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Hypothesis

A new retrofitting technique using CARDIFRC®, a material compatible with
concrete, has recently been developed at Cardiff University. It overcomes some of the
problems associated with the current techniques based on externally bonded steel
plates and FRP (fibre-reinforced polymer), which are due to the mismatch of their

tensile strength and stiffness with that of concrete structure being retrofitted.

The study investigates the effect of hot climate on the performance of reinforced
concrete control and retrofitted beams. The concrete beams were exposed to a
maximum temperature of 90°C from the room temperature of about 25° C. The
number of thermal cycles varied from 0 to 180 cycles. After the requisite number of

thermal cycles, the beams were tested at room temperature in four-point bending.

The tests indicate that the retrofitted beams are stronger, stiffer and more importantly
failed in flexure. No visual deterioration or bond degradation was observed after
thermal cycling of the retrofitted beams (the bond between the repair material and the
concrete substrate remained intact) attesting to the good thermal compatibility
between the concrete and CARDIFRC®. Therefore, this type of retrofit material can

be successfully used in hot climates.

This study also evaluates the performance of normal and high strength concretes
repaired with CARDIFRC® using the wedge splitting test (WST). The main factors
that could affect the bond between the repair material and concrete such as the surface
roughness and thermal cycling are also investigated. It is shown that surface
roughness plays a significant role in the overall bonding system, and no visual

deterioration is observed after thermal cycling.
An analytical model based on the concepts of fracture mechanics was used for

predicting the ultimate moment capacity of the retrofitted beams. The model predicts

very well the ultimate moment capacity of the retrofitted beams.
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1.1 Introduction

Concrete is widely used as a main construction material in the world owing to its
reliability and durability. Much research has been conducted to evaluate both the
mechanical and fracture properties at room temperature, for example the strength,
toughness, stiffness and fracture energy. Several textbooks cover the applications and
the details of the concrete properties (e.g. Neville, 1995; Karihaloo, 1995; Shah et al.,
1995 and Van Mier, 1997).

The most profound characteristics of hot dry regions are very low humidity and high
summer temperature in the daytime. Also direct solar radiation is intense as the
radiation reflected from the high coloured and bare land. In many arid regions, the
summer day air temperature can reach 50°C and the ground surface about 70°C, while
night may be cool and even cold (Baruch, 1998). Moreover, the surface temperature
of exposed concrete may reach somewhere between 80°C to 90°C when the ambient
temperature is 40°C during the daytime, while it can fall to 10°C at the night time

(Soroka and Jaigerman, 1984).

Much research has been done to investigate the material properties at elevated
temperatures (above 100°C) (e.g. Bertero and Polivka, 1973; Berwanger and Sarkar,
1973; Schneider, 1976; Castillo and Durrani, 1990 and Saad et al., 1996). However,
the studies that discuss the fracture behaviour are generally limited (e.g. BaZant, 1988;
Baker, 1996 and Zhang et al., 2000). Recently attention has been paid to investigate
the concrete properties in hot dry climatic environments and when exposed to daily

and annual temperature fluctuations (thermal cycling).

Regarding the studies related to the fracture properties mentioned above accounting
for temperature effects, only the size-dependent fracture energy has been considered.
However, size-independent fracture energy is required in practical applications. It has
been demonstrated that the size-independent fracture energy can be determined based
on the concept of boundary effect model proposed by Duan et al (2001) and its
additional verifications by Abdalla and Karihaloo (2003).



1.1.1 Retrofitted concrete

Intensive studies have been conducted during the last decades to investigate the
characteristics of concrete in different conditions to evaluate its behaviour
(mechanical and fracture properties). Some of the research focused on the
development of concrete mixes with improved properties, for instance high
performance fibre reinforced concrete mixes. However, several problems have been
observed and recorded in the concrete members, for example poor performance or
abnormal conditions leading to initiation and propagation of cracks, causing

deterioration of the structure and therefore a need for repair.

The temperature is one of important factors that affect the concrete strength and its
stress-strain relationship (Cheng et al., 2004). The hot climate is an example for
temperature variation where it can reach more than 45°C in the day-time and fall to
10°C lower than the ambient temperature at the night-time (Soroka and Jaigerman;
1984). The common repair and strengthening technique for RC beams is to bond steel
plates to the tension side and/or both vertical sides. The use of this technique
introduces many problems such as corrosion of steel plates, difficulty in handling

heavy steel plates, etc. (Ziraba et al., 1994).

Recently, attention has been paid to the repair of concrete members based on the use
of fibre reinforced plastic (FRP) plates, which are characterized by high strength /
weight ratio and improved durability over their steel counterparts (Meier et al., 1992;
Meier, 1997). However, using this retrofitting material can lead to undesirable brittle
failure due to a large mismatch in the tensile strength and stiffness with that of
concrete (Farhat, 2004). Another problem that has been observed is the effect of long
exposure to temperature variation (Sen et al., 2000; Zhen and Chung, 2000).
Exposures can result in the weakening of the interface between FRP composites and
concrete, causing a change in the failure mechanism or a change in performance

(Karbhari, 1998).

The effective bonding of repair material to the old concrete is one of the main
parameters that must be pointed out; this involves concerns about surface preparation
as well as the quality of adhesion and the compatibility of the bonding material with

the parent concrete (Farhat, 2004). In hot climatic conditions where fluctuations of



temperature on concrete surfaces may reach 80°C on a typical summer day, de-
bonding of the repair material from the old concrete at the repair joint can take place.
A durable repair material needs to resist the climatic influences that are caused by

large changes in temperature or humidity.

A new retrofitting material has been developed at Cardiff University called the
CARDIFRC®. It is characterized by high tensile / flexural strength and high energy
absorption capacity that make it particularly suitable for repair of concrete structures
(Alaee and Karihaloo, 2003). The findings of Karihaloo et al. (2002) showed that the
retrofitting of RC members using CARDIFRC® plates on the tension face improves
the flexural load carrying capacity and also decreases the crack width and the

deflection.

1.2- Objectives

Some studies have been conducted at Cardiff University using CARDIFRC® for the
rehabilitation and strengthening of damaged RC flexural members (Karihaloo et al.,
2000; Karihaloo et al., 2002; Alaee et al., 2001). This study is an extension of those

studies. The main objectives of the study are:

1. To evaluate the effect of hot climate on the mechanical and fracture properties
of normal and high strength concretes.

2. To evaluate the role of the interface when normal and high strength concretes
are retrofitted, focusing on the effect of thermal cycles and surface preparation
on the repair system.

3. To investigate the performance of RC beams retrofitted with CARDIFRC® and
subjected to large temperature fluctuation between 25°C and 90°C. Each
thermal cycle consists of a temperature rise time of 20 min during which the
temperature is raised from 25°C to 90°C, a dwell period of 8 hours at 90°C,
then a cooling period of 15 hours and 40 min in which the temperature is
reduced from 90°C to 25°C.



1.3 Outline of Thesis
Starting with the introductory chapter, the thesis is divided to nine chapters. The

layout of these chapters is explained in the following:

Chapter 1 gives a general introduction to the topic and introduces also the objectives

and the outline of the thesis.

Chapter 2 gives an overview of various retrofitting systems that are used with the
concrete members for example, steel plates, fibre reinforced plastics (FRP), and High
Performance Fibre Reinforced Cementitious Composites (HPFRCC), for instance
Engineered Cementitious Composites (ECC) and CARDIFRC®. Details of each

system are presented.

Chapter 3 introduces the principal concepts of fracture mechanics (FM). Firstly, the
linear elastic fracture mechanics (LEFM) for brittle materials is discussed, and it is
found not to be suitable for concrete. Therefore, the concepts of non-linear fracture
mechanics theories for concrete are explained. Secondly, the discussion includes the
fracture behaviour of the retrofitted systems. Lastly, an application of fracture
mechanics to reinforced concrete structures is demonstrated on longitudinally

reinforced beams.

Chapter 4 reviews in brief the behaviour of normal and high strength concretes
(NSC, HSC), and also of the high performance and fibre reinforced concretes (HPC,
FRC). High Performance Fibre Reinforced Cementitious Composites are reviewed
and discussed thoroughly including their fracture properties, with particular reference

to CARDIFRC®.

Chapter 5§ and Chapter 6 describe experimental investigations into the mechanical
and fracture properties of NSC, HSC and CARDIFRC® mixes under thermal cycling,
and evaluate the performance of NSC and HSC specimens retrofitted with
CARDIFRCP®, using the wedge splitting (WS) test. The evaluation also considers the

effect of the surface roughness and the thermal cycles on the repairing system.



In Chapter 7, two types of retrofitted reinforced concrete beams (with and without
shear reinforcement) have been investigated after subjecting them to different thermal
cycles. The test results show that the retrofitted beams are stronger and stiff than the
control beams and fail in flexure rather than shear. It is shown that there is no

deterioration after the beams are exposed to temperature variations.

Chapter 8 A computer programme has been used to predict the maximum moment
resistance using an analytical model based on fracture mechanics. The model follows
the initiation and growth of the flexural crack which leads to the beam failure. The

prediction of such model is in excellent agreement with the experimental test results.

Chapter 9 is devoted to general conclusions.



Chapter 2

Retrofitting
of Concrete Structures



2.1 Introduction

The majority of concrete structures that need repair, strengthening or rehabilitation
have been exposed to many different conditions such as fire damage, corrosion,
climatic effects, faulty design. These conditions allow cracks to propagate and create
large deflections in the concrete structure. The repair of deteriorated concrete beams
is most important to assure their safety and serviceability and also to increase their
strength and stiffness.

Generally, the repairing and strengthening can be placed in four categories (Farhat.

2004) and defined as follows:

e Repair: to bring the deteriorated structures back to their original performance
level.

e Strengthening: this term applies to enhancing the structural performance over
and above the original level.

e Retrofitting: It is defined as the addition of structural components after initial
construction.

o Rehabilitation: It is a generic term indicating any aspect of repairing and

strengthening.

Concrete structures can be found unsafe for different reasons, for instance change in
service loading, poor performance and inadequate design, therefore repairing of
deteriorated concrete structures is becoming more important rather than rebuilding or
demolishing. The retrofitting of concrete structures using steel plates or fibre
reinforced plastic FRP plates bonded to the tension side are known techniques and
widely used. However, some new repair materials were developed in the last decade,
for instance High Performance Fibre Reinforced Cementitious Composites
(HPFRCCs), which are found to be more reliable and effective materials for
retrofitting because they are compatible with concrete (e.g. CARDIFRC®) (Li et al.,
1995; Lim and Li, 1997; Karihaloo et al., 2000; Karihaloo et al., 2001).

2.2 Externally bonded steel plates
The technique of strengthening existing reinforced concrete structures using external

steel plate bonding by a structural adhesive is a well known system. This system has



been used worldwide for over 30 years and, since 1975, in the UK (Barnes and

Geoffrey, 2004). The advantages of this technique can be summarized as:

e Low cost.

¢ Ease of maintenance.

¢ Minimum effect on headroom.

e Increase in both serviceability and ultimate load capacity.

e The ability to strengthen part of the structure whilst still in use.

The disadvantages of this method are: corrosion of steel plates, installation of heavy
plates, transportation and handling of steel plates and limitation in supplying plates of

required lengths.

2.2.1 Flexural Strengthening

Several researchers have investigated the flexural strengthening of existing concrete
members using steel plates bonded to their tension face (e.g. Jones et al., 1980, 1988,
Swamy et al., 1987). The investigations reflected essential improvement in structure
serviceability and ultimate strength. Jones et al. (1980) reported the test results of
eighteen reinforced beams strengthened with steel plates bonded to the tension face of
the beams. Two different types of adhesive material and two types of steel plate with
different yield strengths were used. The effects of adhesive material thickness, plate
lapping, multiple plates and pre-cracking prior to bonding were investigated. They
concluded that epoxy bonded steel plates enlarge the range of elastic behaviour,
reduce tensile stresses, increase flexural strength and stiffness, and improve ductility
at flexural failure. Moreover, another study by Macdonald and Calder (1982) has
investigated bonding steel plates externally to rectangular beams. The results showed

significant improvement in the ultimate strength of the strengthened beams.

Flexural strengthening of rectangular reinforced concrete (RC) beams using
continuous horizontal steel plates has been carried out after pre-loading (Arslan et al.,
2006). These retrofitted RC beams have been then tested under the same conditions as
during pre-loading. They found that the retrofitted system is highly effective in

improving the flexural behaviour of previously damaged slender RC beams.



2.2.1.1 Flexural Failure Modes

Early attention had been paid to the use of steel plates on the tension face of RC
beams. However, since then many studies have been carried out to classify the
flexural failure after the RC beams have been loaded. Ziraba et al. (1994) classified

the flexural failure into three common types (Figure 2.1) as follows:

e Flexural failure.
e Plate peel off.

o Interface separation.

These modes occur due to various reasons, for example weak adhesion and improper
gluing can lead to interface separation which can be avoided by proper quality
control. Also if the allowable strength values for interface are exceeded, the plate may
separate, resulting in premature failure. If the bonding adhesive is weak, this type of
failure may be characterised by plate de-bonding proceeding away from the support
so that the effective plate length is reduced and the peak peeling stresses progressively
increase to a value where a shear critical crack develops, leading to sudden failure (
Figure 2.1a). If the adhesive material is strong enough to prevent plate de-bonding,
cracking emanates from the location of plate curtailment. The existence of peak
peeling and shear stress at the plate curtailment zone, in addition to the bonding stress,
results in a biaxial tensile stress state, forcing the crack to move in an essentially
horizontal direction just below the level of internal reinforcement where the section is
weakest. Failure ensues when the moving horizontal crack joins an existing shear
flexural crack, culminating in a steep vertical ascent towards the point of loading

(Figure 2.1Db).

Shear critical crack Horizontal crack at level of the
\ main flexural reinforcment.

Q N— Plate & “—— Plate

Zone of concrete

Zone of plate g
debonding cover rip-off

(a) (b))

Figure 2.1 Failure of beams retrofitted with steel plates: (a) by plate de-bonding and (b) by
ripping off of the concrete cover (after Ziraba et al. 1994)



2.2.2 Shear Strengthening

Shear failure is one of the most serious problems that can occur in concrete structures
due to the fact that it gives no advance warning. Various studies have been conducted
using steel plates bonded to the vertical side of RC beams which can increase their
load capacity in shear. Different configurations have been used to prevent shear
failure. Sharif et al., (1995) investigated the shear behaviour of reinforced concrete
beams strengthened by using a group of steel plate configurations such as U- and flat
steel, vertical strips, bonding over the shear span (Figure 2.2) in order to eliminate
shear failure and to develop ductile failure. They observed that the beams retrofitted
with jacket plate (Figure 2.2a) gave the highest resistance increase and improvement
in ductility. The other retrofitting schemes produced an improvement in the shear

resistance but the beams failed suddenly by tearing and splitting of the concrete cover.

Another experimental work has been reported by Barnes and Geoffrey (2004) to
investigate the behaviour of reinforced concrete beams strengthened in shear by
externally bonded continuous steel plates and hence to provide engineers with
appropriate design guidance. The shear strengthening and testing to failure of 15
rectangular section reinforced concrete beams was conducted. To account for the
different potential types of shear failure (diagonal tension, shear compression and
deep beam failure) three shear span to depth ratios were used. A further 15
experiments were then conducted using T-section beams. In most cases the addition
of externally bonded shear plate reinforcement provided enhancement in shear
capacity comparable with that provided by conventional internal shear links designed

to BS8110.

Adhikary and Mutsuyoshi (2005) carried out an experiment for enhancing the shear
capacity of RC beams using different configurations. Two groups of beams were
designed; the first group of beams were designed in such a way that the strengthened
beams failed in ductile flexural mode thereby avoiding the brittle shear failure. The
second group of beams were designed to fail in shear mode to assess the actual
increase in shear strength by the devised strengthening configurations. Two beams
were kept as control beams, whereas the other beams were strengthened. The results
of the experiment confirmed that the externally epoxy bonded steel plates, vertical

strips and externally anchored stirrups can improve the ultimate shear strength of



reinforced concrete beams and change the failure mode from brittle shear to flexural
one. From the experiments the continuous steel plate method was found to be
convenient and more effective in enhancing the shear capacity than the vertical strips.
This method also provides additional stiffness against bending and contributes to

flexural strengthening (Figure 2.3).

C))

(b)

(©

(d)

Figure 2.2 Different shear-strengthening schemes (a) Full encasement of shear zone by jacket
plate, (b)U- strips on the shear zone, (c) Flat plates on the sides ofthe beams, (d) Flat strips in
the shear zone (after Sharifet al. 1995)

Figure 2.3 RC beam strengthened with continuous horizontal steel plate
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2.2.2.1 Shear failure modes

An experimental work on the failure modes carried out by Adhikary and Mutsuyoshi
(2005) reported that beams without shear reinforcement (control beams) failed as
soon as the first critical shear cracks formed. In the case of steel plate bonded beams,
the steel plates alone take up the additional stresses once concrete cracks. Steel plates
provide very effective bridging across the cracks, leading to a relatively higher
contribution to the shear strength. In the case of beams with internal shear
reinforcement, stirrups and steel plates both share the additional stresses once the

concrete cracks in the shear span.

Moreover, the study showed the final failure modes of the beams. The results
estimated the failure loads for all beams with relative strength compared to the control
beam. The control beam failed in shear by a critical diagonal crack in one of the shear
spans. The beam with steel bracket also failed in shear at a slightly higher load.
However, the effect of bracket was very minor since much of the bracket was out of
the critical shear failure zone. Beams bonded with steel plates with or without anchors

and beams bonded with vertical steel strips failed in flexural mode.

The beams with externally anchored bonded strips also failed in flexural mode due to
enhanced shear strength. In another study by Adhikary and Mutsuyoshi (2005) they
recorded that beams with thicker plates and greater plate depth are stiffer than the
beams with thinner plates and smaller plate depth and showed the typical shear failure
of the RC beam (Figure 2.4). It is thus clear that the best possible way to enhance the

shear strength is to use deeper plates rather than thicker plates.

The repairing and strengthening of concrete structures using steel plates bonded to the
both beam sides and the bottom have been tested by different researchers, and found
to be a good technique. However, several problems have been encountered with this
technique such as corrosion of steel plates and difficulty in handling heavy steel plates
(Alaee and Karihaloo, 2003). Recently, attention has been focused on the use non-
metallic composite materials as an alternative to steel plates to prevent the problems

just mentioned.
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Figure 2.4 Typical failure of RC beam with web-bonded continuous steel plates.

2.3 Fibre Reinforced Plastics (FRP)

The use of fibre reinforced plastics (FRP) offers many advantages for tackling several
civil engineering problems in places where other materials fail to provide satisfactory
service life. Thin FRP laminates are durable, have high strength and stiffness to
weight ratio and are chemically inert, cost effective and offer significant potential

because of their light weight (Nanni 1995, Buyukozturk and Hearing 1998).

Many experimental works have been carried out to evaluate the behaviour of FRP as a
retrofitting and strengthening material. Bonfiglioli and Pascale (2004) presented an
experimental modal analysis to assess the decrease in stiffness due to damage, as well
as the stiffness recovery due to strengthening. The results obtained indicate that an
experimental modal analysis can give useful information on the severity of damage

and the effectiveness of strengthening by FRP.

Numerical analysis using the ABAQUS finite element program (Hsuan et al., 2004)
has shown that the use of fibre-reinforced plastics can significantly increase the
stiffness as well as the ultimate strength of reinforced concrete beams. In addition,
with the same fibre-reinforced plastic layers, the ultimate strengths of beams
strengthened by fibre-reinforced plastics at the bottom of the beams are much higher
than those strengthened by fibre-reinforced plastics on both sides of the beams.
Moreover, an investigation established that FRP is capable of substantially increasing
the load capacity, ductility and energy absorbing capacity, and is effective in the

strengthening and repair of damaged RC beams (Lee and Haussmann, 2004). The
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strengthening of RC T-section beams using FRP with carbon or glass fibres is an
effective method to increase their ultimate carrying capacity and also to enhance the

ductility of the strengthened beams (Abdelhady et al., 2006).

The application of FRP for external strengthening of concrete structures has been
studied by many researchers; however, many of the studies have also introduced new
repairing and strengthening systems using FRP materials that improve the properties
of FRP. Although these materials have high strengths, they are very brittle (Nabil et
al., 2004), and the loading of these materials in tension exhibits a linear stress—strain
relation up to failure without exhibiting a yield plateau or any indication of impending

failure. The various FRP systems used for repairing and strengthening are:

o Strengthening with Glass Fibre Reinforced Polymer (GFRP).

e Strengthening with Carbon Fibre Reinforced Polymer (CFRP).

e Strengthening with Hybrid Fibre Reinforced Polymer (HFRP).

e Repairing and Strengthening with Sprayed Fibre Reinforced Polymer
composites (SFRP).

o Repairing using E-glass Fibre Reinforced Ultraviolet (UV) curing vinyl ester.

e Strengthening with Ductile Fibre Reinforced Cementitious Composite
(DFRCC).

e Strengthening using near surface mounted (NSM) and externally bonded

reinforcement (EBR) techniques

The implementation of these techniques with FRP in the strengthening of existing
reinforced concrete structures has been demonstrated. The use of the SFRP system
enables an increase in the load capacity, ductility and energy absorption; it is also
intended to assess the feasibility of using SFRP as a repairing and strengthening
material of deteriorating RC beams (Lee and Hausmann, 2004). The scheme that
employed hybrid FRP laminates, which consist of a combination of either carbon and
glass fibres, or glass and aramid fibres is the best system to strengthen concrete beams
by attaching CFRP laminates on the sides of the beam 20 mm above the bottom
surface and anchored GFRP laminates at its bottom surface (Abdelhady et al., 2006).

13



The advantages of these systems of strengthening of RC beams are an increase in

ductility, stiffness, durability, and flexural and shear loading capacities.

2.3.1 Flexural Strengthening

The use of externally bonded FRP composite materials for flexural strengthening of
reinforced concrete structures in tension has received considerable attention.
Strengthening in the tension face parallel to the principal stress direction is possible to
increase the ultimate strength and stiffness of the repaired member and have been
discussed in many studies (Teng et al., 2002; Rahimi and Hutchinson 2001; Meier and
Kaiser 1991). Significant progress has been made based on experiments, theoretical
analysis and numerical simulation to demonstrate that the bonding of FRP strips to the
tension soffit of reinforced concrete beams can improve much the ultimate flexural
strength and stiffness, although some reduction in ductility of the beam is caused (Gao

et al., 2007).

The effects of interface bond properties in terms of stiffness, strength, fracture energy,
and bond curve shape have been investigated; it is concluded that bond fracture
energy is the main parameter influencing the structural strength and ductility (Hedong
and Zhishen, 2006). Moreover, a study to establish the effectiveness of FRP
composite sheets in upgrading the reinforced concrete beams showed that FRP sheets
increase the flexural strength and ductility of RC beams to a great extent (Tarek,

2006).

2.3.1.1 Flexural Failure Modes

Strengthening of reinforced concrete structural components may lead to different
failure modes. These modes depend on the strengthening system parameters and the
performance of the beam. The most common failure modes have been classified by

Gao et al. (2007) (see Figure 2.5) and these are as follows:

e Compression failure before yielding of steel: The concrete crushes in
compression before yielding of reinforcing steel and fracture of FRP strips.
e Rupture of FRP strips: The FRP strips rupture at the point of ultimate strain

following the yielding of reinforcing steel rebar in tension.
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e Shear failure: the shear cracks extend from the vicinity of the support to the
loading point when the shear capacity of the beam is exceeded.

e Delamination of FRP strips: The delamination of FRP strip occurs rather
catastrophically in an unstable manner with a thin layer of concrete residue
attached to the delaminated FRP sheets.

e Compression failure after yielding of steel: The reinforcing steel yields due
to tensile flexure and is followed by crushing of the concrete in the
compression zone before the tensile rupture of the FRP strips.

e Concrete cover separation: The failure is initiated due to stress effects at the

end of FRP plate.

These are the main flexure failures modes which may be expected, the two desirable
modes are compression failure following yielding of steel reinforcement and the
rupture of FRP strips following yielding of steel reinforcement. Concrete sections
with small amounts of reinforcement result in failure due to FRP tensile rupture, while
large amounts of reinforcement lead to crushing in the compression zone of concrete
section (Bakis et al., 2002). Rupture without yielding of steel reinforcement is
sometimes regarded as a kind of flexural failure mode; it is unlikely to occur unless

the steel in tension is located very near the centre of the beam (Gao et al. 2007).

Furthermore, shear failure occurs when there is low shear reinforcement in the RC
beam; it may also be caused by applying flexural strengthening only, which cannot
improve the shear strength of the beam. It has been found however, that restoring or
upgrading the beam shear strength using side FRP strips can result in increased shear

strength and stiffness by substantially reducing shear cracking (Chaallal et al., 1998).

Concrete cover separation is a very common failure mode; in this mode a crack
initiates in one of the FRP plate ends and then grows to the level of the tension steel
reinforcement. Under increased loading, the crack propagates horizontally towards the
mid-span along the steel rebar (Gao et al. 2007). The failure mode caused by
delamination of FRP strips is due to sudden failure in the bond between the concrete
and FRP strip and results in the catastrophic propagation of a crack along the FRP

concrete interface. There are many reasons for this failure, for instance: (a) strength

15



and thickness of adhesive (b) flexural and flexural/shear cracks that have developed in
the concrete (c) flexural rigidity of the cracked plated section (d) ratio of the width of
the bonded plate to its thickness (Triantafillou and Plevris, 1992; Ziraba et al., 1994).

(@)

(c)

C)

(e)

Figure 2.5 Failure modes of FRP strengthened RC beams: (a) compression failure; (b) rupture
of FRP strips; (c) shear failure; (d) delamination of FRP strips and (e) concrete cover
separation.
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A numerical model was proposed by Carlos et al. (2005) to predict the failure of RC
beams strengthened in flexure with fibre-reinforced polymeric (FRP) laminates. The
model results were validated against experimental data obtained from 19 beams
strengthened with different types of FRP. These beams failed by concrete crushing,
cover failure and plate debonding. The effect of the concrete constitutive behaviour
and different modelling considerations was evaluated. It was found that the fracture
energy of the concrete-repair interface plays a central part in predicting plate-

debonding failures.

2.3.2 Shear Strengthening

Several studies have been conducted to specify the failures in concrete structures, and
many of these focus on flexural failure. In the recent years shear failures have taken
place and resulted in catastrophic failure. Some of the reasons that can lead to shear
failure are low shear reinforcement, increased service load and the effect of corrosion

(Farhat, 2004).

Various retrofitting materials and techniques have been used for shear strengthening,
which are based on a great need for repair and retrofitting of concrete structures.
Recently, FRP plates and sheets have been widely employed; they may provide a
more economical and technically superior alternative to the steel plates technique in
many situations and can result in less labour-intensive and less equipment intensive
retrofitting work (Hadi, 2003). Different FRP systems have been used for shear
strengthening of RC beams (Figure 2.6), these include a fibre wrap, strips and grids,
all made up of carbon fibre (Islam et al., 2005). Other methods employed for shear
strengthening of RC beam sections are bonding U jackets, vertical strips and wing
plates as shown in Figure 2.7 (Al-Sulaimani et al., 1994). The investigation of shear
strengthening with different techniques demonstrated a significant increase in shear
capacity especially with the U jacket method. However, the failure of shear
strengthened beams occurs after the maximum shear stress at the bottom of the strips

or wings reaches the interface shear stress (Farhat, 2004).

A laboratory work was conducted by Sundarraja and Rajamohan (2007) to clarify the
role of glass fibre reinforced polymer inclined strips epoxy bonded to the beam web

for shear strengthening of reinforced concrete beams. Included in the study are
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effectiveness in terms of width and spacing of inclined GFRP strips, spacing of
internal steel stirrups, and longitudinal steel rebar section on shear capacity ofthe RC
beam (Figure 2.8). The results showed that the initial cracks are formed at higher
loads than their respective control beams. This shows that the use of GFRP strips is
more effective in the case of strengthening of structures in shear. The ultimate
strength of beams can be also increased by the use of GFRP inclined strips, and the
load carrying capacity of the retrofitted beams was found to be greater than that of'the

control beams, thus the externally bonded FRPs were able to help in taking more load.

(@)

(b) (c)
Figure 2.6 Different CFRP systems: (a) FRP wraps (b) FRP strips (c) Grids

(a)

W) 4

() <

Figure 2.7 Other shear strengthening methods: (a) Vertical stripes (b) Shear wings, and
(c) Bonded Ujackets
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Figure 2.8 Shear strengthening configuration and load process

2.3.3 Environmental effects

Fibre reinforced polymers FRP in the form of sheets or plates have substantial
applications in civil engineering works. The growing demand for the use of FRP with
concrete structural members has created a great need for understanding the short-term
and long-term behaviour of the composite system under different loading
configurations and environmental conditions. The environmental actions on the
retrofitted RC concrete structures such as freeze-thaw, wet-dry and temperature cycles
or aqueous solutions can affect their mechanical and physical properties and lead to a
reduction in both the strength and durability. Several investigations have been
conducted to examine the behaviour of the reinforced concrete beams strengthened
with different types of fibre reinforced polymer (FRP). The investigations examined

the effects caused by the environmental conditions.

The degradation of FRP fabrics in acid and alkali solution was investigated by
Uomoto and Nishimura (1999). The accelerated degradation test was carried out at
20C°, 40C° and 80C°; they observed that carbon fibres have excellent chemical
resistance and only 20% loss in tensile strength occurred at 80C° in hydrochloric acid
solution after 120 days. The worst case they found was glass fibres when immersed in
any of the solutions at a temperature of 80C°. The glass fibres showed, for example,
96% strength reduction in sodium hydroxide alkaline solution within just 9 hours. The
bond strength evaluation between concrete and glass, or carbon fabric before and after

aging them under acidic and alkaline solutions, and to temperature and humidity
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changes has been investigated by Ganga and Barger (2001) under conditioning
durations varying between 1 and 9 months. They observed that the average variation
in the bond strength of the specimens (glass and carbon fibres) under accelerated
aging were within 10% of un-aged specimens. They also observed that 20% sustained
stress had no noticeable effect on bond strength of both carbon and glass fabrics with
concrete. Sen et al. (2000) observed slight bond degradation in the interfacial phase of
CFRP/Epoxy/ Concrete. In another experimental work conducted by the same authors
in 1999 a visible bond crack was observed when CFRP was exposed to hot and cold

cycles.

Almusallam et al. (2001) have examined the performance of concrete cylinders
wrapped with GFRP composite sheets subjected to different environment exposure
conditions. The results showed that exposure to high temperature, outside
environment and wet/dry conditions had little effect on the compressive strength of
specimens wrapped with GFRP sheets, especially when compared with the values
obtained for samples kept at room temperature. The effect of alkaline solution
environment was significant, especially for samples kept at elevated temperature, in

which a high degradation occurred in the fibre composites themselves.

Myers et al. (2001) conducted an experimental program to investigate the durability
of bond between concrete and various FRP sheets (carbon, glass, aramid). The results
showed that the combined environmental exposure has an adverse effect on the bond
performance of FRP sheets to concrete. Members strengthened with three different
FRP sheets indicated a reduction in flexural stiffness of the member through the
degradation of bond of FRP sheet with concrete. It was also concluded that specimens
conditioned under higher sustained loads (40% of ultimate load) degraded more in

bond when compared to unloaded specimens.

Leung et al. (2001) investigated the flexural capacity of strengthened concrete beams
exposed to different environmental conditions. In this investigation, it was proved that
strengthening with CFRP provides greater enhancement than strengthening with steel
plates. Exposure to water for long periods caused a change in the load carrying

capacity as well as the mid-span deflection.
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Grace and Grace (2001) studied the durability of the reinforced concrete beams
externally strengthened with CFRP plates and fabrics under adverse environmental
conditions such as 100% humidity, salt-water, alkali solution, freeze—thaw thermal
expansion, and dry-heat. They observed that the long-term exposure to humidity was
the most-detrimental factor affecting the bond strength between CFRP plates/fabrics
and RC beams.

Another study has been carried out by Almusallam (2006) to test the durability of
reinforced concrete beams strengthened with glass fibre reinforced polymer (GFRP)
laminates. The results of experiments performed on GFRP strengthened beams
established the sound durability of GFRP sheets in varied environmental conditions. It
was observed that GFRP sheets attached to the beams and exposed to different curing
conditions for a period of 6-24 months showed no degradation in imparting the

strength and stiffness to strengthened beams.

The effect of UV rays was also studied on the durability of GFRP sheets by exposing
UV painted and unpainted strengthened specimens to solar radiations for 6-24
months. Again, no degradation in the performance of GFRP sheets was observed due
to exposure to solar radiations (containing UV rays). However, the degradation effect
of solar radiation cannot be neglected if the GFRP sheets are exposed to such

radiations for a long time (e.g. number of years).

The exposure to a variety of environmental conditions can change failure modes of
the FRP composites and result in the weakening of the interface between FRP
composites and concrete causing a change in the failure mechanism and sometimes a

change in performance (Karbhari, 1998).

2.3.3.1 The effect of fire exposure

The exposure of concrete members to fire can be lead to yielding of the steel
reinforcement and a subsequent reduction of load bearing capacity; it represents one
of the most severe risks to buildings and structures, the main aspects of fire behaviour

that must be considered include:
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e Fire resistance.
e Smoke evolution and toxicity.
e Heat generation characteristics.

e Flame spread.

The performance of the composites at elevated temperatures depends solely on their
constituents: the fibres, the matrix, the proportion of fibre to matrix, and the relative
stiffness of each. Limited range of relevant studies has been previously carried out, to
evaluate the mechanical properties of the RC structures. Carbon fibres alone are
capable of resisting temperatures well in access of 1000° C without serious strength
loss (ACI, 2001). The epoxy matrix, however, is the critical component governing fire
behaviour of the overall composite (Williams et al., 2003). When the FRP composite
is exposed to fire it is liable to be effected by burning because of the flammability of

the matrix.

Gamage et al. (2006) investigated the behaviour of CFRP—concrete composites under
fire using a 3D model. The results showed that the epoxy adhesive being used in the
construction industry is very sensitive to temperature variations, and the epoxy
temperature should not exceed 70°C in order to maintain the integrity between the
CFRP and concrete at high temperature. The CFRP concrete composites reach the

failure point within 5.5-6.0 min under exposure to the standard fire.

2.3.3.2 The effect of freeze and freeze-thaw

In cold environments, freezing and thawing can be harmful for a porous brittle
material such as concrete when it is subjected to lower temperatures. According to the
previous studies, it is reported that the high strength concrete subjected to freezing
and thawing cycles may deteriorate rapidly and cause damage in concrete resistance

leading to failure.

The damage process is accelerated and the extent of damage increased under the
simultaneous action of load and freeze-thaw cycles (Sun et al., 1999). Nollet et al.
(1999) investigated the short-term flexural performance of beams strengthened by

CFRP strip under room temperature (+25°C) and freezing temperature (-25°C). It was
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observed that due to freezing, both the load and deflection increased. A 35% increase

in flexural capacity was noted under freezing temperature.

Furthermore, Karbhari et al. (2000) cycled carbon/epoxy confined concrete cylinders
between 22.5°C and -20°C 201 times without prior moisture exposure and noted there
was insignificant change in levels of ultimate strength, although a decrease in hoop
strain levels was seen. It was noted, however, that “dry” freeze-thaw cycling did result
in substantial matrix micro-cracking that in the presence of moisture could result in
significantly accelerated degradation in overall response under ambient conditions
rather than under conditions of exposure. The biaxial compressive strength of plain
concrete also decreased as the freeze—thaw cycles were repeated (Shang and Song,

2006).

2.4 High Performance Fibre Reinforced Cementitious Composites (HPFRCCs)

Recently, intensive studies have been carried out to produce alternative repair and
strengthening materials to avoid the problems that are caused by bonded steel and
FRP plates to concrete members. Generally, the repairing material should be durable
and have a good bond with substrate under service conditions. High performance fibre
reinforced cementitous composites materials have been evaluated, and found to be

excellent materials for retrofitting (Hammil 1999; Karihaloo et al., 2001).

Naaman and Reinhardt (2004) suggested that the use of a performance-based design
classification of FRC composites can be expressed to four levels of performance,
namely: Crack control; Deflection hardening; Strain hardening; High energy
absorption. This classification has the advantage of following current applications;
indeed low fibre content is used in numerous applications in slabs on grade for crack
control; deflection hardening composites with a moderate volume content of fibres are
used in beams in combination with conventional reinforcement such as in seismic
resistant structures; strain hardening composites are used in stand-alone thin sheets
applications and require a relatively higher volume fraction of fibres; and very high
fibre contents are used in blast and impact resistant structures which require high

energy absorption capacity
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2.4.1 Engineered cementitious composites (ECC)

A micro-structurally tailored Engineered Cementitious Composite (ECC) serving as
the repair material was found to be most effective in trapping interface cracks which
typify failure modes in repaired systems, such as spalling or delamination (Lim and
Li, 1997). It was also observed that, for the same geometry and loading conditions,
the ECC repair system is stronger, more ductile, more energy absorbing, and shows
better crack width control in comparison with controlled systems with concrete or a

typical fibre reinforced concrete repair material.

An experiment was carried out by Li and Kamada (2000) to investigate the effect of
surface preparation on the kink-crack trapping mechanism of engineered cementitious
composite (ECC)/concrete repair systems using different substrates. Generally,
surface preparation of the substrate concrete is considered essential to achieve a
durable repair. In this experiment, the smooth surface system showed more desirable
behaviour in the crack pattern and the crack widths than the rough surface system.
This demonstrates that the smooth surface system is preferable to the rough surface

system, from the view point of obtaining a durable repaired structure.

The engineered cementitious composite was consolidated using different materials
such as reinforcement by polyethylene (PE) fibres (Li et al., 1998). Thereby, the
ultimate material strength and ductility of the self consolidating PE-ECC were lower
than the normal (cast and vibrate) PE-ECC containing higher fibre volume fractions.
Recently, ECC material reinforced with hydrophilic poly (vinyl alcohol) (PVA) fibres
has been developed, using extensive micromechanical design and experiments to
obtain appropriate PVA fibre bridging response (Li and Kanda, 1998; Wu, 2000). The
ultimate tensile strain in PVA-ECC was achieved with 2% vol. of PVA fibres. In
addition, PVA-ECC is favoured for practical applications, since it is more cost-
effective than PE-ECC.

Li et al. (2003) conducted work to develop high performance self-consolidating PVA-
ECC with ductility comparable to normal PVA-ECC by applying the same approach
as used in the development of the self consolidating PE-ECC. It resulted in a ductility
of self-consolidating PVA-FRC being lower than that of the self-consolidating PE-
ECC made with the same matrix. The excellent properties of the PVA-FRC mix, due
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largely to uniform fibre dispersion, suggest that the use of the PVA fibre as the
reinforcement of the ECC material can afford the use of higher fibre content than the

PE-ECC without sacrificing the self-consolidating performance.

Moreover, an experimental work was carried out by Mustafa and Li (2007) to
investigate the durability of ECC material with regard to cracking and healing under
combined mechanical loading and environmental loading conditions. ECC coupon
specimens were firstly pre-loaded under uni-axial tension to different strain levels,
and then exposed to an alkaline environment up to 3 months at 38°C and reloaded up
to failure. The results indicated strong evidence of self-healing of the micro-cracked
ECC material, which can still carry considerable tensile stress and strain and restore
nearly the original stiffness. The phenomenon of self-healing effectively closes the

micro-cracks even after one month exposure period.

