12,

.4
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Figure 7.12; Dcvelopment of interface shear stremgth under laboratory conditions.
Camparison between values at 2R-days and Zo-months.



Speeimens S5 (sandblasied interface, LS} and S8 (notched interface, HS} shawed higher
interface shear bond strength afler 26 months, compared to the 28-day value. By contrast,
Specimens S0 and 87 (sandblasted and smooth interfaces respectively, 118) showed a
decrease in bond strength after 26 months,

Specimens $5-7 failed mainly at the interface, with very little material failure in overlay or
substrate. Howewver, it should be noted, as stated in Section 7.4.2, that “interface failure”
mainly refers Lo failure in the averlay very close to the interface. Specimens S8 (notched
interface) generally showed a mixed mode of failure, as lllustrated in Figure 7.13. Shaort-term

and long-term specimens failed in the same mode,

interface failure failure in the overlay
|

T

failure in the substrate

Figure 7.13. Typical mades of failure in specimens with notched interfaces

Specimens S6 and 57 (sandblasted and smooth interfaces respectively) both had interfaces
with very hittle macro-roughness. For sych interfaces, the test results show that high overlay
shnnkage can result in a noteworlhy decrease in long-term bond strength. By contrast,
Specimens S8 (nolched interface) having the same overlay shrinkage charactenstics as
Specimens 86 and 87, showed an increase in bond strength with time. The mechanical keys
provided by the notched interface often led to material faillure in overlay or substrate before
the interface was atfected. In Specimens S8, 2 major parl of the shear sirength between
substrate and overlay therefore related 1o material strength of substrate and overlay rather
than “imerface sirength”. This explains that the bond strength of these specimens was not
atfected by overlay shrinkage.

Shear siresses in specimens with smooth and sandblasted nterfaces were mainly transferred
along the interface, lcading to failure in the “weak link”, ic in the overlay at the inferface.
By contrast, in specimens with notched interfaces, stresses were to 4 large oxtent transferred
inside the overlay, distant from the weak hnk at the interface (Figure 7.14).

18



Notched interface lorce transfer inside the overlay material

v
A

Sandblasted interface / forge transter along the weal link in the overlay at the nerface

Figure 7.14. Shecar force transfer in specimens with notched and sandblasted
nlerfaces

The practical significance of this observation is that mterfaces with a high macro-ronghness
can be expected to have a mare durable shear bond strepgth compared to interfaces with a
low macro-roughness.

The influence ol overlay shrinkage on long-term bond steeneth can be cstimated by
comparing Specimens 55 and 56, both of which had sandblasted interfaces but different
overlay shrinkage values. In conirast lo Specimens 56, Specimens 55, having “low-shrink™
overlay, showed increasing shear bond strength with time, despite the low interface macro-
roughness, The mechanisms of bond deterioration therefore appear to be related to the
magnitede of overlay shrinkage. Tn tuture studies 1t shoold be investigated as to how far
overlay shrinkage values relate to bond deterioration, With only 2 overlays tested, it could not
be estabhished i there s a threshold value for overlay shninkage, below which bond strength
15 not affected.

7.4.3.2 Specimens cured in different environments
Long-term shear bond strength test results of Specimens with “low-sheink”™ (83, 89-11) and

“high-shrink™ (8¢, S12-14) overlays m relapion to exposure conditions are presciated in
Figures 7.15 and 7.16 respectively.
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Figure 7.15; Long-term shear band strength of Specimens with “low-shrink™ overlays
in refation to curing environment
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Figure 7.16: Long-lerm shear bond strength of Specimens with “high-shrink”
overlays in relation to curing environment

In companson with faboratory-cured specimens, all site-cured specimens showed noteworthy
higher long-term shear bond strength, The ditference in bond strength resulting from different
site conditions was, with exception of Specimens 8§11 which showed comparatively high
bond strength, insignificant, On average, site cured specimens with “low-ghrink™ and “high-
shrink” overlays respectively showed 55% and 63% higher bond strength compared to
laboratory-cured specimens.

As mentioned earlier, maost laboratorv-cured specimens failed along the imterface By

comtrast, site-cured specimens showed comparatively high material failure in overlay or
substrate {Figures 7.17 and 7.18), with most material farlures occurring at a distance from the
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interface of o more than 5 mm. The relatively high malerial [ailure in the sitc-cured
specimens supported the observation of high interlace bond strength.

& &
bFl Gk
g &
L 5
: £

S K12 %13 S84
Figure 7.17: Proportion of interface Figure 7.18; Proportion of inlerface
failure, specimens with “low-shrink™ failure, specimens with “high-shrink™
averlays overlays

The comparatively igh bond sivength thal was measured on site-cured specinmens is believed
to relate to ongoing curing as sporadic rain and dew continuously provided moisture.
However, compressive strengths measured on site-cured specimens were only slightly highes
than Lhose measurcd on laboratory-cured specimens. This indicates that the higher bond
strength of the siie-cured specimens did not only relate to the common mechanisms ongoing
cement hydration.

As mentioned earlier, bond sirength in Lhe taboralory-cured specimens was mainly governed
by overlay sirength al Lhe inlerface. In comparison, site-cured specimens showed less
interface failurc and highcr bond strength valies (Figure 7.19)

Laboratory-cured specimens Site-cured specimens

TR . A s
of ; hock T _é‘-‘:, 3,
- p—— i

The overlay at the mterface is comparatively

Weak link™ 1o the overlay
at the interface

strong, A telatively large amount of falure
occurs 1 the overlay and substrate materials

Vigure 7.19: Schemaiie of dilferent failure pallerns in laborvatory-cured and site-cyred
specimens
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The site conditions therelore had a much more significant influcnce an overlay properties at
the imterface, compared to the influence on the overlay material in general, the latter being
expressed by compressive strength values.

Alexander (1995) made similar observations when he investigated the effects of ageing on
elastic propertics of ¢oncrete. For certain concretes, unexpectedly high increasces in clastic
moduli with time were observed. This was ascribed to the mechanisms of densifying the
nitially porous interface tramsition zone belween aggregales and cement paste. The
mechanisms in the wransition zone between substrate and overlay appear 1o adhere to similar
principles, This is a [urther indication that the bond mechanisms between aggregates and
cement paste can be compared 10 thase between concretes of different ages.

