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ABSTRACT

Concrete-to-concrete interfaces are widely present in concrete structures. These
structures include but are not limited to: 1) concrete structures (e.g., concrete beams,
slabs and columns) repaired and strengthened through the enlargement of cross-sections,
11) in-situ cast concrete joints between precast concrete components; iii) composite
concrete structures comprising multiple components cast at different times. In general,
when subjected to tensile or shear stresses, concrete-to-concrete interfaces are the weak
links of the structure because the interfacial tensile and shear strengths are normally
lower than those of the integrally-cast concrete. However, a thorough understanding of
and an accurate model for the behaviour of concrete-to-concrete interfaces are not yet
available, making it difficult to fully understand and accurately predict the behaviour

of concrete structures in which concrete-to-concrete interfaces play a critical role.

Against the above background, the work presented in this PhD thesis was aimed at
advancing the understanding of and developing a sophisticated model for the
mechanical behaviour of concrete-to-concrete interfaces through investigations of the
following three aspects: (1) Analyse the existing test methods for the interfacial
behaviour of concrete-to-concrete interfaces and propose an improved test method that
is more robust and accurate; (2) Develop a sophisticated interfacial bond-slip model for
concrete-to-concrete interfaces based on a comprehensive experimental study using the
improved test method; (3) Conduct numerical simulations, in which the proposed
sophisticated interfacial bond-slip model is employed, of the structural performance of

concrete structures with concrete-to-concrete interfaces.

The thesis first presents a literature review on and a finite element analysis of the
existing shear test methods for concrete-to-concrete interfaces. These investigations
revealed the advantages and disadvantages of the existing test methods, based on which
an improved test method suitable for studying the interfacial behaviour of concrete-co-



concrete interfaces was proposed. This new test method was validated through a series

of trial laboratory tests.

A comprehensive experimental programme using the newly developed test method was
conducted to investigate the interfacial behaviour of concrete-to-concrete interfaces by
considering factors including the concrete strength, interface roughness and normal
stress level. Based on the experimental data, a new bond-slip model for the interface
was established. The model describes the complete local interfacial behaviour of

concrete-to-concrete interfaces, including damage evolution along the interface.

The developed bond-slip model was then implemented into a finite element framework,
which included the appropriate constitutive modelling of both concrete and steel as well
as reliable interfacial models for concrete-to-concrete and concrete-to-steel interfaces.
This framework was used to simulate the structural behaviour of composite concrete
beams, in which the concrete-to-concrete interfaces play a significant role in the
mechanical behaviour. The performance of the framework was validated by comparing
the predicted results of the flexural behaviour of the beams with the experimental data.
Moreover, the framework was used to conduct a parametric study to investigate the

influences of the interfacial parameters of the composite beams on the overall behaviour.

The test method, the bond-slip model, and the numerical framework presented in this
thesis constitute a major advancement on the understanding and the accurate prediction
of the behaviour of concrete-to-concrete interfaces as well as structures containing such
interfaces. Future research is needed to improve the current research outcomes to
achieve even more accurate predictions of concrete-to-concrete interfaces and to
accurately simulate the behaviour of more complicated structures containing such

interfaces.
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CHAPTER 1
INTRODUCTION

1.1 BACKGROUND

By casting a new piece of concrete onto a previously cast (old) piece of concrete, an
interface is generated between the old and new concretes and it is commonly referred
to as a concrete-to-concrete interface (Tassios and Vintzéleou, 1987). Concrete-to-
concrete interfaces are widely present in concrete structures including but not limited
to: i) concrete structures (e.g., concrete beams, slabs and columns) repaired and
strengthened through the enlargement of cross-sections, ii) in-situ cast concrete joints
between precast concrete components; or composite concrete structures comprising
multiple components cast at different times. Therefore, understanding the mechanical
behaviour of concrete-to-concrete interfaces is integral to the understanding of the

performance of the relevant structures containing such interfaces.

1.1.1 Concrete-to-Concrete Interfaces in Repaired and Strengthened Concrete
Structures

The deterioration and ageing of concrete structures, as well as increased loading on
existing structures, have posed a worldwide challenge that calls for cost-effective repair
and strengthening methods. Data from the U.S. Federal Highway Administration in
2013 showed that approximately 25% of the 607,000 bridges had structural deficiency
(Mabsout et al., 2004). A survey of 177 bridges in Okinawa, Japan, showed that the
damage rate of bridge decks and reinforced concrete beams had reached more than 90%,
and large areas of concrete cracking and considerable reinforcement erosion had
occurred (Fujino and Siringoring, 2011). Many concrete structures built in China have

undergone different degrees of damage and need to be strengthened (Peng and Stewart,
1



2016).

The repair and strengthening of concrete structures are often achieved through
enlarging the member cross-sections, encasing the concrete with steel tubes, adding
external reinforcing components with or without prestress. As one of the cost-effective
methods which can maintain the original appearance of the structure, enlarging member
cross-sections by adding new concrete to the parent concrete structure is widely
employed (Yin et al., 2017). For instance, slabs in reinforced concrete buildings and
bridge decks are usually strengthened by adding a layer of concrete to the top or bottom
surface of the slabs or decks (Banu and Taranu, 2010); and reinforced concrete jacketing
of columns and beams is often adopted to increase their capacities. The mechanical
behaviour of the concrete-to-concrete interface has a significant impact on the overall
behaviour of repaired or strengthened structures, and their structural integrity and

durability rely largely on a strong bond at concrete-to-concrete interfaces.

1.1.2 Concrete-to-Concrete Interfaces in Precast and Design for Deconstruction
(DfD) Concrete Structures

Precast concrete structures have been widely used in recent years due to their relatively
quick construction, low labour requirement, and superior quality control (Naik 2008;
Yee and Eng, 2001; VanGeem, 2006). The material waste for precast concrete
construction is lower than that for in situ-cast construction (Jaillon et al., 2009; Lu and
Yuan, 2013; Li et al., 2014). Moreover, the standardization and modularization of the
concrete components of precast concrete structures can facilitate the reuse of the

components after the deconstruction of the structures (Ferdous et al., 2019).

Moreover, in recent years, the reuse of concrete components has been widely

investigated in the concrete research domain. Inspired by the design for disassembly in



the mechanical industry, design-for-deconstruction (DfD), as a new concept in civil
engineering, corresponds to the further application of precast structures (Addis and
Schouten, 2004; Gungor, 2006). In the case of DfD concrete structures, the
disassembled concrete components can be reused in new concrete structures to realize

a second life.

Considering the concept of DfD structures, the realization of DfD for building
structures is expected to reduce the environmental pollution and improve the recycling
efficiency in the construction industry (Gorgolewski, 2008). In this manner, the massive
construction and demolision waste and the excessive CO2 emissions associated with
construction material production can be reduced, and the amount of new construction
material and heavy on-site construction work can be decreased (Tingley and Davison,
2012; Akbarnezhad et al., 2014). Recent studies on DfD concrete structures showed
that dry concrete connections (without or with very limited post-cast concrete at the
connections) have been widely adopted in beam-to-column joints and shear walls to
facilitate easy end-of-life deconstruction as well as recycling or reusing the
deconstructed structural components to build new DfD structures (Xiao et al. 2017,
Ding et al. 2020). In these dry connections, the multiple prefabricated concrete
components are joined with cast-in-place concrete, resulting in a group of concrete-to-
concrete interfaces in a connection region. Experimental results demonstrated that the
presence of these interfaces has a considerable impact on the failure mode and the
overall structural performance (Ong ef al. 2013). As a result, to fully understand and
accurately predict the structural behaviour of precast concrete structures or DfD
concrete structures, the mechanical behaviour of complex multi-interface concrete

connections should be thoroughly investigated.



1.2 THE SIGNIFICANCE OF A BOND-SLIP MODEL FOR
CONCRETE-TO-CONCRETE INTERFACES

Generally, the compressive strength of concrete-to-concrete interfaces can be
considered equal to that of the base concrete material, and the interfaces are only weak
parts of the structure when subjected to normal opening (tension) or tangential sliding
(shear) actions (Santos and Julio, 2012). Moreover, concrete is predominantly designed
to resist compression-dominated actions so that pure opening actions at concrete-to-
concrete interfaces are practically rare. Therefore, the interfacial shear behaviour is by
far the more concerning and important one in describing the mechanical behaviour of

concrete-to-concrete interfaces.

However, most of the existing studies on the interfacial shear behaviour of concrete-to-
concrete interfaces were focused on describing the mechanical behaviour of concrete-
to-concrete interfaces using the nominal interfacial shear strength, which is obtained by
measuring the shear force causing the interface to debond and divide it by the interfacial
area (e.g., Mohamad et al., 2015). Such a low-resolution description is based on the
assumptions of uniform global interfacial shear stress distribution and linear elastic
local bond-slip relationship at the concrete-to-concrete interface. However, both
oversimplify the complex interfacial shear behaviour and ignore the intricate interaction

between the local bond-slip behaviour and the global shear stress distribution.

To achieve a thorough understanding and the accurate prediction of concrete-to-
concrete interfacial behaviour, it is necessary to establish the local bond-slip model and
thereby investigate the global stress distribution at the concrete-to-concrete interfaces.
Consequently, it remains challenging to accurately predict the response of a concrete-
to-concrete interface under various loading conditions and the impact of this response

on the overall performance of the concrete structure.
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1.3 OBJECTIVES AND SCOPE

The goal of the current thesis is to develop a thorough understanding of the interfacial
shear behaviour of concrete-to-concrete interfaces and thereupon explore the structural
behaviour of concrete structures containing such interfaces. This goal will be achieved
through fulfilling the following experimental-theoretical-numerical trilogy: 1)
proposing a new test method that overcomes the deficiencies of the existing shear test
methods to investigate the behaviour of concrete-to-concrete interfaces [Chapter 3 &
Chapter 4]; 2) establishing the bond-slip model of concrete-to-concrete interfaces
through a systematic experimental programme using the proposed test method
[Chapter5 & Chapter6]; and 3) exploring the structural behaviour of concrete structures
containing concrete-to-concrete interfaces using finite element (FE) models that
incorporate the established concrete-to-concrete interfacial bond-slip model [Chapter

7]. A brief overview of each chapter is given below:

Chapter 2 presents a state-of-the-art review of the relevant experimental and theoretical
studies on the interfacial shear behaviour at concrete-to-concrete interfaces. The
limitations of the existing test methods and the need for developing a more suitable test
method are discussed. Chapter 3 describes the evaluation of the existing shear test
setups for concrete-to-concrete interfaces using FE analysis. Specifically, the interfacial
shear stress distributions in different test setups considering various testing parameters
are compared, and thereupon modifications to the existing concrete-to-concrete shear
tests are suggested. Chapter 4 describes the newly proposed shear test method that
overcomes the deficiencies of the existing shear test methods and can be used to
investigate the local shear bond-slip relationship for concrete-to-concrete interfaces.
The feasibility and reliability of the proposed test method are verified through example

tests.



Chapter 5 presents an experimental programme designed to quantify the interfacial
shear bond-slip relationship at concrete-to-concrete interfaces using the test method
proposed in Chapter 4. Factors that affect the shear bond performance, including the
concrete strength, surface roughness, and applied compressive stress, were all
considered in the experimental programme. Chapter 6 explains the proposed interfacial
shear bond-slip model based on the test data obtained in Chapter 5. The model describes
the local bond-slip behaviour through a linear elastic stage and a damage evolution
stage. In the former, the key parameters are the interfacial shear stiffness and maximum

shear stress; in the latter, the key parameter is the fracture energy.

Chapter 7 presents the FE analysis of composite concrete beams with the concrete-to-
concrete interfaces represented by the developed bond-slip model. The FE predictions
of failure mode and load-displacement behaviour of composite concrete beams under
bending considering various interfacial conditions are presented and compared with
experimental data. Additionally, parametric studies were performed to understanding
the key parameters in the design of composite concrete beams, which are critical to
repair and strengthening projects involving such beams. Chapter 8 summarizes the
conclusions of each chapter and suggests future research regarding concrete-to-concrete

interfaces.
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CHAPTER 2
LITERATURE REVIEW

2.1 INTRODUCTION

This chapter presents a review of existing studies relevant to the interfacial mechanical
behaviour of concrete-to-concrete interfaces subjected to shear-dominated loading. The
experimental studies employing various test methods to investigate the interfacial shear
strength are first reviewed. Then the works studying the effects of fabricating factors
on the interfacial mechanical behaviour are reviewed. Subsequently, existing nominal
interfacial shear strength models are summarized. Finally, the needs for devising a new
shear test method and developing a local bond-slip model for concrete-to-concrete

interfaces are discussed.

2.2 EXISTING SHEAR TEST METHODS

Existing test methods aiming at measuring the concrete-to-concrete interfacial shear
strength can be generally categorized into the direct shear test (Figure 2.1), where the
concrete-to-concrete interface is subjected to shear-dominated stresses, and the slant
shear test (Figure 2.2), where the concrete-to-concrete interface is subjected to

combined shear and compressive stresses.

2.2.1 Direct Shear Test

The direct shear test is designed to induce shear stresses and minimize normal stresses
along the interface to investigate the interfacial shear behaviour. However, normal
stresses at the concrete-to-concrete interface cannot be avoided in the direct test method.

Hence, the local stress state at a point along the interface is a combination of shear and
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normal stresses. The direct shear test can be further divided into the one-interface shear
test (commonly referred to as the push-off test, see Figure 2.1 (a)), the L-shaped one-
interface shear test (Figure 2.1 (b)), and the two-interface shear test (commonly referred

to as the push-out test, see Figure 2.1 (c)).

The one-interface shear test specimen is composed of a new and an old concrete block
without dowel reinforcement crossing the interface (Saucier et al., 1991). During
testing, the specimen is subjected to a pair of forces acting respectively on the two
blocks, and an optional compressive force can be applied, as indicated in Figure 2.1 (a)
(Climaco and Regan, 2001). Since the pair of forces is not coplanar with the interface,
they generate non-trivial normal stresses, both tensile and compressive, along the
interface, which substantially complicate the interfacial shear behaviour (Gohnert,
2003). Moreover, stress concentration occures at the ends of the interface, where local
failures may occur, and terminating the loading process prematurely before the

complete process of debonding can be measured (Mohamad et al., 2015).

The L-shaped one-interface test specimen (Figure 2.1 (b)) is made of two L-shaped
halves that are anti-symmetrically placed and connected by cross-interface steel dowel
reinforcement (Hofbeck et al., 1969). During testing, the specimen is compressed at the
ends to produce a shear force for the interface (Mattock, 1976). Although the
compressive force is coplanar with the interface, considerable normal stresses along the
interface are still generated due to the bending moment induced in the L-shaped halves
(Walraven et al., 1987). The dowel reinforcement and the concrete-to-concrete interface
act together as a parallel system, which prevents sudden fracture at the interface and
permits gradual interfacial debonding. Therefore, the complete debonding process
embodied in the measured descending branch of the load-displacement relationship can

be obtained (Mattock and Hawkins, 1972; Xiao et al., 2012). However, due to the
11



entangled interaction between the interface and the dowel reinforcement, it is difficult
to separate their contributions. Hence, the test data are not directly conducive to
understanding the mechanical behaviour of concrete-to-concrete interfaces without

dowel reinforcement (Julio et al., 2010; Randl, 2013).

The two-interface shear test specimen (Figure 2.1 (¢)) is made by casting a new concrete
block between two old concrete blocks without dowel reinforcement. During testing,
the middle block is subjected to a push-out force resisted by the reactions applied to the
other two blocks (Theodossius and Vintzeleou, 1987). In this approach, local fracture
does not immediately terminate the test because of the confinement on both sides
(Caliskan et al., 2002; Yang et al., 2014). Normal stresses of a similar level with those
in the one-interface shear tests are generated at the interfaces, complicating the
interfacial shear stress distribution and strength behaviour (Chen ef al., 1995). Table 2.1

summarizes the key characteristics of these test methods.

2.2.2 Slant Shear Test

In the slant shear test shown in Figure 2.2, a concrete specimen containing a concrete-
to-concrete interface of a certain orientation (usually defined as the angle between the
interface and the longitudinal axis of the specimen) is subjected to compressive forces
at the two ends, which induce combined compression and shear stresses at the interface.
The first slant shear test was conducted by Tabor (1978), in which the specimen
contained an interface with an orientation of 30°. Thereafter, this test method has been
widely adopted since the combined compressive and shear actions at the interface are
close to the loading conditions of concrete-to-concrete interfaces in practical scenarios

(Clark and Gill, 1985; Wall and Shrive, 1988; Santos and Julio, 2011).

It has been experimentally observed that the interfacial stress distribution, the load-
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bearing capacity, and the failure mode of slant test specimens are strongly dependent
on the orientation of the interface and the surface roughness (Wall and Shrive, 1988).
For instance, in the tests conducted by Austin et al. (1999), the interfacial bond failure
occurred only in the specimens with an interface orientation of 30°. Moreover,
theoretical analyses performed by Austin ef al. (1999) and Naderi (2009) indicated that
for a given interface orientation, the slant test specimen may fail by interfacial
debonding if the surface roughness is relatively low, while it may fail by crushing if the

surface roughness is high enough.

However, the influences of the interface orientation and surface roughness on the
interfacial stress distribution, the specimen load-bearing capacity, and the failure mode
have not been well understood due to the complex interaction between the interfacial
normal and shear stresses in a slant test specimen (Tabor, 1978; Santos ef al., 2007).
Consequently, this test method is unlikely to provide critical insights upon which
fundamental understandings of the concrete-to-concrete interfacial shear behaviour can

be established.

Taken collectively, although in practical scenarios the concrete-to-concrete interfaces
are predominantly subjected to combined shear and compressive actions, the slant shear
test simulating such loading conditions may not be as conducive as the direct shear test
that focuses on establishing a thorough understanding of the shear behaviour without
the complications brought about by the compressive action. Nonetheless, the existing
direct shear test methods are inadequate in the following aspects in establishing a
thorough understanding of the interfacial shear behaviour. They can only measure the
nominal interfacial shear strength that is roughly estimated by assuming a uniform
distribution of the interfacial shear stress, which is insufficient in understanding the

local shear stress-relative slip relationship as well as the actual global interfacial shear
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stress distribution. Further, a specimen without dowel reinforcement is subjected to
brittle failure that does not allow the measurement of the complete process of debonding,
while one with dowel reinforcement does not allow the accurate isolation of the
contribution of the interface. Therefore, a new test method suitable for evaluating the
interfacial shear behaviour, particularly the local bond-slip response, of concrete-to-

concrete interfaces is necessary.

2.3 EXPERIMENTAL STUDIES ON SHEAR TRANSFER
BEHAVIOUR OF CONCRETE-TO-CONCRETE INTERFACES

2.3.1 Existing Experimental Studies

This section collects 456 related experimental studies on the bond behaviour of
concrete-to-concrete interfaces from the literature, with the aim to evaluate the factors
affecting the bond behaviour of concrete-to-concrete interfaces. The following factors

were focused:

* Specific test methods

* The strength of old or new concrete (although many studies do not strictly distinguish

the strength of new and old concrete)

* Surface roughness of old concrete

Interfacial reinforcement ratio

Yield strength of interfacial reinforcement

* External normal stress
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There are still many studies that are focused on other special variables that affect the
bond behaviour of concrete-to-concrete interfaces. However, those studies, which are
excluded from the literature collection since they are beyond the scope of the present

study, cover such situations as:

The interface is between two surfaces of concrete cracks, so it is not a strict interface

between two concrete blocks;

Other test methods, such as the slant shear test, instead of the direct shear test method,

are used,

The direction of the reinforcement passes through the interface;

The interface is subjected to cyclic loading

Although, in practical scenarios, concrete-to-concrete interfaces are predominantly
subjected to combined shear and compressive actions, it is very difficult to directly
understand the coupled interfacial behaviour as the compressive action has a
considerable impact on the shear behaviour. Instead, the present study is aimed to
understand the Mode-II interfacial behaviour with minimal interfacial compressive
stresses and Mode-I opening actions. The interfacial behaviour under combined actions
can be studied and understood more thoroughly after achieving this. Therefore, the slant
shear test inducing combined compressive and shear actions at the interface was beyond
the scope of the present study and only briefly reviewed. According to the above
considerations, Table 2.2 provides the detailed information for those experimental
studies on the bond behaviour of concrete-to-concrete interfaces. In each of the specific
study, the total number of specimens may be greater than the number listed in Table 2.2.

This is because those studies also focused on some other variables mentioned above,
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which are not the focus of this study.

It can be seen from Table 2 that the L-shaped one-interface shear test method was
adopted for most of studies on the bond behaviour of concrete-to-concrete interface,
accounting for 61.4% of the total. One-interface shear test was followed, accounting for
about 32.8%. However, only 5.7% of the test results are obtained based on the two-

interface shear test method.

These studies aim at a wide range of concrete strength variations. The cylinder
compressive strength of concrete ranges from 18.1 MPa to 100.3 MPa. Nevertheless,
about 70% of the cylinder compressive strength of concrete was between 20.0 MPa and
50.0 MPa. That is to say, the research focus is generally concerned with the interfacial
bond behaviour casted by normal concrete. In addition, it should be pointed out that
there is no strict distinction between the strength of new concrete and old concrete in
about 21.4% of the specimens. This actually confuses the results because it is not clear
how the strength of the new concrete or the strength of the old concrete affects the

results.

The old concrete surface condition is also the focus of research. It can be found that
most studies have investigated the influence of smooth interface or rough interface on
the bond behaviour of concrete-to-concrete interfaces. In the previous experimental

studies, the maximum surface roughness of old concrete has reached to 6.4 mm (Harries

etal.,2012).

In engineering applications, steel bars typically cross the concrete-to-concrete
interfaces. Therefore, interfacial reinforcement was considered in most studies. In Table
2, the number of specimens with interfacial reinforcement accounted for 61.4% of the

total. In approximately 90% of these studies, the yield stress of the steel bar was less
16



than 525 MPa, indicating that the interface is generally not reinforced with high-
strength bars. The reinforcement ratio ranged from 0 to 22x1073. Generally, the higher
the reinforcement ratio, the smaller the contribution of the concrete-to-concrete
interface to the overall resistance. In addition, only one study was found (Mohamad et
al., 2015) on the influence of external normal stress on the concrete-to-concrete
interface. In other words, the research on the influence of external normal stress on the

concrete-to-concrete interface is still obviously insufficient.

In general, as shown in Table 2.2, most of trials were conducted after the year of 2000,
with the exception of Hanson (1960), who completed a systematic test in 1960. This
shows that before the year of 2000, the shear transfer of the interface between two
surfaces of concrete cracks was a hot topic. However, after the year of 2000, the focus
of research has gradually turned to the bond behaviour of concrete-to-concrete

interfaces.
2.3.2 Factors Affecting the Interfacial Bond Strength

According to the existing theoretical and experimental studies, the concrete-to-concrete
interfacial bond behaviour is largely dependent on the material properties of the
concretes, the surface roughness of the old concrete, and obviously the reinforcement
crossing the interface (dowel action), if any. The studies regarding the influence of these
factors on the interfacial shear behaviour of concrete-to-concrete interfaces are

reviewed.

(1) Material Properties of Concrete

The strength of concrete has a great impact on the bond behaviour of the concrete-to-
concrete interface. The tensile strength of the new or old concrete affects the interfacial

shear strength because the tensile strength directly affects the development of cracking.
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Many tests have proven that as the new or old concrete tensile strength increases, the
shear strength of the interface significantly increases (Kahn and Mitchell, 2002; Julio
et al., 2006; Chilwesa et al., 2017). Therefore, the addition of polymers or fibres to
newly cast concrete can enhance the bond properties since it increases the tensile
strength of the new concrete and reduces drying shrinkage (Atzeni et al., 1993; Chen et

al., 1995).

The vicinity of the concrete-to-concrete interface is commonly referred to as the
interfacial transition zone (ITZ) as shown in Figure 2.3 (Xie et al., 2002). The material
properties of the ITZ significantly influence the interfacial shear behaviour. Li et al.
(2001) and Xiong et al. (2002) examined the microstructure of the ITZ using the
scanning electron microscope (SEM), as well as the energy dispersive spectroscopy
(EDS). It was found that using different binders for the ITZ resulted in different
microstructures and interfacial shear strengths. Similar results were obtained by Xiao
et al. (2013) through a nanoindentation test studying the properties of the ITZ in

recycled aggregate concrete.

(2) Surface Roughness of the Old Concrete

The surface roughness of the old concrete before casting new concrete to form concrete-
to-concrete interfaces has a considerable influence on the interfacial behaviour as it has
a direct impact on the friction and aggregate interlocking at the interface (Momayez et
al., 2005). The surface roughness can be classified as ‘very smooth’, ‘smooth’, ‘rough’
or ‘very rough’, as described by Santos and Julio (2013); it is noted that herein ‘smooth’
is only used as a description related to ‘rough’ rather than indicating a friction-free
condition. In practice, various surface preparation techniques, such as chemical,
mechanical, blasting, flame cleaning, and acid etching, are usually adopted to treat the

old concrete surface before casting the new concrete on it. In laboratories, the old
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concrete surface is usually intentionally roughened.

Studies conducted by Julio et al. (2004) indicated that the interfacial shear strength
increases with the increase of the surface roughness, and the results of direct shear tests
indicated that increasing the surface roughness considerably increases the interfacial
shear strength (Gohnert, 2003; Mohamad et al., 2015; Barbosa et al. 2017; Chilwesa et
al., 2017).

Since it has been realized that the surface roughness of old concrete has a significant
influence on the bond properties of concrete-to-concrete interfaces, Santos et al. (2011)
summarized the methods to quantify the surface roughness of old concrete. Traditional
methods for quantitatively evaluating the surface roughness of concrete include sand-
pouring method and fractal dimension method. Recently, a series of new methods with
higher accuracy have been proposed by combining digital image technology and
computer modeling technology (Huyan et al., 2020), such as laser scanning method
(Santos and Julio, 2008), three-dimensional surface fractal dimension method (He et

al.,2017), etc.

(3) Dowel Action

When slip occurs at the concrete-to-concrete interface, the bond between the concrete-
to-concrete interface would decrease rapidly, and the dowel action from the interfacial
shear reinforcement provides most of the resistance. Therefore, the shear capacity of
the concrete-to-concrete interfaces with dowel reinforcement has been extensively
investigated (Paulay et al., 1974). Rasmussen et al. (1962) proposed an empirical model
to estimate the shear capacity considering both the concrete compressive strength and
the diameter and yield stress of the dowel reinforcement. Another shear capacity model

proposed by Vintzeleou and Tassios (1986) considered the same factors and in addition
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took into account the non-coaxiality of the shear forces applied to the dowel
reinforcement. Randl (2013) proposed a model for the shear load-slip relationship that
is currently widely adopted. In this mode, the shear force is related to the diameter and
yield stress of the dowel reinforcement, the compressive strength of the concrete, and
the relative sliding displacement at the interface. Nonetheless, all these models are still
highly empirical and hence not accurate for different dowel reinforcing configurations.

More discussions regarding the dowel action is provided in section 2.4.2.

2.3.3 Shear Transfer Mechanism

The “shear-friction theory” was initially proposed by Birkeland & Birkeland (1966). A
simple saw-tooth model was employed to explain the shear transfer mechanism of the
concrete-to-concrete interface, seen in Figure 2.4 (Santos and Julio, 2012). The “shear-
friction theory” is applicable to the analysis of various concrete-to-concrete interfaces,
such as the interface between prefabricated concrete and cast in-situ concrete, the
interface between concretes casted at different times, the interface between existing

concrete structure and strengthening concrete layers.

According to the shear-friction theory and a large number of existing experimental
studies, the shear force can be assumed to be composed of interfacial adhesion, friction
and shear reinforcement crossing the interface. As the slip of the interface increases, the

variation of contribution from these three parts are shown in Figure 2.5 (Santos and

Jalio, 2012).

When the slip of concrete-to-concrete interface is s, the shear stress 7(s) can be

expressed as:
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7(s)=7,(8)+74 (s)+7 (S) 2.1

where 7a(s) refers to the contribution of adhesion, ws(s) refers to the contribution of

friction and 7« (s) refers to the contribution of shear reinforcement crossing the interface.

The adhesion is first generated by the chemical action between crystal particles, mainly
refers to the van der Waals force and cohesion produced by cement hydration reaction.
The adhesion reduces rapidly and then transfers to the interlocking of aggregates with

the increase interfacial slip.

The friction is related to the normal stress and roughness of the interface. The normal
stress is composed of external load and reinforcement force. The latter one refers to the
reverse pressure exerted on the interface by the reinforcement due to the interfacial

crack opening after the slip occurs.

The contribution of shear reinforcement crossing the interface, also called dowel action,

is important for the shear transfer after large slip.
2.3.4 Comments

At present, the research on the bond behaviour of concrete-to-concrete interface is
mainly based on experiments, and basically no systematic theoretical study can be
found. It is undeniable that, based on the “shear-friction theory”, in view of various
influencing factors, such as concrete strength, surface roughness, interfacial shear
reinforcement ratio, existing tests have been carried out on concrete-to-concrete
interfaces, and rich test data have been obtained. Considering the discreteness of
concrete materials, those expressions on bond strength obtained by regression analysis

are obviously different, which will also be pointed out later.
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Although several test methods to the bond behaviour of concrete-to-concrete interfaces
are available, researchers realized that each test method has its potential defects. The L-
shaped one interface shear test method seems to be the most widely used test method at
present. However, whether L-shaped one interface shear test is the most reasonable test

method or whether the test method can be improved, has not yet been determined.

It can be seen from the factors affecting the bond strength of the concrete-to-concrete
interface that the main methods to improve the bond behaviour of the concrete-concrete
interface include are: increasing the surface roughness of old concrete, increasing the
strength of new or old concrete, using appropriate interface agents, increasing the
interfacial shear reinforcement ratio or the yield strength of the steel bar. In particular,
when the slip is large, the interfacial shear reinforcement can not only significantly
increase the bearing capacity of concrete-to-concrete interfaces, but also transform the
brittle failure of the interface into ductile failure. However, in the absence of interfacial

shear reinforcement, few studies can be found on the concrete-to-concrete interface.