2.4.2 Retrofitting with CARDIFRC®

CARDIFRC is a new material that has been developed in Cardiff University. It is a
high performance fibre reinforced cementitious composite material characterised by
high tensile and flexural strength and also a high energy absorption capacity. The
special characteristics of CARDIFRC® make it particularly suitable for repair,
remedial, and upgrading activities (i.e., retrofitting) of existing concrete structures.
Farhat (2004) expressed the main advantages of CARDIFRC® as a retrofitting

material as follows:

e Improving the serviceability of RC concrete structure.

e Ensuring gradual failure without delamination.

e Ensuring compatibility with the material of the structure being retrofitted.

e Can be used as a repairing material without fibre (e.g. for filling cracks,

replacement of spalled concrete)

Strengthening RC beams with CARDIFRC® can be done firstly by adhesive bonding
of pre-cast strips to RC beams. This system requires that the retrofit material adheres
precisely and safely to concrete members. Secondly by using the direct cast system of

wet CARDIFRC® on to the structure. This technique requires a special formwork and
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thus limits the application in practice. The applications of CARDIFRC® as a
retrofitting material are shown in Figure (2.9). The different techniques used thin pre-
cast strips adhesively bonded to the tension face and/or both RC beam sides for

flexural and shear strengthening.

(b)

Figure 2.9 Flexural cracking in beam retrofitted with: (a) three thick strips and (b) four
trapezoidal strips on sides and continuous strip on tension face

2.4.2.1 Flexural Strengthening

Flexural strengthening of deteriorating RC beams using CARDIFRC® strips can be
achieved by bonding CARDIFRC® strips to the tension face of RC beams. Several
experiments have been conducted by Karihaloo et al. (2003) using damaged RC
beams retrofitted with CARDIFRC® strips. The test beams consisted of two types:
beams without shear reinforcement and beams with adequate shear reinforcement.
The retrofitted beams were loaded to failure and compared with the control beams; all
beams failed at loads at least equal to the average failure load of the control beams

with flexural, shear or a combination of flexural and shear failures modes.
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2.4.2.2 Flexural and Shear Strengthening

Flexural and shear strengthening of the damaged RC beams can be achieved using
CARDIFRC® strips in tensile face and each side of beams in different configurations
(Figure 2.10). In comparison with beams retrofitted in tension only, the different types
of flexural and shear strengthening configurations produced significant improvements
in load carrying capacity and serviceability in terms of reduction in the number and

the width of'the cracks (Karihaloo et al., 2003).
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Figure 2.10 Configurations of retrofitting RC beams with CARDIFRC® : (a) beam retrofitted
with one strip on tension side; (b) beam retrofitted with one strip underneath and two side
strips; (c) beam retrofitted with one strip underneath and four rectangular side strips; (d) beam
retrofitted with one strip underneath and four trapezoidal side strips; (e) one strip bonded on
tension face and four short strips on vertical sides covering supports and ends of tension strip;
and (f) one strip bonded on tension face and four short and two continuous strips on vertical
sides, fully covering supports and tension strip sides
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Failure was characterised by the formation and opening of a single flexural crack
around the mid-span of the beam (Figure 2.10). Alaee (2002) investigated RC beams
with sufficient shear reinforcement retrofitted by one strip on the tension face and two
short strips on both sides to avoid shear cracks. It was found to be very effective in
improving flexural and shear behaviour but does not improve the load carrying

capacity of the RC beams

The high load carrying capacity and stiffness without any shear distress in retrofitted
RC beams can be achieved by employing one strip in the tension zone and continuous
strips on both sides (Karihaloo et al., 2002). Two analytical models were developed
by Alaee and Karihaloo (2003a-b). The first was to predict the moment resistance and
load- deflection behaviour based on the classical theory and the second was to use a
purely fracture mechanics approach and follows the initiation and propagation of
flexural cracks. These models were found to give predictions in good agreement with

the test findings.
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Fracture
Mechanics of Concrete



3.1 Introduction

The engineering materials can be classified into; brittle: stress suddenly drops to zero
when a brittle material fractures, ductile: stress remains constant or increases when a
ductile material yields, and quasi-brittle: stress gradually decreases after the peak

stress.

There are many inherent flaws in a concrete structure, for example; air voids, water
filled pores and shrinkage cracks. By the affect of the external loading these flaws
develop, merge with existing or newly-formed microcracks until fractures are formed
which cause the collapse of the concrete structure. To date these structures are
designed without regard to the propagation of large cracking zone through them or an
energy failure criterion. Fracture mechanics provides an energy based failure theory
that can be useful for designing cement-based structures against the consequences of

crack initiation and propagation (Karihaloo, 1995)

This chapter follows the outline in the third chapter of Farhat’s thesis (Farhat, 2004).
It provides a summary of fracture mechanics theories that will be useful in the
subsequent chapters. An intensive literature on this topic can be found in Knott, 1973;
Broek, 1978 and 1989; Ewalds and Wanhill, 1985; Karihaloo, 1995; Shah et al., 1995
and Van Mier, 1997. We begin with an introduction into the linear elastic fracture
mechanics (LEFM) for brittle materials; it shows that the LEFM is not suitable for
concrete. Therefore, the concepts of non-linear fracture mechanics for concrete are
introduced. The topics discussed also touch upon the fracture behaviour of the
repairing system and an application of fracture mechanics to reinforced concrete

structures is demonstrated on a longitudinally reinforced cracked beam.

3-2 Linear Elastic Fracture Mechanics

3.2.1 Griffith Theory of Brittle Fracture

Griffith (1920) explained that the large discrepancy between the theoretically
predicted and real tensile strengths of hard brittle materials is due to the presence of
small cracks and other crack-like defects in these materials. The theory is based on the
assumption that the fracture initiates at the cracks as a result of very high tensile stress
concentrations, which are induced around the crack tips when the load is applied

(Anthony and Newman 1965). Consider a large plate of unit thickness containing a
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crack of length 2a subjected to a uniform far-field tensile stress (Figure 3.1a). From
Inglis’s (1913) solution for a slit-like cut the vertical displacement of the upper face of

the cut is:

v(x)=2?0-\/a2—x2, 0S|x|£a (3.1

where E is Young’s modulus.

With reference to Figure 3.1, it is clearly seen that the elastic plate with the slit-like
cut of length 2a can be considered as the superposition of an elastic plate without a
cut under external stress o and the same plate without external o but with equal and
opposite stresses (i.e.- o) applied gradually to the faces of the intended cut. Hence

the stress o on each of the two faces is displaced by the amount v(x) of equation

(3.1), so that the work done is given by:

2 2
o rac
W=2-——| v(x)dx |=— 3.2
[ > L@ } = (32)
The negative sign in equation (3.2) indicates the stress and displacement are of the
opposite sign, and the factor %2 in the square brackets appears because the stress

gradually increases from O too .
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Figure 3.1 The principle of superposition (a) the plate is under external tension (b) uncracked
plate under o (c) plate without external o but with equal opposite stress applied to the crack
to create a stress-free crack (After Karihaloo, 1995)
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If the loaded boundaries of the panel are free to move, then the elastic strain energy U
of the body increases during the crack process, and the change in W is equal to the

change in the potential energy ] of the system for an incremental crack growth.

aw = —-dI’ (3.3)
where
I'=4ay (3.4

[ is the surface energy consumed in the creation of the crack, and y is the surface
energy density, that is the energy required to create a unit crack surface.
The principle of minimum potential energy is applied for a stable crack, and it may be

rewritten as:

-510W>+r)=0 (3.5)
da

Substituting (3.2) and (3.4) into (3.5) gives

ot = 2B (3.6)

na

For a given material (i.e. given £ and y ) it follows that

GW =.J2Ey = const. 3.7

According to the Griffith fracture criterion or the global energy criterion a brittle

material will fracture when the stress o reaches the value o, that satisfies equation
(3.7). It shows that the strength of a brittle material o, is dependent on physical

parameters such as the Young modulus, the surface energy density, and the length of

the crack.

31



3.2.2 Irwin Theory of Brittle Fracture

Griffith’s work was significant; however it did not include materials other than brittle
ones in its consideration. Irwin (1957) began to see how the theory would apply to
ductile materials. He determined that there was also a certain energy from plastic
deformation that had to be added to the surface energy of Griffith in order for the
theory to work for ductile materials as well, creating what is known as the strain
energy release rate. If the energy used in the plastic deformation is included in

equation (3.7), it becomes,

o= /fﬂfjﬁl (3.8)
Ta

where y, is the energy used in the plastic deformation associated with the crack

extension.

Generally, there are three possible modes of deformation at a crack tip (Figure 3.2):

e Mode I - opening or tensile mode, where the crack surfaces move directly
apart (Figure 3.2a).

e Mode II - sliding or in-plane shear mode, where the crack surfaces slide over
one another in direction perpendicular to the leading edge of the crack
(Figure3.2b).

e Mode III - tearing or antiplane shear mode, where the crack surfaces move

relative to one another and parallel to the leading edge of the crack (Figure

3.2¢).

1_1sx —_

(2) Opening Mode I (b) Stidng Mode II () Tearing Mode III

Figure 3.2 Modes of crack propagation
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The most severe mode from the point of view of fracture is mode I, as the propagation
of crack in real material under pure Mode II and III conditions needs a great amount

of energy, due to friction between the crack faces.

Now, consider a two dimensional (plane) body of infinite extent subjected to a
uniform stress remote from the crack, which induces an opening mode of stress at the
crack tips (Figure 3.3). The stress and displacement components of a point in the

vicinity of the crack tip can be written as:

. =\/TKﬂ;r—fy(a)+ ..... i,je{x,y} (3.9)
y = KA+V) 121 gy iefx,y) (3.10)
E V4

where r and @ are the polar co-ordinates of the point with respect to the crack tip.

E and v are the Young modulus and the Poisson ratio of the material, respectively.
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Figure 3.3 An infinite elastic body with a sharp crack of length 2a under mode I \
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The parameter K, (/ denotes Mode I) called the stress intensity factor depends on the
geometry of the body and manner in which the loading is applied. For the geometry

shown in Figure 3.3, K, is given by
K, =oma (3.11)

Generally, K, is finite and positive. There can be situations when K, vanishes, but it
can never be negative. The shapes of the crack tip zones and the stress distributions
ahead of the tips are shown in Figure 3.4 for K;> 0, K; <0 andK, =0. When
K, =0 (Figure 3.4c), the crack faces close smoothly and the stresses ahead of the

crack tip are finite. It should be mentioned that the constant term or terms which
depend on r and thus vanish as» — 0, have been omitted from equations (3.9) and

(3.10).
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Figure 3.4 Shapes of traction-free crack tip zones and distribution of normal stress, o, in
front of the crack tip for K;> 0, K;<0 and K, = 0 (from Karihaloo, 1995).

According to the Irwin fracture criterion, a sharp crack in a brittle material will

propagate when the stress intensity factor K, reaches a critical value, denoted X, , .

This critical value is a material constant and is called the fracture toughness of the
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material. The distinction between K,. and K, is important, and is similar to the
distinction between strength and stress. In other words, K, is related to the stress

intensity factor K, for opening mode crack in the same way that a material’s tensile

strength is related to the stress in a tensile specimen (Brown and Srawley, 1996). For

the geometry and mode I loading of Figure 3.3, Irwin’s criterion gives:
o.\ra=K,, (3.12)

According to this relation, when the external stress reaches the value o, the crack

will propagate. Comparing equation (3.12) with (3.7) indicates that the Irwin local
stress criterion at the crack tip where the fracture process is taking place is exactly

identical to the Griffith global energy criterion. The constant in the right hand side of

equation (3.7) can be identified with X, _, i.e.

/257 =K, (3.13)
Or
K} =EG, 3.14)

where, G, is the critical Griffith surface energy density or the critical energy release

rate, with G, =2y .

Today, Irwin’s fracture theory is more widely used than Griffith’s because it much

easier to determine directly the fracture toughness K, than it is to determine the

surface energy density y (Karihaloo, 1995).

The fracture toughness of material can be determined from a pre-cracked specimen.

The most commonly used specimen shape for the determination of K, is a notched

beam loaded in three-point bending. The specimen is loaded gradually until the sharp

notch begins to propagate. The corresponding maximum load is noted to calculate the

35




bending moment at mid-span (M _,, ). The critical stress intensity factor K, _ is then

calculated using the formula (Karihaloo, 1995).

6YM,, Va
K. = max 3.15

Ic BW 2 ( )
where Y is a function of a/W (i.e. the ratio of the depth of notch to the height of the
specimen), B and W are the width and the height of the beam, respectively.

3.2.2.1 Irwin Theory and Local Energy Considerations

Consider a crack of length 2a in an infinite body of unit thickness under mode I
loading (Figure 3.3) and calculate the change in its potential energy when the crack
grows by an infinitesimal amount Aa at each end. Using the superposition approach,

we need only to eliminate the stress o, due to the remote mode I loading at the

location of the crack by applying equal stress of opposite sign and calculate the work
done by this stress when the crack face open up. As mentioned earlier, this work done

equals the change in the potential energy of the body, A]]
Aa

ATl=-2 [, u, dx (3.16)
0

The negative sign in front of the integral indicates that the displacement and
corresponding stress have opposite signs, and the factor 2 allows for the symmetric
growth of the two crack tips. The stress and displacement components (ie. o,

andu ) are chosen from equation (3.9) and (3.10), respectively for & =0(i.e. in the
direction of crack advance). After integrating equation (3.16), we obtain
2K}

All=- Z Aa (3.17)
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On the other hand, the energy required to extend the crack by an amount Aa

isA' =4y Aa. Noting that— AJ] = AI', the relation between y and stress intensity

factor in the loading mode I can be written as

2K}
—4 3.18
5 /4 (3.18)

At the critical instant of crack propagation, this relation would take the

form K}, = 2Ey = EG, , which is identical to equation (3.14). Therefore, the important

relationship between Griffith and Irwin criteria of fracture from energy consideration

alone is re-obtained.

Now, from equation (3.17) the rate of change in the potential energy for growing a

crack tip in a brittle material under mode I loading can be derived as
_dll_g K (3.19)
da

where G is the energy release rate.

3.2.3 Barenblatt’s Cohesive Crack Model
The main features of LEFM described above are:

(i) The description of brittle fracture involves only one additional material
parameter, besides the usual two constants E and f;. This parameter may be
related to the energy of the body (material toughness) G, or to the stress
field near the crack tip present in the fracture toughness Kj..

(ii) The stresses and strains in the vicinity of a crack tip are very large (at the
tip itself they tend to infinity).

(iij)  During the fracture process the entire body remains elastic; the energy is

only dissipated at the crack tip.
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Griffith (1920) had observed the inconsistency between the linear elastic fracture
model and the real physical situation prevailing at the crack tip. He therefore,
proposed that the crack face should be allowed to close smoothly (Figure 3.4c) under

the influence of large cohesive forces.

Figure 3.5 Barenblatt’s cohesive crack model in mode I. Note ¢ << a

Barenblatt (1959) gave the first fracture mechanics analysis based on the concept of a
crack-tip cohesive zone in which he assumed that there were large cohesive forces
q(x) (see Figure 3.5) acting over a small zone of length c(c<<a) near the crack tip and
that the crack forces close smoothly. The distribution of cohesive forces is generally

unknown and due to the presence of other defects it is difficult to ascertain.

Dugdale (1960) and Bilby et al. (1963) used a similar cohesive zone model to
describe the behaviour of the elastic-plastic materials but they considered the cohesive
stress to be constant and invariant with the crack opening. In fact, a plastic zone will
form at each crack tip and extend as far as is necessary to satisfy the yield condition

(0,, <0,). Therefore, the closing stress over the plastic zone will be constant and

equal to the yield stress of the material (o).
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3.3 Is LEFM Applicable to Concrete?

Attempts were made to apply LEFM to concrete, which was thought to be a brittle
material, but these proved unsuccessful. Intense research in this field revealed that all
the cement-based materials that were traditionally regarded to be brittle exhibit in
reality a different response. Figure 3.6a shows the load-deformation response of these
materials in tension/flexure. It can be seen that a substantial non-linearity exists
before the maximum stress is reached (AB) and there is a region of tension softening
after the attainment of the maximum load (BC). These are primarily a result of
randomly formed micro-cracks. The tail region of tension softening (CD) is caused by

the aggregate interlock and other frictional effects.

The pre-peak non-linearity has only a minor influence on the fracture behaviour of
concrete. The major influence in fact comes from the tension softening response
because it reduces the flux of energy which can be released in to the crack tip and thus
leads to an increase in the fracture surface area. Hence, the application of LEFM to
concrete structures is limited, due to the existence of the tension softening response.
In other words, the fracture behaviour of concrete is influenced by the formation of an
extensive fracture process zone ahead of the pre-existing notch/crack, as illustrated in

Figure 3.6b.
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Figure 3.6a Typical load-deformation response of a quasi-brittle material in tension / flexure.
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Figure 3.6b The fracture process zone ahead of the real traction-free (After Karihaloo, 1995)

3.4 Nonlinear Fracture Theory of Concrete (NLFM)

In the previous section it was argued that the LEFM is not applicable to concrete due
to the existence of the inelastic toughening mechanisms (i.e. fracture process zone)
that appear around a crack when it propagates. Therefore, a fracture theory capable to
describe the material softening process that takes place in the fracture process zone

must be a non-linear fracture theory.

3.4.1 Fictitious Crack Model (FCM)

The first non-linear theory of fracture mechanics for concrete was proposed by
Hillerborg et al. (1976). It includes the tension softening fracture process zone
through a fictitious crack ahead of the existing crack whose faces are acted upon by a
certain closing stress (Figure 3.7). The model, which is known by the name of

Fictitious Crack Model (FCM), is applicable to cracks whose faces close smoothly.

The FCM is similar in some points to the Barenblatt and Dugdale models, mentioned
above. Like these models, the FCM assumes that the fracture process zone is of
negligible thickness and the crack tip faces close smoothly (K; = 0, see Figure 3.4c).
However, the closing stresses in the FCM are not constant, as they are in the Dugdale

model. They increase from zero at the tip of the pre-existing stress-free crack to the
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tensile strength of the material, £, at the tip of the fictitious crack (Figure 3.7a). In

fact, the distribution of the cohesive stresses o (w), along the fracture process zone

depends on the opening of the fictitious crack faces, w. The size of the fracture
process zone (I, in Figure 3.7a) in the FCM may also be long compared with that of

the pre-existing crack, so the FCM also differs from the Barenblatt model.

In contrast to LEFM which needs a single parameter to describe a brittle material (e.g.

K, in Irwin’s theory), in the FCM it is necessary to have two material parameters.

e The shape of the stress-deformation relation o (w) in the softening zone.

e The area under the tension softening curve which is the specific fracture

energy Gr (Figure 3.7¢).

(huz?aﬁ@dw (3.20)

where w, is the critical crack opening at which the closing stress is equal to zero.

There is also another material parameter which can be obtained from the above

information, namely the characteristic length of the material

EG,

3.21
f;z ( )

lch =

The characteristic length/,, is related to the heterogeneity in the material

microstructure, giving an indication of its brittleness. It has a value proportional to the
length of the fracture process zone. The bigger the characteristic length of the material
is, the more ductile will be the material (i.e. less brittle). This is attributed to the fact
that a bigger value of characteristic length is an indication of more inelastic
toughening mechanisms getting involved around a crack when it propagates, resulting
in increased energy absorption. The characteristic length has a value for mortar and
concrete in the range of 100 to 200 mm and to 500 mm, respectively (Karihaloo,

1995).
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Figure 3.7 (a) A real traction-free crack of length a, terminating in a fictitious crack of length
I, whose faces close smoothly near its (K; = 0). (b) The material ahead of the fictitious crack
tip is assumed to be linear. (c) But the material within the fracture process zone is softening;
the area under softening curve equals fracture energy Gr (after Karihaloo, 1995).
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3.4.2 Crack Band Model (CBM)

According to the fictitious crack model, the fracture process zone (FPZ) is assumed to
be a line crack with negligible width. Bazant and Oh (1983) developed a similar
model called a crack band model (CBM), in which the fracture process zone was

modelled by a band of uniformly and continuously distributed (smeared) micro-cracks

of width A, (Figure 3.8a). Stable crack propagation is assumed by progressive micro-

cracking within this band, which is described by a stress-strain relationship (Figure
3.8b). The crack opening displacement w is equal to the product of the strain and the

width of the crack band, A,

Based on the assumption that the energy produced by the applied load is completely
balanced by the cohesive pressure o (w) in the fictitious crack approach, the energy
consumed due to the crack growth per unit area of the crack band, G is the product
of the area under the stress- strain curve in Figure 3.8b, and the width of the crack

band, 4; This lead to
2
G =h, {1+—J.—fi— (3.22)

where E is the modulus of elasticity, E; is the strain- softening modulus, and f; is the

tensile strength of the material.

The values of E and E, are defined as positive. It may be seen that in addition of E the
crack band model requires two additional material parameters, namely A, and E,. An
approximate function A, = n,d, has been proposed to calculate the 4, value, where d,
is the maximum aggregate size in concrete and 7, is a constant, which is equal to 3 for
concrete. It should be noted that the main difference between the two mentioned non-
linear models (FCM and CBM) is the thickness of the fracture process zone. As the

band width 4, in the CBM tends to zero, the two models will merge.
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Figure 3.8 Crack band model for fracture of concrete. (a) a micro-crack band fracture and (b)
stress strain curve for the micro-crack band ( from Shah et al., 1995).

The CBM is generally used when the cracks are diffuse and numerous. That is why it
is also called the smeared crack model. The FCM, on the other hand, is used when the

cracks are few and isolated. That is why it is also called the discrete crack model.
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3.5 Determination of Fracture Energy Gr
According to the RILEM recommendation (RILEM, 1985), the specific fracture
energy (Gr) is the average energy given by dividing the total work of fracture with the

projected fracture area. This parameter can be measured using a pre-cracked (notched)

specimen. As for the determination of X, ., a commonly used specimen shape for the

determination of Gr is a notched beam loaded in three-point bending (Figure 3.9). The
specimen is loaded generally and the variation of the load (P) is plotted against the
mid-span deflection. The specific fracture energy (Gpr) is then calculated using the

formula

S
W -a)B

[pas (3.23)

where W, B and a are the specimen depth, width and the notch length, respectively.
The weight of the specimen can be considered, if necessary (i.e. large specimen).
However, most researchers have found that there exist size effects to a certain extent
when TPB is used to determine the specific fracture energy of concrete. As a material
parameter, fracture energy should be a constant and independent of specimen size.

Therefore, some researchers have doubted the validity of G obtained using TPB.

lp( Load)

| a

T
Y

I §
Y

Figure 3.9 Testing configuration and geometry of specimen. P = load, L = specimen length, S
= specimen load span, W = beam depth, B = beam thickness and a = initial notched depth.
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Because of the testing simplicity, TPB recommended by RILEM Committee FMC-50
is widely used for the determination of fracture energy. However, most experiments
are performed on relatively small beams, and therefore the self-weight is large.
Hence, the effect of self-weight on fracture properties must be carefully considered in
TPB. To overcome this situation, RILEM set up a committee (Rossi et al., 1991)
charged with the task of proposing a test method based on compact specimens. The
specimen is provided with a groove and starter notch. The fracture parameters are
determined by wedging open the starter notch; hence it is called the wedge splitting
test (WST). The principle of the WST (Bruhwiler and Wittmann, 1990) is

schematically presented in Figure 3.10.

A cubic specimen with an initial rectangular groove carries two-load transmission
pieces (Figure 3.10). The loading of the wedge implies a defined horizontal-force Fy
application to the specimen, which causes crack propagation. The load is applied
gradually and the crack mouth opening displacement (CMOD) is monitored with a
clip gauge and used as a feed back signal. The splitting force F} is calculated from the
vertical force Fjs on the bearing and wedge angle, taking into account frictional

effects.

B F,(1-ptaner) _ Fy
- 2tana(1+,ucota)~ (1+ pcote)(2tan )

(3.24)

H

where u is the coefficient of friction. The roller manufacturers quote x between 0.1
and 0.5 %. For a=15° the contribution of xcote in the previous expression is

therefore between 0.40 and 1.9 %. Therefore, in the WST, F}, may be expressed by

F,
F,=—M
7 2tana

(3.25)

The area under load-CMOD curve corresponds to the work done to separate the
specimens. Dividing this work by the fracture area or ligament area that was intact

before the test began yields the measured specific energy Gy. This value characterises
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the crack propagation resistance of the test material and can be simply calculated as

follows:

CMOD gy

1

G, =— [F, d(cMOD) (3.26)
Alig 0

Figure 3.10 Principle of wedge splitting test: (a) a test specimen on a linear support, (b)
placing of two load devices with roller bearing, (c) pressing a wedge between bearings, and
(d) forces acting on the wedge. (After Rossi et al., 1991)

3.6 Size-Independent Specific Fracture Energy Gr

The specific fracture energy Gr is the most useful material parameter in the fracture
analysis of concrete structures (Karihaloo, 1995). The method of experimental
determination of the fracture energy, Gr, and even its definition has been a subject of
debate among researchers because of its variability with the size and shape of the test
specimen (Abdalla and Karihaloo, 2003). Hu and Wittmann (1992) have shown that
the specific fracture energy may not be constant along the crack path in a test

specimen. Duan et al. (2001) proposed a boundary effect model that assumes that the

47



fracture energy required for creating a unit crack along the crack path is influenced by
the size of the fracture process zone (FPZ) which in turn is influenced by the free
boundary of the test specimen. To consider the boundary effect on the propagation of
FPZ, they used a bi-linear fracture energy distribution to explain the ligament effect
on the fracture energy of concrete. This is needed for an accurate estimate of the load

bearing capacity of cracked concrete structures (Abdalla and Karihaloo, 2003).

The fracture process zone (FPZ) around the propagating crack can be considered as

consisting of two regions, an inner softening zone(w, ) and an outer micro-fracture
zone (w,)(Karihaloo, 1995; Hu, 1990; Hu and Wittmann, 1992; Duan et al., 2001)

(Figure 3.11).

W_v- W,

Figure 3.11 The FPZ and discrete bridging stresses. The FPZ is divided into inner softening
zone and the outer micro-fracture zone. w, is related to the width of the inner softening zone

w,, (Hu and Wittmann, 1992).

The inner softening zone w,, contains interconnected cracks along the aggregate and

mortar interfaces. The main open crack plus a few large crack branches along the
interfaces can be formed within the softening zone. The formation and complete
separation of the softening zone controls the o(w) relationship. The outer micro-
fracture zone contains isolated micro-cracks that are not interconnected. These do not

contribute to the concrete softening. The fracture energy consumed in the outer micro-
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fracture zone is small, and equations (3.20) and (3.23) should in principle determine

the same specific fracture energy (Duan et al., 2001).

However, during crack propagation the inner and outer zone width w,, and w, may

vary according to the crack tip stress field. Obviously the critical crack opening w, is

limited by the inner and the outer zone width. This limit becomes more obvious when
a FPZ approaches the free boundary of a specimen. Therefore, a smaller w, and a

smaller fracture energy is found if equation (3.20) is used. These variations inw, ., w,

and w, lead to the conclusion that the fracture energy Gr defined by equation (3.23)

can be dependent on the location of FPZ in relation to the free boundary of the

specimen.

To distinguish the fracture energy Gr defined by equation (3.23) from that defined by
equation (3.20), Duan et al., (2001) use the symbol g, for the local fracture energy

defined by equation (3.20) (Abdalla and Karihaloo, 2003). Hu (1990) and Hu and

Wittmann (1992) have made the following assumption

Wy (X) cw, (x)

W, (x) o< wy (x) (3.27)

g (x) cw,(x)

where x denotes a position along a fracture ligament in the FPZ and g, (x) represents

the local fracture energy. The fracture energy defined by equation (3.23) which may

be size or ligament dependent is denoted throughG,(a), to differentiate it from the

size-independent Gr(Duan et al., 2001).

According to the energy conservation principle, the specific fracture energy

G (a) defined by equation (3.23) can be determined as follows:

1 W-a
G, 3 0jgf(x)dx (3.28)
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Differentiating equation (3.28) with respect to the crack length gives the local fracture

energy g,(x) at the crack tip.

dG ,(a)

—= (3.29)

g,(x) =G, (a)-(" -a)
Equations (3.28) and (3.29) above imply that G,(a) = constant = G, if g,(x)=
constant. If g (x) #constant, G,(a) # constant, i.e. size or ligament effects are
observed. Figure 3.12 shows schematically that if g, (x) decreases when approaching
the boundary of the specimen at later stages of fracture, G,(x) is indeed dependent

on the ligament or initial crack length (Duan et al., 2001).

G, (or g, ) for eng, structure &y

GJ, or gy

G, (or g;) for micro-fracture S

0 a'w 1

Figure3.12 g, decreases monotonically along the ligament, so that G ; has to be dependent
on the a/W ratio, as observed in many experiments (Hu and Wittmann (1992).

To simplify the previous local fracture energy analysis Hu (1990) and Hu and

Wittmann (1992), g, (x) is assumed to vary in a bi-linear manner, as shown in Figure

3.13. Figure 3.13a displays a specimen of depth W and an initial crack of size a.
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The bi-linear function consists of a horizontal line with the value of Gr and a
descending branch that reduces to zero at the back surface of the specimen. The
intersection of these two straight lines is defined as the transition ligament size a; or
the crack reference length (Hu and Wittmann, 2000). The transition ligament size a; is

a parameter depending on both the material properties and specimen geometry.
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Figure 3.13 (a) A notched test specimen of depth # and notch depth a. (b) showing the
distribution of fracture energy (Gyand gy) along the un-notched ligament, W-a

For specimen with a ligament size (W-a) larger than the transition ligament size a;,

g, (x) is given by (Hu and Wittmann 2000).

Gy x<W—-a—-a
-W-a- .

25!
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If (W-a) is smaller than the ligament transition length a;, first function in equation
(3.26) disappears. Substituting equation (3.30) into (3.28) and introducing the a/W

ratio, the size dependent fracture energy Gr is obtained (Duan et al., 2001).

GF[I——ﬂ—jI . 1—a/Wsa, IW
20-alW)
G, (a!W W)= (3.31)
G, 1-922") L aiwsa W
2(a, IW)

As shown in Figure 3.13, when the initial crack length grows from a to W,

the G, (@,W)or G f (a/W,W)curve is obtained, showing the ligament effect on the
fracture energy. The upper limit of G, (a/W, W) is the size-independent fracture

energy Gp. It can also be seen from Figure 3.13 that it is not necessary to test a very
large concrete specimen, because Gr can be back calculated from the size-

independent fracture energy G, (a/ w, W), as long as (W-a) > a; (Duan et al., 2001).

Abdalla and Karihaloo (2003) further verified the work of Duan et al., (2001) using
TPB and wedge splitting (WS) test on normal (NSC) and high strength (HSC)
concretes. For the WS test, they tested specimens of different notch to depth ratios

0.2, 0.3, 0.4 and 0.5. From the load-CMOD diagrams the fracture energy G, () was

calculated. These test results were substituted into equation (3.31) in order to
determine the size independent specific fracture energy Gr. This experimental work

provided further verification of the assumption that G, () is dependent on both the

a/W ratio and the specimen size. Furthermore, Karihaloo et al. (2003) simplified the
determination of size independent specific fracture energy, Gr by testing a single size
specimen with only two notch to depth ratios, provided they are well separated (a/W =
0.2 and 0.5 in WS). The selection of the specimen dimensions is dependent on the

maximum size of aggregate used in the mix.
3.7 Fracture behaviour of bi-material systems

A bi-material is by definition two materials which are perfectly bonded. For example,

a substrate/repair system can be considered a bi-material. Application of any repair
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material results in bi-material interface between the repair material and the existing
material of the repaired structure. The bonding at the interface is important for safety
and durability. Failure of repaired system relates to cracking along the interface or
kinking out of the interface. In the interface cracking case, the interface is relatively
weaker than the bordering materials, meaning that the interface crack will propagate
exclusively along the least resistance path, i.e. the interface. In the crack kinking case,
the interface is relatively stronger than at least one of two adjoining materials.
Quantitative evaluation of whether an interface crack will advance straight ahead or
kink-out of the interface requires the knowledge of interfacial fracture toughness (Li

et al., 1995).

3.7.1 Experimental Evaluation

To assess the performance of interfaces, several standardized bond strength tests are
currently used. Tensile or shear bond strength is usually accepted as an interface
property in practice determined by a variety of test techniques (Emmons 1994).
However, tensile or shear bond strength give essentially only a maximum value of the
stress. It is very difficult to tell from such technique if de-cohesion or separation is
obtained in a brittle or ductile manner. Moreover, there is no information about the
amount of energy (fracture energy) needed for the separation of the materials,
therefore, the bond strength as such may be useful for ranking of repair materials, but
is not expected to have field performance predictive capability due to size and
geometric effects. It is important to evaluate the bond properties after the maximum

load in order to understand the failure process.

In fracture mechanics, the load-deformation curve contains all information that
characterises fracturing of concrete. It is one of the fracture mechanics parameters and
is suitable to evaluate the bond failure after the maximum load (Kunieda et al., 2000).
To obtain the load deformation curve for a repaired structure, three-point bending and
wedge splitting test can be used (Figure 3.14). To date, there are only a few
researchers who have used the WS test for evaluating the performance of repaired
system, such as Tschegg and Stanzel (1991) (old concrete-new concrete), Tschegg et
al., (1995) (Aggregate-cement matrix), (Tschegg (1997) (Bituminous and layer
bonds), Irhouma et al., (1998) (Concrete-concrete) and Harmuth (1995) (Concrete-

polymer modified cement).
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(a) (b)
Figure 3.14 Different composite geometry to determine the load-deformation curve for bi-
material

3.7.2 Characterisation of Cracks at Bi-material Interfaces

The characterisation of cracks at bi-material interfaces substantially differs from that
of homogeneous materials. Unlike homogeneous materials, bi-materials exhibits a
coupling of'tensile and shear effects. In addition the singular stresses are oscillatory in
the vicinity of the interface crack tip. The stress field is characterized by a complex
stress intensity factor, x, together with the bi-material constant s relating to the
elastic properties of two materials. An alternative characterization of the near tip

stress field involves the energy release rate ¢, together with the mode mixityx *The

mode mixity is a quantity measuring the ratio between the shear and the normal

stresses at the interface in front ofthe crack tip.

Material 1

M2 (~2 ~)
Material 2

Figure 3.15 Geometry of a bi-material system with an interface crack
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Assume two isotropic elastic solids joined along the x-axis (Figure 3.15). Let E;, v;
denote the Young modulus and the Poisson ratio of the jth material (j = 1, 2),

respectively. The corresponding shear modulus, is obtained through

J (3.32)

When a crack lies along the bi-material interface of two dissimilar isotropic elastic
media, the near-tip stress field is an oscillatory singular field, which can be written

(Williams 1959; Rice and Shih, 1965; England, 1965; Shih and Asaro, 1988) as

Krie . Krie .

Here r and @ are the polar coordinates; Re and Im denote real and imaginary parts; K

is the stress intensity factor; oij~ and oij*’ are the dimensionless angular

functions of @ and & (Shih and Asaro, 1988), and the bi-material constant £ is
defined by

o Ll H/m+lip, (3.34)
kylpy +1/

where k and y are Lame constants and subscripts 1 and 2 refer to the materials 1 and
2, respectively. The quantity £ vanishes when the two materials are identical. The
solution of elastic plane problems for bi-material depends only on two non-
dimensional combinations of the elastic moduli, called Dundurs parameters o and .
Physically, & measures the magnitude of mismatch of the elastic tensile moduli of

the two bi-materials and £ measures the mismatch in their plane bulk moduli

_ ﬂ](kz +1)—/‘z(k1 +1)
- Hi (kz +1)+,u2 (kl +1) (3.33)
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_ ﬂ](kz _1)_/‘2("1 _1)
h= H (kz +1)+/‘2 (k] +1) (-36)

Therefore, the parameter £ can be rewritten as

gl h{ﬂ) (3.37)
2w 1+ 4

The energy release rate G is related to K by

G=§1—E—{;2)(K,2 +1<§)=Q—’E,Lm)|1<|2 (3.38)

where|K| is the modulus of K and the effective E* = 2E] E /(EI/ +E£), in which

E'=E /(1 ~v2) for plane strain problems and E’ = E for plain stress problems and v

is the Poisson ratio. Using the asymptotic field equation (3.33), the tractions at a

distance r ahead of the crack-tip along the interface (6 =0) can expressed according

to Hutchinson et al. (1987) as

Kri€

(0'22 +0n )e=o = W (3.39)

According to dimensional analysis (Rice, 1998), the modulus of K has the dimension
K| = [stressIlength](I/Z)'w (3.40)

Obviously, the dimension of the modulus K is quite different from that of

homogeneous materials.

The equations of the above paragraph will be used in Chapter 5.
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3.8 Application of Fracture Mechanics to Reinforced Concrete

The application of the theory of fracture mechanics to reinforced concrete elements is
relatively new. Nevertheless, the importance of the results obtained is increasingly
recognised since this approach has provided new ways of understanding, and often the
only possibility of interpreting, the real structural behaviour which shows failure
modes depending upon the size of the structure and the amount of reinforcement.
Recently, it has been proved experimentally that even the minimum percentage of
reinforcement that enables the element to prevent brittle failure, depends on size of
the element (Bosco et al., 1990a, b and Bosco and Carpinteri, 1992). This approach
was used by Alaee and Karihaloo (2003b) to predict the moment resistance of pre-
cracked reinforced concrete beams retrofitted with CARDIFRC® and the results found
to be in agreement with the test results. The calculation of the plastic moment of a

cracked beam element will be briefly explained in the next section.

3.8.1 Calculation of the Plastic Moment of a Cracked Beam Element
A cracked section of reinforced concrete beam is shown in Figure 3.16. The section is
subjected to a bending moment M and the closing force P applied on the crack

surfaces by reinforcement. We can evaluate the angular deformation A¢ ,,, produced
by the force P, together with the crack opening displacement A& ., at the point where
the forces P are applied, and, at the same time, the crack opening displacement AJ,,,
caused by the bending moment M, together with the angular deformationAg ,,,. By
linear superposition, the total crack opening AJ and the total relative rotation of the

crack face Ag can be written as

A6 =AS,, +ASpp =Apyy M — A, P (3.41)
Ap =A@y + APyp = Appy M = 2y P (3.42)

where 4,,, , Apys Aups App are the compliances of the member due to the existence
of the crack. There factors can be derived from energy principles considering the

moment M acting simultaneously with the force P. Denoting by X,,, and K,, the

stress intensity factors due M and P, respectively, the change in the potential energy,
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when the crack is gradually introduced, can be calculated from the integration of

(3.19).