With the ahove obscrvations, averlay strength at the inlerface proved Lo be a significant factor
for long-term bond strength.

7.4.3.3 Specimens subjected Lo Lemperature and moisture cycles

For approximately 27 mwomths, Specimens S1-5 and S15-1% were cured under the same
laboratory conditions, Subsequently, Specimens S513-18 were exposed lo 40 temperature and
moisture eveles as described in Section 7.3 2.4, All specimens were tested al the same age of
approximately 30 months, The comparison belween shear bond strengths of specimens with
and without cxposure to temperature and meisture cycles is presenied in Figure 7.20.

5.0
& 855 - 515 (sandbl., L)
R B $6 - §16 (sandbl _ HS)
2 ®
£ 3¢ - o & 87 - 517 (smooth, HE)
5 @
: w7 6 58 - §18 (nuiched, HS)
b=
E 2+
.LE s X muoan vakuos
[\
it
Z 10 # filled symbols: 51-5835
: & unfitled symbols: 515-1%
0.0

Figure 7.20: Camparisan between shear bong strength test results of Specimens S5-8
{lahoratory cured) and Specimens 5153-18 (exposed to temperature and moisture
cycles in the laboratory)
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All specimens showed higher interface shear bond strength after exposure to temperature and
humidity cycles. However, except for specimens with sandblasted interfaces and Overlay 2
(“high-shrink™), the increase in strength was a result of normal variation of test results. The
relatively large increase in bond strength between Specimens S6 and S16 could not be
explained.

The test results indicate that, for the tested overlays, temperature and moisture cycles did not
have a detrimental influence on interface bond strength, irrespective of the interface texture.
This observation correlates to test results on site-cured specimens, which also did not show
any signs of bond deterioration despite exposure to environmental cycles.

As discussed in Section 2.4.4, temperature gradients through the overlay depth, e.g. those
caused by a sudden rainfall on a hot concrete surface, as simulated in the laboratory, are
expected to mainly cause tensile interface stresses related to the restraint of curling
deformations (compare Figures 2.11, page 29). Figure 2.13 (page 33) however shows that
significant temperature gradients possibly occur only up to a depth of approximately 20 mm.
It appears that the overlay thickness of 40 mm resulted in tensile interface stress too low to
affect bond strength when the surface was subjected to sudden temperature changes. This
could be taken as an indicator that sudden temperature changes caused by rainfalls on hot
summer days only affect interface bond strength in specimens with relatively thin overlays.
This conclusion however should be tested with specimens having various overlay
thicknesses.

7.5 Summary and conclusions

The shear bond strength test results were conclusive for the identification of fundamental
~bond mechanisms and factors influencing bond durability. However, in the scope of this
research, only a relatively small number of parameters were tested. The test results therefore
cannot be used for a comprehensive model on the influence of shrinkage strain on bond
durability.

An important aspect concerning “interface bond” strength is that the interface as such is
usually not the weak link in the composite member. The main aspect for bond strength and
bond durability is the overlay material at the interface as it is here where most of the “bond
failure” occurs. On well-prepared substrate surfaces, overlay strength is therefore one of the
decisive factors for bond strength and bond durability. This was also confirmed in the
observation that in fully bonded specimens bond strength development related closely to the
development of overlay compressive strength.

The interface texture was found to have no significant influence on short- and long-term
strain development of bonded concrete overlays (compare Sections 4.5 and 4.7). By contrast,
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bond strength values, as well as bond durability, was closely related to interface texture. This
shows that, on fully bonded overlays, overlay strains, and thus direct overlay stresses, do not
depend on interface bond strength. The restraint of overlay shrinkage at the interface exists
independently from interface bond strength.

The durability of bonded concrete overlays mainly refers to cracking and debonding. As
discussed in Section 4.11.2, high overlay shrinkage was found to cause extensive cracking,
irrespective of the interface texture. By contrast, bond durability was affected by interface
texture, with interfaces of low macro-roughness leading to a loss of bond strength with time.
The observed influences of interface texture on bond durability confirm observations made
by Talbot et al (1994) (compare Section 2.3.6).

High overlay shrinkage caused cracking on beam specimens and, depending on interface
texture, loss of bond strength with time. By contrast, overlays with low shrinkage strains
showed neither cracking nor bond deterioration, despite the low macro-roughness of the
sandblasted interface. This points out that overlay shrinkage strain values have a significant
influence on the durability of composite sections both in terms of cracking and debonding.
Further research should aim at identification of a “threshold” value for overlay shrinkage in
terms of bond durability.

All site-cured specimens showed a noteworthy increase in bond strength with time,
irrespective of the exposure conditions encountered on the sites, which included high
temperatures, exposure to direct sunlight and rain, and daily and seasonal temperature cycles.
Similarly, the simulation of environmental cycles in the laboratory did not lead to any bond
deterioration. However, practical experience shows that bond failure is a phenomenon
occasionally observed in concrete overlays such as patch repairs, floors, and bridge decks.
This indicates that bond durability in real structures probably mainly refers to the quality of
workmanship, i.e. preparation of the substrate concrete, rather than environmental influences.
In future research it should be investigated in how far overlay thickness influences interface
stresses caused by sudden temperature changes.

The relation between “interface” bond strength and overlay compressive strength, as well as
the typical location of bond fracture, i.e. the overlay close to the interface, and the bond
strength gain with time observed in specimens exposed to continuous moisture supply
(Specimens exposed to outdoor conditions) indicate that a transition zone exists at the
interface between substrate and overlay, similar to the transition zone between aggregate and
cement paste. This phenomenon can be used to identify fundamental bond mechanisms.
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CHAPTER 8

SUMMARY, CONCLUSIONS, AND RECOMMENSATIONS

8.1 Summary of main conclusions

Differential shrinkage between substrate and overlay was identified as the parameter of main
concern for the durability of bonded concrete overlays. The influences of differential
shrinkage on composite behaviour were examined through strain measurements on composite
beam specimens and the testing of interface shear bond strength development. Various
interface textures and overlay materials were examined. Detailed conclusions on all relevant
test parameters investigated were provided at the end of each section. A summary of the main
conclusions is presented in the following. Fundamental characteristics of bonded concrete
overlays concerning bond strength development and mechanisms of overlay shrinkage
restraint are discussed.