2.4 EXISTING ANALYTICAL MODELS FOR THE NOMINAL
INTERFACIAL SHEAR STRENGTH

To achieve a thorough understanding and the accurate prediction of the concrete-to-
concrete interfacial shear behaviour, it is necessary to establish the local bond-slip
model, upon which the global shear stress distribution can be obtained. Although no
systematic research on the local bond-slip model of the concrete-to-concrete interface
has been conducted, many nominal interfacial shear strength models have been

proposed; the representative ones are reviewed in this section.

2.4.1 Concrete-to-Concrete Interfaces without Dowel Reinforcement

Since 1960°s, several empirical models have been proposed to predict the nominal
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interfacial shear strength of concrete-to-concrete interfaces based on the one-interface
shear test. The nominal interfacial shear strength was obtained by measuring the
maximum shear force withstood by the interface and dividing the force by the area of

the interface, implicitly assuming that the interfacial shear stress was evenly distributed.

Gaston and Kriz (1964) performed a series of one-interface shear tests and suggested
the following equation to estimate the nominal interfacial shear strength for smooth

concrete-to-concrete interfaces:

7. =0.3+0.780, (2.2)

where 7max is the nominal interfacial shear strength that can be withstood by the interface
and on is the corresponding normal stress at the interface (positive values indicate
compressive stresses). This model relates the interfacial shear strength with the applied
normal stress, which has since been adopted by most of the subsequent models.
However, it is obvious that this model is empirical and can hardly be accurate for

interfaces with various properties.

Tsoukantas and Tassios (1989) proposed a model for the nominal interfacial shear
strength for considering different surface roughness conditions of the old concrete as

follows:

T.ax = 0.40, for smooth surfaces (2.3)

t =05 flo for rough surfaces (24)
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where fex 1s the characteristic cylinder compressive strength of concrete (the strength of
new and old concrete is consistent in this study). This model differentiates the
interfacial behaviour for different surface roughness conditions, and empirically

incorporates the compressive strength of the base concrete for rough surfaces.

Based on the results of 90 shear tests, Gohnert (2003) proposed an empirical model to

evaluate the nominal interfacial shear strength:

7. =0.029R +0.7719 (2.5)

where R is a parameter reflecting the surface roughness. This model indicates that it is
more accurate in predicting the interfacial shear strength if the surface roughness is
directly considered as a key parameter in the model. Santos and Julio (2014) proposed

a model considering both the cohesion and friction effects at the interface:

T =1.062R%M5 £, (2.6)

where R is the surface roughness. fi is the new or old concrete tensile strength of
representing the cohesion effect, since the strength of new and old concrete is almost
the same in this study. Subsequently, Mohamad et al. (2015) proposed a model
considering the friction and cohesion effects, the surface roughness and the applied

normal stress as follows:

T = (0.2363°%%) f, | +(0.8766R™*")a, (2.7)

where R is the surface roughness, e is Euler number, and f:» is the new concrete tensile
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strength.

In general, the existing models for the concrete-to-concrete interfacial nominal shear
strength are empirical models considering the applied normal stress, both the new and
base concrete uniaxial compressive strength and tensile strength, and surface roughness
of the base concrete. The accuracy of the models is largely dependent on the test method

and the conditions of the concretes.
2.4.2 Concrete-to-Concrete Interfaces with Dowel Reinforcement

For concrete-to-concrete interfaces with dowel reinforcement, the applied shear load is
resisted by the interface and the dowel together. Therefore, if the overall shear strength
of concrete-to-concrete interfaces has been reached while the dowel reinforcement has
not failed, the dowel can provide sufficient resistance to avoid brittle failure. That is,
the dowel reinforcement and the interfacial concrete resistance form a parallel system.
The following are some representative models for the nominal interfacial shear strength

of concrete-to-concrete interfaces with dowel reinforcement.

A linear equation was proposed by Birkeland and Birkeland (1966) to determine the
nominal interfacial shear strength of concrete-to-concrete interfaces when considering

the dowel reinforcement as follows.

Tmax = ﬂp fy (2.8)

where p is the ratio between the total cross-sectional area of the dowel reinforcement
and the area of the interface (i.e., reinforcing ratio), f, is the yield stress of the
reinforcement, and u is the friction coefficient (taken as 1.4 for artificially roughened

surfaces and 0.8—1.0 for the others). This model has not incorporated the effect of
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concrete uniaxial compressive strength and is limited to the condition that the

reinforcing ratio is smaller than 1.5%.

Loov (1978) explicitly incorporated the concrete uniaxial compressive strength into the
model for the nominal interfacial shear strength of dowel-reinforced concrete-to-

concrete interfaces. The following expression was proposed:

— kf ply+o, (2.9)

where f: is cylinder compressive strength of concrete, k is a constant coefficient and is
suggested to be 0.5. This model was the first to take the contribution of concrete-to-
concrete interfaces into account, which was basically ignored by the prior models,
probably with the consideration that the contribution of the dowel reinforcement is

significantly greater.

The model proposed by Randl (1997) further incorporated the effects of cohesion and

friction as follows:

T =S8 (Pt + 5, )+ 10 [T, (2.10)

where c is the coefficient of cohesion, & is the efficiency coefficient for the tensile load
transmitted to the dowel reinforcement, and y is the coefficient for the flexural

resistance of the dowel reinforcement.

In order to extend the applicability of the model to high-strength concrete, Kahn and

Mitchell (2002) proposed design expressions for high strength concrete interface (fc <
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96.5 MPa), as follows:

fom =0.05f, +1.4p1, (2.11)

2.4.3 Remarks

The review of the representative models for the interfacial shear behaviour at concrete-
to-concrete interfaces indicates that all the models have been developed to predict the
nominal interfacial shear strength, which can be multiplied by the area of the interface
to obtain the interfacial shear capacity exceeding which interfacial debonding will occur.
The premise of this method is the assumption that the interfacial shear stress is
uniformly distributed along the bondline. However, this assumption is obviously
erroneous based on the experimental observations and numerical simulations (Wall and
Shrive, 1988; Austin et al., 1999; Zanotti and Randl, 2019). Therefore, while these
models are to some extent useful in evaluating the shear capacities of concrete-to-
concrete interfaces, they are not helpful in developing a thorough understanding of the

local bond-slip relationship and the global interfacial stress distribution.

Without such thorough understandings, the mechanical behaviour of concrete-to-
concrete interfaces in concrete repair and strengthening works, precast and DfD
structures cannot be fully understood. Moreover, accurate nonlinear FE simulations
require an accurate local bond-slip relationship for concrete-to-concrete interfaces.
Therefore, a local bond-slip model describing the local shear stress-slip relationship is

necessary.
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2.5 EXISTING BOND-SLIP MODELS FOR CONCRETE-TO-
CONCRETE INTERFACES

Only one shear bond-slip model for concrete-to-concrete interfaces with smooth or
rough concrete surface is available in the literature. Tassios and Tsoukantas (1989)
proposed an empirical bond-slip model and this bond-slip model was adopted in the

CEB-FIP Model code (1990).

Equations 2.12~2.15 describe the idealized and normalized relationships between shear
stress and shear slip in the case of smooth joint interfaces from CEB-FIP Model code

(1990). The bond-slip model shown in Figure 2.6 (a) can be described as

=1, 2 if s<s, (2.12)
Su

T=T, 0 if S>S, (2.13)

Toax —0-40, (2.14)

s, =0.15,/c, (2.15)

where oc is the average normal compressive stress on the interface due to external

actions. sy is the shear slip corresponding to Tmax.

Equations 2.16~2.19 describe the idealized and normalized relationships between shear
stress and slip in the case of interfaces with dowel action. The bond-slip model shown

in Figure 2.6 (b) can be formulated as

13
[0 =0.4012% (5, + ) (2.16)
T 102 if 2<oo0s 2.17)
T max Su Sy
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4 3
1.7 [—J -0.5(—] +0.05=>  if 25005 (2.18)
S S

u u
Su=2 mm (2.19)
where f.q1s the design value of the compressive strength of concrete, fs is the design
yield stress of the reinforcement which perpendicularly to the interface, s, is ultimate

shear slip.

2.6 CONCLUSIONS

This chapter has presented a review of the existing experimental and theoretical studies
on the interfacial shear behaviour of concrete-to-concrete interfaces. The existing test
methods include the direct shear test and the slant shear test; the former aims at
minimizing interfacial normal stresses to investigate the interfacial shear behaviour,
while the latter aims to simulate the practical loading condition wherein the interface is
subjected to combined shear and compressive stresses. A direct shear test specimen
without dowel reinforcement is subjected to brittle failure that does not allow the
measurement of the complete process of debonding; while a direct shear test specimen
with dowel reinforcement does not allow the accurate isolation of the contribution of
the concrete-to-concrete interface. The slant shear test is inappropriate for investigating
the interfacial shear behaviour because the interfacial stress state is complicated by
many testing parameters, and therefore it is difficult to establish a fundamental

understanding of the interfacial shear behaviour.

The existing studies investigating factors affecting the interfacial shear behaviour have
identified that the concrete material properties, surface roughness, and dowel
reinforcement are the principal factors governing the shear capacity of concrete-to-

concrete interfaces. However, the influences of these factors on the shear capacity have
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only been empirically investigated, while a thorough understanding and accurate

quantification have not been achieved.

Based on the shear test data and the understanding of the main factors, analytical models
have been proposed to predict the nominal interfacial shear strength of concrete-to-
concrete interfaces, which can be used to describe the shear capacity of the interface.
However, such models are based on the assumption that the interfacial shear stress is
uniformly distributed along the interface. However, this assumption deviates from
experimental observations and numerical simulations, and the nominal interfacial shear
strength alone is far from sufficient for understanding the interfacial shear stress
distribution and the accurate analysis of mechanical behaviour of structures containing

concrete-to-concrete interfaces.

Given this background, it is necessary to first devise a new test method through which
the complete process of concrete-to-concrete interfacial debonding under shear-
dominated stresses can be achieved. Thereupon, a local bond-slip model for the
concrete-to-concrete interface needs to be developed as the foundation for further

investigations of the interfacial behaviour under more complicated conditions.
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Table 2.1 A summary of shear test methods for concrete-to-concrete interfaces

Test methods

One-interface
shear test
(Push-off shear
test)

Two-interface
shear test
(Push-out shear
test)

L-shaped one-

interface shear test
(Push-off shear test

with L-shaped

Slant shear test

blocks)
First used by Saucier et al. Theodossius Anderson (1960). Tabor (1978)
(1991) and Vintzeleou
(1987)
Dowel No No Yes No
reinforcement
Characteristics | i) Non- 1) Local fracture | i) Can obtain the i) Relatively low level
negligible does not descending branch of scatter for
normal stresses | immediately of the load- specimens with
terminate the displacement identical parameters
i) Local test relationship due to
fracture the resistance i) Relatively high

terminates the
test

ii) Non-
negligible
normal stresses

iii) Two
concrete-to-
concrete
interfaces per
specimen

provided by the
reinforcement

ii) Difficult to
separate the
contributions
provided by the

reinforcement and

the concrete-to-
concrete interface

sensitivity to
specimen parameters
including geometries
and the orientation of
the concrete-to-
concrete interface

iii) The concrete-to-
concrete interface is
subjected to combined
shear and
compressive stresses
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Table 2.2 A summary of shear test database on concrete-to-concrete interfaces

Old concrete New concrete
Number cylinder cylinder Surface External
Authors Year of Test method Y . Y . h pX103 fy/MPa normal stress
s ecimens compressive compressive roughness G
P strength/MPa strength/MPa
Hanson 1960 46 L'Shapsge‘;‘r“:;s‘ferface 28.1t0 41.6 22.3 10 28.6 Smooth & Rough | 0to8.18 | 324 to 358 /
Kahn and L-shaped one-interface
Mitoholl 2002 12 “hoer tout 27.6 10 96.5 27.6 10 96.5 Rough 41015 413.7 /
One-interface shear Rough Roller
Gohnert 2003 90 st 18.1-24.8 32.9-44.4 (0.89 to 4.22 mm) / / support
Crane 2010 20 L-shaped one-interface 84.1 84.1 Smooth &Rough | 0to0 7.5 506.7 /
shear test
Scott 2010 36 L-shaped one-interface | 53 ¢4 76 5 39.3 t0 42.7 Rough 0to5 413.7 /
shear test
Harries etal. | 2012 16 L-shaped one-interface 415 29.1 Rough (6.4 mm) | 4.0to8.1 | 424t0965.3 /
shear test
Shaw and 2014 36 L-shaped one-interface | 33 5 55 5 31.7t054.05 | Smooth &Rough 13.3 456.5 /
Sneed shear test
Mohamad etal. | 2015 60 One-interface shear 40.0 25.0 Smooth &Rough / / 0to 1.5 MPa
test (0 to 6.0 mm)
Sneedetal. | 2016 46 L'Shapsge‘:r‘et;;t“face 30.1 to 38.4 30.1 to 38.4 Smooth &Rough | 9.0 to 22.0 497.8 /
Waseem etal. | 2016 48 L-shaped one-interface | 5, , 35 5 64.4107.3.6 Smooth 0to12.8 525 /
shear test
Barbosaetal. | 2017 | 20 | Lshapedone-interface | g o0 5 4 28910317 | Rough(32mm) | 421065 | 661t /
shear test 641.2
Chiweseetal. | 2017 | 26 Two-interface shear 28.4 324101003 | Smooth &Rough / / /
test (0 to 5.0 mm)
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Figure 2.1 Schematics of specimens in: (a) one-interface shear test (b) L-shaped one-
interface shear test, (c) two-interface shear test
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Figure 2.2 Schematic of a specimen in a slant shear test
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Figure 2.3 Schematic of the interfacial transition zone (ITZ)

40



Figure 2.4 Shear-friction theory model (Santos and Julio, 2012)

0]

Figure 2.5 Contribution variation of adhesion, friction and dowel action (Santos and
Julio, 2012)
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Figure 2.6 Mobilized shear stress- slip relationship suggested by CEB-FIP model code

(1990)
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CHAPTER 3

FINITE ELEMENT ANALYSIS OF EXISTING
SHEAR TESTS FOR CONCRETE-TO-CONCRETE
INTERFACES

3.1 INTRODUCTION

Since the 1960s, extensive experimental research has been conducted to investigate the
shear behaviour of concrete-to-concrete interfaces (Bissonnette ef al., 2011; Santos and
Jalio, 2012; Achilllopoulou, 2016). Several test methods have been proposed to
quantify the shear strength, and they can be categorised into one-interface shear tests,
two-interface shear tests, L-shaped one-interface shear tests, and slant shear tests, as
reviewed in detail in Chapter 2. These existing test methods can only measure the global
shear resistance and relative slip of the bonded interface, which are simple summations
of, but unable to differentiate, the local shear stresses and slips along the interface.
Meanwhile, the local shear stress-slip relationship, or more commonly referred to as
the bond-slip relationship, of concrete-to-concrete interfaces is an integral component
for the numerical analysis of structures containing such interfaces such as repaired or
prefabricated concrete structures. However, such an accurate model has not been
presented, according to previous studies on the experimental or numerical analysis
(Hawileh et al., 2010; Zoubek et al., 2013; Magliulo et al., 2014; Kremmyda et al.,
2017), mainly due to the lack of an appropriate test method. Therefore, a new test

method suitable for evaluating the local bond-slip relationship is needed.

A proper test method to obtain the bond-slip behaviour should comply with the

following requirements: i) induces a shear-dominated stress state and minimises the
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normal stress at the concrete-to-concrete interface, i7) induces a generally uniform shear
stress distribution along the interface, and ii7) enables a stable debonding process after
reaching the global peak shear resistance to capture the softening behaviour of the

interface.

The slant shear test violates the first requirement since the interface is subjected to
combined compressive and shear stresses, as well documented in previous experimental
studies (Clark and Gill, 1985; Wall and Shrive, 1988; Climaco and Reganand, 2001;
Jalio et al., 2006; Santos et al., 2007) and numerical works (Wall and Shrive, 1988;
Jalio et al., 2006).Therefore, it is inappropriate for investigating the interfacial bond-
slip behaviour of concrete-to-concrete interfaces. While the different direct shear tests
nominally generate a shear-dominated stress state at the interface, rigorous analyses are
needed to examine the normal and shear stress distributions at the interfaces of direct
shear test specimens. Therefore, a series of finite element (FE) analyses are presented
in this chapter to assess the existing direct shear test methods for concrete-to-concrete
interfaces. Based on the numerical results, the characteristics of the stress distribution
and the influence of the test parameters are discussed, and thereupon a suitable test
method for investigating the bond-slip relationship of concrete-to-concrete interfaces is

suggested.

3.2 FINITE ELEMENT MODELLING

FE analyses of three types of direct shear test specimens, including the one-interface,
L-shaped one-interface, and two-interface specimens, all without dowel reinforcement,

were analysed using the general-purpose FE package ABAQUS 6.8 (2008).
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3.2.1 FE Models

Linear elastic FE analyses were performed to explore the stress states of the specimens
for different test methods. For clarification, the concrete layer between the new and old
concretes is referred to as the ‘bondline layer’. According to Zhang and Teng (2010), if
the widths of the old concrete block, bondline layer and new concrete block are the
same, a two-dimensional (2D) FE model is appropriate. Therefore, a 2D plane stress
general FE model was developed to simulate the tests; different direct shear test

specimens can be simulated by applying proper boundary conditions.

The geometries of the FE models corresponding to the three shear test setups are shown
in Figure 3.1. To compare the shear test setups, the length of the bondline layer was set
as 300 mm, and the width of the old and new concrete blocks was set as 100 mm. The
depths of the old and new concrete blocks were both 100 mm for the one-interface
model, and they were 100 and 200 mm respectively for the two-interface model. A 2
mm thin layer was used to simulate the bondline in all the FE models. Notably, the
actual thickness of the bondline layer is very difficult to measure, and the value of 2
mm here is an expedient assumption. Nevertheless, since the objective of the FE
analysis is to evaluate interfacial stresses in various kinds of shear tests, the thickness
of the bondline layer is of little influence except on the stiffness of this layer. The
thickness of the steel loading plate, as shown in Figure 3.1, was assumed to be 50 mm

in the FE models, and its effect is further discussed below.

A perfect bond was assumed between the bondline layer and the new and old concretes
as well as at the concrete-to-steel interface. The boundary conditions are shown in
Figure 3.1. For the base support on the bottom, the Y direction was restrained. For the
support on the right side, the X direction was restrained according to the experiment.

Practically in the tests, a concentrated force is applied to the specimen using a hinged
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steel ball on the steel plate, and thus, the compressive loading on the new concrete block
was simulated by applying a concentrated force in the FE models. The value of the
concentrated force was equivalent to the application of a uniform compressive stress of

3 MPa on the vertical surface of the new concrete block.

The new concrete, old concrete and bondline layer were set to be linear elastic and
isotropic, and meshed with four-node quadrilateral plane stress elements (CPS4).
Although inelastic behaviour of the concrete can be expected in reality, for the purpose
of comparative study of the interfacial stress distribution for different types of direct
shear test setups, the linear elastic assumption is acceptable. The FE analyses of the
direct shear tests are mainly focused on evaluating the normal tensile stress
concentration at interface ends and the degree of uniformity of the shear stress
distribution. If the normal tensile stress exceeds the Mode-I interfacial strength,
interfacial debonding is likely to initiate and evolve into complete interfacial
debonding. If the shear stress distribution is overly non-uniform, the measured global
resistance of the interface cannot be used to accurately represent the local shear
resistance. Therefore, both should be avoided for the direct shear test to be successful.
With the assumption of linear-elastic behaviour for concrete, the predicted stresses at
interface ends may exceed the actual tensile strength of concrete, which indicates the
initiation of interfacial cracking. Alternatively, if a more realistic constitutive
description considering inelastic behaviour is used for the concrete, the predicted stress
level at interface ends will be limited by the peak stress of the constitutive relationship
and become zero when debonding has been initiated. Regarding the shear stress
distribution, assuming linear-elastic behaviour or inelastic behaviour will likely lead to
similar predictions as the influence is expected to be in the vicinities of interface ends.
Therefore, both approaches are equally capable of evaluating the appropriateness of

direct shear tests, and the linear elastic material assumption is thus selected for its
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simplicity. Such an approach has been adopted in previous studies to understand
interfacial stresses in concrete members bonded with a thin plate (Teng et al., 2002;
Zhang and Teng, 2010) and FRP or steel plate-to-concrete bonded joints (Chen ef al.,
2001).

The old concrete, new concrete, bondline layer, and steel plate were assigned with
elastic moduli of 30.0, 40.0, 15.0 and 200.0 GPa, respectively. Common values of the
Poisson’s ratio of 0.17 and 0.30 were assumed for the concrete and steel in these FE
models, respectively. The geometries and material properties of these components are

listed in Table 3.1.

3.2.2 Mesh Convergence Study

The one-interface shear test model shown in Figure 3.1 (a) was used to performe the
mesh convergence study. The mesh sensitivity was studied by varying the size of the
four-node quadrilateral plane stress elements of the bondline layer. Specifically, the
element sizes of 0.01 mm, 0.05 mm, 0.1 mm, 0.2 mm and 0.5 mm were considered,
resulting in 200, 40, 20, 10 and 4 elements, respectively, across the thickness (2 mm)
of the bondline layer. In the bond length direction, a graded mesh pattern was adopted,
as shown in Figure 3.2 for the mesh with an element size of 0.05 mm. The stress
distribution along the interface between the new concrete and bondline layer is
simplified as the stress along ‘NB interface’, that along the interface between the old
concrete and interface layer as the ‘OB interface’, and that along the midline of the

bondline layer as the ‘MB interface’, respectively, as indicted in Figure 3.2.

Figures 3.3 (a), (b) and (c) show the normal and shear stress distributions along the NB,
OB, and MB interfaces, respectively, for different element sizes. Figure 3.3 (a) indicates

that the NB interfacial normal and shear stress distributions are identical for element
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sizes ranging from 0.01 to 0.5 mm except at the vicinity of the push end (x = 0). Near
the push end, both normal and shear stresses increase with the decrease of element size
due to the strain/stress singularity at the sharp corner location (x = 0) along the NB
interface, since the end surfaces of the old concrete, new concrete, and bondline layer
were modelled as a flush surface, as discussed by Chen ef al. (2001) and Teng ef al.
(2002). Therefore, the predicted stresses cannot converge at the NB interface near the
push end as the element size decreases. For the present purpose, the FE model is
considered to have converged when the impact of mesh refinement is confined within
aregion of trivial size near the push end. Regarding the stress distribution along the NB
interface, it is seen that when the element size is smaller than 0.1 mm, the impact of

further mesh refinement is trivial, and the mesh is thus considered to have converged.

Both the normal and shear stresses along the MB interface do not vary considerably
with mesh refinement and are influenced only within a small 1 mm region from the
push end, as shown in Figure 3.3 (b). The calculated normal and shear stresses at the
push end approach zero as the mesh becomes finer, corresponding to the zero shear
stress boundary condition of a free surface. The influence of mesh refinement on the
normal and shear stress distributions along the OB interface is shown in Figure 3.3 (c).
Similar to the stress distributions at the NB and MB interfaces, the effect of mesh
refinement is confined in a region of 1 mm from the push end for the OB interface for

normal and shear stresses.

Table 3.2 lists the values of normal and shear stresses at the push end, as obtained from
the FE analysis results. The normal and shear stresses do not converge for the NB
interface. However, for the OB and MB interfaces, the normal stresses do not vary
considerably, and the shear stress approaches zero at the push end, while the normal

stresses do not vary considerably. Therefore, examining the normal and shear stress
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distributions along the MB and the OB interfaces, when the mesh size is smaller than
0.05 mm, the impact of further mesh refinement can hardly be noticed. As a result, the
0.05 mm mesh size is considered to be sufficiently small to achieve converged results

for this FE model.

3.2.3 Boundary Conditions for the Direct Shear Tests

In a typical shear test, the pushing force is usually applied using a hinged steel ball,
which is then distributed to the surface of the concrete block through a steel plate.
However, the impact of the thickness of the steel plate on the stresses in the concrete
block has not been investigated in the literature. Thus, using the developed FE model,
the stresses in the concrete were predicted by varying the thickness of the steel plate to
evaluate its influence. Five thicknesses of the steel loading plate, 10 mm, 25 mm, 50
mm, 75 mm and 100 mm were selected. The resulting stresses in the new concrete block
at the loading plane (x = 0) are compared in Figure 3.4 (a). With different thicknesses
of the steel plate, the resulting normal stresses at the loading surface of the concrete
block differ considerably. For thicknesses from 10 mm to 25 mm, highly nonuniform
compressive stresses are induced in the concrete block as shown in the figure. For steel
plates that are thicker than 50 mm, the induced stresses are rather uniform over the
height of the concrete block as shown in the figure. This finding suggests that for such
a concrete interface shear test, a steel plate of at least 50 mm thick should be used to
realise a uniform compressive stress distribution and prevent unwanted stress
concentration. For the steel plate on the support side providing a reaction force, the
effect of the thickness of the steel plate is evaluated in Figure 3.4 (b), which indicates
that the normal stress distributions are quite uniform in the majority of the region and
do not vary with steel plate thickness. Therefore, the thickness of the support steel plate

has a very limited effect.
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In typical one-interface shear tests, roller support is usually placed on top of the new
concrete block to prevent any uplifting that may occur during the test. Therefore,
various roller support configurations were simulated by adjusting the boundary
conditions applied to the top surface of the new concrete. Specifically, the deformations
in the y-direction on the upper boundary were prevented in four configurations by
restraining: i) all nodes, ii) nodes at a spacing of 10 mm, iii) nodes at a spacing of 25
mm, and #v) no nodes (i.e., all nodes were free from restraint in the y-direction). Figure
3.5 shows the normal and shear stress distributions of MB interface resulting from these
configurations. It is seen that the spacing of the restrained nodes does not significantly
influence the interfacial stress distributions as long as roller support is used to prevent
the uplifting. However, if the upper boundary is free from restraint, the normal stress
distribution becomes considerably different. Specifically, normal tensile (peeling) stress
appears in a large region (175 mm from the push end) at the MB interface, compared
to the normal stress distribution with roller support where normal stress is concentrated
in a small region at the interface ends, as shown in Figure 3.5 (a). The widely distributed
peeling stress may induce premature splitting at the interface. As a result, roller supports

are usually required in such shear tests.

3.3 INTERFACIAL STRESS DISTRIBUTION

3.3.1 Stress Distributions across the Thickness of the Bondline Layer

Through the numerical results of the above-mentioned FE model, important
information about the behaviour of the concrete-to-concrete interface for various test
specimens can be obtained. Figure 3.6 shows the stress distributions along the thickness
of the bondline layer (vertical distance 0.0 mm indicates OB, 1.0 mm indicates MB,
and 2.0 mm indicates NB) at various locations near the push end or the support end of

the one-interface direct shear test specimen. The horizontal distance from the push end
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for each distribution is indicated in the legend.

Figures 3.6 (a) and (b) shows the normal stress distributions at various cross section
along the bondline layer thickness. It is seen that, near the push end (x=0.0 ~ 0.4 mm),
considerable normal compressive stress appears at the NB interface (y=2.0 mm) while
normal tensile stress appears at the OB interface (y=0.0 mm). This indicates that local
interfacial splitting may occur at the OB interface in a small region near the push end.
Near the support end (x=299.0 ~ 300.0 mm), considerable normal compressive stress
appears at the OB interface (y=0.0 mm) while smaller compressive stress appears at the
NB interface (y=2.0 mm), indicating no interfacial splitting would occur at the support
end. More importantly, the results indicate that except for the small regions around the
interface ends, the normal stress distribution along the thickness of the bondline layer
is rather uniform, as seen in Figure 3.6 (a) and (b). That is, in the majority of the

bondline, the normal stress distribution is identical at the NB, MB, and OB interfaces.

Figures 3.6 (c) and (d) show the shear stress distributions across the thickness of the
bondline layer at different locations. In the small region near the push end (x=0.0 ~ 2.0
mm), considerable shear stress appears at the NB interface (y=2.0 mm) while the shear
stress is much smaller at the OB and MB interfaces (y = 0 and 1 mm). By contrast, in
the small region near the support end (x=299.0 ~ 300.0 mm), considerable shear stress
appears at the OB interface (y=0.0 mm) while the shear stress is much smaller at the
MB and NB interfaces (y = 1 and 2 mm). More importantly, similar to the distribution
of normal stress, the shear stress distribution across the thickness of the bondline layer
is rather uniform beyond the small regions near the interface ends. That is, in the
majority of the bondline, the shear stress distribution is identical at the NB, MB, and

OB interfaces.
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Therefore, in general, singular behaviour can be observed at both the OB interface and
the NB interface at the interface ends, resulting in high level of normal and shear
stresses that may induce local failure at the concrete-to-concrete interface of the
specimen. In addition, the normal and shear stress distributions along the thickness are
nearly uniform outside of the small region around 2 mm from the push end. Along the
mid-plane of the bondline layer, i.c., the MB interface, no obvious singular behaviour

is observed.

3.3.2 Comparison of Stress Distributions at the OB, NB and MB Interfaces

Figure 3.7 shows the stress distributions at the NB, MB and OB interfaces within 25
mm from the push end for the one-interface shear test specimen. It can be seen that both
normal and shear stress distributions at the NB, MB and OB interfaces are basically
identical beyond the small region of 5 mm near the push end. Therefore, only within
the small region of 5 mm from the push end the stress distributions at the NB, MB, and

OB are different and further discussed.

The FE results clearly show that the NB interface and OB interface exhibit obvious
singular behaviour near the push end. The normal stress of the former is compressive
stress, while of the latter is tensile stress, as shown in Figure 3.7 (a). However, no
obvious singular behaviour can be found at the MB interface. From the shear stress
distributions shown in Figure 3.7 (b), it can be seen that the NB interface still exhibits
singular behaviour near the push end. However, shear stress approaches zero at the MB
and OB interfaces at the push end. The shear stress at these two interfaces reach the
maximum values at about 2 mm away from the push end, and then gradually decreases

and remains basically the same.