. p 44- p°
Al

3.16 A small beam segment with a crack showing the bending moment M and steel force P
(After Bosco and Carpinteri, 1992)

It should be noted that p does not influence the crack until it has crossed the

reinforcing bar

aKju a(K,M+K,
aw=t— N B ( Z — bdx  (3.43)
1 E 1 E
AW=b1———dx + bl— dx+2b)K "'<K,r'dx (3.44)
0 Ec E 1 E

Note that the first term from the second integral has been combined with the first

integral with an appropriate change in limits of integration. Using Clapeyron’s

Theorem, we also have

Aw — "M aqg)r * Paspp + " (P-&spM + M4 (pmP) (3.45)
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Comparing equation (3.45) and (3.44) and recalling Betti’s reciprocal

theorem (P.AS,,, = M. Ag,,» ), we obtain

1 “K}
M BPu =b | é“ dx (3.46)

0

2

1 Kip
~PASy, =b Oj (3.47)

«K,, K
PAS,, =M.Ap,, =2b J'—“”E—”’

e (3.48)

The stress intensity factor produced at the crack tip due to moment M can be

expressed as (Okamura et al., 1973 and 1975)

K,y ==Y, () (3.49)

h2/3

where £ is the ratio of the depth of crack to the height of the beam (a / /). Similarly,

the stress intensity factor produced by forces P acting at the level of reinforcement is

(Tada et al., 1985)

K, = h”zb p(ﬂ ‘f) (3.50)

where S =c/h. Substitution of (3.49) and (3.50) into (3.46)-(3.48) gives the

compliance coefficients

Pas =7 bE jY (x)dx (3.51)
_ 2] Y7 (B,x)dx (3.52)
”  bE ’ '
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oz Y (x).Y, (B,x)dx (3.53)

clh

Aose = Apgp =
The compliance functions Y,,(x) and ¥ » (8,x) will be given in Chapter 8.

Next, if it is assumed that the crack forces do not open ( i.e. the net relative

displacement AJis zero in (3.41)) up to the moment of yielding or slippage of the

reinforcement, then the moment at plastic flow or slippage of steel can be computed

from (3.41) as

f/h Yy (’B’ x)dx

= Ph—
LMYM (x).YP(ﬂ,x)dx

(3.54)

P

where P, = 4; f, indicates the yielding force in the reinforcement. As mentioned

before, this application will be further discussed and expanded later on in Chapter 8

and the consequences of the assumption that A6 =0 when P reaches P, are

examined.
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Chapter 4

High Performance
Fibre-Reinforced Cementitious
Composites. HPFRCCs



4.1 Introduction

Concrete has been the most common material used in the building construction,
owing to its reliability and stability. The development of concrete as a structural
material has undergone several important phases. In the early 1900s and around
1940s, steel reinforced concrete and pre-stressed concrete took place as alternative to
steel as major construction material. Around 1970s, with the arrival of silica fume and
superplasticizer as chemical additives and the increase of civil engineering demands,
such as long-span bridges and high-rise buildings, high strength concrete became
commercialised. In 1980s high performance concrete (HPC) and fibre reinforced
concrete (FRC) were proposed and widely studied and began acceptance by the
practising community. Nowadays, the ultra high strength concrete (UHSC) with
compressive strength more than 140 MPa has successfully been developed in some

research institutes.

Cementitious materials are known to be quasi-brittle with low strength and strain
capacity in tension (Kaufmann and Hesselbarth, 2007). Therefore, due to these
properties, the inclusion of fibres in such materials enhance many of the structural
properties, for instance fracture toughness, flexural strength, tensile strength, impact

strength, resistance to fatigue and thermal shock (Mansur, et al., 1997).

High Performance Fibre Reinforced Cement Composites (HPRCCs) represent a class
of cement composites whose stress-strain response in tension undergoes strain
hardening behaviour accompanied by multiple cracking, leading to a high failure
strain capacity (Farhat, 2004). Generally, HPRCCs are made by adding a large
amount of fibre to the cement based matrix with no effect on the mix workability.
This has been made possible by the use of the silica fume and surfactants which
reduce the needed water and increase the matrix density. Fibres resist the nucleation
of cracks by acting as stress-transfer bridges, and once cracks nucleate, fibres abate
their propagation by providing crack tip plasticity and increased fracture toughness
(Banthia and Nandakumar, 2000).

A new class of the HPRCCs materials has been recently developed at Cardiff
University as a retrofitting material designated CARDIFRC®. It is characterised by
high tensile/flexural strength and high energy absorption (Karihaloo et al., 2001). In
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this Chapter, the behaviour of CARDIFRC® as a retrofitting material and the other
HPFRCCs that have been introduced to the engineering industry so far will be

discussed.

4.2 Normal strength concrete (NSC)

Normal strength concrete (NSC) or a plain concrete where the concrete mix consists
of four kinds of ingredients, which are cement, water and fine and coarse aggregates
has a compressive strength of about 40 MPa. It is usually characterised by low tensile
strength and low strain at fracture. Therefore, due to the mentioned characteristics, it
is difficult to obtain good mechanical properties unless chemical admixtures are

added to the concrete mix.

Several studies have been carried out on the main deficiencies of the NSC (low tensile
strength and low strain at fracture) and on the behaviour of concrete materials under
loading and also on the mechanisms of microcracking and the new microcrack
propagation at the loading stage (Ramakrishnan, 1995; Neville, 1995; Bentur and
Mindess, 1986).

Microcracks exist at cement paste—aggregate interfaces within concrete even prior to
any load and environmental action. Such microcracks are formed due to drying and
thermal shrinkage mismatch of aggregate particles and cement-based matrix which
control the strength development. Under externally imposed structural loads and
environmental effects, concentration of tensile stresses occurs at the interfaces
between aggregates and matrix, causing the growth of microcracks in size and
number; propagation of interface microcracks into matrix and eventual joining of
microcracks yield large cracks and lead to failure of concrete. The growth of concrete
microcracks under damaging load and environmental effects causes deterioration of

concrete properties (Soroushian and Elzafraney, 2004).

4.3 High strength concrete

To meet special engineering needs and requirements, concrete properties have been
improved. The satisfactory performance of structures in the long term has become
essential to the economy. Therefore, these reasons lead to an acceleration of the

research on concrete microstructure.
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Concrete with compressive strength more than 50 MPa is usually classified as high-
strength concrete (HSC).This can be reached by reducing the water/binder ratio and
increasing the binder content. Mehta (1999) explains that the low water/cement ratios
used in the manufacture of high-strength concrete (HSC) already guarantee that
durability requirements, such as low permeability which is one the characteristics that
show an internal structure more uniform at the matrix—aggregate interface than
normal strength concretes (NSC). HSC mixes are generally characterized by low
water/binder ratios, high consumption of cement, and the presence of various

chemical and mineral admixtures (Mehta and Aitcin, 1990).

The strength of concrete is influenced by many factors, for instance the amount and
type of cement, w/c ratio, aggregate type and grading, and chemical additives. Based
on an experimental study, Beshr et al. (2003) reported that the quality of coarse
aggregate significantly influenced the compressive strength and split tensile strength
of high strength concrete. Furthermore, the length of the tail end portion of the
softening curve and the fracture energy increased as the maximum size of coarse
aggregate and compressive strength of concrete increased (Appa Rao and Raghu
Prasad, 2002). Mazloom et al. (2004) indicated also that as the proportion of silica
fume (SF) increased, the workability of concrete decreased but its short-term
mechanical properties such as 28-day compressive strength and secant modulus
improved. Also the percentage of silica fume replacement did not have a significant
influence on total shrinkage; however, the autogenous shrinkage of concrete increased

as the amount of silica fume increased.

Nowadays, the use of silica fume is significantly improving the mechanical properties
and the durability of HSC. The very high content of amorphous silicon dioxide and
very fine spherical particles are the main reasons for its high pozzolanic activity (ACI
committee 363 - 1994).

4.4 High performance concrete

In addition to strength, concrete must reach other specific needs, such as workability,
durability, and toughness. These characteristics have led to the development of high-
performance concrete (HPC). The fracture properties of HPC are different from those

of normal and high strength concretes.
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Generally, HPC contains the following ingredients: good quality aggregate, ordinary
Portland cement (at high content, about 450-550 kg/m?), silica fume (about 5-15% by
volume) and superplasticiser. It has also been suggested that other cementitious
material may be added, such as fly ash or ground granulated blastfurnace slag (ggbs)
depending on the application (Farhat, 2004). An experimental investigation on
fracture properties of high-performance concrete has been conducted by Ricardo and

Marta (2006).

To study the effect of the concrete strength on the tensile stress-strain relationship,
Raghu Prasad et al. (2005) proposed a new model depending on the load-deflection
plots. This model is used to predict the load-deflection plots for the beams with eight
different HPC mixes and is compared with the experimental load-deflection plots. The
comparisons are found to be good, which indicates that the proposed procedure for
obtaining the concrete stress-strain relationship in tension can explain the size effect
and brittleness of HPC because of the variation in the w/b ratio and the addition of

mineral admixtures such as fly ash or slag.

4.5 Fibre reinforced concrete

In order to improve the concrete properties, fibre reinforced cement (FRC) and
concrete materials have been developed progressively since the early work by
Romualdi and Batson in the 1960s. With the commercial development of FRC
materials and products, an extensive research programme was undertaken to quantify
the enhanced properties of FRC materials and more specifically to allow comparisons
to be made between various fibres. By the 1990s, a wide range of fibre composites
and FRC products were commercially available (Swamy, 1992). The main role of
using fibres in the concrete at low volume fractions is to modify the cracking
mechanism. Moreover, these fibres generally fall within one of the following four
categories (ACI, 1996),

1. Natural (sisal, coconut, bamboo, and jute).

2. Synthetic (acrylic, aramid, carbon, nylon, polyester, polyethylene, and
polypropylene).

3. Glass fibre

4. Steel fibre
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An experimental investigation has been carried out in the laboratory on steel fibre
reinforced concrete (SFRC) as well as on dry-mix of steel fibre reinforced shotcrete
(SFRS) at a tunnel site by Yining and Wolfgang (2000). The measurements were
performed at about 9 hours and continued up to 81 hours. The investigation
demonstrated that the use of fibre reinforcement in concrete/shotcrete can greatly
increase the compressive strength, ductility, toughness and energy absorption at early

ages.

Moreover, steel fibres are increasingly used as full or partial replacement of
conventional web reinforcement in some structural concrete applications, since their
inclusion in concrete mix has been shown to enhance shear resistance and ductility
(Casanova et al.,, 1996; Cucchiara et al, 2004). In addition, the deicer-scaling
resistance of concrete is reduced by adding steel fibre at the same air content,
especially for the air-entrained concrete, even though the flexural strength of concrete

is significantly improved by the addition of fibres (Yang and Zhu, 2005).

Burak et al., (2009) investigated the performance of two polymer based micro-fibres
(polypropylene and polyvinyl alcohol) in different matrices (high strength and
comparatively low strength with fly ash incorporation), and found that the
polypropylene (PP) fibres elongate and slip from the matrix easily. Incorporation of
fly ash resulted in a frictional bond improvement between matrix and fibre. On the
other hand, polyvinyl alcohol fibres (PVA) performed similarly in both matrices
because of their relatively rough surface structure. The flexural strength values and
toughness improved significantly by incorporation of PVA fibres. However, the
stability of this improvement depends on the proper adjustment of matrix and fibre

properties.

4.6 High Performance Fibre Reinforced Cementitious Composites (HPFRCCs)

According to Shah et al. (1999), FRCs can be categorized into two classes based on
their tensile response: conventional FRC and high performance FRC (HPFRCC)
where conventional FRC exhibits an increase in ductility over that of plain concrete,
whereas HPFRCCs exhibit a substantial strain-hardening response, leading to a large
improvement in both strength and toughness compared with the plain concrete.

However, in order to classify the performance of FRC composites and minimize the
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increasing number of names and acronyms associated with particular mixtures,
designs, or production processes, Naaman and Reinhardt (2004) suggested the use of
a performance-based design classification of FRC composites with four levels of

performance, namely:

(1) Crack control

(2) Deflection hardening
(3) Strain hardening

(4) High energy absorption

HPFRCCs include materials such as SIFCON (Slurry Infiltrated Fibre Concrete),
MDF (Macro Defect Free), ECC (Engineered Cementitious Composites),DSP
(Densified Small Particle Systems), CRC (Compact Reinforced Composite), RPC
(Reactive Powder Concrete) and CARDIFRC®. These materials are shown to develop
outstanding combinations of strength and ductility as well as long-term durability
(Reinhardt, 1991; Karihaloo et al., 2001; Li and Kanda, 1998; Lankard, 1985; and
Bache, 1981). Moreover, HPFRCCs are characterized by a stress—strain response in
tension that exhibits strain-hardening behaviour accompanied by multiple cracking,
and relatively large energy absorption capacity (Naaman and Reinhardt, 2004). Many
studies have been conducted on HPFRCCs which have clearly shown the advantages
from the use of high performance fibre reinforced cementitious composites
(HPFRCC) such as UHPFRC, engineered cementitious composites (ECC) and slurry-
infiltrated concrete (SIFCON) in structural members under static loading conditions
(Bruhwiler at el., 2005; Habel at el., 2007).

4.6.1 Bridging action of the fibre

Considerable attention has been paid to the use of steel-fibre in reinforced concrete
during the last three decades. The studies proved that the most fundamental property
of a fibre reinforced cementitious composite is the fibre bridging across the matrix
crack (Liat el., 1991; Li, 1992; Lim and Li, 1997).

Adding fibres to concrete mixes significantly improve many of the engineering
properties of HPFRCCs, especially impact strength and toughness. As fibres are

randomly distributed in the concrete matrix, cracks can reach a perpendicular fibre
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which can stop crack growth, when propagating through concrete (Gonzalo, 2009).
The fibre cracking control capacity depends on mechanical properties of fibre (shape
and dimensions). Barluenga and Olivares (2007) found that the inclusion of low
volumetric fractions of the two types of AR-glass fibre can control the cracking
produced due to very early age shrinkage in both standard concrete and self
compacted concrete in two different ways: reducing the total cracked area and the

maximum length of the cracks.

The inclusion of fibres delays the dilation of concrete by acting as crack arresters,
restricts the development of crack and thus transforming an inherently brittle matrix
into a strong composite with better crack resistance and ductility. Moreover, the fibres

help to transfer loads at the internal micro-cracks (Ramesh et al., 2003).

According to Balaguru and Shah (1992) when the matrix cracks, the fibre transmits
the load across the crack. Since fibres are randomly dispersed throughout the matrix,
their orientations relative to the direction of the applied load are an important factor.
In a matrix containing randomly distributed fibres, few fibres align in the direction of
applied load; instead almost all fibres are oriented at different angles to the load

direction (Figure 4.1).

ol g 5 //“’ ‘
/] ¥ h /]
2 / /

7

@ (b}
Figure 4.1 (a) A single fibre pull-out without snubbing (¢ =0)and (b) with

snubbing (¢ # 0,4 = @) (After Karihaloo and Wang, 2000)

When a fibre is pulled out from the cementitious matrix, the snubbing friction at the
fibre exit point can increase the pull-out resistance, and contribute to the overall
composite action. Naaman and Shah (1976) reported that inclined fibres can take a
greater load as they bend. The observations confirmed that after matrix cracking, the
load and energy required to pullout a steel fibre from the matrix can be higher for

fibres inclined to the load direction.
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It is assumed that when the crack opening displacement reaches a critical value v,, ,
some of the fibres bridging the crack will debond from the matrix, resulting in a
sudden drop in the bridging force (BC), whereafter these fibres will exert a reduced
closure force by frictional pull-out (CD) (see Figure 4.2). This is based on single pull-
out tests. From this single fibre relationship, the average closure force on crack faces
bridged by many fibres is obtained through an approximation to the fibre distribution
function (Figure 4.3). The slope of the elastic part of this averaged pullout diagram

gives directly the parameter & in equation (4.2) below.
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Figure 4.2 A linearized bridging law describing the relation between the bridging force and
the crack opening displacement (Karihaloo and Wang, 1997)
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Figure 4.3 Idealized interfacial matrix-fibre shear stress (7 ) vs. half crack mouth opening for
single fibre (dashed line) and multiple fibre (solid line) pull-out (After Lange-Kornbak, 1997)
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When the crack opening exceeds the critical value ;c,, the bridging stress p(v)=kv
drops to the constant frictional pull-out value, the parameter C in equation (4.3)
below. The bridging stress for multiple fibre bridging is expressed in terms of single

fibre properties 7z, the adhesive bond strength of the fibre and the matrix, and 7, the

frictional pull-out strength of fibre. This is achieved by introducing the ratio

§== (4.1)

where v, follows from the multiple crack model, since its assumes that slip is

initiated immediately after reaching the ultimate tensile load, whereby the

corresponding maximum half opening of the crack equals ;cr (Lange-Kornback and

Karihaloo, 1997). The bridging forces are

T, h -

pW)~2V, —E,—v=kv V< Ve (4.2)
T, L
pO) ~ %V,rg gh Yo _ ¢ VE Ve 4.3)

cr

where V, is the volume friction of fibre, L the length of the fibre, d the diameter of

the fibre, and 4 is the snubbing factor (defined by Karihaloo and Wang, 2000) as

2

- -fx12
h= (4+f2)(e +1) (4.4)

where f is the snubbing friction coefficient.

4.6.2 Constitutive Model
The constitutive model is based on the stress-strain behaviour of short fibre-reinforced
cementitious in tension/flexure. Karihaloo and Wang (2000) described two types of

FRC (conventional FRC and high-performance FRC) which exhibit the same response
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with differences in the constitutive behaviour. Figure 4.4 demonstrates the load
deformation response of conventional and high performance FRC to tensile/flexural
loading. It can be seen that the total tensile strain and load carrying capacity of
HPFRCC are higher than for the conventional FRC, and the amount of stored energy
represented by the area under the curve in HPFRCC is much higher than that of

conventional FRC.
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Figure 4.4 Complete pre- and post-peak tensile responses of two short fibre-reinforced
cementitious composites (After Karihaloo and Wang, 2000).

The deformation is generally expressed in terms of strain up to the peak load (point 2)
and through crack opening displacement thereafter. Both materials exhibit the
following response stages (Karihaloo and Wang 2000)

e Stage 1: linear elastic behaviour up to 1

e Stage 2: strain hardening behaviour between 1 and 2.

e Stage 3: tension softening due to localization of damage in the form of
unconnected macrocracks 2 and 3.

e Stage 4: continued tension softening due to localization of damage in the form

of a through crack until complete rupture.
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4.6.3 Types of HPFRCC

4.6.3.1 Macro-Defect-Free Cement (MDF)

The MDF cementitious materials (also called new inorganic materials, NIMs or
chemically bonded ceramics, CBCs) are composites combining Portland or high-
alumina cement with a water—soluble polymer of high molecular mass (e.g. polyvinyl
alcohol, PVA, hydroxypropyl methyl cellulose, HPMC). The latter acts as a
rheological aid, reduces the inter-particle friction coefficient and reacts with the
hydration products. It prevents flocculation of cement particles, increases the viscosity
of the mix at low water to solids ratio, thus permitting the use of intensive-high shear
mixing processes without inducing cavitation (Birchall et al., 1981; Shah and Young,

1990).

The MDF pastes have very high tensile strength (150 MPa or more) particularly when
mixed with alumina cement. They are prepared under high shear, by mixing inorganic
cement with a water-soluble polymer in the presence of limited amounts of water. The
final product has very high bend strength, greater than 200 MPa, together with a high
modulus of elasticity and relatively high fracture energy (Jennings, 1991). However,
the material may display some drawbacks like a high sensitivity to water (Lewis and
Kriven 1993). Moreover, the use of fibres in MDF cements is restricted (only long

fibres may be used).

To evaluate the influence of poly (vinyl alcohol), cement type, and silica fume, an
experimental work was conducted by Santos et al. (1999). The Macro-defect free
cements were prepared using the following variables: processing (calendering and
hand-mixing), poly (vinyl) alcohol (with different molecular weight and hydrolysis
degree), and cement (Portland type I and slag-modified), and additions of silica fume.

The results showed that better processing is achieved by calendering the fresh paste
and using poly (vinyl alcohol) with low hydrolysis degree and low molecular weight.
Vickers hardness measurements indicate that materials prepared using Portland type I
cement is not significantly affected by humidity. Addition of silica fume lowers the

acid resistance of these materials, suggesting that silica fume acts as inert filler.
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4.6.3.2 Slurry Infiltrated Fibre Concrete (SIFCON)

It is a high performance fibre reinforced concrete with very high fibre content, up to
20 percent by volume depending on the type of fibres used and manufacturing method
(Lankard and Newell, 1984). The matrix of this material has no coarse aggregate but a
high cementitious content; however, it may contain fine sand and additives such as fly

ash, microsilica, and latex emulsion (Naaman, 1991).

Furthermore, to investigate the effect of incorporating steel fibres on this type of
materials, Balaguru and Kendzulak (1986) and Lankard (1985) have shown that in
SIFCON the fibres are pre-placed in a mould to its full capacity and the corresponding
fibre network is then infiltrated by cement-based slurry. The presence of fibres in

SIFCON leads to an enhancement of ductility, as well as a reduction in crack width.

The use of a SIFCON matrix in over reinforced concrete beams can lead to ductility
factors three to five times larger than control beams made from a plain concrete
matrix (Naaman et al., 1990). They also observed that the use of such materials helps
reduce crack widths in the tensile zone at least by one order of magnitude, and
contributes to the spread of the zone of plasticity in the compression zone prior to

failure.

The effect of using high volume of Class C fly ash (FA) on mechanical properties of
autoclaved SIFCON (slurry infiltrated fibre concrete) has been investigated (Halit et
al., 2006). Cement was replaced with up to 60% FA in SIFCON compositions and
three different steel fibre volumes (2%, 6% and 10%) were used. Test results were
presented in comparison with the control mix (0% FA and 0% fibre). Mechanical

properties were positively affected almost at every FA replacement.

Moreover, by increasing the fibre volume, flexural strength and toughness were
remarkably increased. This behaviour was more pronounced at 10% fibre volume. At
this fibre volume ratio, flexural strength of 55 MPa could be achieved with 60% FA

replacement.
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4.6.3.3 Engineered Cementitious Composites (ECC)

Engineered Cementitious Composite (ECC) represents a unique type of high
performance fibre reinforced cementitious composite (HPFRCC) which features high
tensile ductility with moderate fibre volume fraction, typically 2% by volume (Li,
2003). The mixture design of current ECC contains controlled quantities and types of
cement, sand, fly ash, water, chemical admixtures, and short, randomly oriented
polyvinyl alcohol (PVA) fibre. ECC has been engineered to satisfy various field
performance requirements such as high durability, or impact load resistance. Unlike
ordinary concrete materials, ECC strain harden s after first cracking, similar to a
ductile metal, and demonstrates a strain capacity of 300-500 times greater than

normal and fibre reinforced concrete.

Even at large imposed deformation of several percent crack widths of ECC remain
small, less than 80um. (Li and Weimann, 2003). ECC has a tensile strain capacity of
up to 6% and exhibits pseudo-strain hardening behaviour accompanied by multiple
cracking. It also has high ultimate tensile strength (5-10 MPa), modulus of rupture (8-
25 MPa), fracture toughness (25-30 kJ/m?) and compressive strength (up to 80 MPa)
and strain (0.6%). Due to its superior properties, the material can be used as a durable

repair material (Li and Kamada, 2000)

4.6.3.4 Reactive Powder Concrete (RPC)

Reactive Powder Concrete RPC has been developed by the Scientific Division of
Bouygues, at St Quentin en Yvelines in France. The material is characterised by high
silica fume content and very low water to cement ratio. It exhibits very high
mechanical and durability properties (Richard and Cheyrezy 1995). Compared to
conventional concrete, the ductility estimated in terms of fracture energy is increased
by one to two orders of magnitude, while the compressive strength values are in the
range of 200 to 800 MPa. As reported by Richard and Cheyrezy (1995) the

development of RPC was based on the following principles.

1. Improvement of homogeneity by elimination of coarse aggregates;
2. Enhancement of compacted density by optimization of the granular mixture,
and application of pressure before and during setting.

3. Enhancement of the microstructure by post-set heat-treating.

73



4. Improvement of ductility by incorporating small-sized steel fibres
5. Maintaining mixing and casting procedures as close as possible to existing

practice.

4.6.3.5 DSP Cementitious Materials

Aalborg Portland-Cement developed a new type of cement based materials. This class
of materials is termed DSP, referring to Densified System containing homogenously
arranged ultra fine Particles. It was made possible by superplasticizers and silica fume
in systems that can be densely packed in a low stress field and with very low water
content (Bache 1981). DSP belongs to a new class of materials formed from densely

packed particles of a size ranging from 0.5 to 100um, and homogeneously arranged

ultra fine particles ranging in size from about 50A to 0.5 pum and arranged in the

spaces between the larger particles.

Dense packing of the particles (sand, cement and ultra-fine silica) together with fibres
is essential for achieving the desired mechanical properties. It is also the prime
feature of HPFRCCs materials. Materials such as DSP combine very densely packed
cement particles (5-10pum) and ultra fine silica fume (0.1-0.2um) filling the spaces
between the cement particles and, normally densely arranged fibres (Bache, 1981;

Bache, 1987).

The new binder is a very strong and brittle material with a compressive strength of
150 MPa — 270 MPa. Due to its brittleness, it is difficult to utilize this material
effectively without the incorporation of fine, strong and stiff fibres. The fibres
improve the tensile properties of DSP based matrix such as Densit®. Therefore, in
accordance with the micro-mechanical model of strain hardening and tension
softening of FRCs, the DSP can give the strong matrix a high degree of ductility by
adding appropriate fibres (Karihaloo and Wang, 1997).

4.6.3.6 CARDIFRC®
Many studies have been conducted at CARDIFF University (Karihaloo and De Vriese
1999; Sullivan 1999; Karihaloo et al., 2000) using materials widely used in the UK

concrete industry. The researchers selected two classes of HPFRCCs materials as the
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main basis of experimental programme which are Reactive Powder Cement (RPC)
and Densified System containing homogeneously arranged ultra-fine Particles (DSP)
or Densit®. The mechanical properties were found to be inferior to those reported in
the literature (Richard and Cheyrezy, 1995; Bache, 1981), and the workability of
some mixes was poor. These attempts however provided valuable clues on how to
improve the mixing and processing techniques in order to produce HPFRCCs similar
to RPC and Densit® but whose mechanical performance even exceeded that of the
original mixes. Another type of mix, a HPFRCC with 6 mm coarse aggregate, was
also investigated (Benson, 1999). The workability of this mix was satisfactory but the
mechanical properties were inferior to those achieved with mixes containing no

coarse aggregate (Benson, 2003).

Therefore, to optimise the HPFRCC, further studies were continued at Cardiff. The
aim was to achieve good workable mixes with a very low water/binder ratio and a
high volume fraction of steel fibre, in order that the resulting concrete, in its hardened
state, was very ductile with a relatively high tensile strength. This result was achieved
by adding large amounts (up to 8 % by volume) of short steel fibres (6-13 mm long,
0.16 mm diameter) in a cementitious matrix densified by the use of silica fume. The
matrix contains only very fine quartz sands (up to 2mm), instead of ordinary river
sand and coarse aggregates. By optimising the grading of fine sands, the water

demand was considerably reduced without affecting the workability of the mix.

As a result of many trial mixes and testing, the mixes shown in Table 4.1 are the
optimised ones. Two different mixes (designated CARDIFRC®, Mix I and Mix II) of
high-performance concrete differing mainly by the maximum size of quartz sand used
in the mix have been developed using novel mixing procedures. These procedures are
described in patent GB2391010. However, there are some differences in
CARDIFRC® mix compared with RPC and DSP mixes. The two different types of
fibre used in combination to the high volume fraction are adopted. This rather
innovative technique was found to be quite beneficial to the load deflection response
of the matrix in terms of both strength and ductility. The investigations showed also
that a significant improvement in the performance of Mix I by the use of two grades
of fine quartz sand (Table 4.1). Similarly, in Mix II in order to maximize the dry

density of the mix, three grades of fine quartz were used.
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This optimisation of grading of quartz sands used led to considerable reduction in the
water demand without any loss in workability. It is reported by Karihaloo et al. (2001)
that the produced material (CARDIF RC®) in its hardened state is characterised by
very high compressive strength (in excess of 200 MPa), tensile /flexural strength (up
to 30 MPa), high energy-absorption capacity (up to 20,000 J/m?). Table 4.2 shows the
material properties of CARDIFRC®.

Table 4.1 Mix proportions for CARDIFRC® Mix I and Mix II (per m®) (Karihaloo et
al., 2001)

Constituents (kg) Mix | Mix I1
Cement 855 744
Microsilica 214 178
Quartz sand:
9-300pum 470 166
250-600pum 470 -
212-1000pm - 335
1-2 mm - 672
Water 188 149
Superplasticizer 28 55
Fibres: -6 mm 390 351
-13 mm 78 117
Water/cement ratio 0.22 0.20
Water/binder ratio 0.18 0.16

Table 4.2 Typical material properties of CARDIF RC® Mix I and Mix II

Material properties Mix I Mix 11
Indirect tensile strength (MPa) 28.6 214

Fracture energy (J/m?) 22909 17875
Compressive strength (MPa) 207.0 185.0
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4.6.3.6.1-The effect of high temperature curing conditions

It has been found that the elevated temperature and curing conditions activate the
reaction between the calcium hydroxide formed during normal cement hydration and
the silica fume contained in the mix and thus affects beneficially the early strength of
concrete (Sullivan, 1999; and Neville, 1995). Typically, the remarkable strength
properties observed in HPFRCCs are obtained by curing it at 90°C. For example,
compressive strength of CARDIFRCP reaches up to 200 MPa when the specimens are
cured at high temperature up to 90°C for only 7 days.

Moreover, an investigation was conducted by Zanni et al. (1996) to study the effect of
heat treatment on the hydration of RPC. This investigation showed that silica fume
consumption was highly dependent on heat treatment temperature and duration. It also
proved that the crushed quartz reactivity was dependent on heat treatment and
duration. Karihaloo and De Vriese (1999) showed that, the curing time of RPC
specimens could be reduced from 28 to 16 days, when the specimens are cured under

the following regime:

7 days at ambient temperature
3 days at 90°C
7 days at ambient temperature

In order to reduce the curing time of the specimens Sullivan (1999) exposed RPC
specimens to high temperature curing for the entire seven days at 90°C immediately
after the moulds are stripped. The strengths attained by CARDIFRC® specimens
cured at 90° C for seven days have been found to be the equivalent of standard 28-day
water curing at 20° C (Alaee, 2002). To avoid any large thermal gradients, which will
create a thermal shock, it is recommended that the specimens be left in the curing tank
for 9 days. On the first day the temperature is increased gradually from 20° C to 90°
C and on the last day it is decreased from 90° C to 20° C.
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4.6.3.6.2 The effect of silica fume

Different kinds of cement replacement material are usually added to the concrete
mixtures to improve their mechanical properties. Generally, silica fume is a fine
powder whose particles are about 100 times smaller than cement. It is the one of the
most popular pozzolans, whose addition to concrete mixes results in low porosity, low
permeability and bleeding because the oxides (SiO,) react with and consume calcium
hydroxide, which is produced by the hydration of ordinary Portland cement. The main
results of pozzolanic reactions are: lower heat liberation and strength development;

lime-consuming activity; smaller pore size distribution.

The particles of silica fume pack tightly against the surface of the aggregate and fit in-
between the cement particles, thus greatly improving packing. Neville (1995) reported
that because the extremely fine particles of silica fume reduce the size and volume of
voids near the surface of the aggregate, the so-called interface zone has improved

properties with respect to microcracking and permeability.

The bond between the aggregate and the cement paste is improved, allowing the
aggregate to participate better in stress transfer. Bhanjaa and Sengupta, (2005)
showed that silica fume incorporation in concrete and with the initial filling of the
voids by silica fume results in a significant improvement in the tensile strength of

concrete, along with the compressive strength.

The main functions of silica fume in HPFRCCs as reported by Richard and Cheyrezy
(1995) are:

e Filling the voids between the next larger class particles [cement]

¢ Enhancement of rheological characteristics by the lubrication effect resulting
from the perfect spherical shape of the basic particles.

e Production of secondary hydrates by pozzolanic reaction with the lime

resulting from primary hydration.
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One of the main advantages of using silica fume particles with cement is to fill the
spaces between the cement particles and thus achieving very dense packing system.

Bache (1981) attributed these to the following:

1- The silica particles are smaller than even the finest cement we can produce by
grinding and are therefore more conductive to dense packing into the spaces

between the cement particles.

2- The silica particles, being formed by condensation from gas phase, are spherical
in shape (unlike crushed cement particles, which are angular) and this makes the

silica particles even more suitable for dense packing than very fine cement.

3- The particles are chemically less reactive than cement, which eliminates the
problem of too rapid hardening encountered with very fine cement; in addition,
the silica is likely to ensure the formation of a coherent structural skeleton

between the cement particles, resulting in a fine dense microstructure.

Adding silica fume to HPFRCCs mixture can improve the bond by increasing the
contact area between the fibre and the surrounding matrix. This introduction of fine
microsilica particles will increase the density of the matrix, filling any pore spaces
around the fibre. The increase in the surface contact area increases the pull-out force

(Bache, 1981).

Recently, many studies have been conducted to evaluate the effect of microsilica on
the mechanical properties of concrete mixture (Mazloom et al., 2004; Almusallam et
al., 2004). The results proved that the microsilica plays a significant role in increasing
the mechanical properties of concrete (compressive and splitting strengths and
modulus of elasticity). Moreover, Yin and Shu (2004) reported that the incorporation
of silica fume can effectively enhance the fibre-matrix interfacial properties,
especially the fibre pullout energy. It is also concluded that in terms of the bond
characteristics, the optimal silica fume content is between 20% and 30%, given the

conditions of the experimental program.
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The experimental investigation to evaluate the effect of different amounts of silica
fume and water to the cement ratios (w/c) by Behnood and Ziari (2008) shows that the
rates of strength loss for concrete containing 6% and 10% SF at 600°C were 6.7% and
14.1% lower than those of the ordinary concrete. The dosage of SF had no significant
effect on the relative residual compressive strength at 100 and 200°C, whereas the
amount of SF had considerable influence on the residual compressive strength above
300°C, similar to the response at 600°C. Another important property of microsilica is
its pozzolanic behaviour. The material is extremely reactive, and hence can react with
the surplus of calcium hydroxide, which in ordinary cement paste will crystallize out
as a separate and relatively weak phase. The reaction of microsilica with the
remaining calcium hydroxide, from the primary cement water reaction, results in the
production of an extra C-S-H. The chemical representation of this process is shown

below:

Primary reaction: Cement + Water
2c3s 60 —>C352H3 + 3Ca(0oH)2 4.5)
(c-S-H) Tt [cH]
Secondary Reaction: sitica + Calcium Hydroxide + Water

s+ cH +H ->C-S-H (4.6)

The extra production of C-S-H results in a microstructure which is very dense in the
freshly mixed state and gets even denser during the succeeding hydration process. The

effect of microsilica in the cement paste is shown in Figure 4.5.

Microsilica
particles

(a) Cement paste (b) DSP paste

Figure 4.5 (a) Flocculated particles in ordinary cement paste, (b) Densely packed cement
grains and microsilica in DSP paste
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4.6.3.6.3 The effect of dispersing agent (Superplasticizer)

When a high volume of steel fibre and silica fume is incorporated in concrete, there
will be a significant loss in the workability. In order to achieve adequate workability
of the mix, superplasticizers are used. They are long and heavy molecules
(Neville, 1995) which wrap themselves around the cement particles and give them a
highly negative electrical charge so that they repel each other. These results in
deflocculation and dispersion of the cement particles and therefore, in high

workability (Figure 4.6).

Superplasticizers are added to the CARDIFRC® matrix in order to achieve a very
workable mix at low water/cement ratio, thus obtaining dense packing which give
high strength and durable concrete. One of the main difficulties of achieving such a
system, as described by Bache (1987) is the presence of surface forces. These forces
interlock neighbouring particles, consequently counteracting mutual particle
movement during mixing and shaping. However, effective dispersing agent such as,
superplasticizer eliminates the locking effect of surface forces and it becomes possible

to pack fine particle systems densely on the basis of purely geometrical principle.

Addition of
Superplasticiser

(a) (b)

Figure 4.6 (a) Flocculated particles in cement paste, (b) Superplasticised cement particles

The combination of superplasticizers with silica fume in the concrete mix results in
high strength and/or high durability. Dugat et al. (1996) reported that by using
superplasticizers with silica fume it is possible to reduce the water/cement ratio to less
than 0.15. This helps reduce the total pore volume of the cement paste and the average
diameter of the pores, hence improving durability. Moreover, experience with RPC,

DSP and CARDIFRC® showed remarkable strength properties when superplasticizers
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and silica fume are incorporated in the original mix. In order to increase the
workability of CARDIFRC® mixes, the amount of superplasticizer used in the

material mix is somewhat higher than that of RPC and DSP mixes.

4.6.3.6.4 The effect of steel fibres

The incorporation of fibres in the CARDIFRC® matrix increases the tensile load-
carrying capacity and turns an otherwise brittle material into a very ductile one.
Furthermore, to prevent corrosion, brass-coated steel fibres (diameter 0.16 mm, 6 mm
or 13 mm long) are used in CARDIFRC® mix. The use of long and short fibres was
found necessary to improve the material properties, whilst minimising loss of
workability. The short fibres prevent microcrack growth and coalescence (Mobasher
et al., 1990; Tjiptobroto and Hansen, 1993) and provide a high tensile strength. Long
fibres provide increased ductility, greater pullout strength and will bridge wider

cracks (Sullivan, 1999).

4.6.3.6.4.1 Fibre distribution

The mechanical performance of any HPFRCC, depends to a high degree on even
distribution of fibres in the matrix (Karihaloo et al., 2007). The distribution of fibres
in the matrix depends on the method used to introduce the fibre into the bulk of the

material and the shape of the casting mould.

Computerised Topography (CT) imaging and sectioning of specimens (Karihaloo and
Jefferson, 2001) have confirmed that the novel mixing procedures used for the
production CARDIFRC® ensures remarkably homogeneous mixes with a uniform
distribution of up to 8% vol. of long and short fibres To verify that the fibres are
uniformly distributed in a CARDIFRC® mix, Benson (2003) employed non-
destructive and destructive testing techniques. CT results show that the fibres are
nearly uniformly distributed with random orientation in the mixes. Destructive testing
also confirmed these findings and showed that the fibre distribution was generally

uniform.

4.6.3.6.4.2 Volume fraction of fibre
Generally, as the volume fraction of fibre increases and as the fibres are more

uniformly dispersed, the growth of microcracks is hindered, and the localisation of
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deformation is delayed with a consequent substantial increase in the tensile strength
and strain capacities of the composite (Balaguru and Shah, 1992). The volume
fraction of fibres in concrete affects both the fresh and hardened state. Hoy and
Bartos (1999) reported that when higher volumes of steel fibre are added to concrete,
there is a more significant loss of workability and greater chance that fibres will
interlock. For these reasons, there is an optimum fibre content for any given fibre-
matrix combination. Higher fibre contents will produce mixes which lack
homogeneity and have poorer workability, while lower fibre contents will result in

less efficient reinforcement.

By a careful selection of mix proportions, the optimum fibre content can be increased
with a resulting performance improvement. Mobasher et al. (1990) carried out an
experimental programme on the effect of fibre content on the fracture properties of
concrete. They concluded that as the volume fraction of fibres increases the growth of
microcracks was hindered through an arrest mechanism and the matrix fracture
toughness was increased. The higher the volume fraction of fibres, the higher peak
load, and the higher the matrix contribution and the higher the acoustic emission (AE)

rate event count the lather means that there is a greater number of microcracks.

Karihaloo and De Vriese, (1999) investigated the influence of volume fraction of
fibres on the mechanical properties of the RPC mix. The experimental programme
revealed that the increase in the volume fraction of steel fibres Vy led to significant
improvements in both the specific fracture energy and the splitting strength.
Furthermore, Shannag and Hansen (2000) showed that incorporating large volume
fractions of short steel fibres (more than 2% by volume) in DSP composites results in

a dramatic increase in matrix tensile strength (up to 100%).