Bond mechanisms between substrate and overlay

Interface shear tests, as opposed to tensile pull-off tests, appear appropriate for the evaluation
of long-term bond strength in composite members, as they represent the main stress condition
caused by differential shrinkage. The method developed for the testing of interface shear
strength proved to be practical as standard moulds (150mm cube moulds) could be used for
the fabrication of specimens. Interface stresses resulting from restrained overlay volume
changes are highest at the boundaries of the overlay, such as free member ends, joints and
cracks. The size of test specimens therefore allowed the development of relevant shear
stresses over the test area (interface dimensions 150 x 150 mm). The mode of failure
observed on the majority of test specimens was shear at the interface, corresponding to the
parameter anticipated for investigation.

On the contrary, the use of pull-off tests for the characterisation of interface bond strength
was found to be unsatisfactory, as consistent results could not be obtained with this method.
Pull-off tests often lead to failure inside substrate or overlay materials and therefore only
indicate a lower bound of actual interface bond strength. This seems appropriate for testing if
bond strength requirements are adhered to in actual structures, but appears to be
unsatisfactory for the identification of fundamental bond mechanisms. In general, results
obtained with tensile bond tests should be interpreted more critically as is commonly done in
the literature.
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Shear bond strength between substrate and overlay is largely characterised by mechanical
material properties of the overlay close to the interface. Bond strength development during 28
days could be linked to the development of compressive overlay strength. This was
established on fully water-cured specimens with sandblasted interfaces and different overlay
strengths. All specimens showed a shear bond strength / compressive overlay strength ratio of
approximately 10%, irrespective of overlay strength and test age. “Interface bond failure”
could in most instances visually be identified to have occurred in the overlay close to the
interface. The term “interface failure” commonly used for the discussion of bond
characteristics therefore appears ambiguous. It is important to identify the actual location of
fracture in order to conclude on fundamental bond mechanisms. In contrast to adhesion
between substrate and overlay, bond mechanisms between aggregates and cement paste have
been extensively investigated in previous research, concluding that an interface transition
zone exists which is characterised by high porosity and low strength. The comparison
between aggregate - cement paste and concrete - concrete bond mechanisms was found to be
useful for the characterisation of interface shear strength in composite specimens.

Interface texture and overlay shrinkage were found to have notable influences on the
durability of bond strength. Under laboratory conditions, specimens with low macro
roughness at the interface, i.e. specimens with smooth and sandblasted interfaces, and high
overlay shrinkage strains showed a reduction of bond strength of approximately 40% after 2
years exposure, compared to the 28-day value. By contrast, specimens with notched
interfaces or low-shrink overlays experienced an increase in bond strength of between 10%
and 30% in the same time. Only 2 overlays with different shrinkage strains were tested (with
28-day shrinkage values of 140.10® and 540.10). It could not be established if there is a
“threshold” value for shrinkage, below which bond durability is not affected. This should be
investigated in further research.

Exposure to 40 temperature and moisture cycles did not have a detrimental influence on bond
strength, indicating that overlay shrinkage is of greater concern for bond durability than
environmental cycles. This however should be verified for thinner overlays which can be
expected to be more affected by sudden temperature changes.

All specimens exposed to site conditions showed notable increase in bond strength after 2
years exposure, independent of interface texture, overlay shrinkage, and environmental site
conditions which included direct sunlight, wind, cyclic temperature changes, and exposure to
rainfalls. In general, site-cured specimens had approximately 60% higher bond strength,
compared to laboratory-cured specimens. This indicated ongoing hydration at the porous
interface transition zone facilitated by environmental moisture including sporadic rainfalls.

Providing adhesion is adequate and no deteriorating influences exist, short-term bond

strength development can be linked to the development of mechanical overlay strength.
Long-term bond properties appear to mainly be related to the influences of workmanship and
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overlay shrinkage. Detrimental effects caused by high shrinkage can partly be counteracted
by provision of good macro-roughness at the interface.

Strains and stresses in composite members subjected to differential shrinkage

Overlay shrinkage is restrained at the interface to the substrate, mobilizing interface shear as
the restraining mechanism. In this research, the degree of overlay shrinkage restraint was
characterised by the magnitudes of interface strain. Independent of overlay materials and
interface textures it was found that substantial strains occur along the whole length of the
interface. The member ends commonly experienced notably higher strains than inner regions
along the interface, which can be accounted to the effects of a missing restraining
“neighbour” and the resulting freedom to deform. High member end strains are however no
indication for interface shear stresses only occurring at member ends, as is commonly
assumed in existing analytical models. With respect to this aspect it was crucial to obtain
information on strain distribution across the depth of the whole member in order to identify
fundamental mechanisms of restraint. Measurements across the substrate depth of members
that were not free to curve clearly indicated that substrate strains have a maximum value at
the interface and fade out to reach zero strain in regions away from the interface. Restraint of
overlay shrinkage is a localised phenomenon at the interface, occurring along the whole
length of the member and consequently producing interface shear stresses along the whole
member.

In terms of bond durability it is of no significance from a practical point of view if interface
stresses occur only at member ends or along the whole length of the member. Debonding is
commonly connected to overlay slip at the interface, which can only occur at overlay
boundaries such as member ends, joints, and cracks, irrespective of stresses in regions remote
from such boundaries. However, for the correct modelling of direct overlay stresses it is
crucial to understand the mechanisms of localised shrinkage restraint along the whole
interface. In this respect, the most important conclusion that can be drawn from experimental
research and numerical modelling is that Bernoulli’s hypothesis of strain sections remaining
plane, which is commonly used for analysis of bonded concrete overlays subjected to
differential shrinkage, does not apply. Analytical approaches based on Bernoulli’s principle
do not succeed in modelling strains and stresses in a realistic way.

An analytical model was developed that is based on localised strain conditions at the
interface. The degree of overlay shrinkage restraint is expressed as a function that combines
the influences of relative member dimensions, elastic properties, and strain characteristics of
overlay and substrate. Assuming that fundamental strain characteristics, i.e. shape and depth
of strain profiles in substrate and overlay, are time-independent parameters, the influences of
strain profiles and member dimensions can be combined in a single constant, termed C..
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Based on the above, a simple equation was developed for the computation of direct elastic
interface strains:

812_%&&_ [6.17]
1+=—--C,

o}

For practical application of the above equation, the constant C, has to be determined
empirically for different overlay and substrate materials. For the specimens investigated
during this research, C. sensibly took a value of approximately 1, i.e. relative overlay and
substrate dimensions appeared to not have an influence on the degree of overlay shrinkage
restraint. In general it was shown that relative member dimensions of substrate and overlay
have a far lesser influence on overlay restraint than commonly assumed.