Shear stress plays a key role in the shear failure of concrete-concrete interfaces, which
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is also the focus of this study. Therefore, if only the shear stress is considered, it should
be ideal to study the stress of both the MB interface and the OB interface. However,
this is impractical because stress singularities of OB interface at the push end indicate
that the stresses of the OB interface in this area cannot be accurately predicted.
Moreover, Teng et al. (2002)’s research on concrete beams bonded with a soffit plate
showed that the analytical solution of the interface provides the average value of the
interface stress, and the predicted results are consistent with the FE result of the stress
in the middle part of the adhesive layer. Therefore, it is considered that the interfacial
stress at the MB interface represents the average value of the interfacial stress through
the thickness of the bondline layer in this study. It is for this reason that the rest of this

thesis will only discuss the interfacial stresses of MB interface.

3.3.3 Effect of Bondline Layer Thickness

With other values of the model parameters for the bondline layer fixed, Figure 3.8
presents the interfacial stress distributions at the MB interface near the push end with

four different bondline layer thicknesses of 0.5 mm, 1 mm, 2 mm and 4 mm.

It can be seen from Figure 3.8 that when the thickness of the bondline layer is 4 mm,
the maximum normal stress near the push end is 2.06 MPa tensile stress, and the
maximum shear stress near the push end is 3.43 MPa; when the thickness of the
bondline layer is reduced to 0.5 mm, the maximum normal stress near the push end is
9.50 MPa compressive stress, and the maximum shear stress near the push end is 7.74
MPa. This indicates that as the thickness of the bondline layer decreases, the maximum
normal stress near the push end turns from tensile stress to a gradually increasing
compressive stress; meanwhile, the maximum shear stress near the push end also

increases gradually.
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In addition, it can be seen that the above-mentioned maximum normal stress and shear
stress both appear at a relatively close distance from the push end, about 2 mm. With
the decrease of the thickness of the bondline layer, the locations of the maximum normal
and shear stresses approach the push end. For example, for the 4 mm bondline layer
thickness, the maximum shear stress appears at 3.00 mm from the push end, while for
the 0.5 mm bondline layer thickness, the maximum shear stress appears at 0.50 mm

from the push end.

In general, for the four different bondline layer thicknesses, the normal and shear stress
distributions at the NB, OB, and MB are identical over the majority of the bond length,
as shown in Figure 3.8, with differences confined in the vicinity of about 3 mm near the
push end. Practically, the thickness of the bondline layer is very difficult to measure,
and no specific concensus have been reached on the thickness of the bondline from
previous studies. Recent CT scans of the concrete-to-concrete interface in 3D printed
concrete showed that the thickness of the bondline layer was between 1.50 mm and 2.24
mm (Sun et al., 2020). In another study conducted by Du et al., (2013) when focusing
on the nonlinear damage and failure behaviour of reinforced concrete members, it was
found that the numerical results agreed well with the test results if the bondline layer
was simulated with a thickness of 2 mm. Therefore, as a reasonable assumption, a
bondline thickness of 2 mm was employed in the simulations conducted in the present
study. Moreover, as the focus of this study is to evaluate the interfacial stresses along
the entire bond length for various shear test specimens, the assumption of 2 mm
thickness of the bondline layer has no significant impact on the main conclusions of

this study.

3.3.4 Effect of Bondline Layer Modulus

Figure 3.9 shows the normal stress and shear stress distributions at the MB interface for
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different elastic moduli of the bondline layer, with the values of the other parameters
fixed. The selection of these elastic moduli is due to the consideration of the elastic
modulus range of cement mortar or concrete with normal strength. It is seen from the
results that as the elastic modulus of the bondline layer increases, the maximum normal
stress and shear stress at the interface increase accordingly. For example, when the
elastic modulus of the bondline layer is taken as 7.5 GPa, the maximum normal
compressive stress and the maximum shear stress near the push end are 0.48 MPa and
3.83 MPa, respectively; if the elastic modulus of the bondline layer is increased to 40.0
GPa, the maximum normal compressive stress and the maximum shear stress near the

pusher are increased accordingly to 2.37 MPa and 5.63 MPa, respectively.

However, unlike the thickness variation of the bondline layer, the location of the
maximum normal stress or shear stress does not change significantly with the variation
of the bondline layer elastic modulus. For example, for the four different bondline layer
elastic moduli, the maximum normal stress occurs at a distance of 0.50 mm from the
push end, and the maximum shear stress occurs at a distance of 1.50 mm from the push
end. That is, the locations of the maximum normal and shear stresses are nearly
independent of the bondline layer elastic modulus, and this behaviour is analogous to
the distribution of the interfacial stresses of the reinforced concrete beam bonded with

a soffit plate (Teng et al. 2002).

In general, the effect of bondline layer elastic modulus is very similar to that of the
bondline layer thickness. For both normal stress and shear stress, the stress distribution
at the NB, OB, and MB interfaces are identical over the majority of the concrete-to-
concrete bond length. Studies have shown that the strength and elastic modulus of the
bondline layer were reduced due to the porosity in this region (Du et al., 2013; Xiao et

al., 2013). Although no direct measurement of the elastic modulus of the bondline has
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been reported in the literature, it is believed that the bondline layer is similar to the
interfacial transition zone (ITZ) between the aggregate and mortar in concrete. Xiao et
al. (2013) performed microscopic tests on the mechanical properties of the ITZ and
proved that the elastic modulus of the ITZ was around 15.0 GPa. Therefore, in the
present study, the elastic modulus of the bondline layer is taken as 15.0 GPa, which is
a reasonable assumption. Moreover, the influence of the elastic modulus of the bondline
layer on the prediction of the stress distribution at the concrete-to-concrete interface is

insignificant, as shown in Figure 3.9.

3.4 INTERFACIAL SHEAR STRESS DISTRIBUTIONS FOR
DIFFERENT TYPES OF SPECIMENS

Based on the above discussions, the FE model for simulating the shear test specimens
can be established. The shear stress distribution of concrete-to-concrete interfaces in
different types of specimens, as well as the influence of the specimen geometry on the
shear stress distribution are examined in detail in this section. The results are then used
to assist the design of a shear test specimen that is most appropriate for the investigation

of the local bond-slip behaviour at the interface.

3.4.1 Stress Distributions along the Bond Length for Three Types of Direct Shear
Test Specimens

The interfacial shear stress distributions of the three representative shear test specimens,
including the one-interface shear test, L-shaped one interface shear test, and two-
interface shear test are examined in Figure 3.10. Specifically, the interfacial stresses
along the MB interface for the specimens of these tests were predicted using the

developed FE models.

Figure 3.10 (a) presents a comparison of the normal stress distributions for the three
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test setups. For the sake of comparison, the interface bond lengths of the three FE
models were selected to be 300 mm. Figure 3.10 (a) indicates that although both tensile
and compressive stresses appear along the MB interface for the three shear tests, their
normal stress distributions are considerably different. In the one-interface shear test,
considerable tensile stresses appear at the push end (x = 0). Such interfacial tensile
stresses will likely induce premature cracking and substantially decrease the interfacial
shear strength, and therefore should be avoided. For this test setup, compressive normal
stress appears at the support end (x = /), where [ represents the total bond length. The
normal stress distribution of the two-interface shear test exhibits an opposite trend:
tensile stresses appear at the support end while compressive stresses appear at the push
end. It is obvious that tensile stresses at the support end should also be avoided. For the
L-shaped one-interface shear test, tensile stresses appear in the middle part of the
interface, while at the support and the push ends, the interfacial normal stresses are
compressive. As a result, in order to avoid tensile stresses at the ends of the interface,
which are likely to induce premature failure, the L-shaped one-interface shear test is
more appropriate than the other two test methods for the investigation of local bond-

slip relationship at the interface.

Figure 3.10 (b) compares the interfacial shear stress distributions for the three shear test
setups, which are particularly important since, in most of the existing studies employing
such test methods, the interfacial shear stress distribution was assumed to be uniformly
distributed. However, Figure 3.10 (b) shows clearly that the shear stress distributions
for the three test setups are not uniform. Instead, shear stress concentration occurs at
the push and support ends, while shear stress is much lower in the intermediate region.
Therefore, it is inappropriate to evaluate the interfacial shear behaviour based on the
uniform shear stress distribution assumption for all types of tests. Nevertheless, a

comparison of the three shear stress distributions indicates that the shear stress
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distribution for the one-interface shear test is rather uniform with stress concentrations
in the relatively small regions near the interface ends. This implies that with the proper
design of the test specimen, a relatively uniformly distributed stress at the interface can
still be achieved, and then the uniform shear stress distribution assumption is not

entirely unreasonable.

3.4.2 Influence of the Bond Length

The bond length (/) and height of the concrete block (new concrete block thickness 4
or old concrete block thickness H) are two key parameters that affect the interfacial
stress distributions, as also indicated by a previous numerical study of the direct shear
test setups (Zanotti and Randl, 2019). Therefore, parametric studies were conducted to

further investigate their influences.

Figures 3.11 shows the influence of the bond length on the normal and shear stress
distributions for the one-interface shear test. The abscissa indicates the normalised
position along the bondline, and the ordinate indicates the value of the normal or shear
stress at the MB interface. It is seen that for relatively short bond lengths such as 50
mm and 100 mm, very large tensile and compressive stresses appear near the push end
and support end, respectively (Figure 3.11 (a)), and the shear stress distribution is highly
non-uniform. In practice, since the tensile strength of concrete is substantially smaller
than such stresses predicted from a linear-elastic model, premature interfacial
debonding will occur. Meanwhile, the interfacial shear stress also concentrates at the
interface ends and distributes highly non-uniformly along the bondline, as indicated in
Figure 3.11 (b). As the bond length increases to 200 mm and 300 mm, although the
interfacial normal stress becomes much smaller and distributes more uniform,
considerable tensile stress still exists at the push end (Figure 3.11 (a)). The shear stress

distribution becomes more uniform as well, as shown in Figure 3.11 (b), but the shear
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stress concentration near the support end. Further increasing the bond length to 500
mm, the normal stress further decreases and the stress concentration at the support end
becomes smaller. However, the shear stress becomes more non-uniform and the stress
concentration higher at the interface ends than that for a bond length of 200 or 300 mm.
In summary, a bond length of 200 to 300 mm for the one-interface shear test specimen
produces the most appropriate stress distribution for the investigation of local bond-slip

behaviour.

In the case of the two-interface shear test, as shown in Figure 3.12, non-trivial normal
tensile stress occurs at the push end when the bond length is as small as 50 mm while
it occurs at the support end when the bond length increases. For the shear stress, when
the bond length is small, the distribution is relative uniform in half of the bondline from
the push end, while concentrates in a large region from the support end. When the bond
length is larger than 100 mm, shear stress also concentrates at the push end. As a result,
the interfacial stress distribution for the two-interface specimen is not ideal for the

bond-slip relationship study.

In the case of the L-shaped one-interface shear test, as shown in Figure 3.13 (a), the
normal stress near the push end and support end is compressive and does not lead to
tensile failure near the ends. In the middle segment, the tensile stress level is small when
the bond length is smaller than 200 mm. For the shear stress, the distribution is more
uniform when the bond length is smaller. As the bond length increases, the shear
distribution becomes more and more non-uniform; for a bond length of 500 mm, the
shear stress is almost zero in the middle while very high at the ends. For a bond length
of 50 mm, the interfacial shear stress displays a rather uniform distribution, as indicated
in Figure 3.13 (b). Therefore, an L-shaped one-interface specimen with a bond length

of 50 mm seems to be suitable for the investigation of local bond-slip behaviour.
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3.4.3 Influence of the Concrete Block Height

The height of the concrete block also impacts the distribution and was investigated. The
concrete block height ratio was defined as the ratio of the new concrete block height 4
to the old concrete block height H. In the parametric study, the old concrete block height
H was 100 mm, and the bond length / was 300 mm, which remained unchanged in all
calculations. Figures 3.14~3.16 show the normal and shear stress distributions for four
new concrete block heights (=50 mm, 75 mm, 100 mm, and 150 mm) for the three test

setups, corresponding to concrete block height ratios of 0.5, 0.75, 1.0 and 1.5.

Figure 3.14 shows that for the one-interface shear test, tensile and compressive stresses
exist in the left and right half of the specimen along the bondline, respectively. With the
increase of the concrete block height ratio from 0.5 to 1.5, the normal stress distribution
becomes more non-uniform with the stress concentrations at the ends increasing, while
the general trend of the distribution is not changed. For the shear stress distributions,
when the concrete block height ratio increases from 0.5 to 1.5, the general stress
distribution is not changed considerable, only the stress concentration at the push end
increases slightly. It seems that when 4/H is 0.75 or 1.0, the shear stress distribution is

relatively uniform.

In the case of the two-interface shear test, as shown in Figure 3.15 (a), the normal stress
in the left and right half of the bondline are compressive and tensile, respectively,
opposite to the distribution of the one-interface specimen. The normal stress distribution
changes slightly with the increase of the concrete block height ratio, indicating that the
concrete block height ratio does not considerably influence the normal stress
distribution of the two-interface shear test. This conclusion also holds for the shear
stress distribution, as shown in Figure 3.15 (b). However, it can be seen that the shear

stress distribution is the most uneven with a small concrete block height ratio as 0.5.
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Finally, for the L-shaped one-interface shear test, as shown in Figure 3.16 (a), for a
small concrete block height ratio of 0.5, the interfacial normal tensile stress is as large
as 8 MPa near the push end area. When the concrete block height ratio is larger than
0.5, the normal stress distribution at the interface is similar and evenly distributed over
the majority of the bondline except for the two ends. Particularly, when the concrete
block height ratio is 1.0, the normal stress at the interface is most small and evenly
distributed in the middle of the bondline. Also, the interfacial shear stress distribution
is highly nonuniform for specimens with concrete block height ratio 0.5, while the stress
distributions are similar when the concrete block height ratio is larger than 0.5, as shown
in Figure 3.16 (b). This indicates that the concrete block height ratio does not
considerably influence the stress distribution for this L-shaped one-interface shear test
for a concrete block height ratio of larger than 0.5. In summary, the concrete block
height ratio has much smaller impact on the stress distribution than the bond length
does. For the one-interface shear test, as well as the L-shaped one-interface shear test,

specimens with a concrete block height ratio 1.0 seems to be a better choice.

3.5 SUGGESTIONS FOR ANEW DESIGN OF SHEAR TEST
SPECIMEN

The normal stress and shear stress for the three test setups are compared in Figure 3.17.
It can be inferred from the normal stress distributions of the three specimens that the
interfacial failure of a test specimen may start either from the push end or the support
end. For a commonly used test specimen with a bond length and concrete block height
ratio of 300 mm and 1.0, respectively, the shear stress near the support end is
considerably larger than that at the push end, especially for the one-interface and two-
interface shear test specimens, indicating that shear failure is more likely to start from

the support end. Moreover, the shear test specimens often failed due to the combination
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of shear and tensile stresses. The results in Figure 3.17 show that the failure of a test
specimen may also start from the area in which tensile stresses exist, such as the push
end of the one-interface shear test specimen, or the support end of the two-interface
shear test specimen. Therefore, a favourable shear test set up for the evaluation of
concrete-to-concrete interfacial bond-slip behaviour should avoid high interfacial

tensile stresses.

Moreover, a uniformly distributed shear stress should be ensured. Based on the analysis
in Section 3.4.2, the concrete block height ratio can be set as 1.0; specifically, the new
concrete block height should be equal to the old concrete block height. Generally, a
uniformly distributed shear stress can be obtained by minimising the bond length, based
on the analysis in Section 3.4.1. However, for a commonly used test setup involving a
bond length of 300 mm, the shear stress is not quite uniformly distributed, particularly

for the L-shaped one-interface shear test.

Based on these considerations, Figure 3.18 shows the major principal stress, normal
stress and shear stress distributions of three shear test specimens designed according to
the suggested support conditions, concrete block height ratio of 1.0, and a bond length
of 50 mm. The results indicate that, with the suggested parameters, the bondline of all
three test specimens is dominated by shear stress with relatively small level of normal
stress. However, large shear stress still appears at the support end of the one-interface
and two-interface specimens. By contrast, the L-shaped one-interface shear test
specimen exhibits a nearly uniform shear stress distribution, and a moderate level of
normal stress along the bondline without tensile stress at the ends. As a result, the L-
shaped one-interface shear test specimen with the suggested parameters is most suitable
for the experimental investigation of bond-slip behaviour at the concrete-to-concrete

interface, and will be further validated in the next chapter through experiments.
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3.6 CONCLUSIONS

Since the slant shear tests are inappropriate for the purpose of understanding the
interfacial shear behaviour at the concrete-to-concrete interfaces, the existing direct
shear test methods have been studied through a series of FE analyses to understand the
characteristics of their interfacial stress distributions and the influence of the test
parameters. A 2D plain stress FE model was developed to predict the interfacial stress

distributions for the three types of shear test specimens.

Concrete blocks were modelled as linear elastic, and the interface was modelled using
a discrete bondline layer. The midplane of the bondline layer is referred to as MB, and
the interfaces between the bondline layer and the new and old concrete blocks are
referred to as NB and OB. The FE results indicate that the effects of the thickness and
elastic modulus of the bondline layer on the interfacial shear stress distribution are
confined within a small region about 3 mm near the push end; the effects are trivial in
the remaining of the bondline. As a result, a reasonable thickness of 2 mm was selected

for the bondline in all the simulations conducted in the present study.

The normal and shear stress distributions across the thickness of the bondline layer are
uniform in the majority of the bondline except in a small region (about 2 mm) near the
ends. Singular behaviour can be observed at both the OB interface and the NB interface
at the interface ends, but no obvious singular behaviour is observed at the MB interface.
Moreover, the MB interface basically represents the average stress level across the
thickness of the bondline. Therefore, the interfacial stress distribution at the MB

interface is taken as the representative interface of the bondline.

The FE model was then used to predict the interfacial stress distributions for the three

types of direct shear test specimens. For the interfacial normal stress, the one-interface

63



shear test induces considerable tensile stress at the push end, while the two-interface
shear induces considerable tensile stress at the support end. Both are inappropriate due
to the premature cracking caused by the peeling stress. By contrast, the L-shaped one-
interface shear test induces tensile stress in the middle part of the interface, which is

less likely to induce premature cracking and hence preferred.

For the interfacial shear stress, all specimens exhibit higher shear stress at the push and
support ends than that in the intermediate region. Therefore, it is inappropriate to
evaluate the interfacial shear behaviour based on the uniform shear stress distribution
assumption. Nevertheless, the results imply that the shear stress distribution may be
sufficiently uniform if the geometry of the specimen is well designed, and thereupon

the uniform shear stress distribution assumption may be applicable to such a specimen.

Accordingly, a parametric study was conducted to investigate the influence of the bond
length (/) and height of concrete block (H and h for old and new concretes) on the shear
stress distribution. The results show that for the one- and two-interface specimens,
either peeling stress concentration or non-uniform shear stress distribution occurs for
various bond length and concrete block height combinations. Therefore, for these test
methods, the ideal stress distribution cannot be achieved by adjusting the geometry. On
the other hand, for the L-shaped one-interface shear test, if the bond length is taken as
50 mm, the interfacial shear stress displays a rather uniform distribution, and the peeling
stress 1s acceptably low, indicating that an L-shaped one-interface specimen with a bond
length of 50 mm may be suitable for the investigation of the interfacial shear behaviour,
based on the FE analysis. Therefore, this specimen design and its interfacial stress

distribution need to be validated experimentally, as discussed in the next chapter.
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Table 3.1 Geometric and material properties

Depth (mm) | Length (mm) Young’s modulus (GPa) Poisson’s ratio
New concrete 100 300 40.0 0.17
Old concrete 100 300 30.0 0.17
Bondline layer 2 300 15.0 0.17
Steel plate 100 50 200.0 0.30

Table 3.2 Normal and shear stresses of NB, MB and OB at the push end

MSIII;eEzfnnrlIf)n t NB interfacial stress (MPa) | MB interfacial stress (MPa) | OB interfacial stress (MPa)
Normal Shear Normal Shear Normal Shear
0.5 -10.93 7.74 -0.88 1.37 3.27 0.76
0.2 -17.47 10.17 -0.54 0.59 4.07 0.37
0.1 -22.61 12.64 -0.32 0.29 4.49 0.22
0.05 -27.00 15.83 -0.18 0.14 478 0.13
0.01 -30.32 25.18 -0.06 0.03 5.15 0.04
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Figure 3.9 Effect of elastic modulus of bondline layer
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Figure 3.12 Two-interface shear test: various bond length
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Figure 3.15 Two-interface shear test: various concrete block heights
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Figure 3.16 L-shaped one-interface shear test: various concrete block heights
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CHAPTER 4
VALIDITY OF A MODIFIED SHEAR TEST FOR
CONCRETE-TO-CONCRETE INTERFACES

4.1 INTRODUCTION

According to the analyses and findings presented in Chapter 3, an appropriate test
method for investigating the shear performance of concrete-to-concrete interfaces
should produce a uniform interfacial shear stress distribution and allow the stable
propagation of interfacial debonding (Tabor, 1978; Saucier et al., 1991; Gohnert, 2003;
Randl, 2013; Santos, 2013). In all the existing test methods for concrete-to-concrete
interfaces, the induced interfacial shear stress distributions are all non-uniform to a
certain degree, and significant normal stress along the interface is inevitable. The FE
analysis presented in the previous chapter indicates that by optimizing the parameters
of the L-shaped one-interface test specimen, a generally uniform interfacial shear stress
distribution with minimal normal stresses can be achieved. However, as the interfacial
tensile and shear stresses are concentrated at the ends of the bondline, interfacial
splitting or debonding of a brittle manner is likely to initiate at these locations, causing
sudden premature failure of the test specimen. Therefore, it is difficult to achieve stable
debonding propagation along the bondline, which is necessary to investigate the local

interfacial damage evolution behaviour after reaching the peak interfacial stress.

Based on the conclusions of Chapter 3, a modified shear test method is proposed in this
chapter to overcome the shortcomings of the existing methods and experimentally
obtain a relatively accurate local bond-slip relationship at the concrete-to-concrete

interface. The feasibility and reliability of the proposed test method, especially the
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rationality of the layout of external reinforcement, the bond length of concrete-to-
concrete interfaces, the measurement of interfacial slip, as well as the data processing
method, have yet to be verified at the experimental level, which will be focused in this

chapter.

4.2 THE MODIFIED L-SHAPED ONE-INTERFACE SHEAR TEST
METHOD

4.2.1 Deficiencies of the Existing L-shaped One-interface Shear Test

Atypical L-shaped one-interface shear test specimen consists of two anti-symmetrically
bonded L-shaped concrete blocks, with the concrete-to-concrete interface located at the
centreline of the specimen (Hofbeck et al., 1969; Mattock, 1976; Walraven et al., 1987,
Jalio et al., 2010). During testing, a compressive load concentric to the interface is
applied to the specimen, nominally generating a shear force at the interface. The
specimen can be fabricated with or without dowel reinforcement crossing the interface,

as shown in Figure 4.1 (a) and Figure 4.1 (b), respectively.

For specimens without dowel reinforcement, the shear resistance is solely provided by
the concrete-to-concrete interface. Hence, the main advantage of this kind of specimens
is that the interfacial behaviour is directly measured. However, as mentioned previously,
the brittle failure induced by local cracking at the interface ends prevents the accurate
measurement of interfacial elastic behaviour (test may end before the peak load), as
well as the debonding process, as illustrated in Figure 4.2. Consequently, the complete
interfacial bond-slip relationship for concrete-to-concrete interfaces cannot be
developed based on this type of tests. On the other hand, for specimens with dowel
reinforcement, the abrupt fracture of the interface is prevented by the dowel reinforcing

bars, thereby enabling the measurement of the softening behaviour of the interface.
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However, the measured behaviour is the mixed responses of the interface and the
reinforcement, since the contributions of the concrete-to-concrete interface and the
reinforcement are deeply entangled, as shown in Figure 4.3. The situation is further
complicated by the local stress concentrations induced by the reinforcement crossing
the interface, which affect the stress distribution and may cause local fractures. As a
result, the mechanical response of the concrete-to-concrete interface cannot be

quantified by this type of test.

Taken collectively, both test methods have critical deficiencies in the measurement of
bond-slip behaviour of concrete-to-concrete interfaces. To overcome these defects, a

modified test method is proposed as follows.

4.2.2 Modification of the L-shaped One-interface Shear Test

In order to take advantage of the stabilising effect of reinforcing bars while avoiding
the entanglement between the dowel reinforcement and the concrete-to-concrete
interface, in the modified test method, the reinforcing bars are placed outside of and in
parallel with the concrete-to-concrete interface, as shown in Figure 4.4. The transverse
reinforcement in the traditional L-shaped one-interface test has a two-fold influence on
the interfacial behaviour. First, it develops a local dowel reaction under shear action
that leads to severe non-uniformity in stresses along the interface. Second, it suppresses
brittle interfacial debonding but instead induces a gradual debonding process. To
understand the complete local bond-slip relationship, this stress non-uniformity should
be avoided while the gradual debonding process should be preserved. Therefore, the
transverse reinforcement is removed in the proposed test specimen to avoid local dowel
effects. Meanwhile, longitudinal reinforcement that is parallel to but outside of the
interface is used in the proposed test specimen to achieve a gradual debonding process.

Thereby, the softening behaviour of the interface can be measured, and the
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reinforcement and the concrete-to-concrete interface are physically separated. This
modified specimen may be referred to as the L-shaped one-interface specimen with

parallel reinforcement.

In order to isolate the contribution of the concrete-to-concrete interface, the contribution
of the parallel reinforcement needs to be identified and subtracted from the total
resistance. This can be achieved by fabricating a companion specimen, which is
identical to the modified specimen except that the interface is unbonded. By testing this
unbonded companion specimen, the contribution of the parallel reinforcement can be
achieved. This process is schematically shown in Figure 4.5, where the load-slip curves
of the modified bonded and reinforced (BR) specimen and the companion unbonded
and reinforced (UR) specimen can be separately obtained. Through these two load-slip
curves, the load-slip response of the bonded (B) concrete-to-concrete interface can be

isolated as indicated in the figure.

As mentioned above, the feasibility and reliability of the modified test method proposed
here have yet to be validated. In particular, attentions should be paid to the influence of
the parallel reinforcing bars on the interfacial stress distribution, the rationality of the
bond length of specimens, the measurement of interfacial slip, and the data processing

method. These are described in detail in the following sections.

4.3 VALIDATION PROGRAMME

4.3.1 Specimen Design

Using the modified test method, a pair of companion specimens, one with a bonded
interface and two parallel reinforcing bars (referred to as ‘BR’, see Figure 4.6 (a)) and

the other with an unbonded interface and parallel reinforcing bars (referred to as ‘UR’,
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see Figure 4.6 (b)) were used to evaluate the behaviour of concrete-to-concrete
interfaces. Since the two companion specimens were identical except for the interfacial
bond, the response of the concrete-to-concrete interface could be calculated as the
difference between the measured responses of the BR and UR specimens, assuming that
the inter-specimen variations are negligible. Additionally, another specimen with a
bonded interface but without the parallel reinforcing bars (referred to as ‘B’), as shown

in Figure 4.6 (c), was used as a reference.

According to the FE simulations presented in Chapter 3, the bond length of the modified
specimen should be determined based on the criterion that the interfacial shear stress
distribution is most uniform. In this way, the local interfacial shear stresses and slips
along the interface are closely represented by the measured global interface-average
shear stress-slip relationship. The numerical results suggested that a bond length of 50
mm was most appropriate. Accordingly, to experimentally examine the influence of
bond length on the shear stress distribution, specimens with bond lengths of 50 mm and
80 mm were fabricated for comparison. Their detailed geometric layouts are shown in
Figures 4.7 and 4.8, respectively. It can be seen from the two figures that for the
specimen with a bond length of 50 mm, the overall length, width and height were 200
mm, 100 mm, and 100 mm, respectively. For specimens with a bond length of 80 mm,
these values were 230 mm, 100 mm, and 100 mm, respectively. That is to say, the height
of the specimens changes accordingly only because of the different bond lengths.
Moreover, steel loading plates with a thickness of 50 mm were adopted to minimize the
stress concentration on the upper and lower surfaces of the specimen, as suggested in
Chapter 3. For each bond length, two companion specimens and one reference specimen
were prepared; a total of six specimens were fabricated for the two bond lengths. The
specimens are assigned names indicating their specimen role and the bond length: ‘UR-

L50’ indicates the specimen with parallel reinforcement, unbonded interface, and a
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bond length of 50 mm. Details of the specimens are listed in Table 4.1.

The purpose of the parallel steel reinforcing bars is to prevent the brittle interfacing
debonding, and the contribution of the interface is obtained by finding the difference
between the BR and UR specimens. Therefore, if the contribution of the steel bars is
too large, the difference is not obvious and difficult to measure. On the other hand, if
the steel bars are too weak, the brittle debonding cannot be effectively prevented. Thus,
the diameter of the steel reinforcing bars was determined based on the consideration
that the resistance provided by the steel bars should be on par with the shear resistance
provided by the concrete-to-concrete interface. Namely, fyds =~ tcAc, where fy and 4s
are the yield stress and area of the steel bars, and 7. and A. are the interface-average
shear strength and area of the concrete-to-concrete interface. Therefore, by assuming a
representative value of 300 MPa for fy and 1.5 MPa for 7. and knowing that A. is 5000
and 8000 mm? for specimens with bond lengths of 50 and 80 mm, the steel bar diameter

was about 4 mm and will be selected in the tests.
4.3.2 Materials and Specimen Preparation

Practically, the concrete strength in existing structures, especially old concrete
structures in need of rehabilitation, is relatively low. Therefore, a low-strength concrete
mix was used to fabricate the old concrete block for the modified test specimens.
Specifically, the target 28-day compressive cube strength of the old concrete was around
20 MPa, which was the minimum strength allowed for reinforced concrete structures
according to the Chinese “Code for design of concrete structures (GB 50010-2010,
2010)”. Further, the strength of the new concrete used for strengthening should be
higher than that of the old concrete, as stipulated by the Chinese “Technical
Specification for Strengthening Concrete Structures” (CECS 25:90, 1991). Therefore,

a mix producing a target 28-day compressive cube strength of 40 MPa was used for the
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new concrete block for the specimens. For the concrete mixes, ordinary medium-coarse
river sand was used as the fine aggregate, crushed stone with a particle size of 4 to 18
mm was used as the coarse aggregate, and ordinary Portland cement of grades 42.5 or
32.5 was adopted as the binder. The mixing proportions of the new and old concretes
are detailed in Table 4.2. During preparation of the specimens, six 100 mm concrete
cubes (three for the old concrete and three for the new concrete) were cast
simultaneously to evaluate the concrete compressive strength; the corresponding
standard compressive strength of a 150 mm cube can be evaluated by multiplying the
compressive strength of a 100 mm cube by a coefficient of 0.95 (GB/T 50081-2002,
2003). The measured 100 mm cube strengths for the old and new concretes were 22.8
MPa and 43.7 MPa, and therefore the standard cube compressive strengths for the old
and new concretes were 21.7 MPa and 41.5 MPa, respectively. The used mixes for the

old and new concretes satisfied the design requirements.