4.6.3.6.4.3 Aspect ratio of fibre (//d)

The most important advantages of the incorporation of steel fibre into CARDIFRC®
matrix is the improvement of major mechanical properties of such mix. Physically,
the length divided by the diameter fibres is described as the aspect ratio; higher aspect
ratio fibres perform better than lower aspect ones. Fanella and Naaman (1985) and
Gopalaratnam and Shah (1986) found a monotonic increase in compressive strength

and ductility when the aspect ratio increased from 47 to 100. Sullivan (1999) also
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found that long fibres increased both the tensile strength and ductility of concrete.
Karihaloo and De Vriese (1999) reported that an increase in fibre length — and
consequently of aspect ratio- seems to be more effective than an increment only in
volume fraction of fibres. The incorporation of long fibre (13 mm) in CARDIFRC®

mixes is a primary reason for enhancing its ductility.

4.6.3.6.5 Constitutive description of CARDIFRC®

According to Karihaloo et al. (1996); Wang and Karihaloo (2000) and Karihaloo and
Wang (2000) the strain hardening of HPFRCC results from the nucleation of
microcracks under increased tensile/flexural stress. As mentioned in the literature, the
assumptions have been made on their evolution but no experimental work was
available to validate them. An experimental programme was implemented on
CARDIFRC® specimens to quantify the increase in the crack density @ as a function
of applied tensile stress ¢ and fibre parameters (Benson, 2003). The results reveal that
the fracture process zone is affected by not one dominant crack but by many
microcracks. In support of this, parallel cracks, crack branching, cracks linking-up

and multiple cracking were all observed and recorded.

Moreover, as the active crack opens, evidence of fibre bridging was confirmed. It was
also noted that not all cracks continued to propagate; some cracks became dormant
since the failure plane will occur along the path of least resistance. Numerical
expressions have been fitted to the test data to describe the behaviour of CARDIFRC

in uniaxial tension.

Figure 4.7 shows the three regions predicted by the equations. Laboratory test work
shows clear evidence that the linear elastic region is larger than theoretically predicted
(Karihaloo and Wang, 2000), a smaller strain hardening region with a distinct plateau

at the peak load followed by a gradual decrease in the stress after the peak load.
Stage I- Linear-elastic region

Applicable form 0 t0200 microstrain (¢ in MPa)
o1 = 0.046¢ 4.7
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Stage II- Strain hardening region
Applicable form 200 to600 microstrain (¢ in MPa)
o =-434%10 126+ 8.32%107 &> — 6.03 x 10 ¢>-0.199 £-12.62 (4.8)

Stage III- Tension hardening region
Applicable from 0 to 6.5 mm (c in MPa)
6 =3.07 * 10°> w’-0.08 w'+0.82 w*-4.42 w*+12.80 w>-18.11 w’ +

5.73 w+12.89 4.9)
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Figure 4.7 Complete pre- and post peak tensile curve for CARDIFRC®

<«4— Crack mouth opening (mm) =}

4.7 Conclusion

As mentioned in the preceding literature review, HPFRCC materials have shown
superior characteristics in terms of material properties. The mechanical and fracture
properties of such materials reveal substantial improvements compared to other types
of concrete mixes. Moreover, the improved and densified microstructure of these
materials leads to a significant increase in their brittleness as well as the volume
changes which occur during the hardening of material. However, only an insignificant
improvement in the first crack strength, tensile strain capacity and peak load were
observed. With the advent of special processing methods (novel mixing procedures)
and the use of high volume fraction of steel fibre, concretes of high compressive,

tensile strength as well as high energy absorption have been reported.
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The produced material (CARDIFRC®) is characterized by strain hardening (multiple-
cracking) followed by tension softening due to localization of cracks. This a new
class of high performance fibre reinforced cementitious composite (designated
CARDIFRC®) is an exciting durable material with great potential. In addition to the
mechanical and fracture properties, Karihaloo et al. (2010) have found that superior
CARDIFRC® has a very high limit of fatigue (85% of its monotonic flexural strength)
without any visible cracks on the external surface. Furthermore, it was observed that
using CARDIFRC® as a retrofitting material for concrete members exposed to
thermal cycling enhanced the load serviceability and the stiffness of the concrete
structure (Karihaloo et al., 2007). It has many potential applications and can be used
for retrofitting (Alaee et al 2001; Karihaloo et al., 2001; Karihaloo et al., 2002), for
durable and reliable joining of pre-cast concrete elements, for the construction of
structures for the containment and retention of hazardous materials and for the
protection of valuable civilian and military assets, offshore and marine structures,

overlays on ordinary concrete subjected to chemical attack, water and sewerage pipes.
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Chapter 3

Performance of NSC
Bonded to CARDIFRC
after Thermal Cycling



5.1 Introduction

This Chapter aims to investigate the effect of the thermal cycles on the mechanical
properties of the normal strength of concrete and CARDIFRC® specimens and to
evaluate the performance of normal strength concrete specimens retrofitted with
CARDIFRC® using the wedge splitting test (WST) by investigating the interfacial
fracture behavior of CARDIFRC® / concrete repair system (Tschegg, 1991). The main
factors that affect the bonding between concrete and the retrofitted material will be
examined (e.g. the climatic change (thermal cycles) and the roughness of the attached
surfaces). The results of previous research (0, 30 and 90 thermal cycles), together with
the experimental work (120 and 180 thermal cycles) conducted as a part of this

research, will be discussed.

5.2 Mixing and Casting of CARDIF RC®
The CARDIFRC® mix used in this work is Mix I; the mix proportions are shown in
Table 5.1. The mix was prepared according to the procedure given by Karihaloo et al.

(2002). The mixing was done in a horizontal pan mixer.

Table 5.1 Mix proportions for CARDIFRC®Mix I per m’ (Karihaloo et al., 2002)

Constituents (kg) Mix I

Cement 855
Micro-silica 214
Quartz sand: 9-300pm 470
Quartz sand: 250-600pm 470
Water 188
Super-plasticizer 28

Fibre: 6mm 390
Fibre: 13mm 78

Water/Cement ratio 0.22
Water/Binder ratio 0.18

The mixing procedure was started by adding the coarsest constituent (250-600 pm) to
the micro-silica and mixed for two minutes. The second step was adding the next
coarsest constituent (9-300 pum) and mixing for two minutes until a uniform

distribution was achieved. In the next step, the next finest constituent (cement) was
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added to the mixture and mixed for the same period. The fine sand and cement fill the
gaps between the particles of the coarsest sand. In order to strengthen the mix and
increase its energy absorption capacity, 13 mm and 6 mm brass coated steel fibres
were added to the dry mixture. To achieve a good distribution of fibres in the mixture,
these fibres were added to the mix as follows: first, 25 percent of the shorter fibres
were passed through a vibrating sieve having an aperture size of 5 x S mm. The use of
the sieve helps to separate the fibres and to avoid their clumping in the mix. The
added fibres were mixed for two minutes. The next 25 percent of fibres were added
and mixed. This step was repeated until all the 6 mm fibres had been added. The long

fibres (13 mm) were then added in a similar stepwise manner using a 12 mm sieve.

In the last stage the mixture of water and two-thirds of the total super-plasticizer was
added to the dry constituents according to the following sequence: first, one half of
the mixture was added to the dry mix and mixed for two minutes; second, half of the
remaining mixture was added and mixed for the same period; third, the step was
repeated until the whole mixture had been added; finally, the remaining one-third of
the super-plasticizer was added and mixed for three minutes. Following the mixing
procedure, the mix was placed into the specimen moulds and vibrated on an electric

vibration table at 50 Hz.

The specimens were divided into two groups. First, the test specimens that were
needed to assess the mechanical strength of CARDIFRC® mix, i.e. compressive,
tensile, flexural strengths, and modulus of elasticity, and comprised of fifteen
100x100x100 mm standard cubes, fifteen 100x200 mm cylinders, fifteen
100x100x500 mm beams, and three 150x300 mm cylinders. The second group of
specimens was prepared to assess the fracture properties of CARDIFRC® mix bonded
to parent concrete. It comprised of thirty six 200 x 200 x 98.5 mm half cubes (see
Figure 5.1). Thereafter, the moulds were left at the room temperature for 24 hours

before demoulding and placing in a hot curing tank.

5.3 Curing regime
The specimens were placed in a temperature controlled water tank and cured at 90°C
for 7 days. The high temperature can improve the microstructure of HPFRCC

(Sullivan; 1999). It has also been found that due to this elevated temperature curing
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regime, the total curing time can be reduced from 28 days to 7 days. To avoid any
large thermal gradients, which will create a thermal shock, the specimens were
actually left in the curing tank for 9 days. On the first day the temperature was
increased gradually from 20° C to 90° C and on the last day it was decreased from

90° C to 20° C.

5.4 Normal Strength Concrete Mix

A large number of concrete mixes have been designed with different compressive
strength for different grades. The NSC mix with the required compressive strength
was chosen, the mix proportions that were used to prepare the test specimens in this
work are cement: sand: coarse aggregate: water ratio of 1: 2: 2.5: 0.56. These
ingredients were weighed and placed in plastic buckets prior to the mixing process.
Cement, sand and aggregate were first mixed. Then water was added in an electrical
horizontal rotating pan. After the mixing process was completed the fresh mix was

transferred to the test specimen moulds.

The first group of specimens were used to determine the mechanical strength of
hardened concrete, i.e. compressive, tensile, flexural strengths, and modulus of
elasticity, and comprised of fifteen 100x100x100 mm standard cubes, fifteen 100x200
mm cylinders, fifteen 100x100x500 mm beams (five each for testing at 0, 120, and
180 thermal cycles), and three 150x300 mm cylinders (one each for testing at 0, 120,
and 180 thermal cycles). The next group of specimens was prepared to assess the
fracture properties of hardened concrete. It comprised of eighteen 200 x 200 x 200
mm cubes with a rectangular groove; they were cast in specially manufactured steel
moulds for the WS test. To determine the fracture properties, half of the cubes were
notched to a notch to depth ratio of 0.2 and the other half notched to a notch to depth
ratio of 0.6 before they were thermally cycled and tested. The final group of
specimens comprised of eighteen 200 x 200 x 98.5 mm half cubes. These half cubes
were produced using 200x200x200 mm WS steel moulds partitioned with 3 mm sheet
metal in the middle (Figure 5.1).

5.5 Preparation of WS bonded specimens
One day after casting of the different specimens of NSC, they were removed from the

moulds and stored in a steel water tank for 28 days at 20°C to achieve the maximum
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concrete strength. Half cubes of CARDIFRC® were cast and cured as described
before. After the curing stage, the contacting surfaces of the half cubes were cleaned
and roughened to create a grid of grooves using an angle grinder. The grooves were
approximately 3 mm deep at a spacing of 50 mm (Figure 5.1), and were now ready to

be bonded together.

30 mm

200 mm
CARDIFRC halfcube Concrete halfcube

50 mm 50 mm

Grid ofgrooves

Figure 5.1 Configuration of NSC and CARDIFRC specimens roughened and grooved

surface

5.6 Bonding Process

As mentioned above, the joining surfaces of NSC and CARDIFRC® specimens were
cleaned and roughened with an angle grinder to improve the bond and to create
mechanical interlocking between the adhesive and the concrete. The rough, irregular
and furrowed surface creates a structural morphology that allows the adhesive to
penetrate into the irregularities, forming a strong interfacial layer (Farhat, 2004). The
adhesive material consists of two parts which were thoroughly mixed and placed with
a serrated trowel on the NSC specimen to a thickness of 3 mm, and applied also on
CARDIFRC® half cube to cover the grooves. The CARDIFRC® half cube was placed
on the concrete half cube and evenly pressed. Four small plastic spacers were fixed
on the parent concrete to get a uniform adhesive thickness of 3 mm to complete the
normal cube width 200 mm (98.5 + 98.5 + 3), see Figure 5.2. They were removed
after the bonding material had hardened i.e. after approximately 3 to 4 hours. The
bonded specimens were notched to a notch depth ratio 0.2 and 0.6 along the interface

by a diamond saw with a blade thickness of 3 mm.
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3 nun Spacers

Slkadur 31 CARDIFRC

Parent Concrete

Figure 5.2 Bonding of half cubes

5.7 Thermal cycling

The first group of test specimens comprised of ten 100x100x100 mm cubes for
compressive strength, 100x200 cylinders for tensile strength, 100x100x500 mm
beams for modulus of rupture, one 150x300 cylinder for modulus of elasticity, six
200x200x200 mm cubes of control and CARDIFRC® bonded specimens with a notch
to depth ratio of 0.2, and six 200x200x200 mm cubes of control and CARDIFRC®
bonded specimens with a notch to depth ratio of 0.6. This group of specimens was not

exposed to thermal cycling and was tested after the curing stage at room temperature.

The thermal cycling for NSC and CARDIFRC® specimens was conducted in two
groups because of the capacity of the furnace. The second group of specimens was
subjected to 120 thermal cycles and the third group to 180 thermal cycles. The second
and third groups comprised of twenty 100x100x100 mm cubes for compressive
strength, 100x200 mm cylinders for splitting strength, and 100x100x500 mm beams
for modulus of rupture, four 150 x 300 mm cylinders for modulus of elasticity for
NSC and CARDIFRC® mixes, twelve 200x200x200 mm cubes as control specimens
and twelve 200x200x200 mm CARDIFRC® bonded to NSC half specimens with a

notch to depth ratio 0 0.2 and 0.6 for determining the fracture properties.

The specimens were placed in the electrical furnace and heated to maximum
temperature of 90°C from the room temperature (about 25°C) for about 20 minutes.

This was aimed to avoid any risk of the specimens being thermally shocked during
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heating. The maximum temperature was maintained for eight hours before the
specimens were cooled down to room temperature in approximately 16 hours. The 24
hours heating, hold and cooling cycle constitutes one thermal cycle (Figure 5.3). The
first specimen group was exposed to 120 thermal cycles and the second to 180

thermal cycles, after which they were tested at room temperature.

‘ One Thermal Cycle

90 —

Temperature

25—

0:20 08:00 15:40

Duration (Hours)

Figure 5.3 Schematic representation of the thermal cycle

5.8 Mechanical Tests

The mechanical tests were designed to evaluate the mechanical properties of normal
strength concrete and CARDIFRC® specimens. The mechanical properties, namely
the compressive and splitting strengths, modulus of rapture and modulus elasticity,

were determined according to the relevant British Standards.

5.8.1 Compressive strength (1)

The compression test was performed in a FARNELL Compressive Test Machine.
Fifteen 100 x 100 x 100 mm cubes of NSC and fifteen cubes of CARDIFRC?® (five at
0, 120 and 180 thermal cycles each) were tested to determine the compressive
strength according to BS 1881-116 1983. The test results of specimens subjected to 0,
120, and 180 thermal cycles are shown in Table 5.2a and 5.2b. The results reveal a

significant increase in the compressive strength for cubes exposed to thermal cycling.
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For NSC specimens, the compressive strength of 39.0 MPa at the room temperature
increased to 44.2 MPa after 120 thermal cycles and then reduced slightly to 43.8 MPa
after 180 thermal cycles. Thus, the total increase in the compressive strength was 12

percent after 180 thermal cycles.

The results reveal also an increase in the compressive strength f. of CARDIFRC®
cubes from198.0 MPa before heating to 206.5 MPa after 120 cycles and followed by a
slight reduction to 205.0 MPa after 180 thermal cycles, giving a total increase of 3.5
percent in the compressive strength. The increase in compressive strength may be

because the elevated temperatures assist further hydration (Zhang et al., 2002).

5.8.2 Splitting strength test after thermal cycles ( f7)

The splitting strength f; of NSC specimens was determined according to BS 1881-117
1983. The test was performed also using a FARNELL Compressive Test Machine.
Fifteen 100 x 200 mm cylinder specimens of each mix were tested and the splitting
strength was calculated for each specimen. The specimens were placed horizontally
with their axes between the machine platens with hard board strips inserted between
the machine platens and the cylinders to insure that the whole length of the specimens
is fully loaded. The cylinder failed by splitting along the vertical diameter and the

splitting strength was determined as the follows:

_2F

== (5.1)

/i

where F' is the maximum failure load in (N), L is the length of the cylinder in (mm)

and D is the diameter of the cylinder in (mm).

The results of the materials after thermal cycles are shown in Table 5.3a and 5.3 b.
The splitting strength of NSC decreased from 3.83 MPa at room temperature to 3.5
MPa after 120 thermal cycles and a further slight decrease to reach a value of 3.4 MPa
after 180 thermal cycles. Similarly, the splitting strength of CARDIFRC® specimens
reduced from 32.2 MPa at zero cycles to 28.4 MPa after 120 thermal cycles with a
further small decrease to 28.3 MPa after 180 thermal cycles giving a total decrease of

12 percent.
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Table 5.2a The compressive strength results of NSC after 0, 120 and 180 thermal cycles

Material Thermal Specimens  Failure = Compressive Mean
Type Cycles no. Load Strength compressive COV
Strength %
(kN) (MPa) (M Pa)
1 394.7 394
2 373.7 37.3
0 3 389.7 38.9 39.0 2.3
4 394.1 39.4
5 399.3 39.9
1 446.8 44.6
2 442.0 44.2
NSC 120 3 441.8 44.1 44.2 1.0
4 435.5 43.5
5 445.1 44.5
1 433.0 433
2 429.1 42.9
180 3 441.1 44.1 43.8 1.36
4 444.2 44 4
5 443.1 44.3

Table 5.2b The compressive strength results of CARDIFRC® after 0, 120 and 180 thermal
cycles

Material Thermal Specimens  Failure = Compressive Mean
Type Cycles no. Load Strength compressive COV
Strength %
(kN) (MPa) (M Pa)
1 1943 194.3
2 1960 196.0
0 3 1993 199.3 197.0 1.2
4 2000 200.0
5 1953 195.3
1 2066 206.6
2 2129 212.9
CARDIFRC | 120 3 2073 207.3 206.5 2.0
4 1998 199.8
5 2061 206.1
1 2110 211.0
2 2138 213.8
180 3 2019 202.0 205.0 3.2
4 1950 195.0
5 2032 203.2
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Table 5.3a The splitting strength of NSC after 0, 120 and 180 thermal cycles

Material Thermal Specimens  Failure Splitting Mean
Type Cycles no. Load Strength Splitting COV
Strength %
(kN) (MPa) (MPa)
1 117.6 3.7
2 125.3 4.0
0 3 120.4 3.8 3.8 22
4 118.6 3.8
5 119.7 3.8
1 110.3 3.5
2 109.2 3.4
NSC 120 3 109.5 3.5 3.5 1.0
4 110.5 34
5 109.6 3.5
1 106.3 3.4
2 107.6 3.4
180 3 113.0 3.6 3.4 22
4 109.4 3.5
5 108.3 3.4

Table 5.3b The splitting strength of CARDIFRC® after 0, 120 and 180 thermal cycles

Material Thermal Specimens  Failure Splitting Mean
Type Cycles no. Load Strength Splitting COV
Strength %
(kN) (MPa) (MPa)
1 1003 31.9
2 998 31.8
0 3 1006 32.0 322 1.2
4 1023 32.5
5 1029 32.8
1 898 28.6
® 2 891 28.4
CARDIFRC 120 3 903 28.7 28.4 1.6
4 868 27.6
5 910 29.0
1 885 28.2
2 879 28.0
180 3 862 27.4 28.3 2.1
4 917 29.2
5 901 28.7
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5.8.3 Modulus of rupture test after thermal cycles (MOR)

The modulus of rapture was measured according to BS 1881-118 1983 in four point
bending. The test was performed in an AVERY-DENISON Type 7152 Servo-
Hydraulic Testing Machine with load capacity of 600 kN. Fifteen 500 x 100 x 100
mm beams of NSC and the same number of CARDIFRC® specimens were tested. The
test results are shown in Tables 5.4a and 5.4b. The maximum breaking loads were

noted and the MOR was calculated as follows:

MOR = (le— (5.2)
(dl dz )

where F is the maximum failure load in N, d;and d; are the cross sectional dimensions

of the beam in mm, and / is the distance between supports in mm.

The modulus of rapture was determined from the maximum failure load for each
specimen. The results demonstrated an increase in the flexural strength for NSC from
4.6 MPa at room temperature to 7.3 MPa after 120 thermal cycles and with a further
slight increase to 7.7 MPa after 180 thermal cycles. The MOR experiences a total
increase of 68.2 percent. However, the results of MOR for CARDIFRC® specimens
showed an increase from 37.0 MPa to 40.8 MPa after 120 thermal cycles and then a
slight decrease to 38.4 MPa after 180 thermal cycles.

5.8.4 Modulus of Elasticity (E)

The modulus of elasticity of NSC and CARDIFRC® cylinders was calculated
according to BS 1881-121 1983 at room temperature after the specimens were
exposed to 0, 120 and 180 thermal cycles. Six 150 x 300 mm cylinder specimens for
NSC and CARDIFRC were tested and the results are shown in Table 5.5.

The results show that the modulus of elasticity for NSC increases from 34.8 GPa to
35.1 GPa after 120 thermal cycles and then reduces to 32.6 GPa after 180 thermal
cycles. For CARDIFRC® specimens, the modulus of elasticity increased slightly from
47.8 GPa at zero cycles to 48.3 GPa after 120 thermal cycles and then no significant
effect of thermal cycling in the modulus of elasticity was observed after180 thermal

cycles.
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Table 5.4a The flexural test results of NSC after 0, 120 and 180 thermal cycles

Material Thermal Specimens  Failure Mean
Type Cycles no. Load MOR MOR Cov
%
(kN) (MPa) (MPa)
1 10.4 4.0
2 11.9 4.8
0 3 11.7 4.7 4.6 5.0
4 10.9 44
5 11.7 4.7
1 18.6 7.5
2 19.4 7.8
NSC 120 3 17.9 7.3 7.3 4.3
4 17.3 7.0
5 17.5 7.1
1 21.0 8.5
2 18.5 7.5
180 3 19.3 7.8 7.7 5.9
4 19.2 7.8
5 17.5 7.1

Table 5.4b The flexural test results of CARDIFRC® after 0, 120 and 180 thermal cycles

Material Thermal Specimens  Failure Mean
Type Cycles no. Load MOR MOR cov
%
(kN) (MPa) (MPa)
1 88.8 35.9
2 95.8 38.8
0 3 92.8 37.6 37.0 2.8
4 90.3 36.5
5 89.5 36.2
1 104.9 42.5
® 2 97.5 39.5
CARDIFRC 120 3 103.0 41.7 40.8 2.7
4 99.8 40.4
5 98.7 40.0
1 96.3 39.0
2 101.8 41.2
180 3 91.9 37.2 384 4.3
4 95.0 38.4
5 89.9 36.3
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Table 5.5 The effect of thermal cycling on modulus of elasticity of NSC and CARDIFRC®

Concrete E E E
Mix at 0 TC at 120 TC at 180 TC
(GPa) (GPa) (GPa)
NSC 34.8 35.1 32.6
CARDIFRC® 47.8 48.3 48.2

The mechanical properties summarised in Table 5.6 for NSC indicate that f,, MOR
and E generally increase with the thermal cycling of the specimens because of further
hydration of un-hydrated cement after 120 thermal cycles. The decrease in the
strength and stiffness after 180 thermal cycles is most likely due to internal micro-
cracks that were caused by thermal cycling. However, with different environmental
conditions the splitting strength of NSC specimens reduced. The reduction in splitting
strength is probably due to the effect of thermal cycling on the microstructure of the
concrete by weakening the bond between the cement paste and the aggregate creating

debonding interfacial cracks.

Table 5.6 The mechanical properties of NSC after different environmental conditions

Environmental Compressive Splitting Flexural Modulus of
Condition Strength Strength Strength Elasticity
MPa MPa MPa GPa
28 days at 20° C 39.0 3.8 4.6 34.8
120 days under TC 44.2 3.5 7.3 35.1
180 days under TC 43.8 3.4 7.7 32.6

5.9 Fracture tests

The fracture behaviour of control NSC specimens and NSC bonded to CARDIFRC®
specimens after thermal cycling using the wedge splitting test (WST) are discussed in
this section. The wedge splitting test is a very stable test which requires only a small

amount of test material.

5.9.1 Test procedure

The test procedure is characterised by the simplicity of making and handling of
specimens and by stable crack-growth conditions. The specimen shape, test
configuration and load arrangement for control NSC specimens are shown in Figure

5.3 (see also Plates 5.1 and 5.2 for control and bonded specimens).
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The control and retrofitted cube specimens 200 x 200 x 200 mm have an initial
rectangular groove for the placement of two steel load transmission pieces fitted with
roller bearings on either side. A steel wedge is placed between the roller bearings. A
vertical force F); on the wedge imparts a well-defined horizontal-force Fy to the
bearings thus wedging open the starter crack. The test was carried out using a
DARTEC closed loop machine (200 kN). The rate of loading was controlled by a
crack mouth opening displacement (CMOD) gauge at a very low rate (0.0002 mm/s)
so that the fracture occurred in a stable manner. During the propagation of the crack in
the specimens, the deformation is measured by the crack mouth opening displacement
(CMOD) along the line of application of the horizontal splitting force using this
CMOD gauge. The vertical load F); on the wedge was measured by a load cell
between the wedge and the testing machine. The horizontal splitting force Fy was

calculated with the aid of wedge angleé.

F,(1-utanf) F,

s ~ (5.3)
2tanO(1 + ucotf) (1+ pcotf)(2tan )

where F), is the vertical force on the bearings and u is the coefficient of friction
between the wedge and roller bearing. The manufacturer of roller bearings quotes u
between 0.1 and 0.5%. For € =15°, (the half wedge angle for the WS used in this
study) the contribution of p cot@ in the previous expression is therefore between 0.40

and 1.9%. Therefore, Fy may be approximately expressed by

~ FM
7 2tan6

(5.4)

The area under the load-CMOD curve corresponds to the work done which is required
to separate the specimens. Dividing this work by the fracture area or the ligament area
that was intact before the test began yields the measured specific energy G, This
value characterises the crack propagation resistance of the tested material and can be
simply calculated as follows

1
G, =— M
W —aB | F,d(cMoD) (5.5)

where, B is the specimen thickness, W™ = W-d, (see F igure 5.4c).
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5.9.2 Control NSC specimens
The fracture behaviour of normal strength concrete under thermal cycling was
evaluated using the WS test. Eighteen specimens with notch to depth ratios of 0.20 or

0.60 were tested at room temperature after different numbers of thermal cycles.

Vertical Load ~ Wedge

Grove Centre of Roller

(a)
e Fu_ JJ——17 i
1|
CP Knife edges for clip gauge
a
W
A\%
(c) d

F igure 5.4 Configurations of WS test: (a) specimen shape, (b). loading arrangements, (c) the
points of application of wedge force and (d) location of clip gauge for measuring CMOD
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Plate 5.1 Wedge splitting test, showing the wedge mounted between two rollers bearing at
each side of the specimen

Plate 5.2 Wedge splitting test for bi-material system CARDIFRC®/NSC)
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5.9.2.1 Measured fracture energy G

The measured specific fracture energy results for NSC specimens with the notch to
depth ratios of 0.20 and 0.60 after 0, 120 and 180 thermal cycles are shown in Tables
5.7, 5.8 and 5.9, respectively. The fracture energy Gy (@) decreases as the notch to

depth ratio a increases (see Figure 5.5a).

As can be seen in Table 5.7, the mean value of Gydecreases from 123.1 N/m for o =
0.20 to 116.6 N/m for o = 0.60. This is brought about by several factors. First, the
propagating crack encounters resistance from more coarse aggregate particles for
shorter initial notches. Second, the probability of flaws like voids, micro-cracks and
bond cracks in the path of the growing crack increases with increasing ligament
length (Karihaloo, 1995, and Nallathambi, 1986).

A similar trend for the variation of fracture energy with initial crack size has also been
observed for test specimens after 120 and 180 thermal cycling (Figures 5.5b and 5.5¢
and Tables 5.8 and 5.9). It was observed that the crack path through the thickness of
the NSC specimens was not straight. Moreover, it seems to be more tortuous for
specimens with notch to depth ratio of 0.20. This variation in tortuosity with notch
size may be explained by the fact that with a larger area available for crack extension,
i.e. with small notch, the advancing crack front will encounter more coarse aggregates
which are largely responsible for the tortuosity during the crack propagation (Sabir et
al., 1997).

Based on the test results given in Tables 5.7, 5.8, and 5.9, after 120 thermal cycles,
the Gy value increases from 123.1 N/m to 148.5 N/m fore = 0.2, and from 116.6 N/m
to 134.6 N/m fora = 0.6. This may be a result of further hydration of cement paste,
which gives extra strength to the interface to resist cracking. With further increase in
the number of thermal cycles, the Gy value reduces to 137.2 N/m and 118.5 N/m for
a =0.2anda = 0.6, respectively after 180 thermal cycles. The reduction could be due

to the initiation of new micro-cracks at the interface.
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Table 5.7 Wedge splitting test results of NSC after 0 thermal cycles

Material Depth Specimens Max.Load Max.Load Mean CMOD Gy Mean
Type  ratio no. Fm Fy Fy Gy
(kN) (kN) kN) (mm) Nm) (N/m)
1 6.7 12.5 12.3 0.0384 1243 123.1
0.2 2 6.0 11.2 COV%  0.0845 107.3 COV%
NSC 3 7.1 13.2 82 00405 1378 124
1 2.0 3.7 4.2 0.0514 1114 116.6
0.6 2 2.7 5.0 COV%  0.0782 122.6 COV%
3 2.2 4.1 137 00591 1157 297
Table 5.8 Wedge splitting test results of NSC after120 thermal cycles
Material Depth Specimens Max.Load Max.Load Mean CMOD Gr Mean
Type Ratio no. Fm Fu Fu Gy
(kN) (kN) (kN) (mm) (N/m) [N/m)
1 9.6 17.9 18.3 0.0537 138.7 148.5
0.2 2 10.6 19.7 COV%  0.0584 179.6 COV%
NSC 3 9.3 17.3 6.5  0.0383 1272 18.5
1 2.7 5.0 4.7 0.0958 138.8 134.6
0.6 2 2.5 4.7 COV%  0.1559 129.9 COV%
3 2.4 4.5 54 0.0958 135.0 3.3
Table 5.9 Wedge splitting test results of NSC after 180 thermal cycles
Material Depth Specimens Max.Load Max.Load Mean CMOD Gy Mean
Type  Ratio no. Fm Fu Fu Gy
(kN) (kN) (kN) (mm) (Nm) ~ (N/m)
1 10.6 19.7 18.1 0.0398 153.8 137.2
0.2 2 10.0 18.6 COV%  0.0338 1229 COV%
3 8.7 16.2 6.5 00421 135.0 11.3
NSC 1 2.4 4.5 4.7 0.0709 126.9 118.5
0.6 2 2.5 4.7 COV%  0.0733 119.8 COV%
3 2.7 5.0 32 0.0658 108.9 5.4
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141 NSC after 0 TC
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a - 0.6
0 0.2 0.4 0.6 0.8 1.2
CMOD mm
(a)
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NSC after 120 TC
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(b)
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01 NSC after 180 TC
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Figure 5.5 The influence of notch size on the load-CMOD curves, after: (a) zero thermal

cycles (b) 120 thermal cycles (c) 180 thermal cycles
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This leads to lowering the material resistance for cracking and makes it more brittle.
The results also show that the maximum load for specimens with both depth ratios
(a=0.2 anda = 0.6) increases from 12.3 kN to 18.3 kN and from 4.2 kN to 4.7 kN
after 120 thermal cycles. After 180 thermal cycles the peak remains almost unchanged

with both depth ratios.

5.9.2.2 Size-independent specific fracture energy Gr

According to the boundary effect model of Duan et al. (2001) for determining the
size-independent fracture energy, Abdalla and Karihaloo (2003) found that the size-
independent fracture energy can be evaluated by testing just two specimens of the
same size containing a shallow and deep starter notch (see § 3.6). Due to this reason
the tests were conducted on WS specimens with o = 0.20 and o = 0.60 (Tables 5.7 to

5.9). The determination of the size-independent specific fracture energy Gr for

concrete was based on the following equation:

GF[I—%.la’/fVW] 1—alW >a,|W
G, (a/w)= L ‘/;’V) (5.6)
G- ~—27) 1-a/W <a,|W
2 alW

Table 5.10 shows the results of the size-independent specific fracture energy Gr and

transition ligament length q, after thermal cycling obtained from the Gy (o) values for

o = 0.20 and o = 0.60. As it can be seen, the Gy first increases from 129.7 N/m to
162.4 N/m after 120 thermal cycles and then decreases slightly to 155.9 N/m after 180
thermal cycles. The increase in the size-independent specific fracture energy may be
attributed to the partial expulsion of capillary water. Gradual removal of capillary
water further reduces the lubricating effect of the water and toughens the concrete
(Zhang et al., 2000). Baker (1996) also showed that at low temperature, less than 120°
C, the slight thermal damage via micro-cracking that occurs before full drying out
with moisture migration and steam escape, actually provides a toughening

mechanism.
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The results show also that using the first of two equations (5.6) to determine Gr and

a, on the assumption that 1— %> % is confirmed true after determining % which
is less than both1 — % ,1.e. 0.8 and 0.4 after each thermal cycling stage.
Table 5.10 Size-independent fracture energy after 0, 120 and 180 thermal cycles
Thermal Cycles Gr a, a,
N/m mm w
0TC 129.7 16 0.08
120TC 162.4 27 0.13
180TC 155.9 38 0.19
Another factor that significantly contributes to the increase in Gr is the age of

concrete specimens as pointed out by Petersson (1980). Temperature, which

contributes to the hydration of the remaining unhydrated cement, densifies the cement

matrix. The denser of the microstructure of normal concrete, the higher its crack

resistance will be (Karihaloo, 1995). For more clarity, the measured

and size —

independent fracture energy for the NSC after different thermal cycles is plotted in

Figure 5.6.
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Figure 5.6 The effect of thermal cycling on measured and size-independent fracture energy of

NSC
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5.9.2.3 Brittleness

Brittleness is defined as the tendency for a material or structure to fracture abruptly
before significant irreversible deformation occurs. Conversely, toughness
characterises the capacity of structure to resist fracture. Hillerborg et al. (1976)

proposed the characteristic length /., as a brittleness parameter for concrete

: (.7

where f; is the tensile strength of the concrete and Gr is the size-independent specific
fracture energy. Because /. includes a combination of toughness, stiffness and
strength parameters, the larger value the /., the less brittle or more ductile the concrete
is. The results listed in Table 5.11 show that the characteristic length of normal
concrete increases after 120 thermal cycles from 312.6 mm to 465.3 mm and then
slightly reduces to 439.6 mm after 180 thermal cycles. The decrease that is observed

in [, after 180 thermal cycles is mainly due to thermally induced microcracks.

Table 5.11 Characteristic length /., of NSC after 0, 120 and 180 thermal cycles

Thermal cycles 0 120 180

Lo (mm) 308.1 465.3 439.6

5.9.3 CARDIFRC®/NSC bonded system

To evaluate the performance of CARDIFRC®/NSC bonded system, the WST
procedure (Chapter 3) was again adopted. This section presents the test results of
CARDIFRC® bonded to NSC specimens using the WS test (Tschegg and Stanzel,
1991). The fracture behaviour of CARDIFRC®/concrete bonded system was
investigated, and the main factors that affect the bond properties of interfaces, such as
the roughness of the mating surfaces and thermal cycling have been evaluated. The

WS test was performed in a similar manner to that of NSC (see Figure 5.7).
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Figure 5.7 Configuration of bonded specimens: (a) Loading arrangements and (b) wedge
splitting specimen of bonded system

5.9.3.1 Direct wet casting

The casting of wet CARDIFRC® directly on to NSC has been explored previously but
the results showed that the bond between the two materials (CARDIFRC® / NSC)
(Farhat, 2004) was very weak. The specimens split apart when the applied load was
still in the elastic stage. This is a result of the casting configuration whereby the
specimens are cast horizontally and thus no mechanical interlocking had been
achieved (Figure 5.8).Our results confirm those of Farhat (2004), namely that the
crack goes straight through the interface with a slight kink into the normal concrete
half of the specimens. It was found by inspection that more than 30 percent of the
failure occurred in the normal strength concrete and the remainder in the interface, so
that the maximum load and fracture energy for the bonded specimens is lower than

those ofthe NSC control specimens (see Table 5.12)

Table 5.12a NSC control specimens compared with bonded specimens (direct casting)

Specimens  Max Average CMOD Gf Average Failure

Load load Gf Location
(kN) (kN) (mm)  (N/m) (N/m)
Bonded 1 4.9 5.0 0.032  26.0 27.0 I/C
2 5.1 0.02 28.0 I/C
Control 1 6.1 6.1 - 95.6 95.6 C

I/C Crack starts at the interface and propagates slightly into concrete.
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Figure 5.8 Direct casting technique

5.9.3.2 Adhesive bonding

The WS test results for normal strength concrete half cubes adhesively bonded to
CARDIFRC® half cube show that there are no signs of interfacial fracture or
delamination either at the interface between the adhesive and the parent concrete or
between the CARDIFRC® and the adhesive. Generally, in the bonded specimens the
crack always propagated in the parent concrete after initiating at the starter notch
comer and kinking towards the parent concrete. However, in some specimens failure
propagated along the interface, but this was found to be as a result of inadequate

preparation of the mating surfaces.

5.9.3.2.1 Influence of surface preparation
The following sections highlight the influence of surface preparation of both parent

concrete and the repair material.

5.9.3.2.1.1 Repair material (CARDIFRC®)

In order to enhance mechanical interlocking with the adhesive, it was decided to
slightly roughen the mating surface of the CARDIFRC® half cube with an angle
grinder. The tests showed that the surface roughening of CARDIFRC®, and not only
the parent concrete, is very important to prevent abrupt delamination failure (Farhat,

2004).
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5.9.3.2.1.2 Parent concrete

The results showed that a crack emanated from a starter notch corner and kinked
slightly into the normal strength concrete (Plate 5.3a) and then propagated solely in
the latter and parallel to the interface. However, as seen from the photograph of the
fracture surface in Plate 5.4a most of coarse aggregates have been de-bonded from the
matrix with very few being fractured. A comparison of these fracture surfaces with
surfaces obtained after cutting the concrete half cube away from the matting surface
revealed that the concentration of coarse aggregates in the fractured surfaces of the
repaired concrete half cubes was less than that in the bulk. This was initially thought
to be a result of wall effect phenomenon where particles pack more loosely in the

immediate vicinity of a mould wall than away from it (Farhat, 2004).

5.9.3.2.1.3 Surface improvement

To overcome the aforementioned problem, it was proposed to improve the bonding
technique in order to achieve a more ductile and stronger bonded system. Since the
previous results recorded that a crack emanating from a starter notch corner always
propagated in the region of the parent concrete adjacent to the interface, it was likely
that a thin cement film formed there during casting. Therefore, it was decided to
remove this film from the bonding surface of the concrete specimens with a grinder

until the aggregate became visible before applying the adhesive to it.

This additional surface preparation of the mating surfaces of the concrete half cubes
was undertaken before bonding them to CARDIFRC® half cubes. Therefore, to
remove any trapped air, CARDIFRC® half cube was slightly pressed on to the
adhesive. The influence of the additional surface preparation on the fracture behaviour
was investigated by Farhat (2004) and the results are shown in Table 5.12. As seen
from Plate 5.3b the crack emanating from the starter notch corner kinked towards the
concrete with a kink angle of about 10° to 20° and then propagated in the concrete
close to the interface. It is clear that both the maximum load and fracture energy
increased substantially after the removal of cement film and the fracture surfaces of
complete specimens exhibited higher irregularity (Plat 5.4b). As seen from the test
results, it was concluded that the removal of the thin film layer of cement paste from
the joining surface of the NSC (parent concrete) is essential to obtain a strong and

tough repairing system.