The development of overlay stresses is governed by a number of different strain and stress
components. Substrate creep, which is not considered in existing analytical approaches, was
found to be an important mechanism for overlay and substrate strain development, leading to
a decreasing degree of overlay restraint with time. Next to the development of shrinkage, the
most important influence on overlay durability is that of tensile stress relaxation. For the test
specimens, relaxation could be estimated to reduce tensile overlay stress by approximately
50%, which corresponds to values given in the literature. Curvature was found to be of minor
significance for the performance of the test specimens.

Substrate creep and overlay relaxation are time-dependent variables. However, it was shown
that it is practical to account for substrate creep in a one-step analysis.

In the literature, tensile stress relaxation in concrete is reported to develop rapidly afier
loading. To facilitate the estimation of overlay stresses it is therefore suggested to account for
stress relaxation in a simple way. This is done in the analytical model by adjusting the stress
inducing shrinkage strains epss(t) with a factor accounting for total relaxation that took place
between t and ty:

€ sress inducing (t) = 8FSS(t) \Il(t,to) [8 1]

The relaxation factor y(t,to) is dependent on age and material characteristics of the concrete.
It can be expressed by the relaxation function W¥(t). However, information on tensile
relaxation in concrete is rare and for practical application, y(t,to) has to be estimated for the
overlay under investigation. This can be done using common relaxation tests for restrained
specimens.
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With the above simplifying assumptions, the influences of elastic strains, substrate creep and
overlay relaxation were combined in a single equation which can be used for the estimation
of time-dependent direct overlay stress:

G108 = Wt o) Erss (1) Eo ()| 1- El - [6.54]

1+
Eo(t)- (1+0.8-04(t,t,))

The crack resistance of the overlay can be estimated using simple stress-strength comparison.
Considering that the estimation of time-dependent stresses and strains in bonded concrete
overlays is complex, the comparison between experimental results and strains and stresses
computed with the analytical model shows reasonably good correlations. Equation 6.54 can
therefore assist in designing bonded concrete overlays for long-term performance. For
practical use of equation 6.54, future research is however necessary to gain further
information on the parameter C, and on stress relaxation functions W(t) for a range of overlay
materials.

For most specimens, measured overlay strains on composite members were approximately
35% (between 30% and 40%) of free overlay shrinkage strains. Tensile relaxation of the

overlays was found to be roughly 50%, conforming to results given in the literature.
Therefore, stress-producing strain g; could be estimated to be approximately:

£, =(1-0.35)-0.5 €, = 0.338 5, [8.2]

This corresponds to overlay tensile stress of:

6, = 0336, E, | [8.3]

For the tested overlays it appears appropriate to assume as a “rule of thumb” that one third of
free overlay shrinkage caused tensile stress. In general, “rule of thumb” values can assist
design procedures as a practical tool for estimation of overlay stresses.

Existing design recommendations for bonded concrete overlays appear inadequate, as they do
not include important overlay material parameters such as shrinkage and relaxation
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properties. In general it is more practical to move away from prescriptive design
recommendations and provide design methods, i.e. analytical tools, which take account of the
interaction between material properties, environmental influences, and the structural system.

8.2 Recommendations for future work

Fundamental aspects concerning bond mechanisms and the characteristics of strain
development in composite members were identified in this research, though many questions
still remain, The following aspects appear most significant for a deeper understanding of the
structural behaviour of bonded concrete overlays:

- Localised restraint conditions at the interface should be further investigated to find
practical values for the parameter C, which describes the combined influences of
relative section dimensions and strain profiles of substrate and overlay on interface
strains. With this, the general validity of equations 6.17 and 6.54 should be verified
for a range of overlay materials

- Time-dependent tensile relaxation functions under relevant stress conditions should
be identified for common overlay materials

- Research should be carried out to assess how far existing knowledge on aggregate-
paste interfaces can be applied to the characterisation of bond between substrate and
overlay, which could help identify important mechanisms influencing the durability of
composite members

- The influences of overlay shrinkage on interface bond strength should be further
investigated to establish if a threshold value for shrinkage exists, under which bond
durability is not affected. This should be done in conjunction with tests on the
influences of overlay relaxation properties on bond strength.

- The influence of overlay thickness on interface stresses caused by sudden temperature
changes needs to be established
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Al

DESIGN RECOMMENDATIONS FOR CONCRETE REPAIR (DAfStb, 1992)

A number of standards and recommendations for concrete repair were examined, of which
the German design code presented by the DAfStb (Deutscher Ausschuss fir Stahlbeton,
1992) was found to be the most detailed one. The document is divided into 4 parts. In the
following, design recommendations relevant to this research are summarized.

German Committee of Reinforced Concrete (1990-1992): “Guidelines for protection and
repair of concrete elements”
Part 2: Construction planning and application (1990)

(.)

1.2 Requirements (in the following, only the requirements for cement-bonded repair

systems, with or without addition of polymers, are listed)

Surface wetness: substrate “may or must” be wet, without having a glossy film of
water on the surface. The pores of the substrate must not be saturated.

Temperature of substrate and surrounding air: 5 - 30 °C
Environmental conditions: humidity (no restriction), rain (no rain), wind
(= approximately 5 m/s), sun (direct sunlight must be avoided)

Surface pull-off strength: average =1.5 N/mmz, smallest single value =1.0 N/mm?

¢.)

3.2 Loading classes

For every repair project, the consultant engineer has to decide which of the following

classes is applicable for the repair:

e M1 Local surface repair, non-structural

e M2 Realkalinisation. Dynamic loading (e.g. traffic) during and after
application of material. Durability requirements.

o M3: Like M2, with some additions: Structural repair. Dynamic loading during
and after application of material. Additional requirements for strength etc

e M4 Industrial floors, high wear resistance. Dynamic loading during and after
application of material

Table Al-1 presents selected requirements for repair materials.