Two steel bars with a 4-mm diameter were used as the parallel reinforcement. The setup
of the tension test of the steel bars is shown in Figure 4.9, and a total of three steel bars
were tested. The average values of the yield stress, tensile strength, and elastic modulus

of the steel bars were 274.11 MPa, 377.81 MPa, and 182.01 GPa, as listed in Table 4.3.

All the specimens consisted of two L-shaped concrete blocks. The L-shaped old
concrete block was first cast and cured for 28 days while the parallel reinforcing bars
were held in place, as shown in the left prat of Figure 4.10. Subsequently, the L-shaped
new concrete block was cast onto the old one and the reinforcing bars and cured for

another 28 days, thereby forming a concrete-to-concrete interface (see right prat of

Figure 4.10).
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4.3.3 Test Setup and Measurement

The WDW-100-type electronic universal testing machine at Tongji University was used
as the loading frame for the tests, as shown in Figure 4.11. This machine has a loading
range of 0 ~ 100 kN, and a displacement-control loading rate ranging from 0.05
mm/min to 500 mm/min. Two 50-mm-thick steel loading plates were used, as illustrated
in Figure 4.6. The axial compression was applied using displacement control with a rate
of 0.05 mm/min until complete interfacial debonding occurred. This very low loading
rate ensured that the concrete-to-concrete interface was subjected to quasi-static loading,
as well as providing a sufficient time span for the digital image correlation (DIC) system

to capture enough images, as explained below.

The load was recorded by the loading machine, and the interfacial slip was measured
using both a clip extensometer and a DIC system. A close-up view of the clip
extensometer is shown in Figure 4.12 (a). The literature indicated that the maximum
interfacial slip corresponding to the shear failure of the concrete-to-concrete interface
was typically no larger than 0.2 mm (Chilwesa et al. 2017). Therefore, the accuracy of
the clip extensometer should be sufficiently high. Specifically, the YYJ-4/10 clip
extensometer used in this test has an accuracy of 0.1 pm and a measuring range of 0 ~
6 mm. In addition, the clip extensometer has a small size, which is suitable for the small
specimens with only 50 mm bond length in this test. A schematic of using the
extensometer to measure the interfacial slip at the centre location of the interface is
shown in Fig. 4.12 (b). It can be seen that, before the test, the clip extensometer was
fixed on small iron sheets on both sides of the concrete-to-concrete interface and the
clip extensometer initially opened for a certain distance. During the loading process,
the opening of the clip extensometer became larger and the changed distance would be

automatically recorded, which was considered as the slip of concrete-to-concrete
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interfaces. It is noted that the extensometer could only measure the relative slip of two
spots that are 20 mm apart, due to the limitation of the attachment setup. Accordingly,
the slip measured by the extensometer was essentially the relative displacement of two
spots that were each 10 mm away from the concrete-to-concrete interface. Considering
that the displacement field around the interface may be non-uniform, i.e., the
displacement at a spot 10 mm away from the interface may be different from that at a
spot 2 mm away, a DIC system was also employed in this test to measure the entire

displacement field of the specimen.

4.3.4 The Digital Image Correlation System

As mentioned above, the clip extensometer actually measured the slip of 10 mm from
both sides of the concrete-to-concrete interface. Whether this slip can represent the slip
of the interface requires further examination. In addition, in order to better observe the
interfacial crack initiation and propagation of the specimen during the test, the DIC

system was also employed to measure the displacement field of the specimen.

The DIC system continuously captures images of the prepared specimen surface during
the testing at pre-set intervals and from a fixed location. Through post-processing, each
captured digital image except for the first one can be converted to displacement and
strain fields, representing the state of the specimen at the time that image was taken
(Blaber et al. 2015). According to the number of cameras used, DIC technology can be
categorized into 2D (two-dimensional) method, which uses images taken from a single
camera to calculate the displacement and strain fields on a plane, and 3D (three-
dimensional) method, which uses images taken from two cameras to calculate the
displacement and strain fields in a volume. In comparison between the two methods,
the 2D method requires less computational cost and is easier to setup, but it is only

suitable for the analysis of a surface with good flatness (Murienne and Nguyen, 2016).
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In this study, due to the good flatness of the specimen surface, the 2D DIC method using
a single digital camera was employed to take images of one surface of the specimen,
while the extensometer was mounted on the opposite surface. Then the images were

post-processed to obtain the displacement field of the specimen surface.

Before testing, the specimen surface needs to be prepared with a random pattern by
spraying black speckles on white substrates. As a result, each pixel in the captured
digital image has a random grey-scale value, and the entire image can be
mathematically represented by a large matrix, within which each sub-matrix with a size
of a certain number of pixels is unique and can be traced even after deformation. During
the post-processing, the locations of all the sub-matrices in an image are compared to
those in the initial image of the undeformed surface (specimen), and thereupon the
displacement field can be calculated. The strain field can be readily obtained by
differentiating the displacement field (Pan ez al., 2009). It is noted that the displacement
field calculated by the DIC system is pixel-based; the pixel-to-length relationship must

be established for the DIC system to derive real displacement and strain fields.

An important prerequisite for the DIC system to accurately measure the displacement
field is capturing quality images of clear speckles (Kumar et al., 2019). Therefore, all
specimens should satisfy the following four requirements: 1) before the test, the surface
should be prepared with a speckle pattern with obvious grey differences; 2) the speckle
image taken by the camera should be clear and identifiable, and the diameter of a single
grey spot should be roughly the same; 3) in order to keep the grey level of the speckle
image unchanged, stable lighting conditions must be maintained during the test, and
artificial light source with constant brightness should be used; 4) the positions of the
camera and the specimen during the test should be kept unchanged to maintain the

validity of the pixel-to-length relationship (Pan ef al., 2009; Kumar et al., 2019). In
101



addition, for the 2D method, it is also necessary to ensure that the camera shooting
direction is perpendicular to the surface to minimize the perspective effect and the

corresponding errors.

The surface of the shear specimens was prepared as follows. At 48 hours before the test,
a layer of white matt paint was uniformly sprayed on the surface of the specimen. After
the proper cure of the white paint, black matt paint was sprayed on the white substrate
to obtain black speckles with a diameter of about 0.5 mm and a density of about 50/cm?.

A typical finished surface is shown in Figure 4.13.

The DIC system mainly consisted of a digital camera fixed on a tripod and a white light
source. During the test, the CMOS high-resolution camera (Nikon D7100, with 18-105
mm lens) was set up directly in front of the specimen, and the white light source was
set on the right side so that the light directly hit the surface of the specimen, as shown
in the Figure 4.14. In order to ensure a clear image and obvious black-and-white
contrast, the camera parameters were set as: aperture priority mode, with an aperture
value of F4.5, ISO (photosensibility) about 1000. The camera was set to automatically

take pictures at a 10-s interval until the end of the test.

After the test, the commonly used open-source program Nccor (Blaber et al. 2015) was
used to post-process the images. The Nccor program is an algorithm with graphical
user-interface (GUI). The opening, calculation and result export of the program all rely

on MATLAB software platform (Harilal and Ramji, 2014).

4.3.5 FE Modelling

The influence of the two parallel reinforcing bars on the interfacial stress distribution

of the modified L-shaped one-interface shear test specimen cannot be quantified using
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the current instrumentation. Therefore, FE modelling was employed to simulate the
behaviour of the test specimens. The difference between the current FE model and the
model shown in Figure 3.1 (¢) mainly lay in two aspects: one is the addition of steel
bars parallel to the bondline; the other is to reduce the bond length from 300 mm to 50
mm according to the specimen design in this test. As an elastic analysis, four-node
quadrilateral plane stress elements were used to simulate the reinforcing bars, and the
elastic modulus was taken as 182.01 GPa, based on the tensile tests of the steel bars.
The cylinder compressive strength of the concrete, obtained by multiplying the cube
compressive strength by a coefficient of 0.79, according to the Chinese “Code for
design of concrete structures (GB 50010-2010, 2010)” as well as the literature (Elwell

and Fu, 1995), was assigned to the concrete in the model. The elastic modulus of the

concrete was obtained using the ACI equation E, =4730\/f_c (in MPa) from the

concrete cylinder compressive strength (ACI, 2008). The other details of the model

were the same with those in the FE model shown in Chapter 3 and are not repeated.

4.4 RESULTS AND DISCUSSIONS

4.4.1 Failure Mode

Debonding failure at the concrete-to-concrete interface occurred in all the specimens.
For group B specimens, the failure was brittle due to the absence of reinforcement, as
shown in Figure 4.15 (a). During loading, cracks first propagated at the ends of the
interface. Subsequently, the cracks propagated rapidly through the interface until the
complete separation of the new and old concrete blocks. For group BR specimens, the
specimens behaved similarly to group B specimens before the initiation of interfacial
cracks/debonding. After the initiation of interfacial cracks at the ends of the concrete-

to-concrete interface, the presence of parallel steel bars prevented the abrupt separation
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of the new and old concrete blocks. Instead, the specimens experienced a gradual
propagation of the interfacial cracks until final complete debonding, resulting in
separation of the old and new concrete blocks, as shown in Figure 4.15 (b). For group
UR without bonding of the new and old concrete, the load was solely resisted by the
steel bars. No obvious damage was observed at the interface between new and old
concrete blocks. The tests for the UR specimens were terminated when the slip reached

0.3 mm.

Figure 4.16 shows the shear strain fields obtained from the DIC system, along the 50
mm interface and 2 mm to each side of the interface, for a typical BR specimen; they
qualitatively show the interfacial debonding process. It is obvious from these results
that the shear strain was generally uniformly distributed along the interface before the
initiation of debonding, as shown in Figure 4.16 (a)-(c) by the strain fields under an
applied load below 8.5 kN. When the applied load was about 10.5 kN (Figure 4.16 (d)),
a strain concentration can be seen at the lower end of the interface indicating interfacial
debonding initiation. With the further increase of the applied load in Figure 4.16 (e)-
(g), the shear strain concentration propagated along the interface, and meanwhile the
interfacial crack was observed to propagate along the interface. Finally, at a load level
of 15.5 kN (Figure 4.16 (h)), the crack propagated through the concrete-to-concrete
interface and complete debonding occurred. It can be seen from the failed specimen
that a single main crack path was formed at the concrete-to-concrete interface while no
branching cracks nor smeared secondary cracks parallel to the main crack were
observed. Similar trend of crack initiation and propagation was observed for the other

specimens.

4.4.2 Effect of Parallel Steel Bars

The FE results of the modified L-shaped one-interface shear test specimens, with the
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parallel steel bars placed at different distances, on both sides, from the concrete-to-
concrete interface are shown in Figure 4.17. Figure 4.17 (a) shows the normal stress
distributions. The results indicate that the normal stress distribution along the interface
is basically the same for the specimens with parallel steel bars at different distances and
the specimen without the steel bars. That is, the steel bars have little impact on the
interfacial normal stress distribution. By contrast, as shown in Figure 4.17 (b), the
interfacial shear stress in specimens with the steel bars is lower than that without the
steel bars. This is because the steel bars carry part of the shear load, which needs to be
identified and subtracted from the total load to isolate the contribution of the interface.
Moreover, the shear stress distribution is little affected by the location of the bars, as
indicated by Figure 4.17 (b). Therefore, for the designed specimens, the distance

between the steel bars and the concrete-to-concrete interface was determined as 10 mm.

4.4.3 Evaluation of the DIC Accuracy by Clip Extensometer Measurements

According to the test setup introduced in section 4.3.4, the relative slip of two spots 10
mm away from and on each side of the interface can be measured by the extensometer,
and the entire displacement field of the specimen can be measured by the DIC system.
In order to evaluate the accuracy of the DIC displacement measurements, the relative
slip measured by the clip extensometer and the relative displacement of the same two
spots obtained from the DIC measured displacement field are compared for three BR-
L50 specimens. The results are plotted in Figure 4.18. It is noted that although the
parallel steel bars prevent the specimens from separating after the peak, however, this
debonding process was instantaneously. Neither the clip extensometer nor the DIC
system can capture sufficient valid data in the softening stage. Therefore, only the slip

before the peak load was analyzed here.

It can be seen that from the beginning of loading to the peak load around 17 kN, the
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slip-load curves measured by the clip extensometer are generally linear indicating an
elastic behaviour of the specimen. In comparison, the slip measured by the DIC system
fluctuated around the values measured by the clip extensometer, with an average
difference between the two of about 0.0009 mm. This difference was acceptable relative
to the slip of approximately 0.02 mm corresponding to the peak load, which was only
4.5%. This result indicates that the DIC measurements are reliable for quantitative
purposes, as also suggested in other studies (Zheng and Dawood, 2016). However,
compared with the slip measured by the clip extensometer, the slip measured by DIC
system has certain fluctuations. Nevertheless, the data measured by the DIC system are

very helpful in analyzing the slip distribution for these specimens.

4.4.4 The Displacement Field at the Vicinity of the Interface

Conceptually, the concrete-to-concrete interface refers to the distinct boundary between
the new and old concrete, which is formed during the cure of the new concrete.
Practically, however, such a distinct boundary is nonexistent; instead, the ‘interface’ is
more a flat region of a certain thickness than a zero-thickness plane. Therefore, the
judicious choice of the representative slip at the interface is indeed a subject worth
investigation. The conventional instrument such as a clip extensometer can only
measure the relative displacement of two spots. In the present study, with the ability of
measuring the entire displacement field by the DIC system, the vicinity of the interface
is thoroughly investigated and a rigorous choice of the most representative slip for the

interface is suggested.

The investigated vicinity of the interface is illustrated as the shaded area in Figure 4.19,
a region along the entire interface and to the 10 mm each side of it. The displacement
field of this region measured by the DIC system was used to investigate the

displacement field of the ‘interface’. In Figure 4.19, if the coordinates of point A are
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(xo, ya), the coordinates of the interface-mirrored point B are defined as (-Xo, ys), where
Xo is the distance away from the interface. Then the relative displacement between the

two points A and B is calculated as the distance between ya and ys.

Figure 4.20 presents the distribution of the slip distribution for specimen BR-L50 at the
loading stages of 0.25P, 0.5P, 0.75P and P, where P denotes the peak load. The ‘Distance
from the interface’ axis in Figure 4.20 corresponds to the x-axis in Figure 4.19, ranging
from 0 to 10 mm; the ‘Bond length’ axis in Figure 4.20 corresponds to the y-axis in
Figure 4.19, ranging from 0 to 50 mm. The ‘Slip’ axis is the absolute relative

displacement, or slip, between the points and their interface-mirrored points.

It can be seen from Figure 4.20 that, under different load levels, the displacement
distribution in this region was basically the same and no obvious variation can be found,
only the value of z-axis increased. This is because with the increase of loading, the slip
in this area was increasing. Examining the slip distribution indicates that, in general,
along the x-axis, the slip was smaller at locations closer to the interface. Taking the slip
distribution at 0.25P (Figure 4.20 (a)) as an example, the average slip was about 0.0042
mm along x = 0, while that was about 0.0053 mm along x = 10 mm, marking a difference
of about 0.0009 mm. Under the peak load (Figure 4.20 (d)), the difference between the
average slips along x = 0 and x = 10 was about 0.0037 mm. The reason for the
inconsistent slip value may be due to the combined effect of shear deformation of the
concrete block, as well as the small rigid rotation of the specimen under the action of
vertical loading, although the size of the specimen had been designed to avoid such
unnecessary rotation as much as possible in this test. Figures 4.21 and 4.22 show the
slip distributions at various load levels for specimens B-L50 and UR-L50, respectively.
It can be seen that before reaching the peak load, the slip distributions of specimen B-

L50 and UR-L50 are very similar to that of specimen BR-L50. The slip was also smaller
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at locations closer to the interface, the difference between the average slips along x =0
and x = 10 was about 0.0041 mm and 0.0036 mm at the peak load, respectively.
Meanwhile, this difference basically shows a linear increase trend with the load

increased linearly.

With the current experimental data, it is quite difficult to exactly quantitatively
determine the contribution from the shear deformation of the concrete blocks, or the
small rigid rotation of the specimen for this slip difference. In spite of this, the slip near
the concrete-to-concrete interface can be calculated by the following equation with the

slip recorded by the clip extensometer before the peak load:

s(t)=s, (t)—o.ooss-y (4.1)

max

where s(t) is the slip near the concrete-to-concrete interface at time t and the unit is mm,
Sc(t) is the slip recorded by the clip extensometer at time t and the unit, P(t) is the shear
load of the specimen at time t while Pmax is the peak load. Here, 0.0038 is an average

slip difference for the three specimens mentioned above with an unit of mm.

After the peak load, on the one hand, neither the DIC system nor the clip extensometer
captured sufficient data for the softening stage of the interface. On the one hand, the
slip corresponding to the residual load was around 0.1 mm, and the slip difference of
0.0038 mm was only 3.8% of this value. Therefore, it is considered to be acceptable to

adopt the slip measured by the clip extensometer directly as the slip after the peak load.

Analysing the variation of the slip along the y-axis in Figure 4.20 indicates that,
although there are minor fluctuations, the distribution is generally uniform. Figures 4.21
and 4.22 show that fluctuations of the slip along the bond length are more obvious for

specimen B-L50 than for specimen UR-L50, due to that there is no bond at the interface
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for specimen UR-L50. This indicates that, with a proper design of the test specimen,
the goal of basically uniform slip along the interface can be achieved. The numerical
results presented in chapter 3 indicate that the bond length has a significant impact on
the shape of slip distribution. The shape of slip distribution at the concrete-to-concrete
interface under shear loading is the main focus of this thesis, which will be analyzed

and discussed in detail in the following Section.

4.4.5 Distributions of Slip and Opening/Closing Displacement for Different Bond
Lengths

The influence of the bond lengths, 50 and 80 mm, on the interfacial slip and
opening/closing displacement are further investigated through the DIC measurements
of BR-L50 and BR-L80. The tangential slip and normal opening/closing displacement
at the interface can be obtained from the DIC measurements. Specifically, the
displacements along two parallel lines of x = -0.05 and x = 0.05 measured by the DIC
system were used to investigate the relative displacements. The slip was obtained as
discussed above, and the opening/closing displacement was obtained by calculating the
difference of the x-displacements. Figure 4.23 shows the slip distributions along the
interface for specimens with bond lengths of 50 mm (specimen BR-L50) and 80 mm
(specimen BR-L80), respectively, at applied loads of 0.5 P, 0.75P and P. Generally, the
slip distribution is much more uniform for the 50 mm bond length than for the 80 mm,
which is in agreement with the conclusions obtained from the FE analysis presented in
Chapter 3. Therefore, it is more appropriate to select the specimen with a bond length

of 50 mm when investigating the bond-slip behaviour of concrete-concrete interfaces.

The distributions of the normal opening/closing displacement along the interface
measured by the DIC system are shown in Figure 4.24, for both the 50 and 80 mm bond

lengths. Closing displacements were observed at the ends of the interface while
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negligible opening displacements are seen in the middle part of the bonded interface for
both specimens. For the specimens with different bond lengths of 50 mm and 80 mm,
the opening displacements are similar. By contrast, at the ends of the interface, the
closing displacements for the two specimens are slightly different. Therefore, this
modified specimen is appropriate for the bond-slip investigation because no large
opening displacement appears at the interface ends, indicating no premature interfacial

debonding.

It can be indicated from Figure 4.17 and Figures 4.20 ~ 4.24 that the slip measured by
the clip extensometer at the middle point of the bond length (25 mm away from both
ends), except for the areas at both ends of the interface, can basically represent the
average shear slip over the entire bond length (approximately from 0.2 to 0.8 of
normalized position). The normal stress, as well as the opening displacement at this

point can also be ignored because these values here are very small.

In addition, the experimental results and the FE results clearly show that when cracks
initiate at the ends of the interface, since no other diagonal cracks have been observed.
Therefore, except for the small area of the ends, the behaviour of the L-shaped one-
interface shear test is governed by shear, and this test set-up can be employed effectively

to study the shear behaviour of concrete-concrete interfaces.

4.4.6 Load-Slip Responses

From the previous analysis, the specimen with a bond length of 50 mm is more
appropriate than the specimen with a bond length of 80 mm in achieving uniform
distribution of interfacial stress or slip. Therefore, the following analysis of the load-
slip responses will only focus on those specimens with a bond length of 50 mm. For all

specimens, the load was the total force applied to the specimen, and the slip measured
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by the extensometer is directed used. Figure 4.25 shows the load-slip curves of the three
UR-L50 specimens. The shear stress at the unbonded interface of the specimens UR-
L50 is assumed to be zero, and the measured load is solely contributed by the parallel
reinforcing bars. In the initial stage, the load increased linearly with the increase of the
interfacial slip, as the parallel reinforcing bars were in the linear elastic stage. When the
slip exceeded around 0.015 mm, an evident yielding behaviour was seen due to the
yielding of the parallel reinforcement. The loading was terminated at a slip of 0.30 mm
in this test. It can also be obtained from Figure 4.25 that the stiffness of the specimen
UR was approximately 433 kN/mm. Based on the data in Table 4.3, the stiffness of the
two steel bars under compression are about 458 kN/mm. Therefore, the elastic stiffness
of the specimen UR-L50 was close to the sum of the elastic stiffness of the two parallel

steel bars.

Figure 4.26 shows the load-slip curves of specimens BR-L50, which start from a linear
stage when the slip was below 0.02 mm. In this stage, the concrete-to-concrete interface
was in the elastic stage. At the slip of 0.02 mm, the peak load was reached, indicated
by a sudden increase of the slip to over 0.10 mm accompanied by a sudden drop of the
load by approximately 50%; meanwhile, interfacial cracks were observed. This sudden
debonding was cushioned by the parallel reinforcing bars, and the potential brittle
failure was thus prevented. Subsequently, the slightly increasing load with the increase
of the slip was a combined result of the softening behaviour of the concrete-to-concrete

interface and the yielding behaviour of the parallel reinforcing bars.

The load-slip responses of specimens UR-L50 and BR-L50 can then be used to isolate
the behaviour of the concrete-to-concrete interface, as illustrated in Figure 4.5. The so-
obtained curves based on the results are shown in Figure 4.27. In the elastic stage, the

linear ascending load-slip response was only attributed to the resistance of the concrete-
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to-concrete interface. Subsequently, with the increasing slip, the load decreased rapidly
after the peak, but still maintained a small value without sudden interruption of the
shear test. As a comparison, Figure 4.28 presents the load-slip relationship obtained
from specimens B-L50 without the parallel reinforcement. It is seen that the linear
ascending behaviour was basically identical to the isolated load-slip response. After the
peak load at the critical slip around 0.02 mm, the load dropped sharply, and the shear

test ended.

4.5 CONCLUSIONS

This chapter has proposed a novel test method by adding reinforcement that is parallel
to, instead of crossing, the interface to the L-shaped one-interface specimen. Therefore,
the reinforcement and the bonded interface are physically separated, and the softening
behaviour of the interface can be measured. This method takes advantage of the
stabilising effect of the reinforcing bars while avoiding the entanglement between the
dowel and interface. Accordingly, in order to isolate the response of the interface, a
companion specimen that is identical with the modified specimen except with unbonded
interface is needed to obtain the contribution of the parallel reinforcement, which is

excluded from the response of the modified specimen.

An experimental programme was carried out to validate the modified test specimen in
producing an acceptably uniform interfacial shear stress distribution and the modified
test method in obtaining a complete local bond-slip relationship of the interface. Three
configurations of specimens, including the modified test specimen, the companion
specimen with an unbonded interface, and a reference specimen without the parallel
reinforcement, were prepared and tested. Specifically, a DIC system was used to

measure the interfacial slip distribution as an estimate of the interfacial shear stress
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distribution, and an extensometer was used to measure the slip at the mid-point of the

interface.

Test results demonstrated that the presence of parallel steel bars indeed prevented the
abrupt separation of the new and old concrete blocks, and the specimens could
experience a gradual propagation of the interfacial cracks until final complete
debonding. Only one main crack path along the concrete-to-concrete interface and no
diagonal cracks nor a second crack parallel to the main crack was observed in all
specimens. By contrast, the reference specimen without the parallel reinforcement
experienced brittle interfacial fracture upon reaching the peak load. Interfacial slip
distributions measured by the DIC system indicated that the interfacial slip was
basically uniform along the interface for the modified specimens, and the slip measured
by the clip extensometer could represent the average interfacial slip of the concrete-to-
concrete interface with acceptable accuracy. Additionally, another specimen with a
bond length of 80 mm was tested to further validate the specimen design. Comparison
of the interfacial slip distributions between the 50 and 80 mm bond length specimens
indicated that a 50 mm bond length leads to a more uniform slip distribution, thereby

verifying the specimen design.

The load-slip responses of the modified specimen and the companion specimen with
unbonded interface were used to isolate the behaviour of the concrete-to-concrete
interface. The resulting load-slip response included a linear ascending branch, a still
sudden but not fatal descending branch, and a final gradual descending branch. The
linear ascending branch was basically identical to that measured from the reference
specimen, validating the isolated response of the interface. This newly proposed
modified test method is able to produce nearly uniform interfacial shear stress

distribution and provide the interfacial softening behaviour. Therefore, the local bond-
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slip relationship could be approximated from such a test method. It is used to examine
the interfacial behaviour of concrete-to-concrete interfaces through a comprehensive

test programme as elaborated in the next chapter.
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Table 4.1 Specimen details

Specimen Steel Bond length Old concrete New concrete
name Interface bar (mm) cube strength cube strength
(MPa) (MPa)
BR-L50 Bonded Y 50 21.7 41.5
UR-L50 Unbonded Y 50 21.7 41.5
B-L50 Bonded N 50 21.7 41.5
BR-L80 Bonded Y 80 21.7 41.5
UR-L80 Unbonded Y 80 21.7 41.5
B-L80 Bonded N 80 21.7 41.5
Table 4.2 Mix proportions of the new and old concretes
Concrete Cement wie Cement | Sand agcg(;zgaete Water
3 3 3
Grade (kg/m’) | (kg/m) (ke/m?) (kg/m’)
Old 32.5 0.60 375 585 1240 220
concrete
New 425 {047 | 500 555 1080 230
concrete
Table 4.3 Mechanical properties of the steel bar
Diameter | Yield strength | Ultimate strength | Ultimate load | Elastic Modulus
(mm) (MPa) (MPa) (N) (GPa)
4.01 274.11 377.81 3441 182.01

117



(a) Specimen without dowel reinforcement

Dowel
— reinforcement

(b) Specimen with dowel reinforcement

Figure 4.1 L-shaped one-interface shear test specimens
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Figure 4.3 The measured mixed response for a specimen with dowel reinforcement

120



Steel plate

-"-'s‘

Parallel New concrete block

) oy e T
x“1~.§?~gé'{y oxt f“
reinforcement

-
- 3 "_‘
Lol A S e
R Y Y ARG e

o4
ks
B i s

CRRR A “}.:.’F.:n:é;fﬁg. 25

FiEses

Interface
Old concrete block

Steel plate

Figure 4.4 Schematic of the modified L-shaped one-interface test specimen

121



Shear
load

A

BR: Bonded specimen with
parallel reinforcement

B: Bonded concrete- )
to-concrete interface UR: Unbonded specimen
) with parallel reinforcement

Figure 4.5 Schematic of isolating the response of the concrete-to-concrete interface

122



Interface
Steel plate
(a) Specimen BR
Without
bonded
interface

ttttt

(b) Specimen UR

123

50

200

50

50

200

50




(=)
Lo
Without steel o
(=)
bars Q
(=)
Lo

Tttt

(c) Specimen B
(Dimensions in mm)

Figure 4.6 Three types of specimens

124



100
50 50
I}
(e}
N
[an]
]
(o]
50 | 50
100
(a) Overview
100
[Tp]
& n
[
N—
(]
()]
o i
0 :::]F:::
- u
100

(c) Side view

125

125

(@]

[Ep}
w

(Dimensions in mm)

50 S0
T} P
w \
9
A4
- -]
N To)
o =)
g T2 0
Te]

125

100

(d) Top view

65

100

Figure 4.7 Geometry of specimens with a 50 mm bond length



100 100

50 50 o0 o0
[Tp] [T
w0 (s}
1A4
- — 0 = 0
N [Tp] o L)
o =) ¢ -
g — a 9) — A o
o~ © ™~ )
o & o
i 144 |
o
. L],
© (s}
50 ) 50 s0 ] s0
100 100
(a) Overview (b) Parallel reinforcement
T 100 T
)
© n
i
= i 0
B 1 o
(@]
o — o o
< & &

155
i
|
I
|
|
J
——
[
|
|
[
|
\10

|

|
%

|
)
r's

65
S

100

(c) Side view (d) Top view

(Dimensions in mm)

Figure 4.8 Geometry of specimens with a 80 mm bond length

126



Figure 4.9 Tensile test on the steel bar with 4 mm diameter
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Figure 4.10 Specimen preparation
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Figure 4.13 Surface preparation of a specimen for DIC measurement
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Figure 4.14 Illustration of the DIC setup
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Figure 4.15 Failure mode

131



(-2.50 ) ( 250)

(@)3.5kKN (b)5.5kN (c)8.5kN (d)10.5 kN

(-2,0) (20)

.
[

(-2,50) (250)
(e) 12.5 kN (f)13.5 kN (g) 14.5 kN (h)15.5 kN

Figure 4.16 Failure process recorded by DIC system

132



Normal stress (MPa)

Shear stress (MPa)

----- o Bar 10 mm from the interface

Bar 20 mm from the interface
— »—-Bar 30 mm from the interface
— ¢ — Bar 40 mm from the interface

Without bar
0 10 20 30 40 50
Bond length (mm)
(a) Normal stress
----- o Bar 10 mm from the interface
Bar 20 mm from the interface
T — »—-Bar 30 mm from the interface
2. — ¢ —Bar 40 mm from the interface| /¢
] f&’\ Without bar R
;,s S !
| |
|l |
“ !
| 4
4 \
| |
|
? T T T T ?
0 10 20 30 40 50

Bond length (mm)

(b) Shear stress
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Figure 4.20 Slip distribution of specimen BR-L50 at different load levels
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Figure 4.21 Slip distribution of specimen B-L50 at different load levels
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Figure 4.22 Slip distribution of specimen UR-L50 at different load levels
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CHAPTER 5

EXPERIMENTAL STUDY OF THE SHEAR
BEHAVIOUR OF CONCRETE-TO-CONCRETE
INTERFACES

5.1 INTRODUCTION

It has been discussed in Chapter 2 that the accurate description of the interfacial
behaviour between new and old concretes is critical to the analysis of structures with
concrete-to-concrete interfaces. The widely adopted method of describing the
interfacial behaviour in terms of its shear strength is insufficient for the description of
the complicated interfacial behaviour, which involves interactions between the local
bond behaviour and global interfacial response as the stress distribution along the
bondline is non-uniform. Therefore, accurate local bond-slip description of the interface
is required for the sophisticated analysis of the behaviour of structures with concrete-

to-concrete interfaces.