110



Failure mode of CARDIFRC/NSC Failure mode of CARDIFRC/NSC
before removing the cement paste layer after removing the cement paste layer

CARDIFRC

(a) (b)

Plate 5.3 The effect of cement paste film on the failure mode of CARDIFRC®/NSC, (a)
before, (b) after removal of film

Fractural surface of NSC

Fractural surface of NSC after moving the cement paste layer

before moving the cement paste layer

(a) (b)

Plate 5.4 The effect of cement paste film on the fractured surface of CARDIFRC®/NSC: (a)
before, (b) after removal of film.
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Table 5.13 WS test results of NSC adhesively bonded to CARDIFRC®

Type of Specimens Max. Load CMOD  Failure Gy
specimens location  (N/m)
Before removing 10.0 0.025 CF 39.0
Bonded the cement paste film
After removing 13.5 0.045 NSC 94.0
the cement paste film
Control - 11.4 0.050 - 98.0

5.9.3.2.2 Effect of thermal cycling
The test results of NSC bonded specimens exposed only to room temperature are

shown in Table 5.13. The results reveal that the crack started at the starter notch

corner and propagated in the parent concrete at an angle of 13° to 19° for o = 0.20,
and 10° to 15° for a = 0.60. Visual observation showed a variation of fracture energy

measurements Gy(0) with the notch of depth ratios of 0.20 and 0.60 similar to the WS

test of control specimens (Figure 5.9a).

The specific fracture energy and the maximum load of bonded specimens revealed a
decrease with increasing notch to depth ratio from 100.3 N/m to 87.9 N/m and from
15.5 kN to 4.1 kN. This behaviour was observed in all of NSC specimens bonded to
CARDIFRC® exposed to 120 and 180 thermal cycling (Figures 5.9b and 5.9¢). The
results reveal also that the mean value of the peak load for bonded specimens with a
notch to depth ratio of 0.20 increases from 15.5 kN for 0 cycles to17.3 kN after 120
thermal cycles and then drops to 13.9 kN after 180 thermal cycles, giving a total
decrease of 10 percent. The results showed that NSC bonded specimens behaved as

the control NSC specimens.

Tables 5.14, 5.15 and 5.16 also show that the measured fracture energy Gy for NSC
bonded specimens with a notch to depth ratio 0.20 increases from 100.3 N/m to 150.8
N/m after 120 thermal cycles, thereafter, the Gy decreases to 134.0 N/m after 180
thermal cycles. Similar behavior was also observed in bonded specimens with a notch
to depth ratio 0.60 and those of control specimens exposed to the same number of

thermal cycles.
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Table 5.14 WS results of CARDIFRC® / NSC after 0 thermal cycles

Material ~ Depth  Specimens Max.Load Max.Load Mean CMOD Gy Mean

Type Ratio no. Fm Fy Fy Gy
(kN) (kN) (kN) (mm) (N/m) (N/m)
1 8.5 15.8 155  0.0279 958 100.3
0.2 2 8.4 15.6 Cov% 0.0336 987 Cov%
NSC 3 8.1 15.1 2.3 0.0381  106.5 5.5
bonded 1 22 4.1 4.1 0.0527 82.8 87.9
to 0.6 2 2.2 4.1 Cov% 0.0734 1010 Cov%
CARDIFRC 3 2.3 4.3 3.7 0.0565  80.1 12.9

Table 5.15 WS results of CARDIFRC® / NSC after 120 thermal cycles

Material ~ Depth Specimens Max.Load Max. Load Mean CMOD Gy Mean

Type Ratio no. FM FH FH Gf
(kN) kN) kN) (mm) Nm) (N/m)
1 9.9 18.4 173 0.0361 1432 1508
NSC 0.2 2 9.0 16.8 COV% 0.0389 139.6 COV%
bonded 3 9.0 16.8 55 00534 1696 10.8
to 1 2.8 5.2 54  0.1045 1393 133.1
CARDIFRC | 0.6 2 2.7 5.0 COV%  0.0937 123.0 COV%
3 3.2 6.0 98  0.1051 137.1 6.6

Table 5.16 WS results of CARDIFRC® / NSC after 180 thermal cycles

Material Depth Specimens Max. Load Max.Load Mean  CMOD Gy Mean
Type Ratio no. Fum Fu Fu G

f
(kN) kN) (kN) (mm) N/m)  N/m)
1 8.1 15.1 13.9 0.0651 1392 134.0
NSC 0.2 2 73 13.6 COV%  0.1092 129.5 COV%
bonded 3 7.0 13.1 6.9 0.0507 133.4 3.6
to 1 2.4 4.5 3.9 0.0912 118.9 115.8
CARDIFRC | 0.6 2 2.1 3.9 COV% 0.1029 119.8 COV%
3 2.1 3.9 8.3 0.0834 108.9 5.2
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Figure 5.9 The affect of notch size on the load - CMOD curves of bonded NSC specimens,
after; (a) zero thermal cycles, (b) 120 thermal cycles and (c) 180 thermal cycles
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Generally, the results show that there is no significant effect caused by the thermal
cycling on the failure mode; all failures took place in the NSC (parent concrete)
without showing any signs of interfacial fracture. This proves that the repairing

system with CARDIFRC® has no adverse effect due to thermal cycling.

5.9.3.2.3 Size-independent specific fracture energy Gr

According to the boundary effect model of Duan et al. (2001) and its additional
verification by Abdalla and Karihaloo (2003), the size independent specific fracture
energy obtained from the size dependent fracture energies (Table 5.13 — Table 5.15) is
given in Table 5.17. It can be seen that the size independent fracture energy of bonded
specimens increases from 112.7N/m at room temperature to 168.5 N/m after 120

thermal cycles and then decreases to 152.2 N/m after 180 thermal cycles.

Table 5.17 Size-independent specific fracture energy Gr of bonded NSC specimens

Thermal Cycles Gr a a,
0TC 112.7 35.0 0.18
120TC 168.5 33.5 0.17
180TC 152.2 38.2 0.19

Again, the first of the two equations (5.6) has been used and it has been confirmed

after the determination of G and g, that the condition (1 - %J < ;IV—I is indeed

satisfied.

As the number of thermal cycles changes, the material behaviour also changes. This
can be clearly seen in the measured and size independent fracture energy (Figure
5.10). The increase in Gyand Grafter 120 thermal cycles is probably because elevated
temperatures assist further hydration. However, the reduction after 180 thermal cycles
is due to the stress generated at the interface between the aggregate and the hardened

cement paste which allow initiation of more microcracks (Farhat, 2004).
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Figure 5.10 The effect of thermal cycling on measured and size independent fracture energy
of CARDIFRC® / NSC bonded system

5.10 Comparison of the results

5.10.1 Specimens exposed to 0 thermal cycles

Both control and bonded specimens test results show clearly that the failure took
place in the normal strength concrete, and the fracture mode is quasi-brittle. The load-
CMOD curves for control and bonded specimens for o = 0.20 and a = 0.60 after 0
thermal cycles shown in Figures 5.11a and 5.12a reveal as expected, that the stiffness
and the maximum load for bonded specimens with a notch to depth ratio of 0.20
increases compared to the control specimens and the mean value of the maximum
load for bonded specimens is 15.5 kN, whereas it is only 12.3 kN for control
specimens. Therefore, a total increase in the mean value of the maximum load of
bonded specimens for oo = 0.20 is 26 percent (see Table 5.18). For specimens with

depth ratio of 0.60, the mean value of the maximum load seems to remain unchanged.

5.10.2 Specimens exposed to 120 thermal cycles

The topical load-CMOD curves for both control and bonded NSC specimens for o =
0.20 o = 0.60 after 120 thermal cycles are plotted in Figures 5.11b and 5.12b. As can
be seen, the maximum failure load for bonded and control specimens with a notch to
depth of 0.20 is nearly the same but the mean value of maximum failure load for a. =
0.60 increases slightly from 4.7 kN for control specimens to 5.4 kN for CARDIFRC®

bonded specimens, giving a total increase of 12 percent (see Table 5.17).
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5.10.3 Specimens exposed to 180 thermal cycles

Figures 5.11c and 5.12c show the load-CMOD curves for control and CARDIFRC®
bonded specimens with a notch to depth ratio of 0.20 and 0.6 respectively. It can be
seen that the maximum failure load decreases from 18.1 kN for the control specimens
to 13.9 kN for the bonded one, giving an decrease in the maximum load of 23 percent.
Similarly, the mean values of the maximum load for control and bonded specimens
with depth ratio 0.60 are reduced from 4.7 kN for control specimens to 3.9 kN for

bonded one.

Generally, the results indicate that the bonded specimens are somewhat stronger
compared with the control one at room temperature. The bonding of NSC with
CARDIFRC® system reveal that the peak load has improved, the pre-peak non-
linearity reduced and the post-peak behavior is steeper However, after 120 and 180
thermal cycles, the strength of bonded specimens decreased slightly for both notch to
depth ratios 0.20 and 0.60 (Table 5.18). It was also found that the fracture energy
value Gy decreases compared with control specimens. The reduction of Gy value could
be due to fact that the crack path in such bonded specimens is less tortuous than that

in the control specimens.

Table 5.18 The effect of thermal cycling on failure load of control and repairing NSC
specimens

Number The mean of maximum failure load (kN) Increases / Decrease
of thermal in failure load of
cycles bonded relative to
Control specimens Bonded specimens control
(%)
0.2 0.6 0.2 0.6 0.2 0.6
0 12.34 4.30 15.55 4.15 26.01 -3.48
120 18.35 4.75 17.31 5.34 -5.66 12.42
180 18.18 4.75 13.94 4.15 -23.32 -12.63
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Figure 5.11 Load-CMOD curves for control and bonded NSC specimens with a = 0.20, after;
(a) zero thermal cycles, (b) 120 thermal cycles and (¢) 180 thermal cycles
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Figure 5.12 Load-CMOD curves for control and bonded NSC specimens with a = 0.60, after;
(a) zero thermal cycles, (b) 120 thermal cycles and (c) 180 thermal cycles
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Following Farhat (2004) steps that were used in the LEFM analysis of the bi-material
system were discussed in Chapter 3. A simple explanation is provided here for the
observed increase in the maximum failure load of the bonded specimens over that of

control specimens.

El "Ez
E +E,

The Dundurs elastic mismatch parameter is o = (5.8)

where, 0. the measures value of mismatch of the elastic modulus of the bimaterials ,E;
and E, for CARDIFRC® and NSC which equal 47.8 GPa and 34.81 GPa, respectively.
With o = 0.20 and the second Dundurs parameter B is = zero. Substituting §§ in

equation (3.38) gives (with subscript “com” referring to the campanile)

1
G, =—F 5.9
com E* ( )
where
1 1
1 _1yr,. 1 (5.10)
E., 2\E E

Since E, = Ecomand E; and E; are equal to Ensc and EcarpiFrc

1/ 1 1
Gcom =—( + Jk*z (5.11)
2\ Ensc  Ecaroirrc
Thus
k, = 2G,,, = \/ 2G om Ensc Ecarvirre (5.12)
1 + 1 (Ecaromrc + Ensc)

E NSC E CARDIFRC
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Since Gr of NSC is roughly equal to G, and k; of NSC is equal to \ E G, , at the

same level of applied ks, the ratio 2E e /(Ecaromnc +E,) is given below

(Table 5.19).

Table 5.19 The value of (\/(ZEC ARDIFRC )/ (ECARD,FRC +E Nsc)compares with the number of

thermal cycles

Thermal 0TC 30 TC 90 TC 120 TC 180 TC
cycles
2E‘CARDIFRC
Eivorre + Ensc 1.1 1.08 1.08 1.07 1.09

As aresult, it follows from (5.12)
k, > ki
This means that the maximum load level corresponding to the initiation of crack

growth must be larger in the bonded system ( P, ,qy) than solid NSC ( P ).

5.11 Influence of increased thermal cycling on NSC and CARDIFRC®

5.11.1 Mechanical properties

This section summarizes the effect of increased thermal cycling on the mechanical
properties of NSC and CARDIFRC®, including previous results (0, 30, and 90
thermal cycles), together with the results reported above. The summary is shown in
Figures 5.13, 5.14 and Table 5.19. It can be seen the compressive and splitting strengths
of NSC show a slight change with the number of thermal cycles but the values do not
drop below that at room temperature even after 180 thermal cycles. However, MOR
of NSC reveals a further increase with the thermal cycling. The modulus of elasticity

on the other hand can be regarded as practically unchanged.

The specimens of CARDIFRC® behaved similar to those of NSC specimens after the
different thermal cycles (Figure 5.14). The results reveal that all mechanical
properties of CARDIFRC® followed the same trend that was observed in the

mechanical properties of NSC.
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Figure 5.13 Influence of thermal cycling on (a) the compressive strength of NSC (b) the
splitting strength of NSC (c) the modulus of rapture of NSC
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Figure 5.14 Influence of thermal cycling on (a) the compressive strength of CARDIFRC® (b)
the splitting strength of CARDIFRC® (c) the modulus of rapture of CARDIFRC®

123



Table 5.20 The influence of thermal cycling on the modulus of elasticity of NSC and
CARDIFRC®

Mix type E at0 TC E at 30 TC Eat90 TC Eat 120TC E at 180 TC
NSC 34.8 35.2 35.50 35.1 32.6
CARDIFRC 47.8 49.0 49.0 48.3 48.2

5.11.2 Fracture properties
5.11.2.1 Control specimens
The results of the effect of thermal cycling on the size-independent fracture energy
are shown in Figure 5.15. As the number of thermal cycles increases the GF value

increases. Beyond 120 thermal cycles the GFremains unchanged.

210

| 180

O 1 1 1 1 1 1 1
0 30 60 920 120 150 180
Number of thermal cycles

Figure 5.15 Influence of thermal cycling on the size-independent fracture energy of NSC
specimens

5.11.2.2 Bonded specimens
As expected, the GF of bonded specimens is affected by the thermal cycling; it
increases gradually and then decreases after 120 thermal cycles, but it never falls

below the value at 0 cycles.
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Figure 5.16 Influence of thermal cycling on the size-independent fracture energy of NSC
bonded specimens

5.12 Conclusion

Combining the previous results (Farhat, 2004) with the results reported in this study,
the test results for both of NSC and CARDIFRC mixes are summarized below.

* The mechanical and fracture properties of NSC are clearly improved after 30
thermal cycles then reduced slightly after 90 and 120 thermal cycles but not
drop below that at room temperature. The values seem to be unchanged after
180 thermal cycles. However, MOR of NSC reveals a further increase after 90
thermal cycles and the modulus of elasticity on the other hand can be regarded
as practically unchanged. The increase in the values is probably due to the
continuity of hydration process, and the reduction may be regarded due to the

initiation of new microcracks between the cement paste and the aggregate.

* The mechanical properties of CARDIFRC® followed the same trend that was
observed in the mechanical properties of NSC with a further increase after 90
thermal cycles. This increase could be due to continued hydration of
unhydrated cement, and the presence of microsilica which activates the

secondary reaction.
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To avoid any deterioration in the repair system (delamination or interfacial
fracture), both NSC and CARDIFRC mating surface have to be roughened.
This creates a good bond and a higher interface toughness which delays the
interface crack propagation through the weaker material and forces the crack

to kink into the parent concrete.

To further improve the bond, the thin film of cement paste on the smooth cast

surface of the concrete must be removed.

In all bonded specimens, as the load increased the crack propagation in the
parent concrete started from the initial notch without any visual deterioration

or bond degradation.
Both the measured fracture energy (Gy) and the size-independent specific
fracture energy (Gr) of control and bonded specimens follow the same trend

where the values decreased as the notch to depth ratio increased.

Generally, the repairing system of normal strength concrete with CARDIFRC

is more successful when the adhesive bonding technique is used.
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Performance of
HSC Bonded to CARDIFRC
after Thermal Cycling



6.1 Introduction

In Chapter 5, the mechanical and fracture properties of control and CARDIFRC®
bonded to NSC specimens after different thermal cycles were investigated. This
chapter discusses only the results of control and CARDIFRC® bonded to HSC
specimens under 0, 120 and 180 thermal cycles. The bonding technique and the
thermal cycling are similar to those used in Chapter 5. The mechanical properties of
high strength concrete were measured according to relevant British Standards, and the
fracture behavior was evaluated from WS test based on load- CMOD curves for both
control and bonded specimens, through visual observations, measured and size-

independent fracture energy.

6.2 Control specimens

To evaluate the mechanical properties and the behavior of HSC after various thermal
cycles, fifteen 100x100x100 mm cubes were tested to determine the compressive
strength (five each at 0, 120, and 180 cycles), fifteen 100x200 mm cylinders and
fifteen 100x100x500 mm beams for splitting strength and modulus of rapture. Three
150x300 mm cylinders were used to determine the modulus of elasticity (one at 0,
120, 180 cycles each). For the determination of fracture behaviour eighteen
200x200x200 mm cubes were used. These cubes were notched using a diamond saw
to a notch to depth ratio of 0.2 or 0.6. The specimens were tested at room temperature

by WS test as in § 5.7 after various thermal cycles.

6.2.1 Mix proportion of HSC

HSC mixes are generally characterized by low water/binder ratios, high content of
cement, and the presence of various chemical and mineral admixtures (Mehta and
Aitcin, 1990). The mix that was used in this study was chosen based on previous work
carried out by other researchers in the same laboratory (Taylor et, al., 1997; Abousaif,
1997, Farhat, 2004). The proportions of HSC mix are shown in Table 6.1

Table 6.1 Mix Proportions of HSC

Material type  Cement Sand  Aggregate = Micro-Silica  Super-plasticizer ~W/b ratio

Mix
proportion 1 1.32 2.21 0.11 1.8% 0.22

127



The materials used in the HSC mix were as follows:

¢ Cement: Blue circle OPC (BS12: 1996 compliant).

o Fine aggregate: Local sea dredged sand.

o Coarse aggregate: Local crushed limestone with d, = 10 mm.

e Micro-silica (SF): Elkem micro silica undensified 983.

e Superplasticizer (sp): Adoflow extra (consisted of sodium salts of

sulphonated naphthalene formaldehyde condensate and lignosulphonic acid).

The dry materials were mixed first, then the water was added gradually to the mix
while the mixer was in operation, following that the superplasticizer was added to
achieve the required workability. After a few minutes from the completion of the
mixing process, the fresh concrete mix was cast into the specified test specimen

moulds.

6.2.2 Mechanical properties

The mechanical properties (the compressive, splitting and flexural strengths and the
modulus of elasticity) were determined at room temperature according to relevant
British Standards after 0, 120, and 180 thermal cycles. The results of experimental

tests are discussed in the following sections.

6.2.2.1 Compressive strength £,

The results of cube crushing tests are shown in Table 6.2. The compressive strength
increased from 103.1 MPa to 124.7 MPa after 120 thermal cycles and then dropped to
reach a value of 118.7 MPa after 180 cycles. Therefore, the total increase in the
compressive strength was 15.13 percent after the final thermal cycles compared with
the room temperature value. As discussed before in § 5.8.1 the significant increase in
the compressive strength may be due further hydration caused by thermal cycling and

the effect of age of the concrete specimens (see later in Table 6.6).

128



Table 6.2 Compressive strength of HSC after different thermal cycles

Thermal Specimens Failure Compressive Mean value
cycle no. Load Strength of comp. Cov
Strength
(kN) (MPa) (MPa) %
1 1026 102.6
2 1110 111.0
0 3 992 99.2 103.1 4.0
4 998 99.8
5 1028 102.8
1 1248 124.8
2 1211 121.1
120 3 1294 129.4 124.7 24
4 1222 122.2
5 1260 126.0
1 1167 116.7
2 1150 115.0
180 3 1227 122.7 118.7 2.4
4 1213 121.3
5 1177 117.7

6.2.2.2 Splitting strength f;

Table 6.3 shows the splitting strength results under different thermal cycling. It can be
seen that the splitting strength decreased from 7.6 MPa to 6.6 MPa after 120 thermal
cycles and then reduced further to 5.7 MPa after 180 cycles. (The effect of age on the
splitting strength is also shown in Table 6.6).

6.2.2.3 Modulus of rupture (MOR)

The test results of modulus of rupture after 0, 120 180 thermal cycles are shown in
Table 6.4. The results show no significant change in the modulus of rupture after 120
thermal cycles but a slight decrease from 11.3 MPa to 10.9 MPa after 180 thermal

cycles. This reduction is owing to the formation of new microcracks.

6.2.2.4 Modulus of elasticity

The value of modulus of elasticity was determined according to BS 1881 — 121 1983.
It was calculated after different thermal cycling (Table 6.5). The results showed that
the E increases slightly from 44.3 GPa at no cycles to 45.6 GPa after 120 thermal
cycles and then decreases to 44.5 GPa after 180 thermal cycles.
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Table 6.3 Splitting strength of HSC after different thermal cycles

Thermal  Specimens Failure Splitting Mean value of
cycles no. Load Strength splitting Strength cCov
(kN) (MPa) (MPa) %

1 246.0 7.8
2 235.9 7.5

0 3 232.6 7.4 7.6 25
4 238.5 7.6
5 249.5 7.9
1 206.5 6.6
2 210.8 6.7

120 3 202.2 6.4 6.6 1.4
4 206.4 6.6
5 209.6 6.8
1 186.0 5.9
2 179.3 5.7

180 3 171.5 5.5 5.7 2.8
4 184.3 59
5 182.1 5.8

Table 6.4 Flexural strength test of HSC after different thermal cycling

Thermal  Specimens  Breaking MOR Mean value

cycles no. Load of MOR COov
(kN) (MPa) (MPa) %
1 27.32 11.0
2 29.85 12.1
0 3 27.39 11.1 11.2 4.00
4 27.90 11.3
5 26.58 10.8
1 29.23 11.8
2 27.41 11.1
120 3 28.92 11.7 11.3 3.7
4 26.47 10.7
5 27.52 11.1
1 26.43 10.7
2 25.70 10.4
180 3 26.55 10.7 10.9 3.5
4 28.30 11.5
5 27.70 11.2
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6.5 The effect of thermal cycles on the Modulus of elasticity of HSC

Thermal Cycles 0 120 180
Modulus of
Elasticity 443 45.6 44.5
(GPa)

Table 6.6 The effect of different environmental conditions and age on £, f;and MOR

Environmental Compressive Splitting Flexural
condition strength Strength Strength
(MPa) (MPa) (MPa)
28 days at 20°C 103.1 7.6 11.2
120 days at 20°C 108.1 7.8 11.3
120 TC 124.7 6.6 11.3
180 TC 118.7 5.7 10.9

6.2.3 Fracture properties

Based on load — CMOD curves, the fracture behaviour of HSC was evaluated. It was
obtained by using the WS test (see § 5.9.1). The fracture properties of concrete were
evaluated according to load — CMOD curve and using the area under the curve

divided by the ligament area to yield the measured fracture energy of concrete.

6.2.3.1 Measured fracture energy Gy

The load-CMOD curves for HSC and NSC show that both NSC and HSC behaved as
expected and similar to those results obtained previously by Farhat (2004). The failure
mode of HSC specimens was more brittle than NSC specimens. This is due to the
compact nature of HSC matrix and interface which decreases the toughness (Gettu, et

al., 1990).

Several investigations have revealed that cracks in HSC develop through the coarse
aggregate, giving a smooth fracture surface. However, in NSC the cracks grow around
the aggregates, therefore leading to more tortuous fracture path and a rough fracture
surface. As can be seen in Figure 6.1, the post peak response seems to be steeper for
HSC than that of NSC. This due the strong interface and the smaller process zone in

front of the initial crack tip.
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The variation in crack pattern can be caused by the homogeneity and the strength of
the interfacial zone of HSC (Tasdemir et al., 1996). The thermal cycling of HSC
specimens was performed in a similar manner to the NSC specimens (see § 5.7). After
the WS specimens were exposed to the required thermal cycles, they were cooled
naturally for 24 hours and then tested at room temperature using a DARTEC closed

loop machine (600 kN).
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Figure 6.1 Comparison of Load-CMOD curves for HSC and NSC specimens with a notch to
depth ratio of 0.20.

The results of the measured fracture energy for HSC with notch to depth ratios of 0.20
and 0.60 after 0, 120 and 180 thermal cycles are shown in Figures 6.2a, 6.2b, and

6.2c, respectively. The measured G/ (a) for specimens after zero thermal cycles

decreases froml 152 N/m a = 0.20 to 104.5 N/m for a = 0.60 (Table 6.7). It can also
be seen that the failure load decreases as a increases. Furthermore, the mean value of
the peak load for HSC specimens decreases from 24.1 kN with a notch to depth ratio
0f 0.20 to 6.9 kN with a notch to depth ratio of 0.60. A similar trend was observed for
the results of the mean value of the failure load and fracture energy for HSC
specimens for a = 0.20 and a = 0.60 after 120 and 180 thermal cycles (Tables 6.8 and
6.9).
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Figure 6.2 The influence of notch size on the load-CMOD curves of HSC specimens, after:
(a) zero thermal cycles (b) 120 thermal cycles (¢) 180 thermal cycles
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Table 6.7 The results of wedge splitting test for HSC specimens after 0 thermal cycles

Material Depth Specimens Max.Load Max.Load Mean CMOD Gy Mean
Type Ratio no. Fum Fu Fy Gy
&N) (kN) &N) (mm) Nm) (N/m)
1 14.9 27.8 24.1 0.0227 100.4 115.2
0.2 2 12.3 23.0 Cov%  0.0363 1235 Cov%
HSC 3 11.5 21.5 13.5 0.0367 121.8 11.1
1 3.6 6.7 6.9 0.0623 115.4 104.5
0.6 2 4.0 7.5 Cov%  0.0643 103.5 Cov%
3 3.6 6.7 6.8 0.0665 94.7 9.9
Table 6.8 The results of wedge splitting test for HSC specimens after 120 thermal cycles
Material Depth Specimens Max.Load Max.Load Mean CMOD Gy Mean
Type Ratio no. FM FH FH Gf
(kN) (kN) (kN)  (mm) (N/m) (N/m)
1 13.8 25.8 259 0.0608 166.8 150.7
0.2 2 14.2 26.5 COV%  0.0241 1523 COV%
3 13.7 25.5 1.9 0.0329 133.1 11.2
HSC 1 4.6 8.6 8.6 0.0838 151.6 133.8
0.6 2 4.7 8.8 COV%  (0.0855 130.3 COV%
3 4.6 8.6 1.8 00775 1197 12.1
Table 6.9 The results of wedge splitting test for HSC specimens after 180 thermal cycles
Material  Depth Specimens Max. Load Max.Load Mean CMOD Gy Mean
Type Ratio no. Fum Fu Fu Gy
(kN (N &N)  (mm) N/m) (N/m)
1 15.8 29.5 28.5 0.0397 1454 145.6
0.2 2 14.3 26.6 COV%  0.0321 140.3 COV%
3 15.8 29.5 58  0.0s516 1512 37
HSC 1 5.0 9.3 8.6 0.0845 127.6 127.9
0.6 2 4.9 9.1 COV%  0.0900 138.5 COV%
3 4.0 7.4 124 00803 117.8 80
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The results reveal that the fracture energy for specimens with a notch to depth ratio of
0.20 increases from 115.2 N/m to 150.7 N/m after 120 thermal cycles and then
decreases slightly to 145.6 N/m after 180 thermal cycles. Similarly, the Gy of
specimens with o = 0.60 increases from104.5 N/m at a room temperature to 133.8

N/m after 120 thermal cycles, then drops to reach a value of 127.9 N/m.

However, as the number of thermal cycles increases, the mean value of the ultimate
load of the specimens with notch to depth ratios of 0.20 and 0.60 also increases. This
is most likely due to the presence of microsilica that activates the secondary reaction

and leads to an increase in strength.

6.2.3.2 Size-independent fracture energy Gr

The size-independent specific fracture energy Gr for HSC was determined using the
equation (3.31), and the results of Gr are shown in Table 6.10. As can be seen, the
values of size-independent fracture energy and the transition ligament length increase

with increasing number of thermal cycles.

The Gr value increases from 125.9 N/m to 167.5 N/m after 120 thermal cycles,
thereafter, the fracture energy reduces slightly to 163.3 N/m, giving a total increase of
29.7 percent. It can be summarized that 120 thermal cycles do not affect the ductility
of HSC specimens, whereas there is an insignificant decrease after 180 thermal cycles
(Figure 6.3). This might be due to the initiation of microcracks at the interfaces

between cement paste and coarse aggregates (Farhat, 2004).

Table 6.10 Size-independent fracture specific energy for HSC specimens after different TC

Thermal cycling 0TC 120 TC 180 TC
Gr (N/m) 125.9 167.5 163.3
a; (mm) 27 32 34
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Figure 6.3 The influence of thermal cycling on the measured and size-independent fracture

energy of HSC.

6.2.3.3 Brittleness

The characteristic length /.4 is an indication of the brittleness of the mix according to
Hillerborg et al. (1976). Its can be determined using equation (5.7) (see § 5.9.2.3).
The values of characteristic length after different thermal cycles are shown in Table
6.11. The results reveal clearly that the value of /. increases with the number of
thermal cycles. This behaviour of HSC specimens was also observed in NSC

specimens exposed to the same number of thermal cycles.

Table 6.11 The effect of thermal cycling on the /., for HSC

Thermal cycles 0TC 120 TC 180 TC

Is» (mm) 95.2 176.0 220.2

6.3 HSC bonded specimens

The casting of CARDIFRC® and HSC half cubes and bonding process was performed
in an identical manner to that described in Chapter 5. Wedge splitting test of
CARDIFRC® bonded to HSC half cubes using only the adhesive bonding technique
will be described in this section. The main factors that affect the bonding system, such

as the thermal cycling, roughness of the mating surface of the parent concrete will be
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highlighted. The parameters that affect the repairing system, such as the maximum
failure load, failure modes, measured fracture energy and size-independent specific

fracture energy will be discussed.

6.3.1 Adhesive bonding

The results illustrate the feasibility of bonding HSC with CARDIFRC® using an
adhesive bonding technique. CARDIFRC® half cubes were bonded on to HSC half
cubes using a thixotropic epoxy adhesive, Sikadur®31 in the same way that was used

in Chapter 5 with NSC specimens.

6.3.1.1 Influence of surface preparation

6.3.1.1.1 Parent concrete (HSC)

Based on Farhat (2004), the test results revealed that a crack started from a corner of
the initial notch and kinked slightly into the HSC specimen and thereafter propagated
solely in the latter and almost parallel to the interface before removing a cement film
(Plate 6.1a). However, as it can be seen from the photograph of the fracture surfaces

in Plate 6.2a there are very few coarse aggregates on the surface.

A comparison was made with fractured surfaces obtained after cutting the specimens
away from the mating surface. This showed that the concentration of coarse
aggregates in the fractured surfaces of the bonded concrete is less than that in the bulk
and revealed also that the fracture surfaces of complete specimen exhibited higher

irregularity and the number of fractured coarse aggregate was much larger.

According to Farhat (2004) results, this difference manifests in the mechanical data
listed in Table 6.12. The data show that the measured specific fracture energy for the
complete HSC specimen is 72 N/m, whereas the bonded HSC specimen is only 40.8
N/m. The results indicate that the failure of this bonded system can be regarded more
brittle than that of the control specimen, and therefore the bonding technique needs to
be modified.
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Crack path of CARDIFRC/HSC Crack path of CARDIFRC/HSC
beforremoving the cement film after removing the cement film

Plate 6.1 The effect of cement paste film on the failure mode of CARDIFRC®/HSC, (a) before, (b)
after the removal of film

Fractural surface of Fractural surface of
CARDIFRC/HSC befor removing cement film CARDIFRC/HSC after removing cement film
(a) (b)

Plate 6.2 The effect of cement paste film on the fractured surface of CARDIFRC®/HSC, (a)
before, (b) after the removal of film
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Table 6.12 Trial WS results of CARDIFRC®/HSC with 0=0.30 (adhesive bonding)

Max  Average CMOD Gr Average

Type Specimen  Load Gy
N) &N (mm)  Nm)  N/m)
1 14.0 0.025 35.6
Bonded | Before 2 15.1 Y
After 1 18.2 18.2 0.037 68.3 68.3
Control 1 17.3 17.3 0.032 72.0 72.0

6.3.1.1.2 Surface improvement

To avoid the problem maintained above, it was recommended to use a similar
bonding technique that applied on CARDIFRC®/NSC bonded system (see §

5.9.3.2.1.3), which incorporated the removal of a cement paste film from the mating
surface of the HSC half cubes. The results of this additional treatment were
encouraging. The adhesive adhered firmly to the parent concrete and the repair
material CARDIFRC®. As can be seen in Plate 6.1b, the crack initiating at the starter
notch corner, kinked towards the HSC, with a kink angle of about 10° and propagated
thereafter in the HSC half close to the interface. The fractured surface of the bonded
HSC specimen after the removal of the cement film exhibited higher irregularity than
the one before (Plate 6.2b).

6.3.1.2 Influence of notch size

To evaluate the size-independent specific fracture energy Gr for bonded HSC
specimens, two notches to depth ratios of 0.20 and 0.60 were chosen (Abdalla and
Karihaloo, 2003). The results of WS test specimens after zero thermal cycles at room
temperature are presented in Figure 6.4. In these specimens, a crack started at a corner
of the starter notch and always kinked into the parent concrete at an angle of about 11°
for specimens with a notch to depth ratio of 0.20 and about 8° for specimens with a
notch to depth ratio of 0.60. The maximum failure load of bonded specimens with a
notch to depth ratio of 0.20 is 11.25kN, but only 3.5 kN for specimens with o = 0.60.
The fracture energy is 62.5 N/m and 54.4 N/m for specimens with o of 0.20 and 0.60,
respectively. The variations of peak load and fracture energy with notch size are
almost similar to those of control HSC specimens exposed to 120 and 180 thermal

cycles.
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6.3.1.3 Influence of thermal cycling
The results of thermal cycling on the bonded specimens after exposure to different
thermal cycles are presented in Tables 6.13, 6.14 and 6.15. The results show that the

crack initiated at the corner of starter notch and propagated into the HSC half cubes

close to the interface with an angle of about 11° and 8° for specimens with o = 0.20

and o = 0.60, respectively. The failure mechanism for bonded HSC/CARDIFRC®
specimens is similar to those of bonded CARDIFRC® /NSC specimens.

As can be seen, the mean value of the failure load decreases from 11.2 kN to 7.9 kN
after 120 thermal cycles for specimens with o = 0.20 and from 3.5 kN to 2.3 kN for
specimens with notch to depth ratio 0.60. With a further increase in the thermal cycles
to 180 the peak load increases slightly to 9.2 kN and 5.0 kN for a = 0.20 and o = 0.20

respectively.

The results also show that the fracture energy increases with thermal cycling; from
room temperature to 120 thermal cycles the fracture energy increases from 62.5 N/m
to 77.1 N/m and then reduces to 66.2 N/m after 180 thermal cycles for specimens with
o = 0.20. Similar trend has been observed for specimens with a notch to depth ratio of

0.60.

6.3.1.3.1 Size independent specific fracture energy

Table 6.16 shows the size independent specific fracture energy Gr and the transition
ligament length a; for CARDIF RC® / HSC specimens obtained using equation (3.31).
The results reveal that the Gr for CARDIFRC® bonded to HSC specimens increases
from 70.6 N/m at room temperature to 92.0 N/m after 120 thermal cycles. With a
further increase in the thermal cycles to 180 the size independent specific fracture
energy drops to 72.5 N/m (Figure 6.5) which is still higher than the room temperature

value.
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Table 6.13 Wedge splitting test results of CARDIFRC® / HSC after 0 thermal cycles

Material Depth Specimens Max.Load Max.Load Mean CMOD Gy Mean
Type Ratio no. Fm Fy Fu Gr
(kN) (kN) (kN) (mm) N/m) (N/m)
1 7.5 14.0 11.2 0.0217 63.9 62.5
HSC 0.2 2 7.0 13.0 Cov%  0.0410 56.2 Cov%
bonded 3 3.6 6.7 34.8 0.0824 67.5 9.2
to 1 1.6 3.00 3.5 0.0408 52.8 54.4
CARDIFRC 0.6 2 1.8 33 Cov%  0.0332 51.4 Cov%
3 2.3 4.3 19.1 0.0507 59.1 7.4
Table 6.14 Wedge splitting test results of CARDIFRC® / HSC after 120 thermal cycles
Material  Depth Specimens Max.Load Max.Load Mean CMOD Gr Mean
Type Ratio no. FM FH FH Gf
(kN) (kN) (kN) (mm) (N/m) (N/m)
1 4.2 7.8 7.9 0.0880 70.4 77.1
HSC 0.2 2 4.3 8.0 COV% 0.0709 83.9 COV%
bonded 3 0.0 0.0 2.4 0.0000 000 123
to 1 1.2 2.2 23 0.1166 66.2 62.3
CARDIFRC | 0.6 2 1.1 2.0 COV% 0.1291 65.1 COV%
3 1.5 2.8 168 01349 556 9.3
Table 6.15 Wedge splitting test results of CARDIFRC® / HSC after 180 thermal cycles
Material Depth Specimens Max. Load Max.Load Mean CMOD Gr Mean
Type Ratio no. Fum Fy Fy Gy
(kN) (kN) kN) (mm) N/m) [N/m)
1 4.9 9.1 9.2 0.0301 58.9 66.2
HSC 0.2 2 5.0 9.3 COV%  0.0257 73.6 COV%
bonded 3 0.0 0.0 28 00000 000 157
to 1 2.6 4.8 5.0 0.0558 58.1 57.9
CARDIFRC 0.6 2 2.8 52 COV%  0.0534 57.8 COV%
3 0.0 0.0 40 0.0000 0.00 0.5
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Figure 6.4 The influence of notch size on the load - CMOD curve of bonded HSC specimens
after: (a) zero thermal cycles (b) 120 thermal cycles (c) 180 thermal cycles
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Table 6.16 The effect of thermal cycles on size independent specific fracture energy

Thermal Cycles Gr
N/m
0 TC 70.6
120TC 92.0
180TC 74.5
100
6 80
P 60
W
§ 40
7
20
0
60 120

Thermal cycles

Figure 6.5 The effect of thermal cycles on measured and size independent specific fracture

energy of CARDIFRC® / HSC specimens

Figure 6.6 shows the plot of the size-independent specific fracture energy for both the
control and bonded HSC specimens exposed to the same thermal cycling. It can be
seen that the ¢ r for bonded specimens is smaller than that of control one at all
thermal cycle numbers. The difference in ¢ r indicates that the bonded specimen is
more brittle than the HSC specimens, although there was no deterioration visible in

the bonding system. However, the variation could be due to an internal microcracking

in HSC half specimens.

143

mm
37.7

50.0
35.6

or =02
¢r =0.6

180



150
(&
~ 120
&
¢ Control
I 90
m Bonded
lI 60 I
u}
30
0 60 120 180

Thermal cycles

Figure 6.6 The effect of thermal cycling on size-independent specific fracture energy of
control and CARDIFRC® / HSC bonded specimens

6.4 Influence of increased thermal cycling on HSC
This section presents the effect of thermal cycling on the mechanical and fracture
properties of HSC mix. It includes the results from a previous study (Farhat, 2004)

obtained at 0, 30, and 90 thermal cycles and results obtained in this work.