Table Al-2 gives requirements for overlay thickness for big repair areas
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Table A1-2: Selected requirements for repair mortars (DAfStb,1992)

Parameter Class of mortar / concrete
M1 M2 M3 M4
cementitious | resinious | cementitious cementitious cementitious resinious

2 Strength
2a Curing condition: 23 °C/ 50% RH

Compressive strength Bp g, (min) Boos 2 10 MPa X Boxs210MPa [Bps230MPa 1)| Bpas230Mpa | Bp- 245 Mpa

Flexural tensile sirengih Bpg o - - - - - Brz,2 15 Mpa
2b Curing condition: in water, 20 °C

A Compressive strength ABp ., 2) - - - ABpos30% | ABpeo S 30% -

A Flexural tensile strength ABry o 2) - “ - ABpzon S 30% | ABorons 30% -
3 Deformation characteristics
3a Shrinkage £, 5, (90 days) (max) - - $1.2 % £1.0%0 £1.0%e -
3b Shrinkage €,; (7 days) (max) - £0.5%0 - - - £05%
3¢ Swelling £,5 (90 days) (max) - - < 0.3 % % 0.3 %o £0.3% -
3d Thermal coefficient (max) - X - 1) 1) £25x10°K"
3¢ Elastic modulus, compression (min) - - - Ep230Gpa, 1) - -

3f

Creep

D

x The parameter has o be identified, but there are no quantitative requirements

- No specific requirement

1) Has to be judged by the design engineer

2) maximum difference in strength, compared to dry curing

Detailed description of specimens, equipment, and procedures for testing the above requirements is given in Part 4 of the design code
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Table Al1-2: Requirements for overlay thicknesses for large repair areas
(DAfStb, 1992)

Concrete or mortar largest aggregate overlay thickness
minimum maximum

mm mm mm

1 | Concrete according DIN 1045 >4 30 -

2 | Cementitious mortar =4 20 40

3 | Polymer modified concrete >4 30 -

4 | Polymer modified mortar <=4 10 40

5 | Resinious concrete >4 15 40

6 | Resinious mortar <=4 5 15

Summary of important aspects

Basically, the design of the repair, according to DAfStb 1990-92, includes the
following: Investigation of the deteriorated structure, decision of the design engineer,
which repair class is applicable (M1 ~ M4), substrate preparation following
conventional rules, and application of a repair material of the required class,

Only very basic requirements for shrinkage strains of the repair material are given.
Control of crack width is tested on restrained shrinkage specimens

No requirements for thermal coefficients of cementitious repair mortar

No requirements for creep or relaxation

No requirements for tensile strength and elastic modulus for non-structural mortars
Fibre reinforcement is not covered

Curing procedures are not covered, except a comment in the introduction that the
curing procedures of conventional concrete constructions also apply for concrete
repair
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A2 SHRINKAGE VALUES OF COMMON SOUTH AFRICAN REPAIR
MORTARS

South Africa’s concrete repair industry experiences problems similar to those reported in the
literature (compare Sections 2.3 and 2.4). Patch repairs often show extensive surface
cracking, delamination and spalling. Most of these problems can be related to the quality of
workmanship and issues like substrate surface preparation, choice and application of
materials, and curing procedures. However, during experimental research, failure of common
concrete repair materials was encountered even under controlled laboratory conditions with
careful workmanship and proper curing. Poor material performance included excessive
surface cracking on concrete patch specimens, as well as poor tensile and shear bond
strength.

Common South African concrete repair products, obtained from 3 different suppliers, were
tested for selected material properties and volume changes. To simulate normal drying
conditions, the test specimens were moist-cured for one day after casting and subsequently
exposed to laboratory conditions with temperatures and relative humidity ranging between 16
and 23°C and 55 and 75% respectively. Selected material properties are presented in
Table A2-1.

Table A2-1: Selected material properties of tested repair mortars

Water . 3 . 3
Material Type of repair mortar content’ Densit Por§)51ty
g/ | B/ ]| (%]
RM 1 |Patch repair, cement based 307 2015 20.88
RM 2 |Patch repair, polymer modified, silica fume 209 1621 9.63
RM 3 | Grout, cementitious, “non-shrink” 246 2215 10.82
RM 4 |Expanding grout, cementitious 256 2086 | 13.81
RM § | Structural concrete, “non-shrink” 226 1989 13.58
RM 6 |Epoxy quartz filled mortar for flooring 236 1925 | 16.52
RM 7 | Grout, non-shrink 255 1852 | 15.00
RM 8 |Patch repair, polymer modified 192 2112 6.48
RM 9 |Patch repair, polymer mod., fibres, “non-shrink” 307 2136 14.27
RM 10 | Patch repair, cement based 250 1648 | 12.05

! The maximum water content specified by the material supplier was used.

? Density was measured at 28 days on cubes 100x100x100 mm. The presented values are the mean of 3 samples
T material.

?;orosity was measured at 28 days on specimens 100x100x30 mm. The presented values are the mean of 2

samples per material
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While strength test results generally conformed to the material suppliers specification, often
little or no data was available on material properties such as drying shrinkage, thermal
coefficients or creep. Probably one of the main shortcomings of the repair material industry is
the underestimation of time dependent volume changes and the primary focus on material
strength.

Shrinkage was measured on prisms 100x100x200 mm, using a BAM Strain-measuring
extensometer (compare Figure 4.7) with measuring length 100 mm. Per material, 2 specimens
with 2 measurement locations each were tested. Test results were therefore obtained as the
mean of 4 measurements. Short-term shrinkage strains are presented in Figure A2-1.

1000 - Short-term shrinkage strains
—&RM 1

- e e RM2
/ ——RM 3
~ r —o—RM 4
——RM 5
—=—RM6
——RM 7
~x—RM 8
—%—RM 9
——RM 10

[an

0 5 10 15 20 25
Time [days]

Figure A2-1: Short-term shrinkage of South African repair materials

The notably high early strain values explain the early age cracking that is often experienced
in concrete repairs during the first few weeks of service life. Long-term results indicate that
epss continue to increase considerably for more than 3 months, with approximately 40% to
60% of the total strain occurring in the first 4 weeks (Figure A2-2).