Extensive experimental research has been conducted to quantify the shear bond strength
and identify the failure mode of concrete-to-concrete interfaces using different test
methods as reviewed in the previous chapters (Gaston and Kriz, 1964; Birkeland and
Birkeland, 1966; Tsoukantas and Tassios, 1989; Loov and Patnaik, 1994; Randl, 1997;
Mattock, 2001; Santos and Julio, 2014; Mohamad et al., 2015). As a result, several
empirical models were proposed to predict the global-average bond strength of
concrete-to-concrete interfaces. However, since the stress distribution is not uniform
along the interface, the local stress is different from the global-average stress behaviour.

Thus, such models are highly empirical and limited to specific interface configurations
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instead of being extendable to the analysis of concrete-to-concrete interfaces with
various configurations. Moreover, limited research has been conducted to investigate
the influences of parameters such as surface roughness and compressive stress on the

concrete-to-concrete interfacial behaviour.

This chapter presents an experimental study using the modified shear test specimen
designed specifically considering the local stress distribution to evaluate the local bond-
slip relationship of concrete-to-concrete interfaces. The test parameters include
concrete strength, surface roughness of the old concrete, and applied compressive stress.
The results will be directly used to develop a local bond-slip model for concrete-to-

concrete interfaces.

5.2 EXPERIMENTAL PROGRAMME

5.2.1 Specimen Details

The design of test specimens has been discussed in detail in Chapter 4, and the L-shaped
one-interface specimen with a bond length of 50 mm was adopted in this test since it
produces a generally uniform shear stress distribution and a moderate level of
compressive stress along the bondline. According to the casting procedure, the two
concrete blocks were defined as old concrete block and new concrete block,
respectively. The size of the specimen shown in Figure 4.7 in the previous chapter was
adopted in this test. The bond area between the new and old concrete was 50 mm x 100
mm, while the overall size of the specimen composed of two parts of concrete was 100

mm X 200 mm X 50 mm.

This test aimed to explore the main factors affecting the shear behaviour of concrete-

to-concrete interfaces. The parameters examined in this study included the strengths of
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the new and old concretes, old concrete surface roughness, and applied compressive
stress, which were the main factors affecting the shear behaviour of the concrete-to-
concrete interface (Kahn and Mitchell, 2002; Julio et al., 2006; Chilwesa et al., 2017).
While the influence of interfacial agents, curing conditions, and other parameters
mentioned in Chapter 2 were considered to be less dominant and hence beyond the
scope of the present study. The strength of concrete was generally believed to affect the
cohesion at concrete-to-concrete interfaces, thus affecting the shear behaviour at the
interface. The concrete surface roughness will affect the interlock between the two parts
of concrete (Momayez et al., 2005; Santos and Jalio, 2013) while the applied
compressive stress further enhances the frictional action at concrete-to-concrete

interfaces (Mohamad et al., 2015).

Since the present study is the first attempt to study the bond-slip relationship of
concrete-to-concrete interfaces, the focus is placed on normal strength concrete while
high-strength concrete is not considered. Therefore, only the concrete with a cube
compressive strength below 60 MPa was considered. In addition, the actual application
of concrete cube compressive strength below 20 MPa in practice was relatively rare.
Based on the above considerations, a series of tests was conducted on concrete with
three different cube compressive strengths, namely 20 MPa, 40 MPa and 60 MPa, to
explore the influence of concrete strength on the bond-slip relationship of concrete-to-
concrete interfaces. The actual cube compressive strengths of new and old concrete
were measured according to the Chinese standard GB 50010-2010 (2010) on the day of
testing and the 28th day; the strengths are listed in Table 5.1 along with the standard

deviation.

There have been many studies investigating the effect of concrete surface roughness on

interfacial properties. One of the commonly used method of quantifying the roughness
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is the sand patch test method (Santos and Julio, 2013), which is explained in detail in
Section 5.2.3. The fib Model Code 2010 (2013) suggests that a concrete surface can be
defined as smooth for a sand-patch roughness less than 1.5 mm, rough for that between
1.5 mm and 3 mm, and very rough for that over 3 mm. In the reported studies, the sand-
patch roughness predominantly ranged from 1.0 mm to 3.5 mm (Santos and Julio, 2013).
Therefore, three levels of surface sand-patch roughness, 1.0 mm, 2.0 mm and 3.0 mm
were selected in the present experiment to represent the smooth, rough and very rough
concrete surfaces. Regarding the applied compressive stress at the interface, Mohamad
et al. (2015) indicated that when the compressive stress is below 1.5 MPa, the shear
strength increases if the compressive stress increase. While when the compressive stress
is above 1.5 MPa, the effect on the interface was similar. In addition, applying a very
high compressive stress to the concrete-to-concrete interface is practically difficult.
Therefore, in the present study, the compressive stress at the interface was limited to
below 1.5 MPa, i.e., three levels of applied compressive stress, 0.5 MPa, 1.0 MPa and

1.5 MPa were used.

Four series of specimens with parallel reinforcement and bonded interface were
prepared, amounting to a total of 28 L-shaped One-interface shear specimens. Series-I
was designed to study the effect of new concrete strength and old concrete strength,
including 10 specimens; new and old concrete cube compressive strengths of about 20
MPa, 40 MPa, and 60 MPa are covered, while the actual cube compressive strengths of
new and old concrete are listed in Table 5.1. Both the measured strengths of new
concrete and old concrete satisfied the design requirements. All specimens of Series- [

had a concrete surface roughness of 0 mm and no applied compressive stress. Two

repetitions were prepared for each specimen configuration.

Series-II was used to study the effect of concrete surface roughness, covering three
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different roughness levels of 1 mm, 2 mm, and 3 mm. The old and new concrete cube
compressive strengths of the specimens in Series-II were 20 and 40 MPa, respectively.
Since no compressive stress was applied, the test results of this series can be compared

with those of Series-I.

Series-III was employed to study the effect of applied compressive stresses.
Accordingly, the specimens had a varying applied compressive stress of 0.5 MPa, 1.0
MPa and 1.5 MPa, while the old and new concrete cube compressive strengths were 20
MPa and 40 MPa, respectively. The concrete surface roughness was 0 mm. Therefore,

the test results of this series can also be compared with those of Series-I.

Series-IV was designed to study the combined effect of surface roughness and applied
compressive stress. Therefore, the specimens had different combinations of concrete
surface roughness and applied compressive stress level, i.e., 1 mm & 0.5 MPa, 2 mm
& 1.0 MPa, and 3 mm & 1.5 MPa. The old and new concrete cube compressive

strengths were also 20 MPa and 40 MPa, respectively.

All specimens of the four series had the same companion specimen with parallel
reinforcement and unbonded interface; two repetitions were also prepared for the
companion specimen. Based on the test results of the four series and companion
specimens, the complete interfacial shear load-total slip response of the concrete-to-
concrete interfaces, excluding the contribution of the steel reinforcement, can be

obtained.

Each specimen was given a name indicating the old concrete strength denoted by ‘O’,
the new concrete strength denoted by ‘N’, the surface roughness denoted by ‘R’, the
applied compressive stress denoted by ‘S’, followed by a digital number indicating the

different repetition. Accordingly, ‘O20-N40-R1-S0.5-I" indicates the first repetition of
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the specimen with an old concrete cube compressive strength of 20 MPa, a new concrete
cube compressive strength of 40 MPa, a surface roughness of 1 mm, and an applied
compressive stress of 0.5 MPa. It should be noted that the actual values of the concrete
cube compressive strength, surface roughness, and applied compressive stress may vary

slightly from the design values, and they are listed in Table 5.2.

5.2.2 Materials

Three concrete mixes were used in this test for the cube compressive strengths of 20
MPa, 40 MPa and 60 MPa. The material used to prepare concrete includes aggregates,
sands, cement, water and additives. The largest particle size of 16 mm aggregates and
well-graded natural medium sands were adopted. Cement with 42.5 and 52.5 ordinary
Portland cement was employed, while the additives were powder polycarboxylic acid
water reducing agent. According to different mixing ratios, the additives were 0.05%,

0.10%, and 0.15% of the cement weight, respectively.

The mix ratios of the three types of concrete are shown in Table 5.3. Three 150 mm X
150 mm x 150 mm cubes were prepared for each type of concrete during casting. In the
design of practical engineering, the cylinder compressive strength is often employed.
According to the Chinese standard GB 50010-2010 (2010), the 150 mm x 300 mm
concrete cylinder compressive strength can be obtained by multiplying cube

compressive strength with a factor of 0.79 in subsequent analysis.

The design of companion specimens in this test was exactly the same as described in
Chapter 4, including the use of 4-mm diameter steel bars as the parallel reinforcement
outside of the concrete-to-concrete interfaces. Therefore, the test results of the material

properties of the steel bar were the same as indicated in Chapter 4.
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5.2.3 Specimen Preparation

Figure 5.1 shows the casting process of the test specimens in an assembled aluminium
alloy mould. In order to improve the quality of casted specimens, aluminium moulds
that can be connected by bolts were customized for this test. The adoption of bolted
formwork minimizes the risk of specimen damage during demoulding. When preparing
specimens, the casting of old concrete was completed first, as shown in Figure 5.1 (b),
and cured for 28 days. Then, before casting the new concrete block, the three baffle
plates in the middle of the aluminium mould were removed and two high-density foam
plates were placed through the parallel bars, as shown in Figure 5.1 (c¢). The new
concrete was thereafter cast and fully vibrated. In order to further avoid damage to the
specimens, the specimen was demoulded after 24 hours after the casting, and cured for

another 28 days.

In addition, for specimens in Series-II and Series-IV that require surface roughness, the
old concrete surface was roughened before casting the new concrete block. Since the
area of the bond interface is small, it is difficult to produce the surface roughness by
mechanical equipment such as high-pressure water gun without causing unwanted
damage. Therefore, in this experiment, the manual chiselling method, which is a simple
and commonly used method (He ef al., 2017), was adopted to generate the roughness
of the old concrete surface. During the surface treatment, the surface roughness of the
concrete was evenly distributed as much as possible by finely chiseling the surface. The
surface of the old concrete after the chisel-roughening is shown in Figure 5.2 (b). The
loose aggregate, gravel, dust on the surface of concrete were then cleaned by the wire

brush and water.

After roughness treatment of concrete surface, the roughness of the surface needs to be

measured. The commonly used roughness evaluation methods include the sand patch
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test method, digital surface roughness meter measurement, and 3D laser scanning
method (Santos and Julio, 2013). The sand patch test method, which is relatively simple
to operate, was adopted in the present test. The roughened surface was first smeared
with standard sand, as shown in Figure 5.2 (¢), and the total volume of the smeared sand
was then measured as shown in Figure 5.2 (d). The surface roughness parameter, R, was

then determined by dividing the sand volume, ¥V, by the surface area, 4., as follows:

RoV (1)
A

A higher value of the roughness parameter indicates a rougher surface. In this test, the
average roughness was designed as 1 mm, 2 mm and 3 mm, and the error range of the

roughness was controlled within 0.2 mm.
5.2.4 Test Setup and Instrumentation

Figure 5.3 shows the test setup. The WDW-100 electronic universal testing machine at
Tongji University was used as the testing frame. The DIC system and clip
extensometers were adopted in this test to measure the interfacial slip, as discussed in

detail in Chapter 4.

For Series-III and Series-IV specimens requiring interfacial compressive stress, a
device shown in Figure 5.4 (a) was used to apply the stress. The detailed design of this
device is shown in Figure 5.4 (b); the two thick steel plates with a thickness of 20 mm
were used to apply uniform pressure at the interface through tightening the four steel
bolts with a diameter of 8 mm. In order to minimize the friction, Teflon sheets were
placed between the steel plates and the specimen. Tensile tests of the bolts were
conducted to obtain the modulus to achieve accurate application of the compressive

stress to the interface. The load-displacement curves of the tests two bolts are shown in
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Figure 5.5, from which it was measured that the elastic modulus of the bolt was 153.7
GPa. Therefore, for the designed compressive stresses of 0.5 MPa, 1 MPa, 1.5 MPa for
the specimens, the target strains of the bolts should be 80.9, 161.8, and 243 pe (x10°°),
respectively. The strain of the bolt should be kept constant during the loading process.
Therefore, strain gauges were used the monitor the strains of the four bolts, which are
presented in Figure 5.6. It is seen that a constant strain has been generally maintained
for all the bolts in all specimens. It should be noted that, for Series-IIl and Series-IV
specimens requiring the application of compressive stress, the DIC system was not used

since the device for compressive stress blocked the view of the DIC cameras.

5.3 TEST RESULTS AND DISCUSSIONS

5.3.1 Failure Mode

Figure 5.7 (a) and (b) show the typical crack development at the smooth and rough
interfaces, respectively, of the specimen during loading. Figure 5.8 (a), (b), and (c) show
the fractured surfaces of the smooth, rough, and compressed interfaces, respectively.
For Series-I specimens with smooth concrete surface, all specimens failed by separation
at the concrete-to-concrete interface as a result of the gradual debonding propagation,
as shown in Figure 5.7 (a). During loading, the global load-displacement relationship
was linear initially before the initiation of the crack. Debonding first appeared at the
end of the interface, which was accompanied by a fracturing noise. Due to the parallel
reinforcing bars, the cracks of all the specimens did not propagate through the bondline
immediately, nor did the global load drop to zero. Thereafter, further increase of the
global displacement resulted in the propagation of the debonding along the bondline,
i.e., it experienced a gradual process of debonding propagation and decrease of the
global load. Finally, one straight crack developed through the bondline, leading to the

failure of the specimen and relatively smooth fractured surfaces, as shown in Figure 5.8
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(a).

Specimens with a rough concrete surface in Series-II experienced a similar course of
crack initiation and propagation to that of specimens with a smooth interface as
described above, except the crack propagated through the bondline was slightly curved
when the specimen failed, as shown in Figure 5.7 (b). Figure 5.8 (b) shows the fractured
surface of the interface, and it is observed that a considerable amount of old concrete
remained on the fractured surface of the new concrete block. This indicates that the
crack cut through the concrete substrate instead of strictly following the geometry of

the interface during the debonding process.

Specimens with compressed interfaces in Series-1II and Series-1V experienced similar
crack development to that of the specimens in Series-I and Series-II, with only one main
crack developing along the concrete-to-concrete interface. The friction at the interface
of these specimens was substantial, with the increase of surface roughness and the
application of compressive stress. Moreover, the failure process exhibited stronger
ductility than specimens in the other series. Moreover, obvious scratches on the
fractured surfaces due to friction under compressive stress can be observed, as indicated

in Figure 5.8 (¢).

5.3.2 Global Shear Load-Slip Responses

The relationship between the global shear load to the slip measured by the clip-
extensometer for all the specimens are shown in Figures 5.9 (a~e). It can be seen from
these figures that all specimens exhibit a shear-load plateau at the end of the loading
process, indicating that the parallel steel bars played a major role in the post-peak
behaviour of the specimens. The corresponding global shear load-slip relationship

excluding the contribution of the reinforcing bars are presented in Figures 5.10 (a~e),
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using the test data of the companion specimens as explained in Chapter 4. Comparing
these results indicates obviously different performance for specimens with different

concrete strengths, surface roughness, and interfacial compressive stresses.

First, the peak shear load (Pmax) of the specimens, as indicated in Figure 5.10 (a~b), was
higher if the strength of either the old or new concrete was higher. Similarly, the
maximum shear load was higher if the concrete surface roughness (R) or the applied
compressive stress (on) was higher, seen in Figure 5.10 (c~e). These results are
consistent with the previous studies showing that the concrete strength, surface
roughness, and compressive stress affect the mechanical behaviour of the concrete-to-

concrete interface (Kahn and Mitchell, 2002; Julio et al., 2006; Chilwesa et al., 2017).

Second, the residual load (Pr), as indicated in Figure 5.10 (a~b), for series-I specimens
was minimal, because the friction at the concrete-to-concrete interface after debonding
was trivial. For specimens with a higher surface roughness, the residual load was higher
Figure 5.10 (c), although still relatively small compared to the maximum load. This
indicates that the concrete surface roughness alone does not significantly improve the
post-peak behaviour of the concrete-to-concrete interface without the application of
compressive stress. For specimens with applied compressive stress at the interface, the
residual load was considerable; it increased with the increase of the applied compressive
stress, as shown in Figure 5.10 (d). Specifically, for specimens with the same interfacial
compressive stress, the residual load increased considerably if the interfacial roughness
increased, as shown in Figure 5.10 (e). This shows that the roughness has a considerable
impact on the residual load if combined with the applied compressive stress. Tables 5.4
~ 5.7 summarises the characteristic values of the global shear force-slip behaviour for
all the specimens; it clearly shows the influence of the concrete strength, surface

roughness, and compressive stress on the concrete-to-concrete interfacial behaviour.
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5.3.3 Slip Distribution

In Chapter 4, the distribution of slip at the interface for different specimen designs has
been discussed in detail. The current test was focused on the influence of surface
roughness on the interfacial slip distribution. Figure 5.11 and Figure 5.12 show the
typical slip distributions measured by the DIC system along the bonded interface for

specimens with smooth and rough surfaces, respectively, at different load levels.

For Series-I specimens where the concrete surface was smooth, the slip was slightly
higher at the interface ends and generally uniformly distributed in the middle segment,
as shown in Figure 5.11. For the Series-II specimens where the concrete surface was
rough, the slip distribution was generally uniform when the shear force was small but
became increasingly non-uniform as the shear force increases, as shown in Figure 5.12,
attributing to the random pattern of the old concrete surface generated in the surface
preparation. Therefore, the assumption that the interface is subjected to uniform shear
stress and slip distributions is accurate for specimens with rough interfaces under small
shear loads but not large shear loads. Nevertheless, the uniform shear stress and slip
assumptions may still be the most reasonable assumption for large shear loads as the
real distributions are random. For Series-III and Series-IV specimens with compressive
stress at the interface, the interfacial slip data was not available since DIC system was
unable to take images of the specimen surface. This is expected to be addressed in the

future research.

5.3.4 Local Bond-Slip Behaviour

The local bond-slip relationship can be converted from the global shear load-slip
relationship based on the assumption of uniform shear stress and slip distributions.

Accordingly, the local interfacial shear stress can be approximated by the interface-
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average shear stress, and the slip measured using the clip-extensometer is taken as the
local slip. Thereby, the local bond-slip relationship for all the test specimens can be

obtained.

Figure 5.13 shows the bond-slip curves for the four series of specimens, all of which
follow a typical tri-linear shape including a linear elastic stage, a softening stage, and a
residual stress stage. Overall, the interfacial stiffness of the initial linear elastic stage
and the maximum interfacial shear stress are dependent on the concrete strength,
surface roughness, and the applied compressive stress. For the softening stage, although
brittle failure was prevented by the parallel reinforcing bars, the load drop and the slip
increase were still sudden, losing the data between the maximum stress point and the
beginning of the residual stage. Nevertheless, a linear softening stage based on the test
data may still be used to represent the damage evolution of the specimen, as adopted in
the present study. Subsequent to the softening stage, a residual stress stage characterized
by a gradually softening behaviour was observed for all specimens. As indicated by the
results shown in Figure 5.13, for the specimens without interfacial compressive stress,
the residual stress was minimal regardless of the concrete strength or surface roughness;
for the specimens with an applied compressive stress, a considerable level of residual
stress existed in the residual stress stage. Therefore, the residual stress level was
dependent on the interfacial compressive stress but not the concrete strength nor the
surface roughness. Tables 5.4-5.7 summarise the maximum shear stress, slip
corresponding to the maximum shear stress, residual stress and corresponding slip, and
interfacial fracture energy (area under the curve) of the bond-slip curves for all

specimens.

5.3.5 Effect of Concrete Strength

Figure 5.14 shows the interfacial shear stress (Tmax), residual stress (tr), and fracture
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energy (Gy) for specimens with different new concrete strengths to demonstrate the
effect of new concrete strength on the behaviour of concrete-to-concrete interfaces. For
these specimens, the cube compressive strength of old concrete was 22.8 MPa, the

concrete surface roughness was 0 mm, and no compressive stress was applied.

Test results show that the average interfacial maximum stresses were 1.44 MPa, 1.81
MPa, and 2.73 MPa, respectively, for specimens with a new concrete cube compressive
strength of 23.2 MPa, 42.5 MPa, and 59.6 MPa. It can be seen that the new concrete
strength has a positive impact on the interfacial maximum stress. Similarly, for the
specimens with three different new concrete strengths, the average interfacial fracture
energies were 0.107 N/mm, 0.130 N/mm, and 0.157 N/mm, respectively. Therefore, the

new concrete strength also has a positive impact on the interfacial fracture energy.

Figure 5.15 shows the interfacial maximum stress, residual stress, and fracture energy
for specimens with different old concrete cube compressive strength. Again, for these
specimens, the cube compressive strength of new concrete was 42.5 MPa, the concrete
surface roughness was 0 mm, and no compressive stress was applied. Test results show
that the interfacial maximum stresses were 1.81 MPa, 2.10 MPa, and 2.76 MPa,
respectively, for specimens with old concrete strengths of 22.8 MPa, 43.1 MPa, and
57.3 MPa. That is to say, when the cube compressive strength of old concrete was
increased from 22.8 MPa to 43.1 MPa, the maximum stress did not increase much,
while the maximum stress increased greatly when the cube compressive strength of old
concrete changed from 43.1 MPato 57.3 MPa. Similarly, the average interfacial fracture
energy was also increased significantly when the cube compressive strength of old
concrete changed from 43.1 MPa to 57.3 MPa. This is because for the old concrete with
57.3 MPa cube compressive strength, 52.5 ordinary Portland cement was adopted,

while the high strength cement can effectively improve the bond strength of the
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concrete-to-concrete interface.

By contrast, the levels of residual stresses for series Series-I specimens were quite low
and fluctuated and did not show a clear correlation with the new or old concrete strength.
This may be due to the existence of a certain degree of sliding friction even though the
concrete surface was smooth. Due to the action of parallel steel bars, the specimen was
not completely separated after the crack propagated along the bondline, so that the
friction between the new and old concrete could promote certain residual stresses.
However, this friction was small and random, and the residual stress showed

fluctuations.

5.3.6 Effect of Concrete Surface Roughness

To investigate the influence of the concrete surface roughness on the interfacial
behaviour, Figure 5.16 shows the interfacial maximum shear stress, residual stress and
fracture energy for specimens with different surface roughness. For these specimens,
the old concrete strength was 21.5 MPa, the new concrete strength was 43.1 MPa, and

no compressive stress was applied.

Test results show that the average maximum stresses were 1.81 MPa, 2.80 MPa, 3.41
MPa and 3.97 MPa, respectively, for specimens with concrete surface roughness of 0
mm, 1 mm, 2 mm and 3 mm. This result indicates that the interfacial bond strength is
positively correlated with the surface roughness. Similarly, the interfacial fracture
energy also showed a positive correlation with the increase of surface roughness. By
contrast, it is seen that for the various surface roughness, the average residual stress
varied between 0.31 MPa and 0.36 MPa without a clear correlation with the surface
roughness. The average residual stress was still relatively small, around 0.36 MPa,

when the roughness was as high as 3 mm. Therefore, the surface roughness has a limited
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effect on the residual stress of the specimen.

It can be clearly observed from the fractured surface of this series specimens that part
of the old concrete fell off and remained on the surface of new concrete block, which
can explain the reason why the surface roughness could improve the bond strength.
After the chiselling of the surface of the old concrete block, the new concrete was cast
onto the uneven surface and an interface with both adhesion and mechanical interlock
was formed. In addition, due to the unevenness of the interface, the interfacial bond
area between old and new concrete was also increased, positively affecting the
interfacial capacity. As a result, both the interfacial maximum shear stress and the

fracture energy were positively correlated to the surface roughness.

On the other hand, in the absence of applied compressive stress, effective frictional
action between the fractured surfaces was unable to form. As a result, the residual stress
at the interface was not affected by the surface roughness. This is similar to the previous
analysis on the influence of concrete strength on the residual stress of the concrete-to-
concrete interface. In general, without the interfacial compressive stress, the residual
stress at the interface was nearly negligible, regardless of the concrete strength and
surface roughness. However, when the interface is compressed, a strong correlation

between the surface roughness and residual stress can be observed, as discussed below.

5.3.7 Effect of Interfacial Compressive Stress

Figure 5.17 shows the interfacial maximum stress, residual stress, and fracture energy
for specimens with different applied compressive stress. For specimens in this series,
the old and new concrete strength was kept as 19.8 MPa and 40.8 MPa, and the surface

roughness was remained to be 0 mm.
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From the test results, it can be found that the influence of interfacial compressive stress
on the bond strength is significant. When the compressive stresses were 0 MPa, 0.5
MPa and 1.0 MPa, the average maximum stresses were 1.81 MPa, 2.10 MPa and 2.43
MPa, respectively. When the compressive stress was 1.5 MPa, the average maximum
stress was 2.78 MPa, corresponding to capacity increases of approximately 16.2 %,
34.6 % and 53.8 % compared to those with compressive stresses of 0 MPa, 0.5 MPa
and 1.0 MPa, respectively. Therefore, the applied compressive stress has a clear positive

correlation with the interfacial maximum shear stress.

In terms of the residual stresses, they were 0.31 MPa to 0.81 MPa, 1.20 MPa and 1.30
MPa, respectively, for specimens with interfacial compressive stresses of 0, 0.5, 1.0,
and 1.5 MPa, showing a clear positive correlation in contrast to the influence of concrete
strength and surface roughness. This is due to the direct increase of the frictional stress
at the interface under the increase of compressive stress. Accordingly, the interfacial
fracture energy was also proportional to the compressive stress. The interfacial fracture
energy of the specimen with an interfacial compressive stress of 1.5 MPa was 0.47

N/mm, 266.4% more than that of the specimen without interfacial compressive stress.

Observing the fractured surface of specimens in this series, clear scratches on the
concrete-to-concrete interface can be found. Therefore, it can be considered that with
the interfacial compressive stress, friction plays an important role in improving the
maximum stress and residual stress at the concrete-to-concrete interface. However, the
compressive stress is highly entangled with the surface roughness. They need to be
taken collectively in understanding their influence on the interfacial behaviour. For
instance, when the surface roughness was small, the influence of the compressive stress
on the maximum stress of the interface was relatively limited. As for the residual load,

the impact of the interfacial compressive stress was still considerable for smooth

161



surfaces, indicating that the residual stress was mainly contributed by the frictional

action.

In order to further understand the shear behaviour of the concrete-to-concrete interface,
Figure 5.18 shows the variation of interfacial maximum stress, residual stress and
fracture energy under various combinations of surface roughness and interfacial
compressive stress. In these specimens, the strengths of old concrete and new concrete
remain unchanged to be 23.4 MPa and 43.7 MPa. With the simultaneous increase of
surface roughness and applied compressive stress, the interfacial maximum stress
increased obviously from 1.81 MPa to 3.16 MPa, 4.42 MPa and 5.84 MPa, respectively.
This is consistent with the effect of increasing either the roughness or compressive
stress alone. The average residual stress increased from 0.31 MPa to 2.47 MPa when
both the roughness and compressive stress were increased, due to the substantial

increase of the frictional stress between the fractured surfaces.

Examining Figures 5.14-5.18 collectively, it can be found that increasing each of the
old or new concrete strength, surface roughness, and interfacial compressive stress
enhances the interfacial shear resistance. Practically, in order to achieve reliable bond
between the new and old concrete, surface preparation can be used to roughen the old
concrete, and relatively high new concrete strength could further enhance the bond. It
may be practically inconvenient to actively apply interfacial compressive stress, in
addition to that generated by the applied load. Nevertheless, considering that in practical
applications interfacial cracking or debonding is not permitted, the residual stress at the
interface is less critical than the maximum interfacial shear stress, which could be

effectively enhanced by surface roughening and the increase of new concrete strength.
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5.4 CONCLUSIONS

A modified shear test method has been proposed to investigate the local bond-slip
relationship at the concrete-to-concrete interfaces and validated, as discussed in Chapter
4. A comprehensive experimental programme based on this newly proposed test method
has been conducted to quantify the bond-slip behaviour at the concrete-to-concrete
interface. Based on the literature review, the main factors affecting the interfacial shear
are the strengths of the old and new concrete, old concrete surface roughness, and
applied interfacial compressive stress. Accordingly, four series of the modified test
specimens were prepared; the test parameters included the three main factors. The
failure mode, global force-slip behaviour, interfacial slip distribution, and local bond-
slip relationship of the specimens were examined, and the following conclusions can

be drawn:

All specimens failed by separation at the concrete-to-concrete interface as a result of
gradual interfacial debonding propagation. During the loading process, the shear load
increased linearly to the peak level, which was followed by a sudden drop of the load
and sudden increase of the slip. Thereafter, gradual interfacial debonding took place

until complete separation at the interface.

The local bond-slip relationship of the concrete-to-concrete interface follows a typical
tri-linear shape, including a linear elastic stage that terminates at the maximum shear
stress, a subsequent softening stage that terminates at a residual stress level, and a

residual stress stage with the stress approaching zero as the slip increases.