6.4.1 Mechanical properties

The results of the mechanical properties after different thermal cycling are shown in
Table 6.16 and Figures 6.7, 6.8, and 6.9. The values of compressive and splitting
strength increase in the first stage of thermal cycling and then decrease gradually as
the thermal cycling is increased. The modulus of rupture on the other hand remains

practically unchanged.

Table 6.17 The effect of thermal cycling on the modulus of elasticity value

Thermal cycles 0TC 30 TC 90 TC 120 TC 180 TC
£ value (GPa) 45.7 48.7 46.5 45.6 44.5
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Figure6.7 Influence of thermal cycling on the compressive strength of HSC
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Figure 6.8 Influence of thermal cycling on the splitting strength of HSC
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Figure 6.9 Influence of thermal cycling on the modulus of rapture of HSC
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6.4.2 Fracture properties

Figures 6.10 and 6.11 present the effect of thermal cycling on size-independent
specific fracture energy (GF) of control HSC specimens and CARDIFRC® bonded
specimens. The results reveal that the GF of the control HSC specimens increases with
the number of thermal cycles but remains unchanged after 120 thermal cycles.
However, the results of CARDIFRC® bonded specimens show that the GF increases
slightly after 30 thermal cycles, and thereafter the GF decreases gradually but remains

unchanged after 120 thermal cycles.

180
150

120

60

30

0 30 60 90 120 150 180
Number of thermal cycles TC

Figure 6.10 Influence of thermal cycling on the size-independent fracture energy of HSC
specimens

150
120
90

60

0 30 60 90 120 150 180
Number of thermal cycles TC

Figure 6.11 Influence of thermal cycling on the size-independent fracture energy of HSC
bonded specimens

146



6.5 Conclusion
All high strength concrete (control and bonded) specimens have been exposed to hot
climate represented by the thermal cycling programme. The previous test results and

the results reported in this research lead to the following conclusions.

o The mechanical properties are increased after 30 thermal cycles but not so
after 90 and 120 thermal cycles. After 180 thermal cycles the values remain
unchanged. On the other hand, a further increase in MOR and modulus of
elasticity was observed after 90 and 120 thermal cycles. As mentioned before,
this increase in the values is probably due the continued hydration of
unhydrated cement and also due to the effect of microsilica created secondary
reaction. The drop in the properties could be due to the initiation of

microcracks between the aggregate and the cement paste.

e The fracture properties of HSC are almost unchanged after the first and second
thermal cycles, but enhanced after 120 thermal cycles and remain unchanged

after 180 thermal cycles.

e The measured fracture energy and the size independent fracture energy of
control and bonded specimens change with the thermal cycling and with the

notch to depth ratio.

e In order to obtain a good bond and high interface toughness, similar to NSC
bonded specimens, mating surfaces of HSC and CARDIFRC must be
roughened. The strong interface leads to delay in the interface crack

propagation and forces the crack to kink through the concrete.
e For a further improvement in the repair system, the thin film of cement paste

on the smooth cast surfaces of parent concrete and CARDIFRC specimens

should be removed.
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e No visual deterioration or degradation has been observed after the bonded
specimens were exposed to the thermal cycling. This is due to the good

thermal compatibility between the parent concrete and CARDIFRC.

e Repairing of high strength concrete with CARDIFRC is more successful when

the adhesive bonding technique is used.
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Chapter 7

Retrofitting of Reinforced
Concrete Beams with

CARDIFRC
after Thermal Cycling



7.1 Introduction

This chapter aims to evaluate the performance of reinforced concrete beams
retrofitted with CARDIFRC®in hot climatic conditions. The retrofitted RC beams
have been subjected to a number of thermal cycles, each thermal cycle including a
temperature rise period of 20 min from the room temperature which is 25° C to 90°
C, a dwell period of 8 hours at 90° C, and a cooling period of 16 hours from 90° C to
259 C (see § 5.7).

7.2 Beam Preparation

Fifty four under-reinforced concrete beams were cast, of which 36 beams were
retrofitted with CARDIFRC® strips and eighteen left as control beams. Along with
these beams, nine 100x 200 mm cylinders and nine 100 x 100 x 100 mm cubes were
also cast. The beams, cylinders and cubes were cast at room temperature and then
allowed to cure in a water tank for 28 days. The proportions of cement: fine
aggregate: coarse aggregate in the concrete mix were 1:1.8:2.8 by weight and the
water cement ratio was 0.50. The concrete mix used ordinary Portland cement and the

maximum aggregate size was 10mm.

Two different reinforced concrete beams have been investigated in this study: beams
without shear reinforcement, which were designed to fail in flexure or in shear, and
beams with sufficient shear reinforcement. The former, reinforced with a single 12
mm rebar, were 1000 mm long, 100 mm wide and 150 mm deep (Figure 7.1a). The
remaining beams were provided with shear stirrups in their shear spans (Figure 7.1b).
According to the British Standard BS8110 the beams were over-designed for shear to
prevent brittle failure due to the increased shear load on the strengthened beam so the
flexural behaviour could be observed throughout the loading up to failure. Shear
reinforcement consisted of 6 mm deformed bars placed at 65 mm spacing (Figure

7.1b).
Two types of configuration of retrofitting were investigated; one strip bonded on the

tension face and three strips (one bonded on the tension face and the others on the

vertical sides). These strips completely covered each side of the beam (Figure 7.2).
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Figure 7.1 Beam details (a) Explanation of beam dimensions and internal steel reinforcement,
(b) Beam with sufficient shear reinforcement

7.3 Preparation of CARDIF RC® strips

The steel moulds 1030 mm long, 100 mm wide and 16-20 mm border height were
cleaned and oiled, Figure 7.3. The retrofit material CARDIFRC® was cast as flat strips
in these steel moulds. The moulds were filled on a non- magnetic vibrating table at 50
Hz frequency and smoothed over using a float. The strips were left to dry in the
moulds for 24 hours at room temperature before de-moulding, thereafter the strips
were allowed to cure in hot curing bath at 90° C for a further 7 days. A gradual
increase in temperature from ambient to 90° C and vice versa was found important to
avoid any thermal gradients. For that reason the retrofitting strips were left in the bath
for a total period 9 days, on the first day the water temperature was increased
gradually from 20°C to 90°C and on the ninth day it was reduced from 90°C to
20°C.
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Figure 7.2 CARDIFRC® strip configuration: (a) One retrofitted strip bonded on tension face
(b) Three retrofitted strips bonded; one on tension side and two on vertical sides
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Sec. A-A
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Figure 7.3 Steel moulds to cast two CARDIFRC® strips, 16 or 20 mm thick

7.4 Retrofitting Procedure
Thirty six beams were retrofitted with CARDIFRC® strips and epoxy-based adhesive
(Sikadur 31). Before bonding the retrofitting strips to the parent concrete, the contact

surfaces of the concrete specimens and CARDIFRC strips were carefully cleaned
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and roughened by creating a grid of grooves approximately 3 mm deep at a spacing of
50 mm using an angle grinder (Figure 7.4). By creating this grid of grooves the
mechanical interlocking was improved. The rough, irregular and deep surface
topography allows the adhesive to penetrate into the irregularities to form a strong

interfacial layer.

Two parts of the adhesive material (Sikadur 31) were thoroughly mixed and applied
on the prepared surface of the concrete beams to a uniform thickness of 3 mm. The
repair strip was placed on the contact surface and evenly pressed. The beams that
were retrofitted on tension side only, the adhesive was allowed to dry for 24 hours.
The beams that were retrofitted with three strips were turned on the side and the strip
was bonded to it. Then after 24 hours the same procedure was repeated on the other

side.

7.5 Thermal Cycling

The hot climatic conditions were represented by a thermal cycle programme, which is
the main part of the study. The programme comprised of 12 control beams, 24
retrofitted RC beams, six (100 x 100 x 100 mm) cubes for compressive strength and
six (100 x 200 mm) cylinders for splitting test. One half of these beams and test
specimens were subjected to120 thermal cycles and the remaining half to180 thermal
cycles. The thermal cycling was done in an electric furnace which was heated from
room temperature of about 25°C to the maximum temperature of 90°C. The
temperature was controlled automatically by a time-based controller. The heating

programme applied to the specimens has been explained before (see § 5.7).

After the concrete specimens were exposed to 120 or 180 thermal cycles, the beams
were tested at room temperature in four point bending. Due to the limited capacity of
the furnace, it was not possible to accommodate all beams at once. Therefore each
half of the beams and test specimens was placed in the furnace and exposed to 120 or

180 thermal cycles, respectively.
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Figure 7.4 Roughened and grooved beam and strip surfaces (a) Vertical face (b) Tension side
and (c) CARDIFRC® strip surface

7.6 Test Procedure

All beams were tested under four-point loading as a simply supported beam on 900
mm clear span. The loading points were 300 mm apart (Figure 7.5). Five transducers
were placed on each side to record the deflection of the beam at different points along
its span. The transducers were SOLARTON type ACR-25 and DCR-15 LVDTs. Two
aluminium bars were designed with total of ten slots to hold the transducers and fixed
on each side of the beam at the mid height (Figure 7.5). The load was controlled by
the movement of the actuator with a starting loading rate 0.01 mm/sec; it was

increased to 0.04 mm/sec when the load exceeded the peak load.

P/2 300 mm P/2

Transducer

Section D-D

6@150mm

Figure 7.5 Arrangement oftransducers and load points
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7.7 Test Results

The concrete mix used to make the beams has been tested to determine the
compressive and splitting strengths according to BC 1881- 116 1983 and BC 1881 —
117 1983, respectively. The results from three cubes 100x100x100 mm and three
cylinders 100x200 mm at each thermal cycle are shown in Table 7.1. It is seen that the

compressive and splitting strengths decrease slightly with thermal cycling.

The results of 18 control and 36 retrofitted beams at 0, 120 and 180 thermal cycles are
shown in Tables 7.2, 7.3, 7.4 and 7.5 with an indication of the failure mode. These

results will be presented in the subsequent sections.

Table 7.1 Compressive and splitting strengths of concrete mix

Thermal | Load Comop. Mean | COV | Load | Splitting | Mean | COV

Cycles | Failure | Strength | of f. % | Failure | Strength of f;
F.(kN) | £(MPa) | (MPa) F,&kN) | f(MPa) | (MPa) | %
554 554 148.2 4.72

0 564 564 | 2593 | 08 462 | 4.66 46l | 25
560 56.0 139.8 4.45
528 52.8 136.8 4.35

120 549 54.9 54.12 1.8 131.0 4.17 4.26 1.7
548 54.8 133.0 4.26
525 52.5 125.3 3.99

180 532 53.2 53.06 0.8 124.8 3.97 3.99 0.4
535 53.5 125.9 4.01

7.8.1 Control beams

7.8.1.1 Beams without shear reinforcement.

Figure 7.6 shows the measured load versus deflection curves for control beams with
only flexural reinforcement exposed to different thermal cycles. The load-deflection
response curves of control beams after zero thermal cycles are shown in Figure 7.6a.
The measured test results for beam CF1 show that the beam cracked at 12.0 kN which
led to a reduction in the concrete stiffness. After the load reached 16.0 kN some
hairline flexural cracks were revealed on the tension side and the vertical sides at the
mid-span of the beam. As the load increased, the cracks became visible and

propagated towards the compressive zone.
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Thereafter, a group of these cracks propagated diagonally towards the support and
created a shear failure, while the flexural cracks progressively closed. At a load
carrying capacity of 49.58 kN and a mid span deflection of 3.60mm the trend changed
with a local drop in the load displacement response. This reduction was attributed to
the yielding of the steel. Thereafter, due to the strain hardening behaviour of steel the
load again increased. When the load carrying capacity reached 52.66 kN and mid-
span deflection of 9.0 mm a sudden drop in the load was observed, this is due to shear

failure.

A similar trend was observed on beam CF2, the crack initiated at the same load as that
of CF1. When the load capacity exceeded 15.5 kN the flexural cracks appeared on the
bottom side of the beam. With an increase in the load, the cracks become more
visible. However, after the load carrying capacity reached 50.01 kN and the mid-span
deflection exceeded 4.7 mm a slight drop was observed, this coincides with the onset
of the yielding of steel. Thereafter, due to the strain hardening of the steel, the load
was still increasing. At 49.5 kN one of the cracks propagated diagonally from the
support towards the load point, this crack started to open until the beam failed in
combination of flexural and shear failure mode with a maximum load carrying

capacity of 52.88 kN and a mid-span deflection of 9.2 mm.

Load-mid span deflection curve for beam CF3 presented a different behaviour, where
the crack initiated at the mid span at load capacity of 11.00 kN. At a load of 14.5 kN
the crack appeared on the tension side and both of vertical sides of the beam. As the
load was increased the crack became visible and propagated towards the compression
zone. When load capacity reached 24.5 kN a shear crack appeared near to the left
support and then propagated up to the load point. This crack started to open while the
other flexural cracks progressively closed until the beam failed in shear mode with a

maximum load capacity of 35.24 kN.

The response of the beams exposed to 120 thermal cycles is presented in Figure 7.6b.
The test results for beam CF4 revealed that after the load reached 16.0 kN some
hairline flexural cracks appeared at the middle third of the beam. As the load was

further increased, a diagonal crack was initiated close to the support and then
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propagated towards the point load creating a shear crack which led to a decrease in
the stiffness of concrete. When the load exceeded 48.9 kN and mid-span deflection of
3.9 mm, a slight drop in the load-deflection curve was observed. This is due to the
fact that the yielding of steel started at this stage. Because of the strain hardening
behavior of the steel, the load increased again. Finally, the beam CF4 failed in a shear

mode with a maximum load of 49.7 kN and mid-span deflection of 4.4 mm.

The other two beams CF5 and CF6 followed the same trend and failed in a
combination of flexural and shear modes. The cracks started growly on the tension
side of the beams at load of 14.0 kN and 15.0 kN respectively. At load of 18.5 kN for
CFS and 19.0 kN for CF6 the flexural cracks propagated in the vertical sides towards
the compressive zone. When the load carrying capacity of beam CF5 and CF6 reached
48.5 kN and 54.8 kN and the mid-span deflection exceeded 4.1 mm and 3.5 mm
respectively, a drop in the load-deflection curves was observed. This is due to the fact
that the yield of steel started at this point. The two beams failed with a maximum load
of 50.7 kN and 54.8 kN, respectively.

For the beams that were tested after 180 thermal cycles, the measured load deflection
curves are shown in Figure 7.6¢. It can be seen that beams CF7 and CF8 exhibited the
same behaviour, where both beams failed in shear mode (Plate 7.1) with a similar
maximum load of 47.5 kN. The load-deflection curve for both beams showed that the
failure happened suddenly, it can be attributed to a high reduction in the concrete
stiffness due to an increase in the number of microcracks in the concrete after the
thermal cycling. The beam CF9 failed in a combination of flexural and shear modes
with a maximum load of 53.2 kN and behaved similar to those beams that were

exposed 0 and 120 thermal cycles.
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Figure 7.6 Load Deflection responses of control beams without shear reinforcement, after (a)
zero thermal cycles (b) 120 thermal cycles and (c¢) 180 thermal cycles
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A comparison has been made between the mean value of the ultimate load of the
beams exposed to 0, 120 and 180 thermal cycles (Table 7.2). The results show that the
mean value of the maximum load increases from 46.8 kN at room temperature to 51.7
kN after 120 thermal cycles and then decreases slightly to 49.4 kN. This phenomenon
can be attributed to the increase in the microcracks between the coarse aggregate and
the cement paste after 120 thermal cycles or due to the stresses generated at the

interface between the aggregate and hardened cement paste (Farhat 2004).

Table 7.2 Four point bend test results of control beams without shear reinforcement after
thermal cycling

Beam Max Mean Failure
Type | Configuration | TC no. Load Load Mode
(kN) (kN)
CF1 52.6 S
0 |CF2 52.8 46.8 F&S
CF3 35.2 S
CF4 49.7 S
Control 120 | CF5 50.7 51.7 F&S
beam ® CF6 54.8 F&S
CF7 47.7 S
180 | CF8 47.7 49.5 F&S
CF9 53.2 S

7.8.1.2 Beams with sufficient shear reinforcement

The test results of control beams with sufficient shear reinforcement after zero
thermal cycles are shown in Figure 7.7a. It can be seen that beams CS1, CS2 and CS3
followed the same behaviour. For beams CS1, CS2 the cracks initiated on the tension
side and become visible when the load carrying capacity exceeded 15.0 kN and then
the flexural cracks propagated towards the compression zone. At about 51.0 kN and a
mid-span deflection of 5.0 mm a slight drop in load carrying capacity was observed
caused by the yielding of steel. Thereafter, because of the strain hardening of the
steel, the load increased slightly again. Both beams failed in flexural mode (Plate 7.2)
with an ultimate load of 53.3 kN, whereas, beam CS3 failed also in flexural mode

with maximum load of 52.6 kN.
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For beams exposed to 120 thermal cycles, the typical load-deflection behavior can be
seen in Figure 7.7b. The results of the beams are similar to each other; the beams
cracked in flexure in the middle third of the tension face when the load achieved 15.0
kN. These flexural cracks led to a reduction in the concrete stiffness. At about 50.6
kN for beams CS4 and CSS5 and a mid-span deflection which exceeded 5.2 mm and
4.0 mm respectively, the load decreased due to the yielding of steel, whereas the load
for beam CS6 reduced when it is about 52.1 kN and a mid-span deflection of 4.0 mm.
Thereafter, the load carrying capacity increased slightly, because of the strain
hardening behaviour of the steel. The beams failed with flexural mode at ultimate
loads of 53.8 kN, 54.6 kN and 55.2 kN, respectively.

Figure 7.7c shows the load deflection response of beams tested after 180 thermal
cycles. The test results reveal that the beams CS7, CS8 and CS9 behaved similar to
those beams exposed to 120 thermal cycles, however with quite a difference in the
ultimate load. These beams also failed in the flexural mode with a maximum load
carrying capacity of 54.3 kN for CS7, and 54.0 kN for CS8, while the ultimate load
for CS9 was 48.3 kN.

The results which are included in Table 7.3 reveal that the effect of thermal cycling on
the ultimate load of control beams with shear reinforcement is very small. Moreover,
the mean value of the maximum load for beams tested at room temperature is 53.0
kN, and after 120 thermal cycles increased to 54.5 kN. With a further increase in the
thermal cycles to 180 the mean value of the maximum load reduced slightly to 52.2
kN.
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Plat 7.1: Typical shear failure in control beams reinforced only in flexure

Plat 7.2: Typical flexural failure in control beams reinforced in shear and flexure
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Figure 7.7 Load Deflection responses of control beams with sufficient shear reinforcement,
after (a) zero thermal cycles (b) 120 thermal cycles and (c) 180 thermal cycles
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Table 7.3 Four point test results of control beams with sufficient shear reinforcement after
thermal cycling

Beam Max Mean Failure
Type Configuration TC No. Load Load Mode
(kN) (kN)
CS1 53.3 F
0 CS2 53.3 53.0 F
CS3 52.6 F
CS4 53.8 F
Control 120 CS5 54.6 54.5 F
beam CS6 55.2 F
CS7 54.3 F
180 CS8 54.0 52.2 F
CS9 48.3 F

7.8.2 Retrofitted beams

This section presents two groups of retrofitted beams. The first configuration of
retrofitting system including 18 beams repaired with one strip on the tension side,
whereas the other group has 18 beams retrofitted with three strips, one strip on the
tension face and two strips on the vertical sides. These two types of retrofitted beams
were exposed to different thermal cycles and the results are discussed in the next

sections.

7.8.2.1 Beams without shear reinforcement

To evaluate the efficiency of the repairing system on the beams reinforced only in the
flexure, there are some parameters that should be considered such as thermal cycling,
ultimate load, failure mode, and beam deflection (Table 7.4). It can be seen clearly
that the load carrying capacity of retrofitted beams is larger than those of control

beams.

7.8.2.1.1 Beams retrofitted with one strip on the tension face

Figure 7.8a presents the load deflection curves for typical beams retrofitted with one
strip on the bottom side after zero thermal cycles. As can be seen, the measured test
results for beam R1F1 show that the initial flexural crack appeared after the load
reached 42.0 kN. The crack started in the tension strip and then propagated through

the concrete towards the compressive zone.
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Table 7.4 Four point test results for control and retrofitted beams without shear
reinforcement after thermal cycling (TC)

Failure
T ) configuration | TC | en™ | Lond | Lesd | o | G | G | i
beams P P Decrease
inP
relative to
0TC
kN kN % (mm) | (mm)
CF1 | 526 1.008 | 1.855 S
0 | CF2 | 529 | 469 - 1.995 | 2.191 | F&S
CF3 | 352 1.359 | 2.314 S
= CF4 | 4938 0.719 | 1.585 S
£ 120 [cr5 | 507 | 517 10.2 1.195 | 2.068 | F&S
S ® CF6 | 548 0.657 | 0.905 | F&S
CF7 | 475 1217 | 2.198 S
180 ["CF8 | 532 | 494 5.3 1.070 | 1.863 | F&S
CF9 | 475 1.158 | 2.112 S
RIF1 | 60.2 0.658 | 0.888 F
0 [ RIF2 | 619 | 59.7 - 0.615 | 0.800 S
RIF3 | 57.2 0.565 | 0.802 | F&S
R1F4 | 64.5 0.565 | 0.755 | F&S
120 ['R1F5 | 548 | 60.0 0.5 0.645 | 0905 | F&F
R1F6 | 60.8 0663 | 0909 | F
R1F7 | 58.5 0.669 | 0.931 | F&S
5 180 [RIF8 | 615 | 998 0.1 0.648 | 0.901 F
2 RIF9 | 59.5 0.661 | 0916 | F&S
% R3F1 | 103.2 0.530 | 0.765 F
2 0 [R3F2 | 908 | 951 - 0.558 | 0.765 F
R3F3 | 91.3 0610 | 0.804 | F
R3F4 | 884 0571 | 0779 | F
120 [R3F5 | 865 | 914 -3.4 0.596 | 0.829 F
R3F6 | 99.5 0528 | 0722 | F
R3F7 | 784 0.632 | 0.883 F
180 [R3F8 | 686 | 792 -16.7 0.568 | 0.816 F
R3F9 | 90.8 0.587 | 0.815 F
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As the load was increased, this crack opened more and became the dominant crack
whereas some other cracks with different directions initiated as the load was further
increased. Beam R1F1 failed in flexural mode with a maximum load of 60.2 kN (Plate
7.3), while beam R1F2 and R1F3 behaved similar to beam R1F1 where the loading
stage of beams R1F2 and RI1F3 started with a constant stiffness until the load
exceeded 45.0 kN at which the stiffness slightly decreased and hairline cracks started
to appear in the strip at the mid-span of the beams and then propagated to the
concrete. At a load of 52.0 kN a diagonal crack started opening to create a shear crack
which progressed diagonally toward the load point. As can be seen in Figure 7.8a,
beam R1F2 failed in shear mode with peak load of 61.9 kN and beam R1F3 failed in a

combination of flexural and shear modes with a maximum load of 57.2 kN (Plate 7.4).

Figure 7.8b shows the test results of retrofitted beams exposed to 120 thermal cycles.
In beams R1F4 and R1F35, the flexural crack initiated in the middle of the beam when
the load exceeded 45.0 kN and started to become visible after the load reached 50.0
kN at a mid-span deflection of about 1.4 m and 1.8 mm, respectively. The crack
initiated in the tension strip then propagated through the beam towards the
compressive zone. As the beam carried more load with reduced stiffness, a reduction
in load was observed at about 64.5 kN and mid-span deflection of 3.4 mm for R1F4,
then the load dropped to 30.0 kN. This change in the curve was influenced by a shear
crack which started opening near to the support and then moved up towards the load
point. Both beams failed in a combination of flexural and shear modes with an

ultimate load of 64.5 kN and 54.8 kN, respectively.

Beam R1F6 followed the same response where the beam cracked under the load point
at load of 41.0 kN. As the load was further increased the crack continued to propagate
and the number of cracks increased in different directions. When the load achieved
the maximum value of 60.8 kKN and mid-span deflection of 3.8 mm the load versus

deflection curve dropped slightly to 55.0 kN and then failed in flexural mode.

The load versus mid-span deflection response of beams tested after 180 thermal
cycles are shown in Figure 7.8c. A crack appeared at a load of 46.0 kN in the bottom
strip and then propagated to the compression side. With further increase in the load,

other cracks initiated horizontally and diagonally at the middle of the beams.
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Beams R1F7 and RI1F9 failed in combination of flexural and shear modes with a
maximum load of 58.5 kN and 59.5 kN respectively, whereas beam R1F8 failed in

flexural mode with an ultimate load of 61.5 kN.
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Figure 7.8 Load-Deflection response of beams without shear reinforcement retrofitted with
one strip on the tension side, after: (a) zero thermal cycles, (b) 120 thermal cycles, and (¢) 180
thermal cycles
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Plate 7.3 Typical flexural failure of retrofitted beam with one strip in the bottom and without
shear reinforcement

Plate 7.4 Combination shear and flexural failure of retrofitted beam on tension face and

without shear reinforce
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The results of the retrofitted beams with one strip in tension face revealed that there is
no damage in the repairing system or any debonding. As thermal cycling increased the
mean value of the load carrying capacity seems to be unchanged. This is due to
stability of concrete stiffness which is attributed to the non- thermal cycling effect on

the microstructure of the concrete beams.

7.8.2.1.2 Beams retrofitted with three long strips

The retrofitting configuration using three strips has been explained before (Figure
7.2b); it consists of one strip bonded to the bottom side and another two strips
retrofitted on the vertical sides. The beams were placed in the electrical furnace for
the required thermal cycles. Thereafter, three beams were tested at room temperature,

three after 120 thermal cycles and the remaining three tested after 180 thermal cycles.

The test results for beams not exposed to thermal cycles are shown in Figure 7.9a.
The load deflection response of beams R3F1, R3F2 and R3F3 exhibited the same
behavior. In the first stage of loading the initial crack appeared when the load
exceeded 89.0 kN. It was located in the middle third and under the load point regions
(Plate 7.5). The beams failed in pure flexure where the peak load for beam R3F1
reached 103.2 kN, then the load-deflection curve started to descend gently, and the
ultimate loads of beams R3F2 and R3F3 were 90.8 kN and 91.3 kN, respectively. As
can be seen in Table 7.4, the mean value of the maximum load increased from 46.9

kN for control beams to 95.1 kN for retrofitted beams with three strips.

Figure 7.9b presents the load versus mid-span deflection response of the next three
beams exposed to 120 thermal cycles. The behaviour of the beams is almost similar to
those exposed to no thermal cycles, where the beams exhibited a linear elastic
behavior up to 60.0 kN followed by a deviation in the load-deflection curve caused be
the initiation of the crack. For beams R3F4 and R3F5, the crack started to become
visible in the bottom strip after the load reached of 84.5 kN with mid-span deflection
of 2.3 mm and 2.6 mm, the crack propagated through the vertical strips towards the
compressive region. The maximum load carrying capacity for beams R3F4 and R3F5
was 88.4 kN and 86.5 kN, respectively, whereas beam R3F6 carried more load than

the other two beams; it failed in pure flexure with an ultimate load of 99.4 kN.
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As can be seen in Table 7.4, the mean value of the peak load increased from 51.7 kN
for control beams to 91.4 kN for bonded beams after exposure to the same number of

thermal cycles.

The load-deflection response of beams retrofitted with three strips on the tension face
and the vertical sides after 180 Thermal cycles is shown in Figure 7.9¢c. In the early
stage of loading, two beams R3F7 and R3F8 cracked at about of 63.5 kN, the crack
appeared in the tension face strip at the mid-span region and then propagated to the
sides towards the compression zone. With a further increase in the load, the crack
opened gradually until the load carrying capacity reached the maximum. Thereafter,
the load-deflection curve started to descend gently; both beams failed in the flexural
mode with an ultimate load of 78.4 kN and 68.6 kN. The beam R3F9 followed the

same trend as the other two but it failed with a maximum load capacity of 90.8 kN.
From Table 7.4, the mean value of the ultimate load of the beams after 180 thermal
cycles increased from 49.4 kN for control beams to 79.2 kN for retrofitted beams with

three strips. Furthermore, due to thermal cycling, there were no significant effects

observed on the repairing system, and also no debonding failure was revealed.

Plate 7.5 Flexure failure of retrofitted beam with three strips and without shear reinforcement
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Figure 7.9 Load-Deflection responses of beams without shear reinforcement retrofitted with
three strips, one the tension side, and two in vertical sides after: (a) zero thermal cycles, (b)
120 thermal cycles, and (c¢) 180 thermal cycles
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7.8.2.2 Beams with sufficient shear reinforcement

To evéluate the performance of the beams reinforced in the flexure and shear and
retrofitted with CARDIFRC® after thermal cycling, some parameters that should be
considered such as thermal cycling, maximum load, failure mode, and beam

deflection. The test results for these beams are shown in Table 7.5.

7.8.2.2.1 Beams retrofitted with one strip on the tension face

As with the beams without shear reinforcement, the tension strip was bonded on the
bottom of the beam using an adhesive material. This part includes nine beams, three
of which were retrofitted beams tested after zero thermal cycles, three after 120

thermal cycles, and the remaining three beams after 180 thermal cycles.

Figure 7.10a shows the load-deflection curves for beams retrofitted with one strip on
the bottom side and exposed to O cycles. As can be seen beams R1Sland R1S3
followed a similar trend and cracked when the load exceeded 40.0 kN. At load 55.5
kN the crack propagated through the bottom strip and moved up towards the
compression zone. The two beams failed in the flexure mode with maximum load of
59.6 kN for R1S1 and 52.5 kN for beam R1S3. For beam R1S2 the crack started in
the region under the load point at a load of 42.0 kN. With a further increase in the
load a shear crack initiated near to the support and caused a slight drop in the load
with a reduction in stiffness. The beam failed in shear at a maximum load carrying
capacity of 65.5 kN. From Table 7.5 the mean value of the ultimate load of beams
tested after zero thermal cycles increased from 53.0 kN for control to 59.2 kN for

retrofitted ones with a total increase of 11 percent.

The typical load-mid span deflection curves for beams retrofitted with one strip on the
bottom side and exposed to 120 thermal cycles are presented in Figure 7.10b. It can
be seen that beams R1S4, R1S5 and R1S6 exhibited the same behavior and cracked
when the load exceeded 45.0 kN. With a further increase in load the crack opened and
propagated through the sides towards the compression zone. At a load of 55.0 kN the
top fibres of beams between the load points were crushed and some of cracks initiated
horizontally and diagonally in the middle third of the beams. The beams failed in the
flexural mode with a maximum load of 61.0 kN, 59.5 kN and 63.8 kN, respectively.

170



Table 7.5 Four point test results for control and retrofitted beams with sufficient shear
reinforcement after thermal cycling (TC)

Type | Configuration Beam Max Mean Increase Siprey | Sipooy Failure
of TC no. Load Load or mode
beams P P Decrease
inP
relative to
0TC
(kN) (kN) % (mm)
(mm)
CS1 53.3 1.105 [ 1999 | F
0 [cs2 | 533 | 33.0 - 1.021 | 1.898 | F
CS3 | 526 1.002 | 1855] F
S CS4 | 53.8 1.130 | 2057 | F
g 120 | CS5 | 546 | 545 2.8 1216 | 2.055| F
Qo CS6 | 552 1059 | 1985 | F
CS7 | 535 1.113 [ 1883 | F
180 | CS8 | 542 | 535 0.9 1.168 | 2123 | F
CS9 | 52.8 1285 | 2183 | F
R1S1 | 596 0.668 | 0916 | F
0 |[RIS2 | 655 59.2 - 0.525 [ 0.755| S
RIS3 | 525 0478 | 0.725| F
R1S4 | 61.0 0622 | 0865| F
120 | R1S5 | 595 | 614 3.7 0533 [0735| F
R1S6 | 63.8 0655 [ 0931 | F
RI1S7 | 59.9 0.656 | 0933 F
9 180 [ R1S8 | 62.7 | 58.0 2.0 0.609 | 0.882 | F
& RIS9 | 514 0570 | 0.844 | F
% R3S1 | 87.8 0.598 | 0.790 | F
7 0 [ R3S2 | 967 | 889 - 0.537 | 0.728 | F
R3S3 | 824 0.665 | 0.888 | F
R3S4 | 795 0529 [ 0.716 | F
120 [ R3S5 | 1022 | 91.1 2.5 0523 | 0699 | F
R3S6 | 91.8 0601 | 0792 | F
R3S7 | 90.2 0.544 [ 0793 | F
180 [ R3S8 | 86.9 88.7 -0.2 0.571 | 0.807| F
R3S9 | 89.0 0.565 | 0.813 | F
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The mean value of the maximum load carrying capacity of the beams increased from
54.5 kN for control beams to 61.4 kN for retrofitted beams which were exposed to the

same number of thermal cycles.

Figure 7.10c explains the test results of three retrofitted beams exposed to 180 thermal
cycles. As shown in the Figure, the response of beams R1S7 and R1S8 is very similar
to those exposed to120 thermal cycles. The beams failed in flexure with a maximum
failure load of 59.9 kN and 62.7 kN, respectively. However, beam R1S9 carried a
lower load than the other beams; it failed in the flexure mode with maximum load of
51.4 kN. As can be seen from Table 7.5 after 180 thermal cycles the mean value of
the failure load of the beams increases from 53.5 kN for control to 58.0 kN for

retrofitted beams giving a total increase of 8.5 percent.

7.8.2.2.2 Beams retrofitted with three long strips

Nine beams were retrofitted with three continuous strip bonded on the bottom and
vertical sides. The three sides of the beams were fully covered by the strips. The
beams were exposed to different thermal cycling thereafter; three beams were tested
after no thermal exposure, three after 120 thermal cycles, and the remaining three
beams tested after 180 thermal cycles. The plots of the load-displacement curves of

beams retrofitted with three strips can be seen in Figure 7.11.

The load versus the mid-span deflection curves for beams R3S1, R3S2 and R3S3
exposed to no thermal cycles are shown in Figure 7.11a. The beam behaviour is
similar to each other, with the crack becoming visible when the load reached 85.0 kN.
The crack initiated near the middle of the tension strip and propagated up through the
vertical strip towards the compression zone. It was possible to see the steel fibre in the
bottom strip. After the load carrying capacity exceeded the peak, the load-deflection
curves dropped gradually. The beams failed in flexure with an ultimate load of 87.8
kN, 96.7 kN, and 82.4 kN, respectively. The mean value of the ultimate load of
retrofitted beams was about 67 percent higher than that of control beams (Table 7.5).
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Figure 7.10 Load-Deflection response of beams with sufficient shear reinforcement retrofitted
with one strip in the tension side, after: (a) zero thermal cycles, (b) 120 thermal cycles, and
(c) 180 thermal cycles
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The load-deflection response of the beams tested after 120 thermal cycles is shown in
Figure 7.11b. The test results revealed that at the early stage of loading, the three
beams exhibited a linear elastic behaviour. For beam R3S4 the crack started in the
middle third of the span at load of 72.0 kN. Thereafter, the crack propagated vertically
in the side strips as the load was further increased. As the beam carried more load the
crack opened up gradually and grew towards the compression zone. After the load
reached the maximum, the load-deflection curve started to descend gently. The beam

failed in flexure with an ultimate load of 79.5 kN.

Of the two beams R3S5 and R3S6, the first crack appeared at a load of 90.0 kN near
the middle of the span. As can be seen the crack crossed the vertical strips in both
sides of the beams and opened up gradually until the load exceeded the peak.
Thereafter, the load-displacement curves dropped slightly and caused a reduction in
the stiffness. The beam failure occurred at a load of 102.2 kN and 91.8 kN. The mean
value of the peak load increased from 54.5 kN for control beams to 91.1 kN for the

retrofitted ones.

The typical load-deflection curves for retrofitted beams exposed to 180 thermal cycles
are shown in Figure 7.11c. The beams R3S7, R3S8 and R3S9 followed a similar trend
to those beams tested after 120 thermal cycles and the behavior also was similar. The
beams failed in flexural mode with a maximum load carrying capacity of 90.23 kN,

86.93 kN, and 88.99 kN, respectively.

From Figure 7.11c, it can be concluded that the beams behaved similarly to those
exposed to 120 thermal cycles, where the first crack initiated in the middle third span
and then moved vertically to the both beam sides. When the load was further
increased the crack opened up gradually until the load reached the maximum,
thereafter the load-deflection curves descended gently. The loading was continued

until the mid-span deflection exceeded 16.0 mm.
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Figure 7.11 Load-Deflection responses of beams with sufficient shear reinforcement
retrofitted with one strip in the tension face, and two in the vertical side, after: (a) zero
thermal cycles, (b) 120 thermal cycles, and (¢) 180 thermal cycles

175



7.9 Discussion

The test results revealed that the control beams reinforced in flexure only exhibited a
shear mode or combination mode (shear and flexural) of failure. Of the eight beams,
four beams failed in shear mode and the remaining four beams failed in a combination
mode. From Table 7.4, it can be observed that the ultimate load of control beams
exposed to 120 thermal cycles reduced slightly as the compressive strength of the
beam mix also reduced. The reduction in the load carrying capacity is about 2.9
percent; this is quite similar to the reduction in the compressive strength which is
equal 3.2 percent. This reduction is most likely due to the presence of the
microcracks created by the thermal cycling effect. Similarly, as the thermal cycles
increased to180 the maximum load of control beams decreased. However, due to
decrease in the load carrying capacity and concrete stiffness of the control beams, the
mid span deflection increased slightly after different thermal cycling. Figure 7.12

compares the deflection of the control beams after 0, 120 and 180 thermal cycles.

Figure 7.13 shows a comparison of the typical deflection shapes of retrofitted and
control beams tested after different thermal cycling at a load of 20 kN. The retrofitted
beams with only one strip exhibited three modes of failure (shear, flexure and a

combination mode).
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Figure 7.12 Typical deflections of control beams without shear reinforcement exposed to 0,
120 and 180 thermal cycles
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Figure 7.13 Typical deflection of beams without shear reinforcement retrofitted with one strip
on tension face and three continual strips bonded on the bottom and vertical sides compared
with that of control beams at 20 kN, after; (a) zero thermal cycles, (b) after 120 thermal cycles
and (c) after 180 thermal cycles
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Of the nine test beams, one beam failed in shear because the flexural strength at the
mid-span of the beam exceeded the shear strength near to the support, and three of
them failed in the flexural mode, and the remaining five beams were failed in a
combination mode. As mentioned previously, the carrying load capacity of these
beams increased by 27.7, 17.19 and 21.39 percent over those of control beams after 0,
120 and 180 thermal cycles, respectively (Table 7.4). However, as the load carrying
capacity increased the deflection values decreased. This shows that the retrofitted
system with one or three strips can improve both the load carrying capacity and

flexural response (i.e. reduce the deflection).

The failure mode of control beams reinforced in flexure and shear exhibited only one
mode of failure, namely the flexure mode, where the beams failed with the yield of
steel in tension and crushed at the top of the beams. From the test results it follows
that there is a very small thermal cycling effect was on the load carrying capacity.
However, the deflection shapes of the control beams exposed to 120 and 180 thermal
cycles reveal that the mid-span deflection decreased slightly compared with beams

exposed to no thermal cycles (Figure 7.14).
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Figure 7.14 Typical deflections of control beams with sufficient shear reinforcement exposed
to 0, 120 and 180 thermal cycles
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As can be seen from Table 7.5, all beams retrofitted with one strip on the bottom side
and tested after different thermal cycling failed in pure flexure except one beam
which failed in shear and was exposed to no thermal cycles. Generally, there is no
sign of deterioration in the repairing system and the flexural failure that was observed
in the beams occurred in the middle third of the span and then extended towards the
concrete top fibre between the load points. As mentioned earlier, the mean value of
the ultimate load of retrofitted beams is higher than the control beams. The
configuration that uses one strip bonded to the tension faces not only improves the
load carrying capacity, but also increases the concrete stiffness and reduces the crack

opening.