Type and composition of the repair mortars did not have a significant influence on &pss
values, which corresponds to observations made by Emberson (1990), Emmons et al (1993),
and Chen et al (1995). In general, free shrinkage values of South African repair materials are
very similar to those reported by Emmons and Vaysburd (1995), who found that a minority of
repair materials tested could be labelled as low shrinkage, despite the fact that manufacturers
classify them as expansive, non-shrinking or shrinkage compensating,
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2500 - Long-term shrinkage strains ——RM 1
—&— RM 2

—4—RM 3
~o—-RM 4
——RM 5
—=—RM 6
——RM7
——RM 8
—*—RM 9
—%—RM 10

0 50 100 150 200 250 300
Time [days]

Figure A2-2: Long-term drying shrinkage of South African repair materials
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A3 EXPERIMENTAL RESULTS: MATERIAL PARAMETERS, SPECIMENS
USED FOR STRAIN MEASUREMENTS

A3.1 Compressive strength

Table A3.1-1: 28-day compressive strength test results

Specimen Density f, [MPa]
[kg/m’] single mean
2315 48.0
Substrate 2360 49.6 48.4
2351 475
2370 53.9
Overlay 1 2360 53.5 54.1
2410 54.8
2153 49.7
Overlay 2 2155 52.0 50.9
2168 51.1
2350 53.6
Overlay 3 2383 542 53.3
2368 52.0

A3.2 'Tensile strength

Table A3.2-1: Tensile strength Overlay 1

Table A3.2-2: Tensile strength Overlay 2

Age no. £, (MPa) Age no. f, (MPa)
[days] single mean [days] single mean
1 2.7 1 2.0
7 2 2.8 2.8 7 2 1.7 1.9
3 3.0 3 1.9
1 3.0 1 1.6
14 2 3.5 32 14 2 1.9 1.8
3 3.2 3 2.0
1 3.6 1 22
28 2 3.1 34 28 2 2.2 2.1
3 3.5 3 2.0
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Table A3.2-3: Tensile strength Overlay 3

Age no. f. (MPa)
[days] single mean
i 2.6
7 2 3.0 2.8
3 2.9
1 27

14 2 2.6 29
3.1
1 3.0

28 2 2.8 3.0
3.2

A3.3 Elastic modulus

Table A3.3-1: Elastic modulus Substrate

Table A3.3-2: Elastic modulus Overlay 1

Age no, E-modulus (GPa) Age no. E-modulus (GPa)

[days] single mean [days] single mean
1 26.5 1 21.2

7 2 24.4 253 7 2 22.2 219
3 3 22.4
i 25.1 1 23.9

14 2 26.8 2717 14 2 22.9 236
3 3 24.0
1 28.3 1 253

28 2 28.0 28.1 28 2 253 251
3 3 24.7

Table A3.3-3: Elastic modulus Overlay 2

Table A3.3-4: Elastic modulus Overlay 3

Age no. E-modulus (GPa) Age no. E-modulus (GPa)

[days] single mean [days] single mean
1 20.1 1 29.8

7 2 19.2 19.5 7 2 30.5 30.2
3 19.2 3 30.1
1 20.4 1 30.9

14 2 20.5 21.0 14 2 314 311
3 31.0
1 22.2 i 30.1

28 2 22.0 22.0 28 2 30,0 29.6
3 28.8
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A4  TEST RESULTS: STRAIN MEASUREMENTS ON COMPOSITE MEMBERS

Due to the large number of test values, detailed results of all strain measurements of
Specimens A, B, C, and D are provided in electronic format on CD (see attachment “CD 17).

On the CD, experimental data of Specimens Al-5, Bl and B2, C1-3, and D1-3 are presented
in separate folders. These folders contain contain the following:

- Time-dependent strain data (obtained from the “raw” measurements) at all locations
along the specimens

- Mean strain values, calculated for locations where more than one specimen was
available for a certain measurement location (highlighted in bold font)

- Free shrinkage strain values for all overlays used

- A summary of strains on top of the member of Specimens A
- A summary of interface strains of Specimens A

- A summary of member end strain values for Specimens A

- A summary of strain values at cracked locations for Specimens A and B (highlighted
in green)

- Statistical evaluation of test data (highlighted in blue)
- Areference to Figures illustrating the specimen under consideration in the thesis

document. This is intended to facilitate the identification of strain locations used for
the processing of the data.
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A5  STRAINS AND STRESSES IN SPECIMENS Al, A2, AND B1, USING THE

PREDICTION MODEL

Material parameter of Specimens Al, A2, and B1 were used for the computation of strains
and stresses. Computation was done using the prediction model presented electronically in
Appendix 8 (see attachment “CD 2”). Input parameters not measured were estimated. Input

parameter and computed strain and stress values are presented in Tables AS-1 to A5-6.

Table AS-1: Input parameter Specimens Al (Overlay 1 (LS)

Overlay parameters
t; (day) Erss Yo Eo
6 80 0.55 21.9
21 130 0.55 23.0
33 150 0.55 25.1
62 270 0.55 26.0
98 360 0.55 26.5
202 463 0.55 27.0
Overlay depth do (mm) 40
Substrate parameters —I
Elastic modulus Es(GPa) 32
Substrate depth ds (mm) 200
Parameters for substrate creep strain
Age of concrete at first loading (days) 240
Variation in RH (%) 20
Stump (mm) 90
Coarse aggregate (kg/m°) 985
Fine aggregate (kg/m’) 750
Constant Ce I 1 ]

Include curvature in calculation? (yes: 1, no: 0)
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Interface strains (10°%) Interface stress (MPa)
A B c b | E F G H | J
ti excl. substrate creep including substrate creep and yo | curvature x z ratio substrate | overlay
(day) |  Eetasiic Einl, yO Eingt 1 Ecreep,S.1 Exotall B StotalLinclx | Eotat! Erss | Os1() oo1(+)
6 33 18 18 18 1 19 0.24 0.57 0.55
21 54 30 24 13 38 2 40 0.31 0.78 0.73
33 66 36 28 19 47 3 50 0.33 0.89 0.82
62 121 67 48 41 89 6 95 0.35 1.54 1.39
98 163 90 62 60 123 8 131 0.36 1.99 1.78
202 212 117 77 87 164 11 174 0.38 2.45 2.17
eq. 6.17 | eq.6.46 | eq. 643, | eq. 6.42, | eq.6.50 eq. 6.51 eq. 6.52 =C.Es | eq.6.54
incl. yo | incl.yo | (= C+D) (= E+F)