The interfacial stiffness and strength both increase with the old and new concrete
strengths, surface roughness, and applied compressive stress. The residual stress level

is dependent on the applied compressive stress but not the concrete strength nor the
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surface roughness. Specifically, for the interface without applied compressive stress,
the residual stress is minimal; for the interface with applied compressive stress, a

considerable level of residual stress exists after the softening stage.

Therefore, it has been experimentally demonstrated that the interfacial bond-slip
relationship is dependent on the three testing parameters examined in the tests.
Moreover, the typical bond-slip relationship can be represented by a few key parameters,
including the interfacial stiffness, shear strength, and residual stress level. The obtained
test results can be used to calibrate appropriate models for these key parameters, and a
complete bond-slip model for the concrete-to-concrete interface could be achieved, as

discussed in the next chapter.
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Table 5.1 Concrete strengths on the testing day and the 28" day

Series Specimen Jeuo STD Jeuor STD Jeun STD Jeun STD
(MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa)

020-N40-R0-S0-I 20.3 1.3 22.8 1.4 41.5 2.3 42.5 2.6
020-N40-R0-S0-II 20.3 1.3 22.8 1.4 41.5 2.3 42.5 2.6
020-N20-R0-S0O-1 20.3 1.3 22.8 1.4 21.8 1.8 23.2 1.9
020-N20-R0-S0O-II 20.3 1.3 22.8 1.4 21.8 1.8 23.2 1.9

Series-I 020-N60-R0-S0O-1 20.3 1.3 22.8 1.4 57.9 3.2 59.6 33
020-N60-R0O-SO-IT 20.3 1.3 22.8 1.4 57.9 32 59.6 33
040-N40-R0-S0-1 41.0 2.4 43.1 2.2 41.5 2.3 42.5 2.6
040-N40-R0-SO-IT 41.0 2.4 43.1 2.2 41.5 2.3 42.5 2.6
060-N40-R0-S0-I 54.2 2.8 57.3 3.0 41.5 2.3 42.5 2.6
060-N40-R0-SO-II 54.2 2.8 57.3 3.0 41.5 2.3 42.5 2.6
020-N40-R1-S0-I 19.2 1.5 21.5 1.7 42.4 2.1 431 3.0
020-N40-R1-S0O-II 19.2 1.5 21.5 1.7 42.4 2.1 431 3.0

SeriesII 020-N40-R2-S0-1 19.2 1.5 21.5 1.7 42.4 2.1 431 3.0
020-N40-R2-S0-II 19.2 1.5 21.5 1.7 42.4 2.1 431 3.0
020-N40-R3-S0-1 19.2 1.5 21.5 1.7 42.4 2.1 431 3.0
020-N40-R3-S0-II 19.2 1.5 21.5 1.7 42.4 2.1 431 3.0
020-N40-R0-S0.5-1 18.9 1.3 19.8 1.4 40.1 2.5 40.8 2.8
020-N40-R0-S0.5-1I 18.9 1.3 19.8 1.4 40.1 2.5 40.8 2.8

SeriesIIT 020-N40-R0-S1.0-1 18.9 1.3 19.8 1.4 40.1 2.5 40.8 2.8
020-N40-R0-S1.0-II 18.9 1.3 19.8 1.4 40.1 2.5 40.8 2.8
020-N40-R0-S1.5-1 18.9 1.3 19.8 1.4 40.1 2.5 40.8 2.8
020-N40-R0-S1.5-11 18.9 1.3 19.8 1.4 40.1 2.5 40.8 2.8
020-N40-R1-S0.5-1 21.8 1.7 234 2.0 43.2 2.1 437 2.5
020-N40-R1-S0.5-11 21.8 1.7 234 2.0 43.2 2.1 437 2.5

Series-IV 020-N40-R2-S1.0-1 21.8 1.7 234 2.0 43.2 2.1 437 2.5
020-N40-R2-S1.0-1I 21.8 1.7 234 2.0 43.2 2.1 437 2.5
020-N40-R3-S1.5-1 21.8 1.7 234 2.0 43.2 2.1 43.7 2.5
020-N40-R3-S1.5-11 21.8 1.7 234 2.0 43.2 2.1 43.7 2.5

Note: fou,o=Cube compressive strength of old concrete on the 28th day; feuor=Cube

compressive strength of old concrete on the day of testing; feu,,=Cube compressive
strength of new concrete on the 28th day; feu.n«=Cube compressive strength of new

concrete on the day of testing; STD=Standard deviation.
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Table 5.2 Test parameters of the specimens

Series Specimen (l(/clti;;) (ﬁ'i;;) (rrfem) (h/fl’;a) Remarks
020-N40-R0-S0-1 22.8 42.5 0 0 Reference
020-N40-R0-S0-II 22.8 42.5 0 0 Reference
020-N20-R0-S0-T 228 232 0 0
020-N20-R0-SO-II 228 232 0 0

Serics ] 020-N60-RO-SO-T 228 59.6 0 0 Varying
020-N60-R0O-SO-II 22.8 59.6 0 0 :
040-N40-R0-S0-1 43.1 425 0 0 ‘s’;’r‘;‘r’fgﬂf
040-N40-RO-SO-II 43.1 425 0 0
060-N40-R0-SO-I 57.3 425 0 0
060-N40-RO-SO-II 57.3 425 0 0
020-N40-R1-S0-I 21.5 43.1 0.9 0
020-N40-R1-SO-II 21.5 43.1 0.9 0 .

Sericell 020-N40-R2-S0-T 215 43.1 22 0 \S’ngeg
020-N40-R2-S0-II 215 43.1 22 0 roughness
020-N40-R3-S0-I 215 43.1 32 0
020-N40-R3-S0-II 215 43.1 32 0

020-N40-R0-S0.5-I 19.8 40.8 0 0.5
020-N40-R0-S0.5-11 19.8 40.8 0 0.5 .

Serice.III 020-N40-R0O-S1.0-I 19.8 40.8 0 1.0 Coﬁ‘gﬁve

020-N40-R0-S1.0-1I 19.8 40.8 0 1.0 tross
020-N40-R0O-S1.5-1 19.8 40.8 0 1.5
020-N40-RO-S1.5-11 19.8 40.8 0 1.5
020-N40-R1-S0.5-1 23.4 43.7 1.0 0.5 Varying
020-N40-R1-S0.5-11 23.4 43.7 1.0 0.5 surface

Series- 020-N40-R2-51.0-1 23.4 43.7 1.9 1.0 roughness

v 020-N40-R2-S1.0-1I 23.4 43.7 1.9 1.0 and
020-N40-R3-S1.5-1 23.4 43.7 3.1 1.5 compressive
020-N40-R3-S1.5-11 23.4 43.7 3.1 1.5 stress

Note: feu,0=Cube compressive strength of old concrete on the day of testing; feu,n—=Cube
compressive strength of new concrete on the day of testing; R = Surface roughness; ox
= Applied compressive stress
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Table 5.3 Mix proportions for the three grades of concrete

Type wic Cement Cement Water Sand  Aggregate Superplasticizer
of Grade 42.5 of Grade 52.5 (kg/m®) (kg/m®)  (kg/m’)
(kg/m’) (kg/m’)
C20 0.65 334 - 217 780 1036 0.05%
C40 045 510 - 230 600 1072 0.10%
C60 0.32 - 544 174 554 1100 0.15%
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Table 5.4 Influence of concrete strength

Specimen fc"u,o fc"u,n Pmax Tmax 51 Pr T 52 G/‘
P (MPa) (MPa) (kN) (MPa)  (mm) (kN) (MPa) (mm) (N/mm)
020-N40-
RO-S0-I 22.8 42.5 8.843 1.769  0.019 1.16 0.232 0.078 0.131
020-N40-
RO-SO-II 22.8 42.5 9.222 1.844  0.018 1.905 0.381 0.112 0.128
©20-N20- 22.8 23.2 8.126 1.625 0.007 1.117 0.223 0.088 0.104
RO-S0-1
020-N20-
RO-SO-II 22.8 23.2 6.313 1.263 0.008 0.938 0.188 0.149 0.109
©20-N60- 22.8 59.6 13.837 2.767 0.009 0.893 0.179 0.101 0.158
RO-S0-1
020-N60-
RO-SO-II 22.8 59.6 13.46 2.692 0.019 1.009 0.202 0.098 0.155
040-N40-
RO-S0-I 43.1 42.5 9.592 1.918 0.018 1.322 0.264 0.101 0.162
040-N40-
RO-SO-II 43.1 42.5 11.385 2277  0.023 1.351 0.270 0.131 0.158
Ofgg:gi(l)_ 57.3 42.5 14.243 2.849  0.008 2.012 0.402 0.126 0.251
060-N40-
RO-SO-II 57.3 42.5 13.318 2.664 0.019 1.931 0.386 0.131 0.230

Note: fo,o = Cube compressive strength of old concrete; f..,, = Cube compressive strength of new concrete;
Prnax = Peak load; tmax = Maximum shear stress; d,= slip corresponding to the maximum shear stress; P,
= Residual load; 7, = Residual shear stress; d,= slip corresponding to the residual shear stress; Gy =

Interfacial fracture energy
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Table 5.5 Influence of concrete surface roughness

R Prax Tmax 51 P, Tr 52 Gf
(mm) (kN) (MPa) (mm) (kN) (MPa) (mm) (N/mm)

020-N40-R0-S0-I 0 8843 1.769 0.019 1.16 0.232 0.078 0.131
020-N40-R0-S0-1I 0 9222 1.844 0.018 1.905 0.381 0.112 0.128
020-N40-R1-S0- 09 15296 3.059 0.017 1372 0.274 0.071 0.168
020-N40-R1-So-II 0.9 12748 2.550 0.010 1.058 0.212 0.106 0.184
020-N40-R2-S0-I 2.2 15968 3.194 0.010 1.408 0.282 0.102 0.219
020-N40-R2-S0-I 2.2 18.113 3.623 0.020 1.332 0.266 0.120 0.261
020-N40-R3-S0-I 3.2 18.167 3.633 0.015 1.761 0352 0.122 0.296
020-N40-R3-S0-II 3.2 21.508 4.302 0.012 1.745 0.349 0.126 0.290

Specimen

Note: R = Surface roughness; Pmax = Maximum load; Tmax = Maximum shear stress; d;= slip
corresponding to the maximum shear stress; P, = Residual load; 7. = Residual shear stress; d>= slip

corresponding to the residual shear stress; Gy = Interfacial fracture energy
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Table 5.6 Influence of applied compressive stress

Specimen o Pruax Tmax 01 P, T & Gy
p (MPa) (kN) (MPa) (mm) (kN) (MPa) (mm) (N/mm)

020-N40-R0-S0-1 0 8.843 1.769 0.019 1.16 0.232 0.078 0.131
020-N40-R0-S0-1I 0 9.222  1.844 0.018 1.905 0.381 0.112 0.128
020-N40-R0-S0.5-1 0.5 10.065 2.013 0.013 3.676 0.735 0.107 0.280
020-N40-R0-S0.5-1T 0.5 10.933 2.187 0.017 4.408 0.882 0.092 0.311
020-N40-R0-S1.0-1 1.0 11.888 2.378 0.015 6.027 1.205 0.103 0.426
020-N40-R0-S1.0-11 1.0 12.435 2.487 0.019 5937 1.187 0.122 0.432
020-N40-R0-S1.5-1 1.5 1321  2.642 0.021 6.342 1.268 0.125 0.444
020-N40-R0O-S1.5-11 1.5 14579 2916 0.011 6.655 1.331 0.126 0.505

Note: ¢ = Applied compressive stress; Pmax = Maximum load; zmax = Maximum shear stress; d;= slip
corresponding to the maximum shear stress; P, = Residual load; 7. = Residual shear stress; d>= slip

corresponding to the residual shear stress; Gy = Interfacial fracture energy

172



Table 5.7 Influence of surface roughness and compressive stress

Specimen R ? Py cma o o i > o
(mm) (MPa) (kKN) (MPa) (mm) (kN) (MPa) (mm) (N/mm)

Oég_'g)‘fg‘ 0 0 8843 1769 0019 116 0232 0078  0.131
%200_'813‘_‘3‘ 0 0 9222 1844 0018 1905 0381 0.112 0128
a1 0.5 15063 3013 0009 4575 0915 0109 0413
R 0.5 16565 3313 0010 4934 0987 0117 0467
a2 10 22966 4593 0013 8701 1740 0.136  0.761
1(1)22-05:_{\.13-01_1 2 1.0 21228 4246 0017 9005 1801 0122  0.693
ggf’;ﬁ‘;‘_)f 3 15 29961 5992 0012 11.832 2366 0109  0.965
gszf)s-i\.]g-oﬁ 3 15 28433 5687 0020 12907 2581 0.124  0.898

Note: R = Surface roughness; o = Applied compressive stress; Pmax = Maximum load; Tmax = Maximum

shear stress; d;= slip corresponding to the maximum shear stress; P, = Residual load; 7, = Residual

shear stress; d>= slip corresponding to the residual shear stress; Gy = Interfacial fracture energy
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(c) Ready for new concrete casting (b) Complete specimen

Figure 5.1 Preparation of test specimens
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(a) Smooth surface

(b) Chisel-roughened surface
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(c) Sand-filling of the rough surface

(d) Volume measurement of the filling sand

Figure 5.2 Roughening of the old concrete surface
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(b) Specimen ready for testing

Figure 5.3 Test setup
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(b) Dimensions of the applied compressive stress device

Figure 5.4 Arrangements for the series-1II and series-1V
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Figure 5.5 Tensile stress-strain curve relationship of the bolts
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(a) Specimen with a smooth old concrete surface (Specimen O20-N40-R0-S0- [ )
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0.002 mm

No cracks
were
observed
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developed
from the
end of the
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Only one
slightly
curved crack
propagated
along the
bondline

(b) Specimen with a rough old concrete surface (Specimen 020-N40-R2-S0- 1)

Figure 5.7 Typical crack development process
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(b) Specimen with rough old concrete surface (Specimen 020-N40-R2-S0- 1)
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Figure 5.8 Fractured surfaces of the interfacial bond area after shear loading
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Figure 5.9 Load- slip curves of specimens with parallel reinforcement
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Figure 5.10 Load-slip curves of isolated concrete-to-concrete interfaces
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CHAPTER 6
DEVELOPMENT OF A BOND-SLIP MODEL FOR
CONCRETE-TO-CONCRETE INTERFACES

6.1 INTRODUCTION

Establishing an accurate Mode-II shear stress-slip, commonly referred to as bond-slip,
model for the concrete-to-concrete interface is critical for understanding the mechanical
behaviour and the accurate numerical simulations of structural members with such
interfaces. At present, the most extensively investigated interfacial bond-slip model for
concrete materials is the FRP-concrete interfacial bond-slip model. Lu et al. (2005)
developed a bond-slip model for FRP-concrete bonded interfaces based on the macro-
scale and meso-scale FE model. Specifically, the authors established an accurate local
bond-slip model and developed the shear strength model for FRP-concrete interfaces.
However, the local bond-slip behaviour for concrete-to-concrete interfaces has been

little investigated and an accurate local bond-slip model has not been achieved yet.

The existing research is concerned with either the bond-slip model at the aggregate-
mortar interface, or the Mode-I tensile stress-opening model at the interface between
new and old concrete. For example, Stankowski et al. (1993a; 1993b) developed a
model describing the interface between the aggregate and matrix, considering the
normal-shear stress coupling, dilatancy, and elastic pre-peak adhesion. The tensile
properties of concrete-to-concrete interfaces were studied based on a three-point bend
test by Shah and Kishen (2010a; 2010b). The crack opening length and propagation
area, fracture energy, and size effects on the interface were fully analysed. Based on the

introduced crack hinge concept, a bi-linear softening model was defined and verified
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by performing an FE simulation.

The experimental results presented in Chapter 5 clarified the influence of three variables,
namely, concrete strength, concrete surface roughness and applied normal stress, on the
shear behaviour of concrete-to-concrete interfaces. The effects on the failure mode,
load-slip curve and interfacial slip distribution were discussed. This chapter describes
the formulation of a bond-slip model for concrete-to-concrete interfaces, based on the

experimental results presented in Chapter 5.

6.2 THEORETICAL BACKGROUND

6.2.1 Bond Strength Models for Concrete-to-Concrete Interfaces

It has been widely adopted that the strength of concrete-to-concrete interfaces subjected
to shear stress can be predicted by the “shear-friction theory”. This theory was first
proposed by Birkeland and Birkeland (1966) and subsequently modified by Mattock
and Hawkins (1972), Walraven et al., (1987) and Randl (1997, 2013), who suggested
that the shear strength of concrete-to-concrete interfaces was composed of cohesion,
friction, and dowel action. The load transfer mechanisms at concrete-to-concrete

interfaces, as stated by Zilch and Reinecke (2000), could be defined as follows:

7(s)=17,(8)+74 (5)+7, (9) (6.1)

where 74 (), 7s7(s), and 7 (s) represent the adhesion, shear friction, and dowel action of

the shear reinforcement, respectively.

In particular, adhesion is generated by the chemical bond between the new and old
concrete aggregate and related to the strength of concrete, especially the tensile strength

of concrete (Santos and Julio, 2014; Mohamad et al., 2015). After the debonding,
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adhesion is completely lost, and the shear stress is solely dependent on mechanical
interactions at the fractured interface. If the interface is subjected to compressive stress,
frictional stress is induced upon slip; otherwise, if no compressive stress is applied, the
shear stress after debonding is trivial as observed from the experimental results in
Chapter 5. If the interface is reinforced with dowel reinforcement, as the increase of the
interfacial slip, the dowel is subjected to a combined action of tension and shear, often
referred to as dowel action. Randl (2013) proposed a model of the interfacial shear

strength by considering the dowel action as follows:

Vy = Tog + 1o, +ap [ f T, (6.2)

where v, is the maximum shear stress at the interface; zcon is the bond stress due to
concrete cohesion and adhesion; u is the coefficient of friction; o» i1s the applied
compressive stress; a is a coefficient related to the dowel reinforcement; p is the shear
reinforcement ratio; f and f, are the concrete cylinder compressive strength and the

yield strength of the steel bar, respectively.

Many studies have proposed modifications to the above method of evaluating the
interfacial shear strength to improve the accuracy and extend the scope of application
by considering more factors. Moreover, the shear friction theory has been adopted in
many design codes to analyse the shear strength of concrete-to-concrete interfaces, as
reviewed in Chapter 2. However, as discussed previously, most of these models are
based on inappropriate shear test methods where the interfacial shear stress distribution
is highly non-uniform. Therefore, the shear strength models of concrete-to-concrete
interfaces are inaccurate in representing the local interfacial behaviour and unsuitable

for more sophisticated analyses of structures containing such interfaces.
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6.2.2 Interfacial Fracture Energy

In addition to the bond strength, fracture energy is a key parameter for concrete-to-
concrete interface defining the interfacial debonding evolution. When cracks are
formed in concrete, the work absorbed by the total fractured area is the work done by

the external force (Bazant et al., 1984):
WCI'
W =S| " otw (63)

where S is the fracture area and wer is the maximum crack opening displacement when
the interfacial stress decreases to zero. The work of the external forces absorbed by a

unit of fracture area is defined as the fracture energy Gy:
WCI’
G, = j otw (6.4)

The fracture energy can be generally taken as equal to the area under the bond-slip
curve. It can be directly measured through concrete fracture tests. Moreover, relevant
research has indicated that the fracture energy of concrete is related to the concrete
strength, aggregate particle size, and mixing ratio of the concrete, among other factors,
(Stankowski et al. 1993a). Therefore, analytical models have been proposed to estimate

the fracture energy in addition to the experimental measurement.

The blunt crack zone model (Bazant et al. (1984) has been widely adopted to estimate
the concrete fracture energy in studies involving concrete fracture mechanics. The

fracture energy Grrequired for the formation of crack per unit length is defined as:
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f2( E
G, =w, 5L (1—Ecj (6.5)

where we is the width of the crack zone, f: is the concrete tensile strength, Ec is the elastic
modulus while E: is the strain-softening modulus. The fracture energy is related to the
elastic modulus and tensile strength of the concrete, as well as the width of the crack

zone.

The test results presented in Chapter 5 show that the interfacial behaviour is mainly
affected by the strengths of the new and old concretes, surface roughness, and applied
compressive stress. Similar research on the interfacial fracture energy of concrete
aggregate-mortar interfaces indicated that the interface roughness and strength of the
material considerably influenced the fracture energy, which affected the shape of the
softening stage of the bond-slip curve and ultimate displacement (Stankowski et al.
1993a). In the study on the FRP-concrete bonded interface, Lu et al. (2005) conducted
a series of parametric analyses in the FE model and proposed a model for estimating

the interfacial fracture energy G

G, =afT F(K,) (6.6)

where a is the specific parameter, fw is the FRP-concrete width coefficient, f; is the
concrete tensile strength, Ko is the shear stiffness of the adhesive layer, and f{K.) is the
factor indicating the influence of adhesive layer shear stiffness on the failure energy.
These parameters were determined through regression. According to this model, the
failure energy of concrete-to-concrete interfaces should be related to the tensile strength
of the concrete and the shear modulus of the interface bond layer. Since concrete-to-

concrete interfaces generally do not have a specific adhesive layer (unless the interface
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agent is applied), the concrete surface roughness considerably influences the interface

shear fracture energy.

6.3 BOND-SLIP MODEL

6.3.1 Experimental Observation of Bond-Slip behaviour

The shear bond-slip curves obtained in the tests in Chapter 5 showed that the shear
bond-slip relationship of concrete-to-concrete interfaces under the action of shear
mainly includes three stages: the linearly elastic stage, the softening stage, and the
residual stress stage. Under various concrete strengths, surface roughness’s, and
interfacial compressive stresses, the former two stages of the bond-slip curves are
similar, but the stress level in the residual stress stage is almost zero for smooth surface
with no compressive stress and is non-zero otherwise. Based on these experimental
observations, the bond-slip model, with two types, that is, a tri-linear model and a bi-
linear model, is proposed to approximate the local bond-slip behaviour with or without
a residual stress stage, respectively, as shown in Figure 6.1. The relatively simple bi-
linear model is only suitable for the concrete-to-concrete interface without interfacial
compressive stress, while the tri-linear model is suitable for other scenarios. It should
be kept in mind that the bi-linear model is a special case of the trilinear model-with a
zero residual stress. When either the bilinear or the trilinear form is used, the peak local

interfacial shear stress and the fracture energy are equal.

The bi-linear model (Figure 6.1 (a)) is expressed as follows:

o) .
T =T El if o059 (6.7a)
S -8 .
T=Tpoy 5, 3, if 6, <0<, (6.7b)
7=0 if 020, (6.7¢)



O = (6.7d)
where 7max s the shear strength, o1 is the slip corresponding to the shear strength, oris
the ultimate slip, and Gr is the interfacial fracture energy. The ultimate slip is a
dependent parameter that can be determined from the fracture energy and bond strength.

The tri-linear model (Figure 6.1 (b)) is expressed as follows:

£ it s5<o, (6.8a)
0,-0 .
Tz(fmax'fr)5:_5l+7r if  5,<8<6, (6.8b)
=1, if  0,<0<9, (6.8¢)
_ ZGf -Tmax52
T = 25, —6,—5, (6.8d)

where 7 is the residual shear stress, o is the slip corresponding to the beginning of the
residual stress stage, and the other parameters are the same with those in the bi-linear
model. The residual shear stress is a dependent parameter that can be determined from
the other parameters: the interfacial fracture energy Gy, the shear strength zmax, the slip
corresponding to the shear strength o1, the slip corresponding to the beginning of the
residual stress stage o2, and the ultimate slip d. The determination of the values of these

key parameters are discussed in detail below.

6.3.2 Interfacial Shear Strength

The interfacial shear strengths at the interfaces with various concrete strengths, surface
roughness’s, and compressive stress obtained from the test data are summarised in Table
6.1. It is seen that the shear strength increases with the tensile strengths of the old and
new concretes, interface roughness, and applied compressive stress. According to the
shear-friction theory, the shear strength of concrete-to-concrete interfaces is derived
from two sources: cohesion and friction, which are respectively represented by the first

and the second parts on the RHS (right-hand side) of Eq. 6.9 given below. As it was
203



found from the test results that the interfacial shear strength is proportional to the tensile
strength of the old and new concretes and the interface roughness, the cohesion part is
chosen to be the product of these three variables with coefficients for calibration. The
friction part is chosen to be the product of the applied compressive stress and the friction
coefficient. Therefore, the interfacial shear strength is proposed to have the following
form:

(6.9)

(2% Q, a
T rax =(al+(x2R 3) f o f.." +uo,

m

where f,0and fi..represent the tensile strengths of old and new concretes, R is the surface
roughness, ox is the applied compressive stress, a1, a2, a3, a4 and as are coefficients to
be calibrated by the test data, and the friction coefficient x can be determined from fib
model code (2013), as shown in Table 6.2. The tensile strength of old and new concretes
froand fi.n (MPa) can be predicted from the equation suggested by CEB-FIP code (1993)

as follows:

2
f =1.4( 7 _ST (6.10)
10

where f. (MPa) is the cylinder compressive strength, which can be can be obtained by

multiplying cube compressive strength with a factor of 0.79 (GB 50010-2010, 2010).

Regression analysis was performed using the test data presented in Table 6.1. The best-
fitting values for the coefficients a1, a2, a3, 04 and as are 0.964, 0.337, 0.803, 0.203 and
0.743, respectively. Therefore, the interfacial shear strength could be evaluated using

the following equation:

Toe =(0.964+0.337R* ) 1522157 4 1o (6.11)

n
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This equation is calibrated with the concrete tensile strength f; ranging from 1.2 MPa to
3.5 MPa, the surface roughness R ranging from 0 mm to 3 mm, and the applied normal
stress on ranging from 0 MPa to 3 MPa. The interfacial shear strengths predicted using
Eq. 6.11 are listed in Table 6.1; comparison between the predictions and the
experimental data indicates close agreement, as shown in Figure 6.2. The average ratio
between the predictions and the test results is 1.008, and the standard deviation (STD)
and coefficient of variation (CoV) are 0.096 and 0.096, respectively, as shown in Table

6.1.

6.3.3 Interfacial Fracture Energy

The interfacial fracture energy for the tested specimens were determined from the area
under the corresponding bond-slip curve shown in Figure 5.16, and the calculated
values of the interfacial fracture energy for all the tested specimens are listed in Table
6.1. For the bi-linear model, the fracture energy is straightforward. However, for the tri-
linear model, the residual stress stage essentially represents the frictional behaviour of
the interface after debonding, i.e., when the interface has fractured. Therefore, the area
below the tri-linear bond-slip curve is the combined fracture and frictional energy. On
the other hand, the frictional behaviour is integral to the interfacial behaviour especially
when interfacial compressive stress is involved. As a convenient treatment, the
frictional energy is incorporated into the fracture energy for the tri-linear bond-slip
model. Since the frictional stress is defined constant in the tri-linear bond-slip model,
the interfacial ultimate slip is infinite, which is impractical and results in an infinite
frictional energy. Therefore, an artificial ultimate slip of 0.3 mm is defined in the present
study to achieve comparable fracture and frictional energies, which will be further
discussed in the following sub-section. Accordingly, the fracture energy for the tri-

linear bond-slip model is calculated as the area below the bond-slip curve with an
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ultimate slip of 0.3 mm.

Because the interfacial fracture energy is related to the tensile strengths of old and new
concretes, surface roughness, and interfacial compressive stress, the following equation
is proposed for the evaluation of the interfacial fracture energy based on the forms of

the previous models:

Gf = 181 ft,nﬂ2 ft,oﬂ3 (1+ ﬂ4 Rm)ﬂ5 (1+ ﬁfso-n )ﬂ? (6 12)

where f1, B2, B3, P4, Bs, Ps, and f7 are coefficients to be calibrated by the test data, and
the other parameters are the same with those in Eq. 6.11. Regression analysis was
performed using the test data in Table 6.1, and the best-fitting values for coefficients
b, B2, B3, Pa, PBs, Ps, and p7 are 0.084, 0.462, 0.354, 0.647, 0.548, 8.926 and 0.464,
respectively. Therefore, the interfacial fracture energy can be estimated by the following

equation:

G, =0.084f, £ ** (1+0.647R )" (1+8.9265, ) " (6.13)

This equation is calibrated with the concrete tensile strength f; ranging from 1.2 MPa to
3.5 MPa, the average roughness R ranging from 0 mm to 3 mm, and the applied

compressive stress o, ranging from 0 MPa to 3 MPa.

Figure 6.3 shows the close agreement between the predictions using Eq. 6.12 and the
experimental data. Specifically, the average ratio between the predictions and the test
data is 1.031. The standard deviation (STD) and the coefficient of variation (CoV) are

0.099 and 0.096, respectively, as shown in Table 6.1.
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6.3.4 Characteristic Interfacial Slips

For the bi-linear model, the slip corresponding to the shear strength 61 need to be
determined. For the tri-linear model, the slip corresponding to the shear strength i, the
slip corresponding to the beginning of the residual stress stage &2, and the ultimate slip
orneed to be determined. By reviewing the obtained bond-slip curves for all specimens
listed in Table 6.1, no clear correlation was found between the characteristic slips with
the tensile strengths of new and old concretes, interface roughness, or interfacial
compressive stress. Instead, the values of the slips are fairly close for all specimens with
various configurations. Therefore, the slips are determined to be constant values in the
current study based on the test data. The ultimate slip o for the trilinear model is
determined by the tested bond-slip curves of those specimens with interfacial
compressive stress. For this type of specimen, the tested bond-slip curve ends with
approximately a constant stress. It should be considered that the interface has been
completely debonded with large slip, while this stress was only provided by the friction.
Combined with the test results, 0.3 mm was taken as the ultimate slip ¢r. The values of
these slips are expected to vary for different concrete-to-concrete interfaces. Therefore,
calibration may be needed to determine their values for other interfaces. Nevertheless,
the predictions obtained using the current model are in good agreement with the

experimental results.