The results revealed also that the mean value of the maximum load of retrofitted
beams compared with control beams increased from 53.05 kN to 59.18 kN, from
54.56 kN to 61.42 kN and from 53.47 kN to 58.01 kN for beams tested after 0, 120
and 180 cycles, respectively. Moreover, the mean value of the failure load of
retrofitted beams increased slightly from 59.18 kN to 61.42 kN after 120 thermal
cycles, and then decreased to 58.01 kN, giving a total decrease in failure load of 1.97

percent after 180 thermal cycles.

With regard to the beams retrofitted with three continuous strips bonded to the bottom
and vertical sides, the failure mode and the deflection behaviour exhibited similar
trend under all thermal cycles. The beams failed by the formation of one single
flexure crack in the middle third span with concrete crushing in the top of the beam.
Furthermore, this system of retrofitting considerably increases the ultimate load of the
beams and reduces the beam deflection (Figure 7.15). The increase of the failure load
was more than 67, 67 and 65 percent over than that of control beams after 0, 120 and

180 thermal cycles.
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Figure 7.15 Typical deflection of beams with sufficient shear reinforcement retrofitted with
one strip on tension face and three continual strips on the bottom and vertical sides compared
with that of control beams at 20 kN, after; (a) zero thermal cycles, (b) after 120 thermal cycles
and (c) after 180 thermal cycles
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7.10 Influence of increased thermal cycling on the control and retrofitted beams

This section will give an overview of the results of a previous study (Farhat, 2004) on
beams exposed to 0, 30 and 90 thermal cycles, together with the results of the beams
reported above. However, because the length of the beams in the previous study was
different from that in the present study, 1100mm against 900mm the change in failure
loads of the control and retrofitted beams after thermal cycling has been calculated

relative to the corresponding value at 0 cycles.

Table 7.6 The change in failure load of beams relative to 0 thermal cycles.

Shear % Change in failure load
Beam type | Reinforcement
0TC | 30TC | 90TC | 120TC | 180TC
Without - 17.36 4.26 9.46 5.55
Control
With sufficient - 4.38 3.79 2.85 0.79
Retrofitted Without - 27.05 13.90 0.43 0.32
with 1 strip
With sufficient - 12.10 1.09 3.61 -2.14
Retrofitted without - 18.40 15.76 -3.83 -16.63
with 3
strips
With sufficient - 18.66 12.13 2.48 -0.27

It is clear from Table 7.6 that the failure load decreases with increasing number of
thermal cycles. This is particularly noticeable in beams without shear reinforcement.
As far as the beams with sufficient shear reinforcement are concerned, it can be said

that the failure load remains practically the same after 180 thermal cycles as at 0

thermal cycles.
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7.11 Conclusion

The repairing technique using CARDIFRC strips in hot dry regions has been tested.
The effect of high temperature environments on the maximum load and failure mode
of the RC beams retrofitted with CARDIFRC strips in both tension and vertical sides
was evaluated. From the results of previous tests and present study the following

conclusions can be drawn.

e The thermal cycling enhances the ultimate load of the control beams. This is

due to the hydration of the remaining unhydrated cement.

e There is considerable improvement in the mechanical properties of concrete
beams, namely in the compressive and tensile strengths after exposure to 30
thermal cycles. There is a slight reduction thereafter but not below that at

room temperature even after 180 thermal cycles.

e The retrofitting technique using CARDIFRC strips bonded externally to the
tension side of the beams substantially improves the load carrying capacity
and the serviceability of concrete beams compared with the control ones. In

the hot climate conditions the maximum load of such beams increased slightly.

e To prevent any shear failure in the beams retrofitted on the tension side, two
CARDIFRC strips can be bonded on the vertical sides. The additional
retrofitting strips can increase the ultimate load by up to 50 percent and reduce

slightly the deflection of the beams.

o The failure load of the beams retrofitted with three strips and exposed to
thermal cycling are substantially improved, the failure load increased by up to

45 and 50 percent after 120 and 180 thermal cycles, respectively.
e To improve the flexural behaviour of the concrete beams, retrofitting RC

beams with CARDIFRC using one strip bonded on the tension side and two

strips bonded to the vertical sides is a promising externally bonded system.
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e No visual deterioration or bond degradation has been observed after the
retrofitted beams were exposed to the thermal cycling. This is due to the good
thermal compatibility between the concrete beams and CARDIFRC.
Therefore, this retrofitting technique can be successfully used in hot

environmental conditions.
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Chapter 8

m  Analysis of Reinforced
Concrete Beams
Retrofitted with CARDIFRC



8.1 Introduction

The previous Chapter investigated experimentally the behaviour of RC beams
retrofitted with CARDIFRC® strips. The results showed clearly the viability and
effectiveness of this new retrofitting technique. A parametric study is also essential to
correlate the experimental results, and thus to quantify the general structural
behaviour. This chapter introduces an analytical model based on fracture mechanics
concepts. This model will be used to predict the maximum resistance moment of the
retrofitted beams. It was originally developed by Alaee and Karihaloo (2003b) and
mimics the initiation and growth of the flexural crack that eventually leads to the
failure of the retrofitted beam. The results of this model will be compared with those

of the current test data, and conclusions will be reported.

8.2 Constitutive relations

8.2.1 Concrete

The response of a structure under load depends to a large extent on the stress-strain
relation of the constituent materials and the magnitude of stress. Since concrete is
used mostly in compression, the stress-strain relation in compression is of primary
interest. The concrete stress-strain relation exhibits a nearly linear elastic response up
to about 30 % of the compressive strength. This is followed by gradual softening up to
the concrete compressive strength, when the material stiffness momentarily drops to
zero. Beyond the compressive strength, the concrete exhibits strain softening until

failure takes place by crushing (Figure 8.1).

In the present study, the distribution of concrete stresses in compression zone was

found from the following stress-strain curve for concrete (CEB-FIP code 1990)

for e.< gy 8.1

where f., is the mean value of compressive strength of cylindrical specimens (150
mm diameter and 300 mm height) E. is the tangent modulus, € is 0.0022, E; is the

secant modulus from the origin to the peak compressive stress and &, : ultimate strain.
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Figure 8.1 Stress-strain diagram for concrete in compression
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The cylindrical compressive strength f., can be determined from the cube

compressive strength £, using Table 2.1.1 (CEB-FIP). The tangent modulus E. and

the ultimate strain of concrete &., can also be calculated from the compressive strength

of concrete using Table 2.1.7 (CEB-FIP). Table 8.1 shows the values of these

parameters used in the model.

Table 8.1 Assumed parameters for modelling the compressive strength behaviour of concrete

Fcu f;m Ec Ecl &l Ecu
TC 2 2 2 2
N/mm N/mm kN/mm kN/mm - -
0 39.0 39.6 36.2 21.5 0.0022 0.0033
120 442 43.5 37.3 23.8 0.0022 0.0034
180 43.8 433 37.2 23.7 0.0022 0.0032

Although the tensile strength of concrete is usually ignored in the design of reinforced

concrete flexural members, the concrete in between the cracks does contribute to the

beam stiffness, and hence influences the moment-curvature relationship. The

behaviour of concrete in tension is divided into two stages; un-cracked and cracked

sections. For the un-cracked section, the concrete exhibits linear elastic stress-strain

behaviour until 90 percent of the ultimate tensile stress fom, the slope of the curve then

changes to account for pre-peak micro-cracking (Figure 8.2a).

o1 = Ec
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2 = Jom- 0:1c .(0.00015-¢,) E1< Ect < Em (8.3)
0.00015-(0.9£,,,,/ E) ¢

where

€. tensile strain at which the tensile stress has to be calculated

¢;: tensile strain according to Figure 8.2.

&m: tensile stain at maximum tensile stress

Jerm: direct tensile strength which is estimated to be 90 percent of splitting tensile

strength.

0.15F 1m

Femcrecccecc e e —--

v

€ € €
1 m ct w

(2) (b)

Figure 8.2 Stress-strain and stress-crack opening diagrams for concrete in tension: (a) pre-
cracking region and (b) post-cracking region.

Cracked section starts beyond the maximum tensile strength. For this section a
bilinear softening relation is recommended. The concrete between the cracks still
carries a certain amount of stress and this is the so-called tension softening behaviour.
Figure 8.2b shows the tension softening behaviour of concrete. The descending curve
changes slop when the tensile stress in concrete reaches 15 percent of the tensile
strength of the section. The initial steep part of this curve is primarily a result
extensive post-peak micro-cracking, while the more gradual tail part is primarily a

result of aggregate interlock (Karihaloo, 1995)

G\ = fum (1 ~0.85 1] w=w (8.4)

w,
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0_2=0.15 Sem (w,-w) wi<w <wg (8.5)

w ¢ Wl
and
G, -0.075
w, = —L We S om (8.6)
0.5f.m
where

w: crack opening at which the stress has to be calculated

wy: crack opening according to Figure 8.2b

we: crack opening at the termination of tension softening

ar: coefficient depends on the maximum aggregate size d,,. from Table 2.1.3 of
CEB-FIP

Gy specific fracture energy, calculated using the maximum aggregate size and the

compressive strength of concrete from Tables 2.1.8 and 2.1.4 of CEB-FIP 1990.

Table 8.2 Assumed parameters for modelling the tensile strength behaviour of concrete

TC Jem Gr w, W,
MPa N/m mm mm
0 3.5 66.4 0.0197 0.125
120 3.1 71.5 0.0266 0.125
180 3.1 71.3 0.0271 0.125

8.2.2 Steel reinforcement

To determine the mechanical properties of steel, namely the yield stress and modulus
of elasticity, three lengths of reinforced steel bar (50 mm each) were tested in the
laboratory. Table 8.3 shows the characteristics of stress-strain diagram of these
specimens. Using the average values of test results, i.e. the yield stress and modulus
of elasticity- a perfect elasto-plastic diagram was assumed for steel reinforcing bar, as

shown in Figure 8.3, ignoring the obvious strain hardening from the 0.2 % proof

stress to the ultimate strength.
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Table 8.3 Tensile test results of steel reinforcing bar

0.2% Proof . . Elastic
Diameter | Area o Ultimate Elongation Modulus
mm mm’® | Load Stress Load Stress Es

kN | MPa | kv | mpa | mm | % | OF

12 113.1 58.5 517.2 65.4 578.2 153 | 30.6 200.0

12 113.1 54.2 479.2 67.3 595.0 15.8 | 31.6 198.8

12 113.1 53.8 475.7 67.8 599.5 147 | 29.4 201.5
Average Values 55.5 490.7 66.8 590.9 153 | 305 200.1

Sk o

v

Figure 8.3 Stress-strain diagram for steel

8.2.3 CARDIFRC®

As mentioned in § 4.6.3.6.5, numerical expressions have been fitted to the tensile test
data to describe the behaviour of CARDIFRC® in uniaxial tension. The constitutive
behaviour of CARDIFRC® thus can be classified into two sections (i.e. un-cracked
and cracked). For un-cracked section, the stress-strain curve was divided into two
stages: linear elastic (stage I) and strain hardening (stage II). As can be seen in Figure
8.4, the stress-strain curve is linear up to the tensile strength of the matrix, this stress

can be determined by the following linear equation

o) = 0.046¢ 0 < & <200 microstrain 8.7
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The stress for strain hardening region (stage II) can be determined by the following

equation:
0,=-434x101%* +832x 107 & - 6.03 x 10 £%0.199 £-12.62
200 < & <600 microstrain (8.8)

Finally, the stress for (cracked section) tension softening region (Stage III), can be

determined by the following equation:

6=3.07* 102 w’-0.08 w°+0.82 w’-4.42 w*+12.79 w*-18.11 w?
+5.73 w+12.89 0 < w <6.5 mm (8.9)

TN
\

Nominal axial stress (MPa)

0 200 600
0 1 2 3 4 5 6

’4—‘ Microstrain  —p

Figure 8.4 Complete pre- and post peak tensile curve for CARDIFRC® (After Benson, 2003)

4———  Crack mouth opening (mm) 7-{

8.3 Analytical model based on fracture mechanics concept

The analytical model is based on the fracture mechanics concepts. It mimics the
initiation and growth of the flexural crack that eventually leads to the failure of the
retrofitted beam. To model the response of a structure based on fracture mechanics, it
is important to have a good knowledge of the details of the formation and propagation

of cracks in the structure.
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8.3.1 ‘Sequence of crack growth

This section reviews the initiation and the propagation process that occurred in the
beams retrofitted with CARDIFRC strips after they were loaded. The beams were
loaded to failure. As the applied load was increased, the cracks in the tension strip
became visible (Figure. 8.5a) and then grew through the beam (Figure 8.5b). One of
these cracks in the tension strip opened and with a further increase in load this crack
opened further and propagated into the beam (Figure 8.5¢c). Even after thermal cycling
none of the test beams showed any indication of this crack branching into the
interface. The main crack and the other cracks that formed in the tension strip,

continued to open until the peak load was reached (Figure. 8.5d).

However, no attempt was made to measure the crack mouth opening displacement at
the maximum load because it was too small for accurate measurement. The
approximate load levels corresponding to the above sequence of crack growth are

shown schematically in Figure. 8.5e.

For beams retrofitted with a tension strip and side strips, the load increased further
until the crack in the tension strip extended along the side strips (Figure 8.6a).
However, the crack was still within the side strips when the maximum load was
reached (Figure 8.6b). It extended beyond the side strips and into the concrete beam
after the attainment of the maximum load. The approximate load levels are shown

schematically in Figure. 8.6c.
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Figure 8.5 Sequence of crack growth in the middle part of the beams retrofitted with one strip:
(a) Crack initiation in the middle of the strip, (b) The crack propagated into the beam, (c)
propagation and penetration of the dominant crack into the beam, (d) opening of the dominant
crack, and (e) load levels corresponding to the observed crack growth sequence (After Alaee

and Karihaloo, 2003b)
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Figure 8.6 Cracking in middle part of beams retrofitted with three strips: (a) when the crack
penetrated into tension strip. For clarity side strip is not shown. Note that stages (a) and (b) of
Figure 8.5 are obscured by side strips; (b) at maximum load, and(c) load levels corresponding
to stages (a) and (b). (After Alaee and Karihaloo, 2003b)
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8.3.2 Modelling of dominant flexural crack

Following Alaee and Karihaloo (2003b) we consider the free body diagram of a part
of the retrofitted beam containing the dominant flexural crack and study the effect of
different loads acting on it. Figure 8.7 shows that only the moment due to the applied
load tends to open the crack. However, there are three different loads which tend to
close the crack as shown in the free body diagram. The first load is due to the bridging
force across the crack faces from the reinforcing steel at the level of reinforcement,
the second is from the post-peak tension softening response of concrete distributed
along the process zone, and the third is from the bridging stresses in the retrofit strips

assumed to be concentrated at the mid-thickness of the strip because of its thickness.

The computations are simplified by assuming that the crack profile is always linear.
Therefore, a crack can be specified by its depth a and the opening w at its mouth. To
calculate the moment resistance of the retrofitted beam A .., the condition of the
dominant crack at the ultimate load is important. In fact, M, cannot be found, unless
the crack depth (a, ) and the crack mouth opening at the maximum load (w,) are

calculated.

The bridging force from steel Fy is the most significant closing force on the crack
faces. There is no definite relationship between the geometrical properties of the crack
(w and a) and the bridging force in steel. On the other hand, there are some
empirical relations, which will be discussed later. Figure 8.7a shows that concrete is
capable of carrying residual tensile stresses, even after the attainment of its tensile
strength, thanks to its tension softening behaviour. The amount of the stress
transmitted along the crack faces depends upon the crack opening; it decreases with
an increase in the crack opening. As shown in Figure 8.7a, the residual tensile stress

in concrete o, , acts as a closure pressure on the dominant crack faces. It varies from
f... (the tensile strength of concrete) at the crack tip, to nothing where the crack
opening equals to the critical crack opening of concretew,. If the crack mouth

opening w and the crack depth a are given (Figure. 8.7), the distribution of this

bridging stress can be easily worked out from the tension softening diagram of

concrete (Figure 8.2b).
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Figure 8.7 Free body diagram of dominant flexural crack in retrofitted beams. Beams
retrofitted with (a) one tension strip, and (b) one tension strip and two side strips. (After Alaee
and Karihaloo, 2003b)
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Figure 8.8 Smooth closure of crack faces. (After Alaee and Karihaloo, 2003b)
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The effect of the retrofit strips on the dominant crack is very similar to that of the
concrete. CARDIFRC® with its tension softening behaviour produces a closure
pressure on the crack faces, which again is a function of the crack opening (Figure.
8.7b). Therefore, because there is a relation between the applied moment M to the
crack depth a and crack mouth opening w, the compatibility conditions and the

relations introduced in section 3.8.1 shall be used.

8.3.3 The condition of smooth closure of crack faces

Referring to the free body diagram shown in Figure 8.7, the resistance to crack
opening consists of three different components. The first component is from the
bridging force across the crack faces due to the reinforcing steel, the second one from
the post-peak tension softening response of concrete, and the third is due to the
bridging stresses in the retrofit strips. The closure pressure exerted counteracts the
opening action of the applied moment M. Barenblatt (1959) reported that the stress at
the crack tip is finite and the net stress intensity factor at the crack tip must vanish as
shown in Figure 8.8. In fact, this requires that the crack faces close smoothly near the

tip (Figure 3.5). It seems to contradict the assumption of linear crack profile.

However, Alaee and Karihaloo (2003b) have shown that the inclusion of non-zero K;
at the crack tip, implied by non-smooth closure of crack tip faces introduces an error
of less than 1 percent. We shall therefore assume K; = 0 at the crack tip. The net Xj at
the crack tip is obtained by superimposing the stress intensity factors produced at the
crack tip by the applied moment (Kj), and the closure forces exerted by steel (Kis),
concrete (Kieonc), tension retrofit strips (Kjp.swip)), and side retrofit strips (Kjg.srip)) (f

they are used). The condition of finite stress at the crack tip, i.e. K; =0 is therefore

KIM - KIS - chonc - Kl(l—-.s‘lrip) - Kl(s—strip) = 0 (8'10)

The various stress intensity factors appearing in the above equation will be calculated

in the following sub-sections.
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8.3.3.1. Stress Intensity factor due to the applied moment X,

As mentioned in § 3.8.1 (Equation 3.49) the stress intensity factor produced at the
crack tip by the moment M is (Guinea et al., 1998)

K (§)=—771,() (8.11)

h3/2b

where ¢ is the ratio of the depth of the crack to the height of the beam a/A, b is the
width of the beam and Y, () is

62 (1.99 +0.83¢ —0.31£7% +0.14£7)

Y, (&)= 1-£) " (1+38) (8.12)

Substitution of (8.12) into (8.11) gives

K, = 6£2(1.99 +0.83£ — 0.31£2 +0.14&° ®.13)
h*'%b A-&)"2(1+3¢)

8.3.3.2. Stress Intensity factor due to the steel force

Similarly, from equation (3.50) the stress intensity factor produced at the crack tip by

the concentrated steel force Fyis (Tada et al., 1985)

K(&) ==Y (S B) (8.14)

hl/2b

where =c/h, c is the distance from the centre of the reinforcing bar to the bottom of

the beam and the function Ys(¢, f) is given by

3.52(1-B/&) 4.35-528B/¢&

(1-¢&)" a-o+z 2 8.15
Y (&,0)= 3/2 = &P
‘ 1.30-0.30(8/8)"" | 4, 83-1.763/ }1_(1 BlEE V=
+[ A= BIO")" Pl |
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8.3.3.3 Stress intensity factor due to the residual tensile stress of concrete K

Iconc

To determine the stress intensity factor at the crack tip produced by the residual
tensile stress of concrete, this stress is discretized into infinitely many concentrated
forces. Each force is applied over small crack segments of length dy at a distance

y(=y*h) from the bottom of the crack (see Figure 8.9). The magnitude of each force is

dF, =0, (wy) bdy = o, (w,) bhdy* (8.16)
where
wy=w(1-y/a) = w(1-y"/&) (8.17)

In the above equations, w), is the crack opening at the level of the point load dF.. Now,
using equation (8.14) the stress intensity factor produced by this point load can be

calculated

o, (w,)bh

dK Iconc — 7?1—)—_

Yo (&, ¥ Hdy' (8.18)

Figure 8.9 Towards the discretisation of the bridging stresses in concrete (After Alaee and
Karihaloo, 2003b)
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The relation in equation (8.18) is integrated over the length of the crack in concrete

(i.e. excluding the retrofit strip)

¢
K@) = [oc W)WY (&, y") dy” (8.19)

t/h

where 1, is the thickness of the retrofit strip and Ys(&, y") is

3.52(1-y" /&) 435-528y" /¢

(1-¢£)"* 1-&' 2 (820)

1.30-0.30(y" /&)°*?
a-" 16"

YS(QE’y.)z
{ +O.83—1.76y'/§] [1—(1—y'/§)§] v

8.3.3.4. Stress intensity factor due to the closure force of tension strip Koy
To determine Kjq.arip) the magnitude of the closure force Fp exerted by the tension

retrofit strip is calculated using the corresponding crack opening wp at the level of Fp
Fp=op(wp)bt, (8.21)
where wp can be calculated from the following equation:

wp=w(l-t/2a) = w{l-t/(2hé)} (8.22)

Substitution of (8.21) into (8.14) gives the stress intensity factor produced at the crack

tip by the closure force exerted by the tension strip

o,(wp)t, t,
K mampy (&) = —”,ﬁ,—,;’L Y (f,z—h) (8.23)

!t .
where the geometry function Y (£, —2’;) is
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352011 /2h) 435-5281/2hE

Y(§ t’ )— (1_5)3/2 (1__@1/2 9
Sk | [130-030¢, /268 } N
' 0.83-1.76t,/2h& 11—t/
+[ (1—(t, /M)Z)I/Z + tl 2h§ [ ( t{ y@é] (824)

8.3.3.5 Stress intensity factor due to the closure force of side strip X, .,

The stress intensity factor produced at the crack tip by the closing force of the side
strips can be calculated in the same manner as Kj ... Dividing each of the side strips
into infinitesimal elements of height dy(=hdy"), the closure force on each element of

the two side strips is

dFsp =20p (W) tsdy=2 op (w,)1s hdy* (8.25)

where f; is the thickness of the side strip, w, is the crack opening at the level of the

closure force dFsp
wy=w(l-y/a) = w(l-y*/) (8.26)

Substitution of (8.25) into (8.14) gives the stress intensity factor produced by this
point load at the crack tip

20, (w )t h''? .
dK sy = —— ;S Yo (&, y )dy (8.27)

To calculate Kj.grip), this relation is integrated as follows:

220 ,(w )th"?
K oy () = [ ==

) ; Yo (&, )dy’ (8.28)

where a is min {&,hy/h}(i.e. the smaller of a or ks), A is the height of the side strips.
The choice of the upper limit of integration is dictated to the fact that, when the crack
depth exceeds the height of the side strip, the side strips do not exert any closure
pressure over the part of the crack that is beyond the side strips. The geometry
function Y(£y") is

199



3.52(1-y /&) 4.35-5.28y" /¢
(1-¢)*" 1-" 2 (8.29)

Y&, y")= . —
1.30-0.30(y" /&) [z&
+ 5 4 0.83-1.76y" /£ I-(1-y"/

Finally, substitution of (8.13), (8.14), (8.19), (8.23), and (8.28) into (8.10) gives

) Y6 ) JouOn Yy ZeW)y o ! 1.

FEV IR M 1/2
h b t,/h h

?%W” Y (&, y"yy" -0 (8.30)

8.3.4 Crack opening compatibility equation

In addition to the condition of smooth closure of crack faces at its tip, we must
consider the compatibility of crack opening displacement of a retrofitted beam
(Leung, 1998). The crack opening displacement can again be written as the vectorial
sum of the contribution from the applied bending moment and the closure forces
exerted by steel, concrete and retrofit strips. The compatibility condition of the crack
opening need be satisfied only at the level of the steel reinforcement, because of the

assumed known (i.e. linear) variation along the length of the crack:
(wS )M - (WS )S - (WS )conc - (WS )t-slrip - (WS )S—strip = WS (8‘3 1)

where (ws); are the crack opening displacement at the level of the steel bar produced
by the applied bending moment and the closure forces exerted by steel, concrete,
tension strip, and side strips, respectively. Note that the crack opening w; at the level
of the reinforcement is not known, but is to be determined. Each term in the left hand

side of (8.31) can be expressed in terms of the corresponding compliance coefficients

(see § 3.8.1).

For instance, the crack opening at the level of the steel bar produced by the applied

moment is
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(Wsly = A M (8.32)

where Asy (compliance coefficient) is the crack opening at the level of steel when a
unit bending moment is applied to the crack. The compliance coefficients can be
computed from energy principles and Clapeyron's theorem (see § 3.8.1). The
following sections present the relations for the computation of the required

compliance coefficients.

8.3.4.1 Compliance coefficient due to a unit moment A,

The derivation of the compliance coefficient due to a unit moment has been presented
in § 3.8.1.Equation (3.53) from that section can be rewritten as (Bosco and Carpinteri,

1992)

2

Ao, = ——
™M hbE

3
j Y,, (x).Y, (x, B)dx (8.33)
B

where E is the Young modulus of concrete, and Y), (x) and Ys (x, ) are the geometry

functions given by (8.12) and (8.15) respe ctively. The crack opening due to the
applied moment is obtained by substituting equation (8.33) into (8.32).

2M

(Ws)y = BE

¢
[ (.Y (x, B)dx (8.34)
B

8.3.4.2 Compliance coefficient due to a unit steel force A

Similarly, the compliance coefficient due to a unit steel force is given by (Bosco and

Carpinteri, 1992)

s
Ass = _bzf |72 (x, Byx (8.35)
p

The crack opening ( wy ) is then obtained as

(ws)s = Ass Fs (8.36)
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8.3.4.3 Compliance coefficient due to a unit tensile force in concrete A .

To work out the crack opening at the level of the steel bar produced by tension

softening of concrete (wy) the continuous closure stresses exerted by concrete is

conc

again discretized into infinitely many concentrated loads dF_, each acting on an

c?

infinitesimal crack length dy (see Figure 8.9). The crack opening (ws ) .~ produced by

one of these concentrated loads is calculated by using the compliance method. The

corresponding compliance coefficient A ,. can again be computed from energy
principles (Bosco and Carpinteri, 1992) considering the point load dF, acting

simultaneously with the steel force F

As_ar, = % ast (x, B)Y; (x, y') dy’ (8.37)
7

where B° is max {y',ﬂ} (i.e. the larger of y and c). Multiplying this compliance

factor by dF, from equation (8.16) gives

(s ), = za—(wE)hi RACY A3 S (8:38)

To calculate the crack opening at the level of reinforcement due to the tension
softening of concrete, equation (8.38) is integrated over the length of the crack in

concrete

(w, )cm _ J‘:/h {w Lj Y (x, B)Y; (x,y' )dx}dy‘

095 e = |, i:—‘E—Y-’— [IRACY:) ACSY )dx}dy' (8.39)

8.3.4.4 Compliance coefficient due to a unit force in retrofit tension strip As.sip)

Using the same procedure as above, the compliance coefficient due to a unit force in

the tension retrofit strip Ag_(,_.;,) can be written as

2 ¢ L
As(o-strip) = b L Y (x, ﬂ)Ys (x, Ede (8.40)
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Multiplying this compliance factor by F, from equation (8.21) gives

20, (w,)t, ¢ t,
(WS )I—Slrip = ___P—EP— Iﬂ YS (xa ﬂ)YS (xa EZJ dx (841)

8.3.4.5 Compliance coefficient due to a unit force in retrofit side strips As—(s-strip)

To calculate (ws) exactly the same procedure as that adopted for concrete is

S—strip

followed. Equation (8.37) in this case becomes

ﬂ’S—de = ”E%b‘ IZ Y (xa :B)Yv (x,y' )dx (8.42)

Multiplying this compliance coefficient by the magnitude of the point load dFj, from
equation (8.25) gives the crack opening produced by this point load

dop\w, Jt.h .
G—(Ewb)—dy I;,Ys(x,ﬂ)YS(x,y )dx (8.43)

(WS ) g =
Again, to compute the crack opening at the level of steel due to the forces exerted by

the side strips, equation (8.43) is integrated over the length of the cracked side strips

4t h a ¢ * *
)5 oy = - |, {a,, BB ACYIINCS” )dx}dy (8.44)
All the crack openings mentioned in the right hand side of equation (8.31) have now
been expressed in terms of the corresponding forces and the geometry of the crack

and the beam, and of the Young modulus of concrete

3
25 ve e pras

2M ¢,
Mty (x0).Y(x, B)dx
th,,IM(x) s(%A) —bE

. * 20 (W )tr 4 Z,
2 o oo oo 2220 s

T E Juf
4lt;bh J‘O"’ {O"p (Wy )Jj. YS (x, ﬂ)yS (x,y' ) dx}dy': Ws (845)
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It should mentioned that the constitutive relation of CARDIFRC® (post-peak
response) and the material properties of concrete and steel described earlier in this
chapter will be used. The bridging closure forces exerted by concrete and
CARDIFRC® strips can be easily worked out from the corresponding relations.
However, the relationship between the geometrical properties of a crack and the
bridging force exerted by steel crossing it is quite complicated and this will be

discussed in the next section.

8.3.5 Bridging force exerted by steel Fy

The bridging force from steel Fj is a very significant closing force on the crack faces.

There is no definite relationship between the geometrical properties of the crack (w
and a) and the bridging force in steel. However, some semi-theoretical and empirical

formulas have been proposed and will be presented in the following.

8.3.5.1 Carpinteri’s approximation

Bosco and Carpinteri (1992) assumed that the displacement discontinuity in a cracked
cross section at the level of reinforcement is zero up to the moment of yielding or
slippage of the reinforcement. They considered a rigid perfectly plastic behaviour of

the reinforcement and obtained the moment at plastic flow or slippage.
In fact, they assumed that the reinforcement steel yields as soon as the crack at this
level starts to open. It is obvious that this simplifying assumption will overestimate

the moment resistance of the beam. According to this assumption, the bridging force

exerted by steel is simply
Fy=4sf, (8.46)

where f, is the yield stress of the reinforcing bar and As the area of steel. The steel

force is therefore uncoupled from the crack opening displacement at the level of steel.
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8.3.5.2 Kaar’s formula
In another study, Kaar and Mattock (1963) expressed the tensile stress in steel as a

function of the crack width wg at the level of deformed bar reinforcement

F, 11876.5w
fo =28 22200 (8.47)
S A AV

where A4 is the area of concrete surrounding each bar (4= A4,/n, where n is the

number of bars) (see Figure 8.10)

; =
d
h
rEEEEEEE SR TSR SEEESSEESESESEEEEEESEE I o4 .
' —e
" a > A,=1(h-4q)

Figure 8.10 Cracking of a reinforced concrete member under flexure (After Park and Paulay
1975)

Alaee and Karihaloo (2003b) used the aforementioned Carpinteri’s approximation and
Kaar’s formula and concluded that none of these has been found to be consistent with
their test results. They found that the model results based on Carpinteri’s
approximation were higher than the test results and those based on the Kaar’s formula
were significantly lower. Moreover, their analysis showed that the crack opening at

the maximum load was not zero as Carpinteri assumes or as large as Kaar proposes.

8.3.5.3 Modified Kaar’s formula

Lange-Kornbak and Karihaloo (1999) conducted an experimental study and compared
the test results with approximate nonlinear fracture mechanical prediction of the
ultimate capacity of three-point bend, singly-reinforced concrete beams. They found
that Kaar’s formula (8.47) overestimates the crack opening by the factor of 3.5 to 4.
Alaee and Karihaloo (2003b) further improved Kaar’s formula by calibrating the

results against the test data by a least squares fit. This calibration suggested the
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following relationship between the tensile stress in steel and the crack width at the

level of deformed bar

F, 4.8x11876.5w
fo=—"2= £ (8.48)
YA A

Due to the similarity between the test beams in Alaee and Karihaloo (2003b) and
those in the present study, equation (8.48) will be used in the analysis as the bridging

force of steel.

8.3.6 Evaluation of moment resistance of the beams

From above the fracture mechanics approach, it is clear that two equations should be
simultaneously satisfied for a flexural crack; the equation of smooth closure of the
crack faces (8.30) and the equation of the crack opening compatibility (8.45). The
unknown parameters appearing in these equations are the crack deptha, the crack
mouth opening w and the applied moment M . To determine these unknowns the

following three-step procedure was followed:

e First, the equation of smooth closure of the crack faces (8.30) was solved for a
wide range of crack depths and crack mouth openings, and the corresponding
moment M was calculated. The results of this step are denoted by the set {a;,w;

M}

e Second, the equation of the crack opening compatibility (8.45) was solved for the

same ranges of values of a and w. The results of this step are denoted by the set

{a;,w;, M;}

e The results of the previous two steps were compared and the intersection of these
two sets identified. This set satisfies both the smooth closure condition (8.30) and

the crack opening compatibility equation (8.45). These results are denoted by the set
{ak, Wi, My}

From the set of values identified in the previous step, the maximum moment was

selected (M max) and denoted Mr. The moment Mr is the moment resistance of the
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beam, and the corresponding crack length ar and crack mouth opening wr describe
how deep the crack has penetrated into the beam at the maximum load, and how far it
has opened.

A flowchart of the above procedure is given in Appendix C.

8.3.7 Model results
The method described in the previous section has been applied to the critical sections
of all test beams (i.e. the section in which the dominant flexural crack forms). The

moment resistance M ., crack mouth opening w,. and crack depth a,. of the beams at

the peak load have been calculated. The model results for the retrofitted beams
(beams retrofitted with one strip on the tension face and beams retrofitted with one
strip on the tension face, two continuous strips on the sides) after, 0, 120 and 180
thermal cycles are given in Table 8.4. Comparisons have been made between the
moment resistances of the beams predicted by the model with the mean values of the

maximum moment of experimental results and shown in Figures 8.11 and 8.12.

Table 8.4 Crack opening w ., crack depth a, and the moment resistance M . of the beams
at the maximum load predicted by the model after 0, 120 and 180 thermal cycles.

Retrofitting Thermal a w Muodel | Fiest mean | Mg mean
Configuration cycles
Number | (mm) | (mm) | (kNm) | (kNm) (kNm)
0 78 0.23 8.8 59.2 8.9
120 78 0.23 8.8 61.4 9.2
180 - 78 0.24 8.8 58.0 8.7
0 116 0.17 13.9 89.0 13.3
120 118 0.21 14.0 91.1 13.7
180 116 0.18 13.9 88.7 13.3
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4 Test results

15 m Model results

0 60 120 180
Number ofhermal cycles

Figure 8.11 Comparison of the moment resistance of RC beams retrofitted with one strip on
the tension side with the prediction of the model after a number of thermal cycles.

18
4 Test results
15 — - m Model resultsj-
?7 12 —
E
2
2 6

60 120 180
Number of thermal cycles

Figure 8.12 Comparison of the moment resistance of RC beams retrofitted with three strips

(one on the tension side and two on the vertical sides) with the prediction of the model after a
number of thermal cycles.
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It is seen that the model results are in excellent agreement with the test results.
Moreover, this agreement seems to hold regardless of the number of thermal cycles or
the retrofit configuration. It was observed in the experimental program (Chapter 7)
that the crack mouth opening at the maximum load for all beams was finite and
visible to the naked eye. This observation actually confirms the results predicted by
the present model. As can be seen in Table 8.4 the crack mouth opening at the

maximum moment resistance is not zero and should be visible to the naked eye.

8.4 Conclusion
On the basis of the comparison between the model results using fracture mechanics

concepts and the experimental results, the following conclusion can be drawn.

The moment resistance of the retrofitted beams can be accurately predicted by using a
fracture mechanics model. This model follows the propagation of the flexural crack
which eventually leads to the failure of the retrofitted beams. The results of this model
were found to be in excellent agreement with the test results irrespective of the retrofit

configuration and the number of thermal cycles.
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Conclusions



9.1 Conclusions
The conclusions of each aspect of the investigation have been drawn and reported at
the end of each Chapter. This Chapter therefore provides a brief and succinct

summary of these major conclusions

e The mechanical properties of NSC, HSC and CARDIFRC® mixes are
improved after 120 thermal cycles and do not fall below those at room
temperature even after 180 thermal cycles. This increase in the properties after
120 thermal cycles could be attributed to the continued hydration process of
the remaining unhydrated cement and the presence of micro-silica that
activates the secondary reaction. However, the slight reduction after 180
thermal cycles (in compression with 120 thermal cycles) might be due to the
initiation of microcracks between the cement paste and aggregate. The steel
fibres in CARDIFRC® counteract any possible deterioration due to

microcracking.

e A significant increase in the fracture properties of NSC and HSC mixes
(measured fracture energy Gr(a), size-independent fracture energy Gr, and the
brittleness) was observed. They are increased slightly after 120 thermal cycles
and seem to be unchanged after 180 thermal cycles. The increase in these
properties after 120 thermal cycles is probably due to the partial expulsion of

capillary water.

e To improve the bond between the adhesive and parent concrete, and to prevent
delamination or interfacial fracture, both CARDIFRC® and the parent concrete
(NSC and HSC) mating surfaces must be roughened. Moreover, the thin film
of cement paste on the smooth cast surface of the parent concrete should be
removed. Removing such a film will therefore expose the aggregate, thus
creating a rough surface. The rough substrate surface leads to higher interface
toughness which prevents interface crack propagation, forcing the crack to
kink into the weaker material and to eventually propagate through the parent

concrete.
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The wedge splitting test a very useful and easy technique to evaluate the bond
performance of NSC and HSC repaired with CARDIFRC®. By incorporating
CARDIFRC® as a retrofitting material, it has been found to be a successful
material for repairing NSC and HSC.

The size-independent fracture energy Gr of NSC and HSC / bonded specimens
after thermal cycling follows a similar trend to that of control specimens; the
Gr increases gradually up to 120 cycles and then drops slightly after 180

cycles.

The ultimate load and the measured fracture energy of both the control and
bonded specimens changed with the change of the notch to depth ratio.
Therefore, the fracture energy and maximum load decrease as the notch to

depth ratio increases.

No visual deterioration or bond degradation was observed after thermal
cycling of the CARDIFRC® bonded specimens attesting to the good thermal
compatibility between the CARDIF RC® and concrete.

Both the mechanical and fracture properties of the NSC, HSC and
CARDIFRC® mixes experienced only a slight reduction even after 180
thermal cycles but the values did not drop below those at the room

temperature.

The maximum failure loads of reinforced concrete beams are enhanced after
exposure to a hot dry regime. The increase in the load carrying capacity after
the thermal cycling is due to the activation of the hydration of the unhydrated

cement.

In order to improve the ultimate load and the serviceability of the RC beam,
retrofitting with CARDIFRCP strips bonded to the tension face is promising.
The increase in maximum load carrying capacity of the beams can be up to 11

percent at room temperature. With thermal cycling the failure load of such
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beams can increase by up to 12 and 9 percent after 120 and 180 thermal

cycles, respectively

To prevent shear failure and also for further improvement in the maximum
load carrying capacity and stiffness, it is suggested that CARDIFRC® strips
should also be bonded to the sides of the beams. This additional retrofitting
can enhance the failure load by up to 67 percent at room temperature. With
temperature cycling, the ultimate load can be increased to 67 percent after 120
and 65 percent after 180 cycles. Therefore, the room temperature figure

provides a safe value for design at elevated temperature.