Computation of substrate creep coefficients (ACI 1992) (compare Section 2.5.1)

day: 6 21 33 62 98 202
o(t, to) 0 0.68 0.85 1.07 1.21 1.42
Creep parameter
vl 0.65 Parameter for computation of curvature strain
¥2 1.14 {equation 6.51)
¥3 I.11 ds,& (mm) 80 (equation 6.21)
v4 1.06 e (mm) 47 {equation 6.20)
v5 0.98 dzx 80 (per mm width)
v6 1.00 z (mm) 100
Oy 2.02 Ic (mm%) 1152000

Table AS-2: Computation of strains and stresses: Specimens Al (Overlay 1 (LS))
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Table AS -3: Input parameter Specimens A2 (Overlay 2 (HS)

Overlay parameters
ti(day) EFgs Yo Eo
1 86 0.55 17.0
2 173 0.55 18.0
4 200 0.55 19.0
7 262 0.55 19.5
9 316 0.55 20.0
15 374 0.55 20.4
18 448 0.55 21.0
23 466 0.55 21.5
31 574 0.55 22.1
Overlay depth do (mm) 40
Substrate parameters ]
Elastic modulus Es (GPa) 32
Substrate depth ds (mm) 200
Parameters for substrate creep strain
Age of concrete at first loading (days) 240
Variation in RH (%) 20
Slump (mm) 90
Coarse aggregate (kg/m’) 985
Fine aggregate (kg/m’) 750
Constant Ce I 1

Include curvature in calculation? (yes: 1, no: 0)
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Interface strains (10°%) Interface stress (MPa)
A B c b | E F G H 1 J

t; excl. substrate creep including substrate creep and yo | curvature z ratio substrate | overlay

(day) Eelastic Eincl, yO Einst.1 Eoreep,5.1 Erotal ] & EotalLinclxc | Etotal/ EFsS os1(-) Go1(+)
2 62 34 33 5 37 2 39 0.23 1.04 1.01
4 75 41 37 10 47 3 50 0.25 1.19 1.15
7 99 55 48 18 65 4 69 0.26 1.53 1.46
9 122 67 58 24 82 5 86 0.27 1.84 1.75
15 146 80 66 35 102 6 107 0.29 2.13 2.01
18 178 98 80 45 125 7 132 0.30 2.55 2.40
23 187 103 82 52 134 8 142 0.30 2.63 2.46
31 234 129 100 70 171 10 181 0.31 3.21 2.98

eq. 6.17 | eq. 646 | eq. 643, | eq. 642, | eq.6.50 | ©q. 651 | eq. 6.52 =C.Es | eq.6.54
incl. yo incl. yo | (=C+D) (= E+F)
Computation of substrate creep coefficients (ACI 1992) (compare Section 2.5.1)
day: 1 2 4 7 9 15 18 23 31
B(t, to) 0 0.18 0.33 0.46 0.52 0.66 0.71 0.79 0.88
Creep parameter

vl 0.65 Parameter for computation of curvature strain
v2 1.14 {equation 6.51)
¥3 111 ds,& (mm) 80 (equation 6.21)
v4 1.06 e (mm) 47 (equation 6.20)
v5 0.98 dey 80 (per mm width)
16 1.00 z (mm) 100

Dty  2.02 Ic (mm*) 1152000

Table AS-4: Computation of strains and stresses: Specimens A2 (Overlay 2 (HS))
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Table A5-5: Input parameter Specimens B1 (Overlay 3 (LS)

Overlay parameters
t (day) Ergs Yo Eo
0 0 0.55 31.0
6 160 0.55 31.0
13 173 0.55 31.0
20 235 0.55 31.0
34 313 0.55 31.0
50 333 0.55 31.0
81 388 0.55 31.0
102 428 0.55 31.0
130 480 0.55 31.0
310 598 0.55 31.0
Overlay depth do (mm) 40
Substrate parameters |
Elastic modulus Es (GPa) 32
Substrate depth ds (mm) 200
Parameters for substrate creep strain
Age of concrete at first loading (days) 720
Variation in RH (%) 20
Slump (mm) 90
Coarse aggregate (kg/m’) 985
Fine aggregate (kg/m’) 750
Constant Ce 1 1

Include curvature in calculation? (yes: 1, no: 0)
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Interface strains (10°) Interface stress (MPa)
A B c o | E F G H | J
t; excl. substrate creep | including substrate creep and yo | curvature k z ratio substrate | overlay
(day) Eelastic Eincl, yO Einst Ecreep 5.1 Exotal ] & EotslLinclx | Eeotal/ Erss os1(-) oo1(+)
6 79 43 37 12 49 3 53 0.33 1.20 1.09
13 85 47 38 17 35 4 59 0.34 1.22 1.10
20 116 64 50 27 77 5 83 0.35 1.61 1.45
34 154 85 64 41 106 7 113 0.36 2.06 1.83
50 164 90 66 48 114 8 122 0.37 2.12 1.88
81 191 105 75 62 136 9 146 0.38 2.39 2.09
130 236 130 89 82 172 12 184 0.38 2.86 2.49
310 294 162 106 114 219 15 235 0.39 3.38 2.92
eq. 6.17 €q. 646 | eq 643, | eq.6.42, | eq. 6.50 eq. 6.51 eq. 6.52 =C.Es | eq.654
incl. yo incl. yo (= C+D) (= E+F)
Computation of substrate creep coefficients (ACI 1992) (compare Section 2.5.1)
day: 0 6 13 20 34 50 81 130 310
oft, to 0 0.40 0.56 0.67 0.80 0.91 1.03 1.15 1.34
Creep parameter
vl 0.58 Parameter for computation of curvature strain
v2 1.14 (equation 6.51)
v3 L.11 dS,e (mm) 80 (equation 6.21)
14 1.06 ¢ (mm) 47 (equation 6.20)
Y5 0.98 dz1 80 (per mm width)
v6 1.00 z (mm) 100
oult,t) 1.77 Ic (mm*) 1152000

Table AS-6: Computation of strains and stresses: Specimens B1 (Overlay 3 (MS))
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Ab SHEAR TEST EGUIPMENT

Specimen depth; 150 min

i Detail A

75 S 75 cad

. Overlay

Substrate

; Detail A

Detail A Tane load

3 0 7 ; s
: o . Steel strip 10x6x150 mm

o e
]