Therefore, the following values of the characteristic slips closely represent the

interfacial behaviour:

For both the bi-linear and tri-linear model

01=0.016 mm (6.14)

Only for the tri-linear model
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0=0.10 mm (6.15)

0=0.30 mm (6.16)
The proposed shear bond-slip model for concrete-to-concrete interfaces includes Eqgs.
6.7, 6.8, 6.11, 6.13-6.16. The prediction results of the shear bond-slip model were
compared with the test results. Figure 6.4 presents the comparison between the
predicted versus experimental bond-slip curves. Only some representative specimens
020-N40-R0-S0 of Series-I, 020-N40-R2-S0 of Series-II, 020-N40-R0-S0.5 of Series-
III, O20-N40-R1-S0.5 of Series-IV were displayed in this figure. The comparison
between the experimental bond-slip curves and the predicted curves for all specimens

are shown in Appendix Figure A6.1 to Figure A6.4.

It can be observed that a close agreement has been achieved between the predictions
with the proposed bond-slip model and the test data. This is not surprising since the
same test data were used to determine the key parameters of the bond-slip relationships.
It can also be indicated that for the specimen without applied normal stress, both the bi-
linear model and the tri-linear model are applicable within a certain allowable error

range.

6.4 COMPARISONS BETWEEN FE AND TEST RESULTS FOR
LOAD-SLIP BEHAVIOUR

In this section, the tested L-shaped one interface specimens are simulated using FE
models incorporating the developed bond-slip models. Specifically, the concrete was
simulated by the damage-plasticity constitutive model, and the concrete-to-concrete
interface is modelled using cohesive elements. The predicted results are compared with

the experimental data to validate the bond-slip model.
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6.4.1 Constitutive Modelling of Concrete

The damage-plasticity model built-in ABAQUS (Lubliner ef al., 1989; Lee and Fenves,
1998) was employed to simulate the concrete blocks. The model is characterised with
uncoupled damage and plasticity evolution. The concrete tensile cracking was
simulated using the crack band model built-in the framework of the damage-plasticity

model.

For concrete under uniaxial compression, the axial stress-axial strain relationship

suggested by Saenz (1964) was adopted:

as,

% 14 (ae, l0,) -2, [2,)+ (& ] 2,)°

(6.17)

where oc and & denote the axial stress and axial strain, respectively; op and & are the
peak axial stress and the corresponding axial strain, which are equal to the uniaxial

cylinder compressive strength f- and the corresponding axial strain of concrete; « is the
elastic modulus of concrete. Equation E, =4730\/f_C from the ACI Code (2008) was

employed to predict the elastic modulus of concrete, based on the uniaxial compressive

strength if the experimental data are not available to determine the elastic modulus.

When concrete under uniaxial tension, the tensile strength of concrete f; (MPa) can be
predicted with the data of the compressive strength fc (MPa), according to equation 6.10
mentioned above. The concrete tensile softening model proposed by Hordijk (1991)

was used for the tensile softening behaviour of concrete as follows:
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o, W, ’ [‘Czﬂ] W,
_t=[1+£c1—t ] e "l ——t@+c)e (6.18)
f w w

t cr cr

where o is the tensile stress, c1 and c2 are coefficients taken as 3.0 and 6.93, respectively,
wr 1s the crack opening displacement, and wer is the crack opening displacement at the
complete release of stress or fracture energy. The value of wer (mm) can be calculated
from the tensile fracture energy using the following equation (Hordijk, 1991):
G
W, :5'14TF (6.19)

The tensile fracture energy Gr (N/m), which was proposed by CEB-FIP (1993) was

adopted:
f 0.7
G, =(0.0469d’ —0.5d +26)| —= 6.20
F ( a )(1()) ( )

where da (mm) is the maximum aggregate size and fc is the compressive strength in MPa.

The compressive and tensile damage evolution for concrete were considered in the
proposed FE model. Two damage variables d. and d: were employed to simulate the
concrete damage when under compression or tension. According to Yu et al. (2010), for
concrete subjected to compression, the damage variable d. is set to zero before reaching

the strength, and it is determined using the following equation in the post-peak regime:

dg 21—% (6.21)

C
The shear retention factor considerably influences the shear behaviour after concrete

cracking (Chen et al. 2012; Zhang and Teng, 2014). Following shear retention model
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was used, which was proposed by to Rots (1988), to simulate the shear resistance

degradation of cracked concrete:

y= (1—ij (6.22)

d, =1-y (6.23)

where ecr 1s the concrete cracking strain corresponding to crack opening displacement
wr (Eq. 6.18), &y is the maximum principal concrete cracking strain at crack opening
width wer (Eq. 6.18), and n is a parameter that reflects the shear resistance feature of
cracked concrete. In the present study, a value of n=5 was selected according to (Chen

et al. 2012).

The relationship between & and wr and that between & and we can be obtained

through the equation provided by Bazant and Planas (1997), as follows:
= dh
w=[ (6.24)

The crack band width 4. is defined as the characteristic length of the element, which

was «/Ee (e is the side length of the element) for a plane stress four-node square

element in a two-dimensional FE model (Zhang and Teng, 2014).
6.4.2 Bond-slip Model for Concrete-to-Concrete Interfaces

(1) Tangential bond-slip model

In the analysis of the tested specimens, the tangential behaviour at the concrete-to-

concrete interface was simulated by the developed bond-slip model described in Section
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6.3. The key parameters of the model include the maximum shear stress zmax, fracture

energy Gy, and the characteristic slips o1 and &, as shown in Figure 6.1.

(2) Normal bond-opening model

The bond-opening behaviour in the normal direction at the interface is simulated using
a bi-linear bond-separation model (Teng et al. 2015), which consists of a linear elastic
stage up to the interfacial maximum tensile stress at the corresponding opening and a
linear softening stage terminated at a maximum opening where the tensile stress
vanishes. The maximum opening can be determined from the interfacial fracture energy.
The maximum tensile stress, elastic modulus and fracture energy of the interface were

assumed to be 50% of those of the base concrete, as suggested by Zanotti and Randl,

(2019).

(3) Mixed-mode cohesive law

The tangential and normal models are combined into a mixed-mode cohesive law,
which could predict the interfacial normal and shear behaviour under coupled slip and
opening. The following equation defines the linear-elastic interfacial behaviour before

reaching the peak stress (initiation of damage):

o, Kiw 0 0 |fg,
o=<0,,=| 0 K, 0 |s&=Keg (6.25)
o, 0 0 K,ll&

where on, os and o7 represent the normal and two shear stresses, &, & and & represent
the normal and two shear strains; and Ku», Kss and K« denote the elastic stiffness values
of the normal and two shear directions, respectively. Kn.» was set equal to the initial slope
of the bond-separation model, and Kss and K were set equal to the initial slope of the

shear bond-slip model.
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The reaching of the peak nominal stress or initiation of damage quadratic is defined by
the quadratic criterion as shown in Equation 6.26. In this case, the damage is assumed
to initiate when the combination of the normal and shear stresses satisfy the below

equation:

(91T

where t°, t? and t’ represent the maximum normal and shear stresses, respectively.

() is the Macaulay bracket denoting that only tensile stress is considered in the

damage initiation criterion.

The mode-mix definition based on non-accumulated energies was adopted to define the

damage evolution. The linear criterion was adopted, as suggested by Teng et al. (2015):
e (6.27)

where Gn, Gs, and Gt represent the work done in the normal, first, and second shear
directions, respectively. Gi and Gu are the interfacial fracture energies under tension

and shear, respectively.

Equation 6.28 represents the effective separation under the mixed mode. Since the
interface is subjected to a combined normal tensile stress and tangential shear stress, om

is introduced to represent the effective displacement under the mixed mode. Equation

6.28 was developed by Camanho et al. (2003).

S =(8,) + 87 + 57 (6.28)
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Equation 6.29 represents the linear damage evolution proposed by Camanho et al.

(2003).

5f (5max _ 50)
D=—""—"5—0% 6.2
o (5] —o9) (29
Here, D is the damage variable, sm™ is the maximum effective displacement reached

during the history of loading, s' 1is the effective displacement at complete failure, and

5° 1s the effective displacement at the initiation of damage.
6.4.3 Element Type and Mesh

Four-node plane stress elements with reduced integration (CPS4R) were used to model
the concrete. The interface between the concrete-to-concrete interfaces were modelled
as zero thickness cohesive zone, as schematically shown in Figure 6.5. The dimension
of the FE model was the same as the specimen described in Chapter 5. The mesh and
the boundary condition were the same with those in the FE model shown in Chapter 3

and are not repeated.
6.4.4 Comparisons between FE Predictions and Test Results

With the above FE model and the bond-slip models presented in Section 6.3 (i.e., the
bi-linear model for specimen without applied compressive stress and the tri-linear
model for other specimens), the load-slip curves for the tested specimens were predicted.
Figure 6.6 presents the comparison between the prediction and experimental data for
four representative specimens of the four series, i.e., 020-N40-R0-S0 of Series-I, O20-
N40-R2-S0 of Series-II, 0O20-N40-R0-S0.5 of Series-III, O20-N40-R1-S0.5 of Series-
IV. The comparisons for other specimens are similar and are shown in Figure A6.5 to

Figure A6.8 in Appendix A.
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It can be seen from the comparison that the shear load-slip behaviour obtained by the
FE model is in good agreement with the test data. This indicates that based on the
developed bond-slip model for concrete-to-concrete interfaces, the shear capacity of the
interfaces can be accurately predicted. Most of the predicted elastic stiffness are close
to the experimental data, although some of the calculated elastic stiffnesses are slightly
lower than the test data. This is mainly due to that the scatter of the slips corresponding
to the maximum stress, as shown between the results of the nominally identical
specimens in Figure 6.6. Additionally, the slips are also different for specimens with
different configurations. Since the differences are slight, the value of the characteristic
slip corresponding to the maximum shear stress is taken as the same value for all
specimens. Therefore, slight deviations between the predictions and experimental data

can be observed for the interfacial stiffness.

Regarding the softening stage, the predictions generally agree well with the test results.
For specimens without normal stress, as shown in Figure 6.6 (a) and (b), both the bi-
linear model and tri-linear model predictions are close to the measured load-slip curves.
The former gives a zero-stress debonded response while the latter gives a residual
frictional stress. By contrast, for specimens with compressive stress at the interface, as
shown in Figure 6.6 (c) and (d), only the tri-linear model can predict the residual stress
after debonding. While the linear elastic and softening stages are well predicted by the
tri-linear model, some degree of inaccuracy is seen for the residual load. The
experimental data often show a slightly declining residual load as the slip increases,
while the residual load predicted by the FE model is constant due to the constant
residual stress of the proposed tri-linear model. As a result, further improvement of the

bond-slip model is expected in future research.

Figure 6.7 depicts the predicted versus experimental slip distributions for specimen
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020-N40-R0-S0-I at various load levels. It can be seen from the comparison results that
FE results can also generally provide accurate interfacial slip distributions at different
loading levels based on the bi-linear bond-slip model, as discussed in Chapter 5. Figure
6.8 shows the predicted interfacial stress distributions at different loading levels, which
are very difficult to be obtain experimentally. The FE results show that the peak stress
of the entire interface is the largest at peak load. After the peak point, the stress of the
entire interface decreases. This indicates that the concrete-to-concrete interface has
experienced the process of reaching shear strength first and then softening. The
predicted results also show that, the overall interfacial stress distribution in the middle
part is relatively uniform, except the two ends of the interface, which verifies the

rationality of the experimental design.

6.5 CONCLUSIONS

Establishing an accurate bond-slip model for the concrete-to-concrete interface is
critical for understanding the mechanical behaviour and the accurate numerical
simulations of structural members with such interfaces. However, an accurate local
bond-slip model has not been achieved yet. The experimental results presented in
Chapter 5 identified the three key parameters for the interfacial bond-slip behaviour,
including concrete strength, surface roughness and applied normal stress. This chapter
has described the formulation of a bond-slip model for concrete-to-concrete interfaces

based on the experimental results.

Based on the test results, for concrete-to-concrete interfaces without normal stress, the
relatively simple bi-linear model is suitable; for the other interfaces, the tri-linear model
can be used. The shear strength is related to the tensile strengths of the old and new

concretes, surface roughness, and applied compressive stress. An expression of the
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shear strength has been developed based on the existing interfacial shear strength
models. A regression analysis was performed to calibrate the coefficients in this
expression. Similarly, the fracture energy is also related to these parameters, and a form
of fracture energy has been developed based on the existing models for interfacial
fracture energy. The coefficients of the fracture energy expression were then calibrated

based on regression of the test data.

By contrast, reviewing the obtained bond-slip curves for all specimens indicates no
clear correlation between the characteristic slips and the tensile strengths of new and
old concretes, surface roughness, or interfacial compressive stress. Instead, the values
of the slips are fairly close for all specimens with various configurations. Therefore, the
slips are determined to be constant values in the bond-slip model. The values of these
slips are expected to vary for different concrete-to-concrete interfaces. Therefore,
calibration may be needed to determine their values for other interfaces. Nevertheless,
the predictions obtained using the current model are in good agreement with the

experimental results.

Finally, FE analyses of the tested L-shaped one interface specimens were conducted to
verify the developed bond-slip model. Specifically, the concrete was simulated by the
damage-plasticity constitutive model, and the concrete-to-concrete interface was
modelled using cohesive elements governed by the developed bond-slip models. The
shear load-slip behaviour obtained by the FE model was compared to the experimental
data, and the predicted interfacial stiffness, shear strength, and the critical slips were all
in good agreement with the test data, indicating that based on the developed bond-slip
model for concrete-to-concrete interfaces, the interfacial behaviour can be predicted
with good accuracy. Therefore, the developed bond-slip model could be used to more

accurately predict the behaviour of concrete members containing interfaces.
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In this chapter, a bond-slip model and a set of key parameters has been proposed. The
effects of concrete strength, surface roughness and normal stress on the values of the
key parameters have been investigated through an experimental programme using the
modified test method. Based on the test data, a set of equations was proposed to
determine the values of the key parameters. It is noted that the number of test specimens
was quite limited. For example, only normal strength concrete was considered.
Meanwhile, both the surface roughness and external normal stress were limited within
a certain range. Therefore, more test data are needed in the future to improve the
accuracy and applicability of the proposed equations for determining the values of the

key parameters.
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Table 6.1 Comparison between predictions and test results

Tmax (MPa) G (N/mm)
. : fcu,a ﬂu,n ﬁ,o ﬁ,n R g B .
Series Specimen Predicted Predicted
(MPa) | (MPa) | (MPa) | (MPa) | (mm) | (MPa) Predicted | Test result / Predicted | Test result /

Test result Test result
020-N40-R0-S0-I 22.8 42.5 1.4 2.6 0 0 2.111 1.769 1.194 0.151 0.131 1.156
020-N40-R0-S0-II 22.8 42.5 1.4 2.6 0 0 2.111 1.844 1.145 0.151 0.128 1.177
020-N20-R0-S0-I 22.8 23.2 1.4 1.4 0 0 1.345 1.625 0.827 0.114 0.104 1.100
020-N20-R0-S0-II 22.8 23.2 1.4 1.4 0 0 1.345 1.263 1.065 0.114 0.109 1.045
Series- 020-N60-R0-S0O-1 22.8 59.6 1.4 3.5 0 0 2.604 2.767 0.941 0.172 0.158 1.088
I 020-N60-R0-S0-II 22.8 59.6 1.4 3.5 0 0 2.604 2.692 0.967 0.172 0.155 1.115
040-N40-R0-S0-I 43.1 42.5 2.6 2.6 0 0 2.403 1.918 1.252 0.189 0.162 1.170
040-N40-R0-S0-II 43.1 42.5 2.6 2.6 0 0 2.403 2.277 1.055 0.189 0.158 1.197
060-N40-R0-S0-1 57.3 42.5 34 2.6 0 0 2.523 2.849 0.886 0.206 0.251 0.821
060-N40-R0-S0-II 57.3 42.5 34 2.6 0 0 2.523 2.664 0.947 0.206 0.230 0.896
020-N40-R1-S0-I 21.5 43.1 1.3 2.6 0.9 0 2.771 3.059 0.906 0.191 0.168 1.137
020-N40-R1-S0-II 21.5 43.1 1.3 2.6 0.9 0 2.771 2.550 1.087 0.191 0.184 1.034
Series- 020-N40-R2-S0-1 21.5 43.1 1.3 2.6 2.2 0 3.478 3.194 1.089 0.241 0.219 1.099
II 020-N40-R2-S0-1T 21.5 43.1 1.3 2.6 2.2 0 3.478 3.623 0.960 0.241 0.261 0.921
020-N40-R3-S0-1 21.5 43.1 1.3 2.6 3.2 0 3.963 3.633 1.091 0.274 0.296 0.926
020-N40-R3-S0-1T 21.5 43.1 1.3 2.6 3.2 0 3.963 4.302 0.921 0.274 0.290 0.946
020-N40-R0-S0.5-T 19.8 40.8 1.2 2.5 0 0.5 2.178 2.013 1.082 0.306 0.280 1.092
020-N40-R0-S0.5-11 19.8 40.8 1.2 2.5 0 0.5 2.178 2.187 0.996 0.306 0.311 0.985
Series- | 020-N40-R0-S1.0-1 19.8 40.8 1.2 2.5 0 1 2.378 2.378 1.000 0.404 0.426 0.949
11 020-N40-R0-S1.0-IT 19.8 40.8 1.2 2.5 0 1 2.378 2.487 0.956 0.404 0.432 0.935
020-N40-R0-S1.5-T 19.8 40.8 1.2 2.5 0 1.5 2.578 2.642 0.976 0.480 0.444 1.082
020-N40-R0-S1.5-11 19.8 40.8 1.2 2.5 0 1.5 2.578 2.916 0.884 0.480 0.505 0.951
Series- | 020-N40-R1-S0.5-1 23.4 43.7 1.4 2.7 1 0.5 3.218 3.013 1.068 0.447 0.413 1.082
v 020-N40-R1-S0.5-11 23.4 43.7 1.4 2.7 1 0.5 3.218 3.313 0.971 0.447 0.467 0.957
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020-N40-R2-S1.0-1 23.4 43.7 1.4 2.7 1.9 1.0 4.327 4.593 0.942 0.696 0.761 0.914
020-N40-R2-S1.0-11 23.4 43.7 1.4 2.7 1.9 1.0 4.327 4.246 1.019 0.696 0.693 1.004
020-N40-R3-S1.5-1 23.4 43.7 1.4 2.7 3.1 1.5 5.837 5.992 0.974 0.974 0.965 1.009
020-N40-R3-S1.5-11 23.4 43.7 1.4 2.7 3.1 1.5 5.837 5.687 1.026 0.974 0.898 1.084
Average= 1.008 1.031
STD= 0.096 0.099
CoV= 0.096 0.096
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Table 6.2 Relationship between R and u

R Interface fib Model 2010 u This study
0 mm Very Smooth - 0.4
1 mm <1.5 mm Smooth 0.5-0.7 0.6
2 mm >1.5 mm Rough 0.7-1.0 0.9
3 mm >3 mm Very Rough 1.0-1.4 1.2
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CHAPTER 7

FINITE ELEMENT MODELLING OF COMPOSITE
BEAMS WITH CONCRETE-TO-CONCRETE
INTERFACES

7.1 INTRODUCTION

One of the most common techniques to repair or strengthen reinforced concrete
structures 1s to add new concrete to the existing concrete substrate (Zanotti and Randl,
2019). For example, reinforced concrete building slabs and bridge decks are usually
strengthened by adding one concrete overlay on top or bottom of the slabs or decks, and
reinforced concrete jacketing is often adopted in the strengthening of columns and
beams (Chilwesa et al., 2017), whose original cross-section often needs to be enlarged
to meet the increased capacity demand. In these cases, concrete-to-concrete interfaces
are generated between the parent old concrete and the cast-on-top new concrete, which
are critical to the success of the repaired or strengthened structure in terms of durability
and structural integrity (Mohamad et al., 2015). In addition to strengthening existing
reinforced concrete structures, in new constructions, composite concrete members
consisting of individual parts usually require the assembly of precast components or
on-site casting new components onto the precast part, which generates concrete-to-
concrete interfaces that often represent the weak part of the member (Mahmoud et al.,
2014; Baran, 2015; Achilllopoulou, 2016; Hossain et al., 2020). Therefore, the
interfacial behaviour between the new and old concretes is a key to the mechanical

performance of composite concrete members, as shown in Figure 7.1.

Most of the existing studies pertaining to the analysis of composite concrete structures
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focused on steel-to-concrete interfaces (Baskar et al., 2002; Sebastian and McConnel,
2000; Macorini et al., 2006), timber-to-concrete interfaces (Lopes et al., 2012; Zona et
al., 2012; Khorsandnia et al., 2018), or FRP-to-concrete interfaces (Chen et al., 2011;
Chen et al., 2012; Teng et al., 2013). Much fewer studies were focused on analysing
those composite concrete structures containing concrete-to-concrete interfaces. In the
limited studies on precast concrete structures containing concrete-to-concrete interfaces,
the interface is usually simulated as the base concrete without specific treatment of the
interfacial behaviour (e.g., Lin ef al., 2013). The analyses presented in Chapters 4 to 6
have demonstrated that such an assumption is inappropriate as the concrete-to-concrete
interface is indeed weak compared to the concrete base. Therefore, such assumptions

likely lead to unconservative predictions.

In fact, experimental studies have shown that the behaviour of composite concrete
structures with interfaces is different to that of cast-in-place concrete structures (e.g.,
Gohnert, 2003; Li et al., 2015). For instance, in the case of a composite concrete beam,
diagonal cracks will further propagate along the interface between the new and old
concrete and later extend upward into the post-cast concrete when the beam is under
vertical loading. Furthermore, obvious slip can be observed due to the shear stress along
the bonded interface (Loov and Patnaik, 1994; Patnaik, 2001; Kahn and Slapkus, 2004;

Halicka, 2011; Halicka and Jabtonski, 2016).

In addition, experimental research has been conducted on composite concrete beams
with both rough and smooth bonded interfaces (Loov and Patnaik, 1994; Patnaik, 2001;
Halicka, 2011). These composite concrete beams were loaded under three- or four-point
bending, and smeared cracks appeared at the concrete-to-concrete interfaces when the
load was moderate. At the late stage of loading, these fine cracks coalesced into a major

crack at the interface and further penetrated into the concrete substrate leading to the
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failure of the beam.

Therefore, in modelling such as FE analyses of composite concrete structures, it is
necessary to properly simulate the concrete-to-concrete interfaces to achieve accurate
prediction of the failure mode or mechanical behaviour of composite concrete structures.
This chapter presents the FE analysis of composite concrete structures containing
concrete-to-concrete interfaces, which were simulated using the interfacial bond-slip
model developed in the previous chapters. The performance of the FE model was
evaluated by comparing the predicted results with the experimental data. As a reference,
the prediction of the composite beams without considering the interfacial behaviour
was conducted to demonstrate the necessity of proper treatment of the interface. Finally,
a parametric study was carried out using the verified FE model to identify the key

parameters in the design of composite concrete beams.

7.2 FE MODELLING OF COMPOSITE CONCRETE BEAMS

7.2.1 General

A typical composite concrete beam consists of multiple individual parts, either
reinforced or unreinforced, that are cast in sequence, thereby generating concrete-to-
concrete interfaces between the neighbouring parts. Figure 7.1 schematically shows
typical composite concrete beams consisting of an old reinforced concrete part and a

new concrete part cast onto the old part, as indicated in the figure.

An FE framework is presented in this chapter to simulate the behaviour of such
composite concrete beams with various configurations. A 2D model is considered to be
sufficiently accurate for beams with the out-of-plane deformation sufficiently restrained.

The framework simulates the concrete material using a damage-plasticity constitutive
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model, the steel reinforcement using a linear elastic behaviour followed by plasticity,
the concrete-to-concrete interface with the bond-slip model developed in the previous
chapters, and the concrete-to-steel reinforcement interface with a well-established
bond-slip model that is different from the concrete-to-concrete bond-slip model.
Thereupon, composite concrete beams with different geometries can be simulated with
this 2D model. The predicted results are compared with the experimental data reported
in the literature to validate the model. Moreover, a baseline model without considering
the interface has been used to predict the behaviour of the same beams to demonstrate

the necessity of properly simulating the concrete-to-concrete interfaces.

7.2.2 FE Mesh

Four-node plane stress elements with reduced integration (CPS4R) and 2-node truss
elements (T2D2) were used to simulate the concrete and steel bars, respectively. The
bond behaviour between the steel bars and concrete and the interaction behaviour
between the concrete-to-concrete interfaces were modelled using four-node cohesive
elements (COH2D4), as shown in Figure 7.2. Spring elements (SPRINGA) were
adopted to simulate the dowel steel reinforcing bar crossing the interface to predict the
dowel action, as schematically shown in Figure 7.2. The mesh convergence study
indicated that a mesh size of 1 mm x 1 mm for solid elements resulted in favourable
results. Therefore, this element size was adopted in all the following numerical
simulations. The boundary conditions of the FE model were consistent with the

experimental conditions.

7.2.3 Constitutive Laws for Steel and Concrete

The constitutive law for concrete is exactly the same with that used in Chapter 6.

Therefore, only a brief introduction is presented here, and more details can be found in
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Chapter 6.

The damage-plasticity model built-in ABAQUS (2010) was adopted to simulate the
constitutive behaviour of concrete (Lubliner et al., 1989; Lee and Fenves, 1998). The
concrete tensile cracking was simulated using the built-in crack band model in the
damage-plasticity model. For concrete under uniaxial compression, the axial stress-
axial strain relationship suggested by Saenz (1964) was adopted. The concrete tensile
softening model proposed by Hordijk (1991) was used for concrete after reaching the

uniaxial tensile strength.

The compressive and tensile damage evolution for concrete were considered in the
proposed FE model. Damage variables dc and dr were introduced to model the concrete
damage under compression and tension, respectively. The shear retention of cracked
concrete is highly complex. Therefore, the shear retention factor considerably
influences the shear behaviour after concrete cracking (Zhang and Teng, 2014; Chen et
al. 2012). The shear retention model suggested by Rots (1988) was adopted to model

the shear resistance degradation of cracked concrete.

The reinforcing steel was modelled using J: elastoplasticity. The corresponding tensile

stress-strain relationship follows a bi-linear model with a linear elastic and a plastic
hardening branch. The hardening modulus E, was taken as 0.005 E,, where E, is

the elastic modulus of the steel. A Poisson’s ratio of 0.3 was used for steel.
7.2.4 Bond-Slip Relationship

The interfacial behaviour between the steel reinforcement and concrete was considered
in the FE framework. For the normal interfacial behaviour, a perfect bond is assumed.

For the tangential behaviour, the bond-slip relationship suggested by the CEB-FIP code
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(1993) was used, as shown in Figure 7.3. The relationship includs four stages expressed

by the following piecewise equations:

S a
T=T,, (—J 0<s<s (7.1a)
S
T = Tpax S <8<s, (7 lb)

S, SS<8§; (7.1c)

(7.1d)

where 7 (MPa) is the local shear stress; s (mm) is the slip; the critical slips separating
the stages are taken as si1= $2=0.6 mm and s2=1.0 mm for deformed steel bars,

s1=s2=s3=0.1 mm for plain steel bars; the maximum and residual shear stresses are taken

as 7., =20/f, and 7,=15¢, (MPa) for deformed steel bars, and

7, =7, =0.3,/f, for plain steel bars; the coefficient a determining the shape of the

bond-slip curve in the initial stage is taken as 0.4 and 0.5 for deformed and plain steel

bars, respectively.

The fib model code (2013) describes a model for the dowel action of steel, as shown in
Figure 7.4. The resistance Vr of the reinforcement acting as the shear force can be

calculated as follows:

0.5

q 05 ‘ At
Ve (s) :VF,max (g] = Kz,maxp%\/ f, fy (%j = \/§y (7.2)

where Vimax 1s the maximum force of the dowel action; smax is the slip when Vemax 1s
attained, withs < smax=0.10d ~ 0.20d, where d is the diameter of the rebar; and .,
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is the interaction coefficient, which can be derived from the fib model code (2013).

For the concrete-to-concrete interfaces, the proposed bond-slip model formulated in
Chapter 6 was used and the key parameters of this model can be determined. More
modelling details, such as the tangential bond-slip model, normal bond-opening model

and the mixed-mode cohesive law, are available in section 6.4.2.

7.3 VALIDATION OF THE FE FRAMEWORK

The performance of the proposed FE framework is evaluated by simulating the flexural
behaviour of two types of composite concrete beams with different cross-sections. To
validate the developed bond-slip model, beams containing a concrete-to-concrete
interface were selected with the criterion that the failure is caused by interfacial
debonding. Therefore, if the bond-slip model is suitable for such a concrete-to-concrete
interface, both the interfacial debonding and the overall flexural behaviour could be
accurately predicted. A rectangular-section beam tested by Halicka (2011) and a T-
sectioned beam tested by Halicka and Jabtonski (2016) containing a concrete-to-
concrete interface were selected as both beams failed by interfacial debonding in the
test. The first type of composite beams has the old and new concrete parts of equal
width, forming a rectangular cross-section. Halicka (2011) tested two configurations of
such beams, one with transverse reinforcement acting as dowel reinforcement for the
interface and the other configuration without such dowel reinforcement, as shown in
Figure 7.5 (a). Both configurations were simulated using the proposed framework. The
second type of beams has the old and new concrete parts of different widths forming a
T-shaped cross-section. The beam tested by Halicka and Jabtonski (2016), as shown in
Figure 7.5 (b), was simulated using the proposed framework. These beams were tested

up to failure caused by interfacial debonding, and the test data were complete. Therefore,
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they were suitable for the evaluation of the performance of the developed framework.

7.3.1 The Rectangular-section Composite Concrete Beam

Halicka (2011) conducted four-point bending tests of composite concrete beams. These
composite concrete beams had a rectangular cross-section of 80 mmx=140 mm, a total
length of 1500 mm, and a span between the supports of 1100 mm. The details of the
beams are listed in Table 7.1. One beam with a dowel reinforcement ratio of 0.2%,
denoted as beam-RD (R for rectangular and D for dowel reinforcement), and the other
without dowel reinforcement, denoted as beam-R, as shown in Figure 7.5 (a), have been
simulated using the proposed framework. The FE model of the beams is shown in
Figure 7.6. Half model of the composite concrete beam was used due to the symmetry
of the beam. As shown in Figure 7.6, the vertical constraint was applied to the support
point, and the horizontal constraint was applied at the symmetrical line. A displacement-
controlled loading was applied at a location 195 mm away from the symmetric line to

simulate the four-point bending, as shown in the figure.

In this test, the yield stresses of the transverse and longitudinal reinforcement were 414
and 481 MPa, respectively. The tensile strength of the old and new concrete for beam-
RD was 1.92 MPa and 2.88 MPa, respectively. Meanwhile, the tensile strength of the
old and new concrete for beam-R was 2.20 MPa and 3.0 MPa, respectively. No specific
treatment was conducted for the old concrete surface during the beam specimen
preparation, as reported in the literature. Therefore, the concrete surface roughness was
considered as zero in this FE model. Moreover, under the four-point bending test, the
applied compressive stress on the concrete-to-concrete surfaces should be minimal and
hence the interface was assumed to be free of compressive stress. Accordingly, the
concrete-to-concrete interfacial properties can be determined according to section 6.3

and the modelling parameters are listed in Table 7.2. The bi-linear bond-slip model was
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selected since no residual stress due to interfacial compressive stress was considered,
while these bond-slip relationships for concrete-to-concrete interfaces for beam-RD and

beam-R are shown in Figure 7.7.

The load-deflection curves of the two beams measured in the tests are plotted in Figure
7.8. It is seen that below the load level of 15 kN, the behaviour of the two beams is
basically identical; when the load level is above 15 kN, beam-RD exhibits a smaller
reduction of the flexural stiffness than beam-R. Both beams failed at the peak load of
21 kN with a failure mode of combined interfacial debonding and diagonal cracks. The
load-deflection curves predicted using the proposed framework are plotted as the
dashed curves in Figure 7.8, which are generally in good agreement with the
experimental data. The comparison of key values between FE and experimental results
is also listed in Table 7.3. The numerical results indicate that the flexural stiffness of
beam-R is slightly smaller than beam-RD when the load level is above 10 kN, and the
difference in the flexural stiffness enlarges as the load level increases. The predicted
capacity of beam-R is 20 kN, which is slightly smaller than the predicted capacity of
21 kN for beam-RD. After the deflection exceeded about 2.8 mm, the test was
terminated. However, the predicted results show that the transverse reinforcement
crossing the concrete-to-concrete interface significantly increases the capacity of the
composite concrete beam at this stage. When the deflection is 3.5 mm, the predicted
capacity of the beam-RD is 20 kN while the beam-R is 15 kN, with a difference of about
33%. It is believed that the concrete-to-concrete interface has completely failed at this

moment.

In addition, the load-deflection curve of beam-R predicted without considering the
interfacial behaviour is compared with those predicted considering the interfacial

behaviour in the figure. It is seen that both the flexural stiftness and capacity are over-
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predicted because the weak interface was modelled as the base concrete. This clearly
indicates the necessity of properly simulating the concrete-to-concrete interface for

such composite beams.

Figure 7.9 shows the predicted crack pattern of the beam-R at the peak load, with and
without modelling of concrete-to-concrete interfaces, respectively. When the FE model
includes the simulation of concrete-to-concrete interfaces, in addition to the flexural
cracks in the middle area of the beam, the interfacial debonding along the concrete-to-
concrete interface, as well as several diagonal cracks near the support can be observed.
These diagonal cracks extend and will develop along the concrete-to-concrete interface,
while stopping their upward propagation. This predicted crack pattern is consistent with
the experimental observation. However, if the model does not include the simulation of
concrete-to-concrete interfaces, that is, the cast-in-situ reinforced concrete beam, only
the flexural cracks and few diagonal cracks can be observed. The comparison shows
that the accurate simulation of the concrete-concrete interface is crucial to the prediction

of mechanical behaviour and failure modes of concrete composite beams.

The interfacial stress distributions along the concrete-to-concrete interface, as well as

the stirrup stresses for beam-R will be discussed in the following section 7.4.1.

7.3.2 The T-section Composite Concrete Beam

Halicka and Jabtonski (2016) tested one T-section composite concrete beam, referred
to as beam-T herein, and the geometric properties of this composite concrete beam is
also listed in Table 7.1. This T-section composite concrete beam had a length of 1800
mm and a span between the supports of 1400 mm under four-point bending. The 80x150
mm web of the beam was the old concrete part, and the 640x50 mm flange was the new

concrete part. Accordingly, the concrete-to-concrete interface was located between the

256



flange and web, as shown in Figure 7.5 (b). The beam had transverse reinforcement
crossing the interface with a ratio of 0.21%. The boundary of the FE model for this
beam is shown in Figure 7.10. Similar to the modelling of the rectangular-section
composite concrete beam, only half of the composite concrete beam was modelled by

taking advantage of the symmetry.

According to the test description, the yield strengths of the transverse and longitudinal
reinforcement were 340 and 545 MPa, respectively. The tensile strength of the old and
new concrete for beam-T was 3.85 MPa and 2.88 MPa, respectively. No surface
treatment was applied to the old concrete web, and thus the surface was considered
smooth, which indicated that the surface roughness could be considered as zero. This
beam was also tested under the four-point bending test, and the applied compressive
stress on the concrete-to-concrete surfaces was also assumed to be zero in this FE model.
Therefore, the concrete-to-concrete interfacial properties were determined according to
section 6.3, and the modelling parameters are listed in Table 7.2. The bi-linear bond-
slip model was selected, and the bond-slip relationship for concrete-to-concrete

interfaces for beam-T is shown in Figure 7.11.

The load-deflection curve of the beam measured in the test is plotted in Figure 7.12.
The tested beam-T behaved similarly with the composite beams-RD and had a capacity
of 65 kN. The predicted load-deflection curve is plotted in the figure, and a close match
of the flexural stiffness and capacity with the test data is seen. The comparison of key
values between FE and experimental results is also listed in Table 7.3. This validates
the accuracy of the developed numerical framework in simulating the flexural
behaviour of T-section composite concrete beams. Moreover, the load-deflection curve
of beam-T predicted without simulating the interface is also shown in the figure. Again,

both the flexural stiffness and capacity are over-predicted due to ignoring the weak

257



interface, which further confirms the necessity of accurately simulating the concrete-

to-concrete interface for such composite beams.

7.4 PARAMETRIC STUDY

The parametric study was performed with the validated framework to further explore
the influence of the concrete-to-concrete interface on the overall behaviour of the
composite concrete beam. The investigated parameters are the mechanical properties
and geometric layout of the interface. The former provides guidance for the selection
of new concrete strength or treatment of the old concrete surface, such as surface
roughening before casting the new concrete. The latter qualitatively compares the cross-
section layout design of composite concrete beams. The example beam is the beam-R
tested by Halicka (2011) with a rectangular cross-section of 80 mmx140 mm, a total
length of 1500 mm, and a span between the supports of 1100 mm under four-point

bending load.

7.4.1 Influence of the Interfacial Properties

Identical rectangular-section composite concrete beams with different interfacial
properties were simulated using the proposed framework. Three tensile strengths of new
concrete were selected as variables, including 0.5 MPa, 1.0 MPa and 3.0 MPa. It is
noted that the tensile strength of new concrete for the tested beam-R, which was
analysed in section 7.3.1, was 3.0 MPa. Other interfacial parameters, including the
strength of old concrete, concrete surface roughness, and the geometry and material
parameters of the specimen, were kept unchanged, which are listed in Table 7.1 and
Table 7.2. Based on the proposed bi-linear bond-slip model, the corresponding bond-
slip relationships for various concrete-to-concrete interfaces are plotted in Figure 7.13

(a). It can be seen that the shear strength of the concrete-to-concrete interface is
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significantly different from the above three new concrete strengths. The corresponding
load-deflection curves predicted with these three interfaces are plotted in Figure 7.13
(b). It is seen that varying the tensile strength of new concrete hardly impacts the
flexural stiffness of the composite concrete beam at the initial stage. However, the beam
with 0.5 MPa tensile strength of new concrete starts to exhibit flexural stiffness
reduction at 6 kN load level, while the stiffness reduction occurs at 10 and 16 kN for
the beams with the tensile strength of new concrete of 1.0 MPa and 3.0 MPa. In addition,
the ultimate capacity of the composite concrete beam is changed by varying the tensile
strength of new concrete for the concrete-to-concrete interface. It is obvious that the
ultimate capacity of the composite concrete beam is the largest, with 3.0 MPa tensile

strength of new concrete.

Figure 7.14 and Figure 7.15 show the concrete-to-concrete interfacial shear stresses and
the stirrup stresses, respectively. The value in the legend of Figure 7.14 represents the
mid-span deflection of the concrete composite beam. The position of the stirrup, which
acts as the dowel reinforcement, is in the shear zone of the composite concrete beam,
as shown in Figure 7.15 (b). Examining these two figures indicates that the reduction
of the flexural stiffness is due to the initiation of local interfacial softening at the

concrete-to-concrete interface, which was shown in Figure 7.13 (b).

As shown in Figure 7.13 (b), the flexural stiffness reduction occurs at a deflection of
0.6 mm for the specimen with 0.5 MPa tensile strength of new concrete. Figure 7.14 (a)
shows that the concrete-to-concrete interface experiences softening when the deflection
of the composite concrete beam reaches 0.6 mm. Such softening at the interface leads
to the increase of the stress in the dowel reinforcement, as shown in Figure 7.15 (a) that
the dowel reinforcement stress increases rapidly after 0.6 mm deflection. That is, since

the composite action of the beam relies on the shear transfer at the interface, the
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reduction of the interfacial stiffness due to softening decreases the flexural stiffness.
When the deflection of the composite concrete beam reaches 1.2 mm, it can be seen
that the concrete-to-concrete interface has fully debonded. The shear force along this

interface should be completely provided by the dowel reinforcement.

Similar observations can be found for the beams with 1.0 and 3.0 MPa tensile strength
of new concrete, that the concrete-to-concrete interfacial softening starts around 1.2 and
2.0 mm deflections, respectively, as shown in Figure 7.14 (b) and (c). Accordingly, the
dowel reinforcement stress increases sharply at 1.2 and 2.0 mm for the beams, as shown
in Figure 7.15 (a). This indicates that increasing the interfacial strength enhances the
composite action of the beam and hence delays the reduction of the flexural stiffness.
Meanwhile, for the composite concrete beam with 1.0 MPa tensile strength of new
concrete, fully debonding of the concrete-to-concrete interface occurs at 2.5 mm.
However, for the composite concrete beam with 3.0 MPa tensile strength of new
concrete, the concrete-concrete interface is not fully debonding even the deflection
reaches 2.5 mm. Therefore, approaches such as increasing the new concrete strength,
increasing roughening the old concrete surface before casting the new concrete may
considerably enhance the mechanical performance of the resulting composite concrete

beams.

7.4.2 Influence of the Cross-section Layout of Composite Beam

Three composite beams with identical cross-section dimensions but different layouts of
the old and new concrete parts were simulated using the proposed framework to
investigate the differences in their mechanical behaviour. The interfaces for the three
beams are located at 100, 70, and 40 mm positions measured from the bottom, as shown
in Figure 7.16 (a). These three different concrete-concrete interface positions represent

different heights of old and new concrete in composite concrete beams.
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The corresponding load-deflection curves are shown in Figure 7.16 (b). The results
show that the behaviour of the beams is similar to those in the previous section, which
exhibits a linear behaviour up to a certain load level, and the flexural stiffness starts to
decrease. It can be found that the concrete-to-concrete interface at different positions
does not affect the initial stiffness for the composite concrete beam but will affect the
deflection level when flexural stiffness reduction occurs. The flexural stiffness
reduction occurs at a deflection of 1.0 mm for the 70 mm interface-location beam, while
the stiffness reduction occurs at 1.2 mm 100 and 40 mm interface-location beams.
Moreover, the capacities for the 100 and 40 mm interface-location beams are similar,

while that for the 70 mm interface-location beam is much smaller.

Figures 7.17 and 7.18 show the interfacial shear stress distributions and the stirrup stress
of the three beams at different deflections. The position of the stirrup here is the same

as mentioned in the previous section and can be found in Figure 7.15 (b).

It is seen in Figure 7.16 that the 70 mm interface-location beam experiences concrete-
to-concrete interfacial softening at a deflection of 1.0 mm prior to those of the other
beams around 1.2 mm. Therefore, the stress of the stirrup of the 70 mm interface-
location beam increases significantly when the deflection is relatively small, as
indicated in Figure 7.17. Also, Figure 7.18 depicts the interfacial shear stress along the
beam span with various interface positions. Under small deflections, such as 0.02 mm
and 0.6 mm, the interfacial stress of the 70 mm interface-location beam is greater than
that of the 40 mm interface-location beam and 100 mm interface-location beam,
although the concrete-to-concrete interface is in the elastic stage. When the deflection
is 1.2 mm, the 70 mm interface-location beam has already suffered from an interfacial

debonding, whereas the other two beams only exhibit interfacial softening.
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Since the interfacial properties and the dowel reinforcement are identical for the three
beams, the reason for the difference is due to the shear force transferred at the interface
location. The 70 mm-location interface transfers higher shear force than the other two
interface locations under the same applied load. Therefore, this beam experiences an
earlier interfacial softening hence the reduction of the composite action and flexural
stiffness. Further, due to the higher shear force transferred at the interface, the capacity
of the beam is lower than the other two beams whose interfaces resist smaller shear
force. Therefore, the accurate prediction of the interfacial behaviour is critical to the
design of a composite beam, and an optimal design should achieve a balance between
the addition of the new concrete part and the capacity of the interface. That is, if the
added new concrete part is small, the flexural stiffness and capacity increase is limited,
whereas if the added part is large, the interfacial capacity may pose a limit to the degree

of increase for the flexural stiffness and capacity.

7.5 CONCLUSIONS

In this chapter, the behaviour of composite concrete beams containing a concrete-to-
concrete interface has been simulated using an FE model, wherein the interface was
modelled by the bond-slip model developed in Chapter 6. The flexural behaviour of
composite concrete beams depends on the composite action between the old and new
concrete, which in turn depends on the shear capacity of the interface. Therefore,
accurate prediction of the behaviour of composite concrete beams depends on the
accurate simulation of the concrete-to-concrete interfaces. A 2D FE model has been
presented in this chapter to simulate composite concrete beams with concrete-to-
concrete interfaces. This model incorporates the constitutive modelling of concrete,
steel reinforcement, and the concrete-to-concrete and concrete-to-steel interfaces, and

therefore it can be used to simulate composite concrete beams of various configurations.
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The performance of the model is validated using the experimental data of rectangular-
section and T-section composite beams. The predictions of the flexural behaviour and
failure mode of these beams are in close agreement with the experimental data. When
the interface is not simulated, the model clearly overpredicts the flexural stiffness and

capacity.

In addition, a parametric study was carried out using the verified FE model to
investigate the influences of the mechanical properties of the interface and the cross-
section layout. The results show that increasing the interfacial strength enhances the
composite action between the old and new concrete parts hence delaying the stiffness
reduction of the composite beam. However, increasing the interfacial strength beyond
a limit does not further enhance the flexural stiffness and capacities due to the diagonal
cracks. The results for the different cross-section layouts indicate that with identical
interfacial capacities, the beam with an interface located away from the centre axis has
higher capacity than the beam with an interface located at the centre since the interface

in the latter is subjected to higher shear load than that in the former.
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Table 7.1 Details of geometric properties of the composite concrete beams

Source Specimen L be ho by hy b; L;
(mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm)
Halicka Beam-RD | 1500 80 100 80 40 80 1500
(2011) Beam-R 1500 80 100 80 40 80 1500
Halicka and
Jabtonski Beam-T 1800 80 150 640 50 80 1800
(2016)

Note: L =span of beam; L. =effective span of beam; b, =width of old concrete layer; %, =height of old

concrete layer; b, =width of old concrete layer; 4, =height of old concrete layer; b; =width of bonded

interface; L; =length of bonded interface.

Table 7.2 Details of material properties of composite concrete beams

Source | Specimen Jro Sin b As S Agy s Tmax Gy 01
/MPa | /MPa | /MPa | /mm? | /MPa | /mm? | /mm | /MPa | /N/mm | /mm
Halicka Beam-R 2.20 3.00 481 276.3 414 / / 2.54 0.188 0.016
(2011) Beam-RD 1.92 2.88 481 276.3 414 25.12 75 2.41 0.177 0.016
Halicka
and
Jabtons Beam-T 3.85 2.88 545 326.6 340 25.12 75 2.78 0.226 0.016
ki
(2016)

Note: f;, = tensile strength of old concrete; f; , = tensile strength of new concrete; f, = yield stress of

longitudinal reinforcement; 4, = cross-sectional area of longitudinal reinforcement; f;, = yield stress of

the tie reinforcement crossing the shear plane; ; 4, = cross-sectional area of tie reinforcement anchored

on each side of the shear plane; s = spacing of reinforcement crossing the shear plane.
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Table 7.3 Verification of the FE model

FE Model Experimental result FE result
Maximum load Deflection at Maximum load Deflection at
(kN) maximum load (kKN) maximum load
(mm) (mm)
Beam-RD 19.70 2.49 19.45 2.55
Beam-R 20.96 2.52 20.07 2.62
Beam-T 64.68 6.12 69.00 6.13
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CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE RESEARCH

8.1 INTRODUCTION

Concrete-to-concrete interfaces are widely present in concrete structures, such as
repaired and strengthened concrete structures and precast concrete structures. In general,
the normal tensile and shear strengths of concrete-to-concrete interfaces are lower than
those of the base concrete, while the compressive strength of the interface could be
considered equal to that of the base concrete. Therefore, except under pure compressive
actions, the concrete-to-concrete interfaces are likely to be the weak part of the
structures that degrades and fails prior to the other parts under increasing load. The
sufficient understanding and accurate prediction of the interfacial behaviour is critical

to the analysis of concrete structures involving concrete-to-concrete interfaces.

The actual mechanical behaviour at the concrete-to-concrete interface involves the
interaction between the local interfacial behaviour and the apparent global interfacial
response. It is straightforward for tensile loading that the interfacial tensile stress
distribution is uniform, whereas it is rather complicated for shear loading since the
interfacial shear stress distribution is non-uniform. The interfacial behaviour is further
complicated under combined shear and compressive actions. Therefore, a successful
model for the interfacial shear behaviour is the key for the constitutive description of

concrete-to-concrete interfaces.

Most of the existing models for the interfacial shear behaviour have been developed

based on a fundamental assumption that the interfacial shear stress distribution is
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uniform, which permits the direct but oversimplified link between the apparent global
interfacial response and the local interfacial behaviour for concrete-to-concrete
interfaces. Accordingly, interfacial shear tests of various types have been conducted to
investigate the apparent global response of the concrete-to-concrete interface under
shear-dominated loading conditions. The collective experimental data have generally
indicated that the apparent global interfacial shear response follows a linear elastic
behaviour terminated at a failure load, which can be translated into an equivalent local
interfacial linear elastic shear behaviour with a maximum shear strength by simply

dividing the global resistance by the interfacial area.

However, such models are inaccurate due to two major defects. First, the testing
methods used for developing such interfacial models are incompatible with the
fundamental assumption of uniform interfacial shear distribution. Second, the current
models only describe the maximum shear strength while ignoring the damage evolution
ability of the local interface. Consequently, the existing test methods are mostly
inappropriate and the resulting models are inaccurate. In order to achieve accurate
descriptions for the critical concrete-to-concrete interfacial behaviour, a deep
understanding of the test method and a more sophisticated local bond-slip model are

needed.

In this context, an experimental-theoretical-numerical study is presented in this thesis
to advance the understanding and modelling of concrete-to-concrete interfaces. The
existing test methods have been examined using finite element analysis; their
advantages and disadvantages have been fully understood. Thereupon, a modified
testing method is proposed for understanding the interfacial shear behaviour for
concrete-to-concrete  interfaces. Subsequently, a comprehensive experimental

programme is conducted using the newly developed testing method to fully understand
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the interfacial shear behaviour considering various factors impacting the interfacial
behaviour. A local bond-slip model that is much more sophisticated than the previous
maximum strength model is then developed based on the experimental data. Finally,
this bond-slip model is implemented into a finite element framework, which is used to
simulate the behaviour of concrete structures in which the concrete-to-concrete
interfaces play a vital role. The main conclusions and recommendations for further

research are summarized in this chapter.

8.2 ANALYSIS OF EXISTING TEST METHODS

Existing test methods for the interfacial shear behaviour of concrete-to-concrete
interfaces include direct and slant shear test, of which the former applies nominally pure
shear load and the latter applied combined compressive and shear load on the interface.
While the interfacial stress state in the slant shear tests is closer to the practical scenarios,
it is much more complicated than the interfacial behaviour under pure shear stress state,
which has not yet been fully understand. Therefore, the slant shear tests are not
considered in the scope of the current research aiming at understanding the interfacial

shear behaviour of concrete-to-concrete interfaces.

The direct shear tests are categorized into the one-interface, L-shaped one-interface,
and two-interface direct shear tests. A literature review and a comprehensive finite
element (FE) analysis has been conducted to analyse these shear test methods, focusing
on the interfacial failure mode, interfacial shear stress distribution, and the influences
of the testing parameters on the interfacial behaviour. For the test methods without
dowel reinforcement at the interface, the interfacial failure mode is brittle interfacial
debonding occurred at the capacity of the interface; for those with dowel reinforcement

at the interface, the failure model is stable interfacial debonding after reaching the
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capacity of the interface. While the dowel reinforcement enables the stable interfacial
debonding that is critical in understanding the interfacial damage evolution behaviour,
the concrete-to-concrete interface and the dowel reinforcement are deeply entangled
making inaccessible the isolated behaviour of the interface. Therefore, the FE analysis

is focused on the test methods without dowel reinforcement.

The FE results indicate clearly that the interfacial shear stress distribution is non-
uniform and the normal interfacial stress is inevitable for all test methods with various
specimen configurations. The specimen designs leading to highly non-uniform
interfacial shear stress distribution and normal tensile stress concentrations will induce
interfacial brittle failure when the majority of the interface is little stressed. Therefore,
such test methods are highly inaccurate for evaluating the maximum interfacial strength
model based on the uniform interfacial stress distribution assumption. Nevertheless, the
analysis indicates that by optimizing the specimen design, a generally uniform
interfacial shear stress distribution with a moderate level of normal stress at the
interface can be achieved for the L-shaped one-interface direct shear test specimen. This
allows for the approximation of the local interfacial behaviour using the apparent global

response leads to brittle failures.

However, such a specimen is still subject to a brittle interfacial debonding failure. A
reinforcing method by replacing the dowel reinforcement crossing the interface by
reinforcement that is parallel to while outside of the interface is therefore proposed to
enable the stable interfacial deboning in the L-shaped one-interface specimen while
avoiding the entanglement between the reinforcement and the concrete-to-concrete
interface. In so doing, the brittle failure can be avoided; the interfacial softening
behaviour can be isolated by testing two companion specimens, one with bonded

interface and parallel reinforcement and the other with unbonded interface and parallel
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reinforcement, and deducting the global resistance of the latter from the former.

The proposed test method has been validated through trial experiments. A generally
uniform interfacial shear slip was observed for the optimized specimens, and a stable
interfacial debonding process has been achieved. Moreover, the isolated interfacial
shear relationship consisting of a linear elastic stage, a softening stage, and a residual
stress stage has been obtained from the test data. Therefore, the proposed modified
testing method is suitable for the investigation of the interfacial local bond-slip

behaviour of concrete-to-concrete interfaces.

8.3 DEVELOPMENT OF ABOND-SLIP MODEL

A comprehensive experimental programme has been conducted to evaluate the
interfacial bond-slip relationship at the concrete-to-concrete interface using the
modified testing method. Four series of specimens have been prepared to investigate
the influences of concrete strength, surface roughness, and applied compressive stress
on the interfacial behaviour. The failure mode, load-displacement behaviour, slip

distribution, and bond-slip relationship for the specimens have been examined.

All specimens were failed by separation at the concrete-to-concrete interface as a result
of the stable interfacial debonding propagation. The shear load increased linearly to the
maximum level, which was followed by a sudden drop of the load and an increase of
the slip. Thereafter, gradual interfacial debonding took place until complete separation
at the interface. The isolated apparent global shear response follows a typical tri-linear
model that includes a linear elastic stage that terminates at the peak load, a subsequent
softening stage that terminates at a residual load level, and a residual stress stage that
the load diminishes continuously. Since the interfacial slip is generally uniform, the

local bond-slip behaviour can be directly obtained from this global response.
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The interfacial stiffness of the initial linear elastic stage and the maximum interfacial
shear stress increase with the increase of the old and new concrete strengths, surface
roughness, and the applied compressive stress. The residual stress level is dependent on
the applied compressive stress but not the concrete strength nor the surface roughness.
Specifically, for the interface without applied compressive stress, residual stress is
minimal; for the interface with compressive stress, a considerable level of residual

stress exists after the softening stage.

A shear bond-slip model for concrete-to-concrete interfaces has thus been developed
based on the test data. The key parameters employed in the shear bond-slip model are
the interfacial shear bond strength and interfacial fracture energy. Their values have
been comprehensively analyzed and determined through regression analysis. The
relatively simple bi-linear model is only suitable for the concrete-to-concrete interface
without normal stress, while the tri-linear model is applicable to all interfaces. In the
proposed shear bond-slip model, the concrete strength, surface roughness and applied
compressive stress were the three key parameters that considerably influence the shear
bond strength and interfacial fracture energy. The results indicate that the proposed
shear bond-slip model for the concrete-to-concrete interfaces could provide an accurate
representation of the test data. In general, the proposed shear bond-slip model can be
used for the sophisticated analyses of the structures containing concrete-to-concrete

interfaces.

8.4 NUMERICAL SIMULATION OF CONCRETE STRUCTURES
CONTAINING CONCRETE-TO-CONCRETE INTERFACES

The flexural behaviour of composite concrete beams depends on the composite action
between the parts connected by the concrete-to-concrete interface. Therefore, accurate

prediction of the behaviour of composite concrete beams depends on the accurate
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simulation of the concrete-to-concrete interfaces. An FE framework has been
established to simulate composite concrete beams, which incorporates the constitutive
modelling of concrete, steel reinforcement, concrete-to-concrete interface, and
concrete-to-steel interface. Therefore, it can be used to simulate composite concrete

beams of various configurations.

The framework is then used to simulate composite concrete beams with rectangular-
section and T-section, which have been tested and reported in the literature. The results
indicate that when the concrete-to-concrete interface is not simulated, the flexural
stiffness and capacity of the composite beams are overpredicted, while when the
interface is properly considered, the predictions of the flexural behaviour and failure

mode of these beams were in close agreement with the experimental data.

In addition, one parametric study was conducted using the framework to investigate the
influences of the mechanical properties of the interface and the cross-section layout on
the flexural behaviour of composite concrete beams. The results show that increasing
the interfacial strength enhances the composite action between the concrete parts hence
delaying the stiffness reduction of the composite beam. However, increasing the
interfacial strength beyond a limit does not further enhance the flexural stiffness and
capacities due to the diagonal cracks. The results for the different cross-section layouts
indicate that with identical interfacial capacities, the beam with an interface located
away from the centre has higher capacity than the beam with an interface located at the
centre since the interface in the latter is subjected to higher shear load than that in the

former.

8.5 RECOMMENDATIONS FOR FUTURE RESEARCH

In this thesis, a modified testing method for the interfacial shear behaviour of concrete-
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to-concrete interfaces was proposed. By employing this test method, a shear bond-slip
model for the concrete-to-concrete interface was developed, and the structural
performance of concrete structures with concrete-to-concrete interfaces was analysed
through numerical studies. However, further investigation is still required for certain

1Ssues.

Although the proposed test method induces only moderate normal stress levels at the
interface, the shear behaviour is still affected. A more appropriate test method for the
investigation of the shear behaviour of concrete-to-concrete interfaces remains to be

developed.

The parallel reinforcing bar was introduced in the proposed testing method to avoid the
brittle failure of the interface, thereby enabling the measurement of the softening
behaviour of the interface. However, the experimental observation indicates that a
sudden process of a considerable drop of load and jump of slip still exists after reaching
the peak load for the proposed test method. Accordingly, an improved test method
enabling a more stable post-peak softening behaviour can reveal more accurately the
softening behaviour of the interface. Moreover, the apparatus used in the tests for
applying interfacial compressive stress blocks the view of the DIC system, making it
unable to measure the interfacial slip for specimens with interfacial compression.
Therefore, in future studies, a more suitable test setup may be devised to allow for

measuring the slip while applying interfacial compression.

Although a comprehensive experimental programme has been launched to investigate
the effects of concrete strength, surface roughness and normal stress on the shear bond-
slip relationship of concrete-to-concrete interfaces, the number of specimens was still

rather limited. As a result, the parameters of the proposed bond-slip model are limited
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to a certain range. For example, only normal strength concrete was considered. In the
future, more tests as well as more numerical analyses can be conducted to achieve a

more comprehensive database for the calibration of the bond-slip model.

The proposed bond-slip model is assumed to have a triangular shape instead of a
trapezoidal shape in the peak stress region, which is therefore suitable for interfaces
with a brittle interfacial behaviour characteristic; such interfaces are generated through
direct casting. However, if the concrete-to-concrete interface is formed by bonding two
precast concrete components using ductile structural adhesive, the developed model
may be unsuitable for simulating the relatively more ductile interfacial behaviour.
Moreover, the bond-slip model contains a constant residual stress segment with an
assumed ultimate slip of 0.3 mm, which simulates the interfacial frictional behaviour
after debonding. The assumed 0.3 mm ultimate slip is used to avoid a spurious infinite

fracture energy but could be inaccurate in certain scenarios.

Finally, in the present FE analyses, compressive stresses normal to the interface were
not considered in determining the values of the key parameters of the proposed bond-
slip model (hence the bi-linear model was used), but the predictions were still accurate
since the compressive stress level in these specimens is not considerable. When
interfacial compressive stresses are considerable, the values of the key parameters of
the proposed bond-slip model are expected to become much different (a tri-linear model
is then needed because of the residual stress). Moreover, as the compressive stress level
varies during the loading process, the resulting tri-linear bond-slip model should change
accordingly due to the varying values of the key parameters. This can be achieved
readily with the proposed equations, but implementing such a variable bond-slip model
into the FE analysis is not currently feasible because of the need for complex user-

defined subroutines. Therefore, for FE analyses, a user-defined cohesive element with
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properties dependent on the normal compressive stress level should be developed in the

future to achieve more robust interfacial modelling capabilities.
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