ﬂi—lr

Stecd plate 100x18x150 mm

18
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10 | 10 | 33
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Figure A6-1: Schematic ol test equpment  Interface shear test method A
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Specimen depih; 150 mm
Detail B
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T Seai Detail A, Figure A6-1
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Figure A6-2: Schematic of test equipment - Interface shear Lest method B
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SHEAR TEST RESULTS

Table A7-1; Specimens 81

Ape at test {davs): 1 2 3 o 14
- m ] s s [ 8 | 7
22 38 649 Ry LL
Test valnes [RN] 22 45 T2 23 Q)
23 52 97 | 95
_ 3¢ ] 58 104
Staifvtical avalig
1.5 IGR low 203 17 (7.3 TR )
Ist Quariile 22 33 84 | B8
Median 22 45 o5 on
3rd Quartile o 52 G5 k)
1.5 1QW high 245 73 1115 | 1055
10R 14 11 7
COutlier {vcs/no) bt | il fi n - g
Sirengeh values
I Shear (mean) [MPa] 0.7% 1,40 2,33 313 3y -,
| £, [MPa we | 202 | 257 ! 37 | 427
Ratio; ghear / F, (%) 74 79 91 %5 5
Table A7-2- Specimens 52
Agc al test (days): 1 2 3 o 14
w | 23 iz 43 42
11 25 33 49 48
Tesr wafues [N ot 28 410 a7 a7
29 41 63 7
5L A it B2
80
Stafistical anadsty
L5 10R low 19 2] 175 4.5
|zt Quaitile 25 33 44 44
Median 28 40 6l 12
3rd Quartile I TR G
1.5 1R high A5 53 101 5 12035
IR 4 % 21 29
Outher {vesino) 1 1 n n
Strergtit valuey
Shear fmcan) |[MFPal 15,39 (.92 134 213 222
f. | MPa] 4.1 9.0 13.8 122 287
Ratior shear / £, (%) 94 03 07 0z 77
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Table A7-3: Specimens 83

CAge at test {davs): 3 14 28
L 17 42 52 43
22 44 33 54
Test values [rd 23 47 S% 56
20 3 61 f14
f3
- Stanstical andlysis
C LS IOR low 9 73 34 42 39
L lst Quartile 195 | 43 525 | 54
Muedian 235 | 4535 553 33
3rd Cruartile 26 A4 545 GE}
1.5 IQR lugh 33,75 58 T 79
IQR f.3 i ¥ 10
Quthier (vesna) n N\ »
Strength values
Shear {(;mean) [MPa] 0,80 1,62 147 2.02
£, [MPa] 79 - 171 | 208
Ratia: shear / T, (%) | MNE . 113 97
Table A7-4- Specimens 54
Apc at test (days): 3 ¥; 14 28
: 12 25 26 35
14 27 28 37
Test vardues [ &N 14 an il 39
18 22 38 A
44
Staiixiical aralvses
1.5 1R Jow 7 18,5 153,75 328
1st Quartile 13 | 26 | 27 | a7
Median 15 283 283 38
3rd Quartile 17 31 345 4
1.5 1QR high 23 385 4575 A4 5
IGE 4 3 73 3
Qutlier (yes/mo) n n B Sl
Strength vatues
Shear (mean) |MPa] .33 1.0 1.08 1.37
f, {MPa] 4.5 #3 9.7 12.2
Ratio; shear £ F (%) 1157 121 11.1 11.2
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Table A7-5; Specimens 55-5
Specimen $3 86 §7 S8
Spe attest Guomthe: | Y. .22 | 1. 52 ok 32 1 32
351 46 | 46 | 23 |18 [ 5 | e8 [ 17
42 47 53 27 23 14 i 74
Test values [EN] 42 56 56 36 27 21 51 i}
(53 | 70 [ so | a8 | 3 [ 24 | sl | o4
57 | 78 1 e | 39 | 35 25 | 95 | 95
57 87 44 | 110
43 |
Stafisticed onalisis
1.5 IQR low E_ 22 {5 44 1.5 13 -1 56 | ss
Lst Quartile 42 47 53 27 P! 14 | 71 i
Median 48,5 6 56 i3 27 Rl 5l 92
3rd Cuartile | 58 78 58 | 44 33 24 &1 05
| .5 IR hugh | 7435 | 1245 | 68 685 | 45 3% [ 86 119
IOR 13 1] £ 17 3 L0 11} 16
Outlier {ves/no) e | B e B n n n n 1
Strengih volues
Shear (mean) [MPa] | 190 | 255 [ 223 | 143 | Lo | 071 ¢ 315 | 362
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Table A7-6: Specimens 59-14

Spocimen s s | s | s12 s13 | Si4
Site IR 2 3 1 2 3
Age gl test (months): 30 30 a0 L1V 30 30
Overlay 1 1 I | 2 2 2
S 68 49 | a0 | 36 35 42
75 62 | 110 | 49 44 | 50
Test values {kN/ BY 93 | 113 | 65 49 56
88 o8 | 115 | 66 64 | 63 |
93 9% 1% £ 78 I
97 2 | 71 04 !
oo 106 80
105 108
1 110 i
A5
C o Sranistical analyviy :
1.5 I0R low 625 3325|1025 | 16 7| 4n,75
| 1stQuartite g8 2775 | 110 | 49 | a4 | 45
| Median 95 o8 | i3 | 66 | 365 | 33
o 3rd Quartile W V7 | 115 71 78 | 4953
1,5 IQR high 1305 [151.25] 1225 | 104 | 120 | 5475
QR 17 | 293 3 22 4 35
Quilicr {ves/no) n n ¥ 1 n n
Strewgth values
Shear (mean) [MPa] | 373 | 363 | 454 | 248 | 241 | 2210
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‘Fable A7-7; Spectmens S15-18

Outher (vos/ing)
Strenpth values

Specimen si5 | 816 | 817 [ SI8
Apc at test (months): | 30 30 30 30
357 53 | 15 |hee
&l 37 14 L3
Tese values [ENT 66 | 58 27 Uh
71 2t 34 132
72 75 {13
12 85 B
Lo
Statisticey analvvis
L.5 TQR low 42 3 =7 b
1st Quartile 60 57 17 AN\ Y95
Median 71 50 23 Hh
3rd Quatbla 72 75 33 12
1.5 TR high i 132 a7 1123
IQR 1 15 16 7
v n n v

Shear {mean) [MPa] | 271 | 244 | 094 | 389
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