No bond degradation was observed in the retrofitted beams after the thermal
cycling. Therefore, the results show that using CARDIFRC strips bonded
externally to the RC beams is a successful technique and can be applied even
in hot environment. This is due to the good thermal compatibility between the

CARDIFRC® and concrete

The analytical model for the prediction of the moment resistance of the
retrofitted beams is based on the fracture mechanics concepts. This model
mimics the growth of the flexural crack that eventually leads to the failure of
the retrofitted beam. The results of this model are found to be in excellent

agreement with the test results
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Appendix A

Product information sheets



Blue Circle
Cement

Blue Circle

Ordinary Portland cement

Nov 1989

CI/SfB 1976 reference by SfB Agency

le

Blue Circle ordinary Portland cement (OPC) is a general purpose cement which complies with the
requirements for ordinary Portland cement in BS12 'Portland cements'. It is a quality assured product
covered by the Cement Industry Quality Assurance Scheme independently monitored by the British

Standards Institution (BSI QAS 2420/47).

TYPICAL PROPERTIES

Surface Area  (m2kg) 320 to 390
Setting Time
Initial (mins) 80 to 180
Final (mins) 140 to 240

BS4550 Concrete
Compressive Strength

. (N/mm*) 3 day 20 to 27
7 day 30 to 37
28 day 40 to 47
Apparent particle
density . (kg/m3) 3080 to 3140
Bulk density (kg/m3
Aerated 1000 to 1300
Settled 1300 to 1450
Colour —Y value 27.5 to 39.0
Sulphate -S03 (%) 2.5t0 3.5
Chloride —Cl1 (%) Less than 0.03
Alkali —Eq Na2 (%) 0.45 t0 0.90
Silica —Si02 (%) 19.5 to 21.0
Lime -CaO (%) 63.5 to 66.0
Tricalcium -C3 (%) 45.0 to 60.0
Silicate
Dicalcium —c*s (%) 12.5 to 25.0
Silicate
Tricalcium  —C3A (%) 7.0 to 12.0
Aluminate
Tetracalcium - C4AF (%) 6.0 to 10.0
Aluminoferrite

Photographs courtesy of
1. Uritish Cement Association
2. Uritish Cement Association

APPLICATIONS:

a) For concrete, mortar or grout in a wide range of end-uses,
from the small D-I-Y job to the largest civil engineering
project.

For durable concrete and masonry construction with the
option of a variety of attractive surface finishes.

To achieve optimum performance from Blue Circle
ordinary Portland cement in concrete: mortar or grout,

it is essential that it is correctly specified and used.
Attention should be given to an adequate cement content,
a water/cement ratio as low as possible consistent with
satisfactory placing and thorough compaction and to
adequate curing. Reference should be made to the following
documents:

BS5328: 1981

b

~

- ‘Methods for specifying concrete
including ready-mixed concrete'.
BS8110: Part 1: 1985 - ‘Structural use of concrete'.
BS5628: Part 3: 1985 - ‘Use of Masonry'.
It is recommended that
- Blue Circle Sulfacrete should be used where increased
resistance to sulphates is required.
- Blue Circle Lightning high alumina cement should be
used to give heat-resisting and refractory properties.
Blue Circle Walerete may be used as an alternative to
produce high performance mortars.

PROPERTIES

a) Grey colour.

b) Consistent strength which exceeds the minimum
requirements in BSI2 by a considerable margin.

¢) Compatible with*admixtures such as air-entraining agents
and workability aids, with cement replacement materials
such as pulverized-fuel ash and ground granulated
blastfurnace slag and with pigments. Trial mixes are
recommended to determine the optimum mix proportions.

AVAILABILITY

Blue Circle OPC is available throughout the United Kingdom

in bulk and paper bags (20 to the tonne).

TECHNICAL SUPPORT

Further information or advice on Blue Circle OPC and other

Blue Circle cements can be obtained from the Technical

Representative at the addresses listed overleaf.

HEALTH AND SAFETY

Contact with cement mixed with water or body fluids (eg

sweat or eye fluid) or with concrete or mortar should be

avoided as it may cause irritation, dermatitis or burns.

If such contact occurs the affected area should be
washed without delay with plenty of clean water. In case of
eye contact seek immediate medical advice.

Refer to the Blue Circle Portland Cement Health and
Safety Information Sheet.
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Material Safety

=? Elkem f .
| Data Sheet

MH501.GBR
1. Identification of the Substance and Company
Sroduct name: . Elkem Microsilica ®"_&_
Address/Phone No.: Elkem ASA, |

Materials

P.O.Box 8126 Vaagsbygd
N-4602 Kristiansand S., Norway
Telephone: +47 38017500

. Telefax: +47 38014970
;ontact person: Tore Danielssen
:mergency Phone No.: Not applicable

. Composition/information on Ingredients

Microsilica, Silica powder, Amorphous silica,

ynonyms:
Silicon dioxide powder, condensed Sioz-fume, Silica fume.

AS No.: 69012-64-2

INECS No.: 273-761-1

AZARDOUS INGREDIENT(S):  None

ymbol: ' None

and S Phrases: None

nstituents (analysis): ~ Weight%

Sflicon dioxide (SiOz) amorphous 85-98

Iron oxide (Fe203) max.3.0
Aluminjum oxide (AIZO3) max.1.5
Calcium oxide (CaO) max.0.7
Magnesium oxide (MgO) max.2.0
Sodium oxide (NaZO) max.1.0
Potassium oxide (KZO) max.3.0
Carbon (C) max.3.0
COPYRIGHT |
B8R - : ’ -
. e I ) Paae 1 nfd

07, Aug.28. - 1997
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ADOFLOW EXTRA

, Super Plasticiser for Concrete and Mortar

cription

Buid plasticiser and water reducing agent which imparts extremely high workability when added to a concrete mix or a cementitious grout. Being a highly
live deflocculating agent it disperses cement paste into its primary particles significantly increasing the flow characteristics of the paste.

Befits

frables concrete to achicve high compaction with minima! or no *  Permits significant reduction in water content of normal workability
bration or amping. concrete with consequent reduction in water/cement ratio 1o produce

thcreases flow characteristics of concrete to assist with difficult pours. higher carly and ultimate strengths.

ition

ptimum addition rate of ADOFLOW EXTRA is best determined afier preliminary trials with the actual concrete under consideration. As a guide for carrying

Sals an addition rate of 0.5 litres to 1.5 litres per 100 kilos Portland cement is recommended. Where high early and ultimate strength concrete is required,
ating a steep reduction in water/cement ratio, the addition rate of ADOFLOW EXTRA may be increased up to 2.0 litres per 100 kilos Portland cement,

Hng

=

EFLOW EXTRA is best added during the mixing cycle preferably at the same time as the water. Alternatively it may be added (0 a normai concrete mix just
30 the pour allowing for a further mixing cycle of at least 2 minutes.

ical Comparisons . ,
Miowing data is typical of what can be expected when comparing a concrete mix with the inclusion of ADOFLOW EXTRA 10 a control mix.

\ Workability Self Compacting Concrete
kgercgate/Cement Ratio  5.2:1 i e  WI/C Ratio - Control Mix 0.58 e WIC Ratio - Test Mix 0.58

BFLOW EXTRA - Test Mix 1.0 litre per 100 kg OPC

Jump - Control Mix 50 mm e Slump - Test Mix Collapse

dpressive Strength - Test Mix: :
- days: 102 % of control e . 28days: 103 % of control
§ Early & Ultimate Strength Concrete

jperegatc/Cement Ratio 52:1 e  W/C Ratio - Coatrol Mix 0.58 . e  W/C Ratio - Test Mix 0.47

JFLOW EXTRA - Test Mix 1.25 litre per 100 kg OPC

Jump - Coatrol Mix 50 mm e Slump-TestMix 50 mm

ipressive Strength - Test Mix

Kay: 180 % of control e 7 days: 144 % of control v e 28 days: 135 % of control .
Bge & Shelf Life

at temperatures above freezing but not above 28° C in dry condition and under cover. Should freezing occur, completely thaw
bial and then mix thoroughly before use. In these circumstances shelf life is indefinite. ’

lification Clause L
OW EXTRA manyfactured by ADOMAST Building Chemicals Lid shall be added
dation.

th & Safety
FLOW EXTRA is non-hazardous in normal use. [f splashes should affect the cyes bathe immediately with copious quantities of clean water and then
lately seek medical advice. Reference should be made to the scparate Health and Safety literature.

to the concrete mix in accordanice with the manufacturers

ABCD 394 ISSUE: 4
[SSUED: JAN 1997

Lea Road Trading Estate, Lea Road 01992 710684 phone
Waltham Abbey, Essex EN9 1AE 01992 712813 fax
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Technical Data Sheet

Description

Sikadur 31 is a two component system, both com-
ponents being thixotropic and containing fillers. The
resincomponentis white and the hardener component
black, ultimately producing a grey colour when mixed.

USES

Sikadur 31 is free of solvgnts. -

. Sikadur 31 will bond and fill virtually all building
materials.

Sikadur31canbeused forexampleto bondthefollowing

materials:

Concrete Metals Non-siliconised ceramics

(slip bricks)
Asbestos Stoneware Cast asphalt
Wood Glass Polyester and epoxy
components

Sikadur 31 resists the attack of a wide range of

chemicals, solvents, etc.

Sikadur31issuppliedin two grades: Normal and Rapid,
and can be used in wet/damp or dry condition (no
standing water), so enabiling it to be used in most
conditions within a temperature range of 0°C to 30°C.
For structural strengthening please contact Sika's .
Specialist Engineering Division, for the appropriate
materials and specification.

ADVANTAGES -
% Colour coded components for thorough mixing

% Thixotropic — can be used on vertlcal and
horizontal surfaces o

% Outstanding adhesion — bonds to virtually all
building surfaces

* Morsture tolerant —- work can be carried out
-even in damp or wet conditions

% Rapid grade avarlable for use at temperatures
down to 0°C

% Sikadur 31 is app.roved for contact with potable
water (WFBS No. 92 06505)

' % High resistance to water absorption and creep

" Revised
January 1993

Srkadur 31

Thixotropic epoxy adhesive

20°C 40 mins 10 mins
10°C 1¥2 hours 30 mins
5°C 3% hours 1 hour
0°C - . 1%s hours
Tack Free 12 hours (at 20°C) 8 hours (20°C)
_Shrinkage Negligible
Tensile 14.8 N/mm?" ‘
strength*
Flexural 36 N/mm?

~Shear strengthin excess of 21 N'mm? (3,000 psi)

E. Modulus  7-7.5x10“kg/cm?

Storage life  12monthsinoriginalcontainers at
(minimum)  5°Cto 25°C -

“Application  Rapid 0°Cto 15°C
ranges Normal 5°C to 30°C

- *Tested to B.'S. 6379 (20°C cure)

: Adhesron

TECHNICAL DATAT
Grade Normal Rapid
Colour "Grey Grey .
Density 15 kgllitre 15 kgllitre

Potlife 30°C 20 migs. -

strength*

Compressive 70— 90 N/mm?
strength

(DIN 53232) to concrete: approx 35-4.5 N/l
to grit blasted steel: approx 14 N/

(BS 6319: Part 4) Slant/Shear Test Sikadur 3f: |
N/mm?2

tTypical values




p Gutae 1o Compressive strengin Uevelopment (aepenagent on temperature)

Type Normat Type Rapid
N/mm*
I k1|
7ot Qy— “—’$=°:
7 = ry —
—A—+30°C S0 4 // —A—+30°C 50 s St —
L 7% | VAvd
——— 4 // . . ~—Q-— 4+ 20°C 4 /‘lﬂ
—a— + 10°C  30}—A —t— +10°C 30F
Vv Y/
—e—+ 5%C 7 —e—+ 5°C g
—0—+ 0c 10 —o—+0c 0
12 [ 10 15 2 10 - 15
——p- Days -~ Days
SURFACE PREPARATION Apply by trowel, serrated spreader, spatula or stiff

brush (minimum thickness 1mm, maximum thick-
ness perlayer 30mm). Work the Sikadur 31 wellinto
the substrate, especially if the substrate is damp.

Allsurfaces mustbe clean, sound and free from any
dust, ice, oils, grease or other surface contaminants.
Mortar Bric :, hanically abr: .
e i 3 e o e v BondanysubssaquetmataissontoteShkadurs
brush, sandbliast or grind. All surface laitence must whilst it s still tacky.
be removed. Cementand concrete shouldbe atleast Clean all tools, equipment with Sikadur Cleaner
4 weeks old. . (flammable) whilst the resin is still soft. Hardened
Sikadur 31 can only be removed mechanically. Do

: i il , rust a A
Metals: Remove any paints, oils, grease, rust and not part mix packs of Sikadur 31.

oxide films by grit blasting. Where required applyone
coat of Friazinc R or Icosit EG1 as a primer/travel
coat (referto separate technical information sheet).
Sikadur 31 may be applied after approximately 8
hours. Note: In the event of extended waiting times,
the surface of the Friazinc R or lcosit EG1 should
be thoroughly cleaned with fresh water.

Consumption guide (does not allow for surface
texture and wastage)
1kg=approx 41 cubic inches or 666cc
Thickness of Sikadur 31 Kg/m? approx
2mm 30
, 4mm 6.0
Plastic components (epoxy, polyester), abrade and , 10mm 150
rinse with Sikadur Cleaner. :

. PACKAGING
APPLICATION Sikadur 31 Normal: 1kg and Skg
Mix all of Part A (white resin) with all of Part B (black Sikadur 31 Rapid: 1kg and Skg
hardener) until an even grey colour is obtained. Mix Sikadur Cleaner: Slitres and 25 litres and 200 litres
well using a spatula or low speed drill and paddie. (flammable).

¥ Handling Precautions . . . .

 Sika products are generally harmless provided that certain precautions normally taken when handling chemicals are observed. The materials
must not, for instance, be allowed to come in contact with foodstuffs or food utensils, and measures should also be taken to prevent the uncured
materials from comingin contactwith the skin, since people with particularly sensitive skin may be affected. The use of protective clothing, goggles,
barrier creams and rubber gloves is required. The skin should be thoroughly cleansed at the end of each working period either by washing with
soap and warm water or by using a resin-removing cream — the use of powerful solvents is to be avoided. Disposable paper towels — not cloth
- towels ~ should be used to dry the skin. Adequate ventilation of the working area is recommended. In case of accidental eye or mouth contact,
Hlush with water — consult & doctor immediately. A leaflet *A Guide to the Safe Handling and Use of Sika Products" is available and we strongly
advise that it is read prior to the use of Sika Products. Sika products should be stored in sealed containers away from the reach of children.

Important note '
The information given in this data sheet is based on many years experience and is correct to the best of our knowledge. However, since the

i “use of our products in accordance with the instructions given, and their success in applicgnion is depenqgm on a number of factors, we can
. only be responsible forthe quality of our product atthe time of despatch. Should any doubt arise about specification or application, ourtechnical

t I service department should be contactedimmediately. Astheinformation given hereinis of general nature, we cannot assume any responsibility.
I Success will always depend on the peculiarities of the individual case. We also refer to our standard conditions of sale. Pack sizes, colours
LB and price group may be subject to change at the discretion of Sika Limited. Please contact our Sales Office for up to date information. Sika
P data sheets are regularly updated and reprinted, customers are therefore advised to check that they are in possession of the current edition.

Please consult our fechnical sales department for further information. -

A

Sika Limited

Watchmead, Welwyn Garden City, Hertfordshire, AL7 1BQ Fax: 0707 329129
Telephone: 0707 329241 ‘




Appendix B

Load-CMOD curves for
control and CARDIFRC

bonded specimens
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Appendix C

Computer programme



Start

c<a<0.9h ¢
y

™ O<w<Imm [*
Crack Tip Smooth Crack Opening
Closure Condition Compatibility

(8.31) < > Equation
(8.46)
{ar Wi M}

A; w: Mkmax = MF

Flowchart of the programme for calculating the moment resistance of the beams using
the fracture mechanics method (After Alaee and Karihaloo 2003b)



Solution of the stress intensity factor equation (8.30) for the beams retrofitted
with one strip

CLS

COLOR 15,1

pi=3.141592

PRINT

PRINT "% %k sk o s ok ok s ookokoksbok skok sk ko ok sokokok ok okokakoko koo ko ook sk okok ook ok ok et
PRINT " CALCULATION OF RESISTANT MOMENT OF A CONCRETE
PRINT " BEAM STRENGTHENED BY ONE CARDIFRC STRIP
PRINT " Using the concept of FRACTURE MECHANICS

PRINT 193k o ok ok sk sk ok 3k sk ok vk 2k sk sk sk sk sk sk sk sk ok sk sk sk sk ok ok sk ok kook ok sk sk sk sk ok ok sk ok sk sk sk sk sk sk sk sk sksk sk sk sk sk sk ok k1Y
PRINT

PRINT

INPUT "Enter input file name: " IS

INPUT "Input the first output file name: ", 0S

OPEN IS FOR INPUT AS #1
OPEN oS FOR OUTPUT AS #2

LINE INPUT #1, NS
LINE INPUT #1, NS
INPUT #1, b, h, c, Ec

LINE INPUT #1, NS
LINE INPUT #1, NS
LINE INPUT #1, NS
LINE INPUT #1, NS
LINE INPUT #1, NS
INPUT #1, Ass, fy, Es

LINE INPUT #1, NS
LINE INPUT #1, NS
LINE INPUT #1, NS
LINE INPUT #1, NS
LINE INPUT #1, NS
INPUT #1, t, fctm, Ef, wc

Ec=Ec * 1000

Es=Es * 1000

Ef=Ef* 1000 ' GPa to MPa

‘INPUT "a="; a ' a is the depth of crack

‘INPUT "w="; w ' w is the opening of crack at the bottom of the beam



Print #2,
Pdnt#2’***********************************************************"
Print #2, "* CALCULATION OF RESISTANT MOMENT OF CONCRETE  *"
Print #2, "* BEAMS STRENGTHENED BY ONE CARDIFRC STRIP  *"
Print #2, "* Using the concept of FRACTURE MECHANICS x
Pﬁnt#z’"***********************************************************”
Print #2,

Print #2, " "
Print #2, " INPUT DATA

Print #2, " "
Print #2, " Width of beam, b (mm): "; b

Print #2, " Height of beam h (mm): "; h

Print #2, " Distance between rebar and the bottom of beam, ¢ (mm): "; ¢

Print #2, " Modulus of elasticity of concrete, Ec (MPa): "; Ec

Print #2, " "
Print #2, " Cross sectional area of rebar, As (mm”2): "; Ass

Print #2, " Yield stress of steel, fy (MPa): "; fy

Print #2, " Modulus of elasticity of steel, Es (MPa): "; Es

Print #2, "
Print #2, " Thickness of tension HPFRC strip, t (mm): "; t

Print #2, " Tensile strength of HPFRC, fctm (MPa): "; fctm
Print #2, " Modulus of Elasticity of HPFRC, Ef (MPa): "; Ef
Print #2, " Maximum crack opening of HPFRC, wc (mm): "; wc

Print #2, ""

13k ok ok ok ok ok oK ok ok 3k % 3k ok ok ok ok ok 3 3k 3k 3k oK ok 3k oK ok o 3k oK ok o 3k ok ok ok ok 3k ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok ok ok e ke o ok ok k99
Pﬁnt#2,"* 1l
Print #2, "* RESULTS *0
Print #2, "* *n

Pﬁnt#z 1935k o ok ok s %k ok ok e 2k ok e ok sk ok sk ok ke ok sk ok ok ok kok kok sk ksk ok osk sk sk sk sk sk k ke sk sk ok ki sk sk ok k ok ok ok sk ok ok ok Rk sk sk k1
s

Fora=c+t+2 To 130 Step 2
Pﬁnt#z 11 ok sk sk ok ok 3k 3k ok 3k 3k 3k ok ok ok ok ok ok ok ok o ok ok k sk sk k sk sk sk kk sk k1Y
Print#2," *a=";

Print #2, Format (a, "General Number")
Print #2. " ®% sk kok ok ok dkokokok sokokok ook ok skok ok skok ook ok 11
b

"

Print#2,,"wM-totM-cM-sM-p"
Print #2, , "(mm) (kNm) (kNm) (kNm) (kNm) "
Print #2,

ksi=a/h

For w=0To 1 Step 0.01
ym=6*ksi * 0.5 * (1.99 + 0.83 * ksi - 0.31 *ksi*2+0.14 * ksi * 3) / ((1 - ksi) »
1.5* (1 + 3 * ksi))
' STEEL BAR

Bta=c/h
ws=(1-Bta/ksi) *w



AA = 4000 ' Effective area of concrete

ffs=4.8 * 11876.5 * ws / (AA " 0.25) ' stress in steel

If ffs > fy Then

ffs = fy

End If

Fs = Ass * ffs

Fls=((1.3-0.3 * (Bta/ksi) * 1.5)/ (1 - (Bta/ksi) ~ 2) ~ 0.5 + 0.83 - 1.76 * Bta / ksi)
*(1-(1 -Bta/ksi) * ksi)

Funcs = ((3.52 * (1 - Bta/ ksi) / (1 - ksi) ~ 1.5 - (4.35 - 5.28 * Bta/ ksi) / (1 - ksi) ~
0.5) + Fls) * 2/ (pi

* ksi) 0.5

' RETROFITTING PLATE BONDED ON THE TENSION FACE

wte=(1-t/(2*h*ksi))*w
If 0 < wte And wte < 6.5 Then
ppp = 0.003069107 * wte ~ 7 - 0.078952 * wte ~ 6 + 0.822382 * wte * 5 - 4.420119 *
wte ~ 4 +

12.797151 * wte ~ 3 - 18.105342 * wte ~ 2 + 5.732789 * wte + 12.894413

Elself wc <= wte Then

ppp =0

End If

N=t/(2*h)

FFp=((1.3-03* (N /ksi)*1.5)/(1 -(N/ksi)*2)"0.5+0.83-1.76 * N /ksi) * (1
- (1 - N/ ksi) * ksi)

Funcp=((3.52 * (1 -N/ksi)/ (1 -ksi) " 1.5-(4.35-5.28 * N/ ksi)/ (1 - ksi) * 0.5)
+FFp) * 2/ (pi * ksi) * 0.5
' CONCRETE IN TENSION

Intl =0

For ys=1t/h To 0.999 * ksi Step ksi/ 1000

wy =(1-ys/ksi)*w

If wy <0.019 Then 'cracked (1st part)

dppc = (-0.85 * 4.01 * wy / 0.0195 + 3.5)

Elself wy < 0.128 Then

dppc = (0.15 * 4.01 * (wy - 0.128) / (0.019 - 0.128)) ' cracked ( 2nd part)

Else 'cracked (without any stress

dppc = 0 'transformation)

End If

Fle=((1.3-0.3 * (ys/ksi)*1.5)/(1 - (ys/ksi)*2)"0.5+0.83-1.76 * ys / ksi) *
(1-(1-ys/ksi) * ksi)

dFuncc = ((3.52 * (1 -ys /ksi) /(1 - ksi) 1.5 -(4.35-5.28 * ys / ksi) / (1 - ksi) * 0.5)
+FIs) * 2/ (pi * ksi) * 0.5

Intl = Int]1 + dFuncc * dppc * ksi / 1000

Next ys

1

M=h~15*b* (h~"0.5* Intl +ppp * Funcp * (t/h” 0.5) + Fs * Funcs/ (h " 0.5 *
b))/ ym



Mc=h”"2*b*Intl /ym
Ms=h * Fs * Funcs / ym
Mp=h*Db * ppp * Funcp *t/ ym

Print #2, USING; "#H# # HH HHAHHHARHAH ", Ww; M/

1000000; Mc / 1000000; Ms / 1000000; Mp / 1000000

Print #2, , Format(w, "0.00"), Format(M / 1000000, "0.000"), Format(Mc / 1000000,
"0.000"), Format

(Ms /1000000, "0.000™), Format (Mp / 1000000, "0.000")

Next w

Next a



Solution of the crack opening compatibility equation (8.45) for the beams
retrofitted with one strip

CLS
COLOR 15, 1
pi = 3.141592

Print

Print 95k ok 3k ok 3k ok 3k ok ok 3k ok sk 3k ok 3k 3k ok sk sk ok ok sk ok ok sk sk ok ok sk ok ok 3k 3k 3k ok ok ok sk ok 3k ok ok ok ok ok ok sk ok ok sk ok sk Kk ks ok k k1
Print" CALCULATION OF RESISTANT MOMENT OF A CONCRETE "
Print " BEAM STRENGTHENED BY one CARDIFRC STRIP "
Print " Using the concept of FRACTURE MECHANICS "

Print "% % %%k ks kskok koo ok o kR okok Rk ok Rk ok ks ks ok Rk ok kR ks ok ok sk

Print

INPUT “Enter input file name: “ 1S
INPUT “Enter the first output file name: “ 08
OPEN iS FOR INPUT AS #1

OPEN oS FOR OUTPUT AS #2

LINE INPUT #1, NS
LINE INPUT #1, NS
INPUT #1, b, h, ¢, Ec

LINE INPUT #1, nS
LINE INPUT #1, nS
LINE INPUT #1, nS
LINE INPUT #1, nS
LINE INPUT #1, nS
INPUT #1, Ass, fy, Es

LINE INPUT #1, nS
LINE INPUT #1, nS
LINE INPUT #1, nS
LINE INPUT #1, nS
LINE INPUT #1, nS
INPUT #1, t, fctm, Ef, wc

Ec=Ec * 1000
Es=Es * 1000
Ef=Ef * 1000

Print#2,
Print #2,



Pﬁnt#2,"********************************************************"

Print #2, " CALCULATION OF RESISTANT MOMENT OF A CONCRETE "

Print #2, " BEAM STRENGTHENED BY one CARDIFRC STRIP "
Print #2, " Using the concept of FRACTURE MECHANICS "
Pﬁnt#2,"*********************************************************"
Print #2,

Print #2, " "

Print #2, " INPUT DATA "

Print #2, " "

Print #2, " Width of beam, b (mm): "; b

Print #2, " Height of beam h (mm): "; h

Print #2, " Distance between rebar and the bottom of beam, ¢ (mm): "; ¢
Print #2, " Modulus of elasticity of concrete, Ec (MPa): "; Ec

Print #2, " "
Print #2, " Cross sectional area of rebar, As (mm”2): "; Ass

Print #2, " Yield stress of steel, fy (MPa): "; fy

Print #2, " Modulus of elasticity of steel, Es (MPa): "; Es

Print #2, " "
Print #2, " Thickness of tension HPFRC strip, t (mm): "; t

Print #2, " Tensile strength of CARDIFRC, fctm(MPa): "; fctm
Print #2, " Modulus of elasticity of HPFRC, Ef (MPa): "; Ef

Print #2, " Maximum crack opening of HPFRC, wc (mm): "; wc
Print #2,

Pﬁnt#z 113k sk ok ok ok ok ok ok ok ok ok ok ok sk ok ok ok ok sk ok ok sk sk sk sk sk sk sk sk dk ks sk sk sk sk sk sk ok sk sk skok sk sk sk sk sk sk sk ke sk sk sk sk
)

Print #2, " * * "
Print #2, " * RESULTS * "

Print #2, " * * "
Prinit £, 1 ks ko sk s ks ks ko ok s ok ok ko ke ks ke sk ok koo ok koo oo o o ook ok o oo 1
b

Print #2, "
Print #2, " a w M "
Print #2, " (mm) (mm) (kNm) "
Print #2, "

'Forn=1 To 50

'a=130

"Foriii=1 To 101
Fora=c+t+2 To 130 Step 2
"w=0.08

"Mk =9.55

' Mk = Mk * 1000000

VYo Ve %Yo %Yo %o VooV %% %o Yo% %% % Yo% Yo %% Yo% Y6 %% Y6 %% % %% %o %% %% % %



' STEEL BAR
Bta=c/h

ksi=a/h

For w=0 To 1 Step 0.01

ws = (1 - Bta/ksi) *w

aaa = 4000 'Effective area of concrete

ffs =4.8 * 11876.5 * ws / (aaa ™ 0.25) 'stress in steel
If ffs > fy Then
ffs =fy

End If

Fs = Ass * ffs

RETROFITING PLATE

wte=(1-t/(2*h*ksi) *w

If 0 < wte And wte < 6.5 Then

ppp = 0.003069107 * wte ~ 7 - 0.078952 * wte ~ 6 + 0.822382 * wte 5 - 4.420119 *
wte M4+ 12.797151 * wte ~ 3 - 18.105342 * wte ~ 2 + 5.732789 * wte + 12.894413
Elself wc < wte Then

ppp=0

End If

Intm=0

Ints=0

Intp=0

Intc=0

Intcc=0

del = (ksi - Bta) / 1000

'Print Bta, del, ksi

For x = Bta + del To ksi Step del
Ym=6*x"0.5*%(1.99+083*x-031*x"2+0.14*x"3)/((1-x)"1.5*(1+
3*x))

F1=((1.3-0.3*(Bta/x)"1.5)/(1-(Bta/x)*2)"70.5+0.83-1.76 * Bta/x) * (1
-(1-Bta/x) *x)
Yp=@2/(pi*x)*0.5)*(3.52*(1-Bta/x)/(1-x)"1.5-(4.35-5.28 * Bta/x)/
(1-x)70.5+F1)

YmYp=Yp * Ym * del

Intm = Intm + YmYp

Yp2=Yp~"2*del

Ints = Ints + Yp2

q=t/(2*h)

'Print Ym; F1; Yp; YmYp; Intm; Yp2; Ints; q; t; h
FFp=((1.3-03*(q/x)"1.5)/(1-(q/x)*2)"0.5+0.83 - 1.76 *q/x)* (1 -(1 -
q/x)* x)

F2=2/(pi*ksi)~0.5)*(3.52*(1-q/x)/(1-x)" 1.5-(4.35-528*q/x)/(1-
x) ~ 0.5) + FFp)

F3=F2* Yp * del

Intp = Intp + F3

Next x



' CONCRETE IN TENSION

Forys=t/h To 0.999 * ksi Step ksi / 1000

Intcc =0

wy=(1-ys/ksi)*w

If wy <0.019 Then 'cracked (1st part)

dppc = (-0.85 * 4.01 * wy / 0.0195 + 4.01)

Elself 0.019 < wy And wy < 0.128 Then

dppc = (0.15 * 4.01 * (wy - 0.128) / (0.195 - 0.128)) 'cracked (2nd part)

Else 'cracked (without any stress

dppc = 0 'transformation)

End If

BS=ys

If ys < Bta Then

BS = Bta

End If

dell = (ksi - BS) / 100

For x = BS + dell To ksi Step dell
Ym=6*x"05%(199+083*x-031*x"2+0.14*x"3)/((1-x)"1.5*(1+
3*x)

Y (x, Bta)

F4=((1.3-0.3*Bta/x) " 1.5) /(1 -(Bta/x)*2)"0.5+0.83 - 1.76 * Bta/ x) * (1
-(1-Bta/x) *x)

F5=(2/(pi*x)~0.5)* ((3.52* (1 -Bta/x)/(1-x)"1.5-(4.35-528 * Bta/x) /
(1-x) " 0.5) + F4)

Y (x,ys)
F6=((13-03*(ys/x)*1.5)/(1-(ys/x)*2)*05+083-1.76*ys/x)*(1-(1
-ys/x) * x)
F7=Q/(pi*x)~0.5)*((3.52*(1-ys/x)/(1-x)"1.5-(435-528*ys/x)/(1-
x) * 0.5) + F6)

F8 =FS * F7 * dell

Intcc = Intcc + F8

Next x

F9 =2 * h * dppc * Intcc * ksi/ (1000 * E) 'ksi /1000 = dys

Intc = Intc + F9

Next ys
m=h*b*E*(ws+2*Fs*Ints/(b*E)+2*ppp*t*Intp/E + Intc) / (Intm * 2)
Ms=h * Fs * Ints / Intm

Mp=h*b*ppp *t * Intp/ Intm

Mws=h*b *E * ws/ (2 * Intm)

Mc=h*b*E * Intc/ (2 * Intm)

"Print m / 1000000; Ms; Mp; Mws; Mc
'Print (m - Mk)
'If (Abs (m - Mk) < 100000) Then



'Print #2, USING; " ###.# # ## ## ## "; a; w; M / 1000000

Print #2, , Format(a, "0.00"), Format(w, "0.000"), Format(m / 1000000, "0.000")
'‘End If

Next w

Next a

Next iii

Nextn



Solution of the stress intensity factor equation (8.30) for the beams retrofitted
with three strips

CLS
COLOR 15, 1
pi =3.141592

Print

Pﬁnt"**********************************************************"
Print" CALCULATION OF RESISTANT MOMENT OF A CONCRETE "
Print " BEAM STRENTHENED BY THREE CARDIFRC STRIPS "
Print " Using the concept of FRACTURE MECHNICS "

Pﬁnt"**********************************************************"

INPUT “Enter input file name: “ IS
INPUT “Enter the first output file name: “. oS

OPEN IS FOR INPUT AS #1
OPEN oS FOR OUTPUT AS #2

LINE INPUT #1, NS
LINE INPUT #1, NS
INPUT #1, b, h, ¢, Ec

LINE INPUT #1, NS
LINE INPUT #1, NS
LINE INPUT #1, NS
LINE INPUT #1, NS
LINE INPUT #1, NS
INPUT #1, Ass, fy, Es

LINE INPUT #1, NS
LINE INPUT #1, NS
LINE INPUT #1, NS
LINE INPUT #1, NS
LINE INPUT #1, NS
Input #1, t, fctm, Ef, wc

Ec=Ec * 1000
Es=Es * 1000
Ef=Ef* 1000 ‘GPa to MPa

‘INPUT “a="; a ‘a is the depth of crack
‘INPUT “w="; w ‘w is the opening of crack at the bottom of beam

Print #2,
Print #2,
Print #2,



Print #2, "%k koskskokskoksdokok ook ok sk ok sk ook ook o ok ook ok ok ook ok ok o s ko sk ok ok ko ok 0
Print #2," CALCULATION OF RESISTANT MOMENT OF A CONCRETE "

Print #2, " BEAM STRENTHENED BY THREE CARDIFRC STRIPS "

Print #2, " Using the concept of FRACTURE MECHNICS "

Print #2’ 12k o 3k o 3k ok ok ok ok ok ok ok ok ok ok 3 ok ok 3k ok ok ok ok sk ok ok ok 3k ok ok ok 3K ok ok ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok sk sk ok ok 1Y

Print #2, "

Print #2, " "
Print #2, " INPUT DATA "
Print #2, " "

Print #2, " Width of beam, b (mm):"; b

Print #2, " Height of beam, h (mm):"; h

Print #2, " Distance between rebar and the bottom of beam, ¢ (mm):"; ¢

Print #2, " Modulus of elasticity of concrete, Ec (MPa):"; Ec

Print #2, " "
Print #2, " Cross sectional area of rebars, Ass (mm”2):"; Ass

Print #2, " Yield stress of steel, fy (MPa):"; fy

Print #2, " Modulus of elasticity of steel, Es (MPa):"; Es

Print #2, "
Print #2, " Thickness of tension HPFRC strip, t (mm):"; t

Print #2, " Tensile strength of HPFRC, fctm (MPa):"; fctm
Print #2, " Modulus of elasticity of HPFRC, Ef (MPa):"; Ef
Print #2, " Maximum crack opening of HPFRC, wc (mm):"; wc

Print D Tk ek ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok ok sk ok sk ok ok sk ok ok ok ok ok K sk ok ok ko sk ok skok skok skok ok ok ok
b

Print #2, " * *
Print #2, " * RESULTS * 0
Print #2, " * * o

Print #2. "Mk sk skok sk koo sk ok ok kokkokokokok skok Rk kokok ok ok ok sk ok ok koo sk ok ok sk ok ok o ko ok 1
b

Fora=c+t+2 To 130 Step 2

Print #2, ""

Print #2, ""

Print #2, ""

Print #2’ 11 ok ok ok 3k ok ok ok 3k 3k ok ok 3 ok ok ok ke sk sk k ok kM
Print#2," *a=";

Print #2, USING; "###.# *"; a

Print #2’ 10 ok ok ok ok ok ok ok ok ok ok ok 3k ok ok Kk sk ok sk sk ok k1Y
Print #2, "
Print #2, "
Print #2, "
Print #2, " w M-tot M-c M-s M-p M-sp "

Print #2, " (mm) (kNm) (kNm) (kNm) (kNm) (kNm) "
Print #2, "

ksi=a/h
Forw=0To 1 Step 0.01




Ym=6*ksi*0.5*(1.99+0.83 * ksi-0.31 *ksi*2+0.14 * ksi ~ 3) / ((1 - ksi) *
1.5 * (1 + 3 * ksi))
' STEEL BAR "

Bta=c/h

ws = (1 - Bta/ksi) * w

AA = 4000 'Effective area of concrete

ffs=4.8 * 11876.5 * ws / (AA " 0.25) 'stress in steel

If ffs > fy Then

ffs = fy

End If

Fs= Ass * ffs

Fls=((1.3-03 *(Bta/ksi)* 1.5) /(1 - (Bta/ksi)*2) " 0.5+ 0.83 - 1.76 * Bta / ksi)
*(1-(1-Bta/ksi) * ksi)

Funcs = ((3.52 * (1 - Bta/ksi) /(1 - ksi) * 1.5 - (4.35-5.28 * Bta/ ksi) / (1 - ksi) *
0.5) + Fls) * 2 / (pi * ksi) » 0.5

' RETROFITTING PLATE BONDED ON THR TENSION FACE

wte=(1-t/(2*h*ksi))*w

If 0 < wte And wte < 6.5 Then

ppp = 0.003069107 * wte ~ 7 - 0.078952 * wte ~ 6 + 0.822382 * wte 5 - 4.420119 *
wte N4+ 12.797151 * wte A 3 - 18.105342 * wte 2 + 5.732789 * wte * 12.894413
Elself wc < wte Then

ppp =0

End If

N=t/(2*h)

FFp=((1.3-03* (N/ksi)*1.5)/(1 -(N/ksi)*2)"0.5+0.83 - 1.76 * N/ ksi) * (1
- (1 -N/ksi) * ksi)

Funcp = ((3.52 * (1 - N/ ksi) / (1 - ksi) * 1.5 - (4.35 - 5.28 * N/ ksi) / (1 - ksi) * 0.5)
+ FFp) * 2/ (pi * ksi) ~ 0.5

' CONCRETE IN TENSION

Intl =0

Forys=t/h To 0.999 * ksi Step ksi / 1000

wy=(1-ys/ksi)*w

If wy <0.019 Then 'cracked (1st part)

dppc = (-0.85 * 4.01 * wy / 0.0195 + 3.5)

Elself wy < 0.128 Then

dppc = (0.15 * 4.01 * (wy - 0.128) / (0.0195 - 0.128)) 'cracked (2nd part)

Else 'cracked (without any stress

dppc = 0 'transformation)

End If

Flc=((1.3-0.3 * (ys/ksi)* 1.5) / (1 - (ys / ksi) *2) ~ 0.5+ 0.83 - 1.76 * ys / ksi) *
(1-(1-ys/ksi) * ksi)

dFunce = ((3.52 * (1 - ys / ksi) / (1 - ksi) ~ 1.5 - (4.35 - 5.28 * ys / ksi) / (1 - ksi) * 0.5)
+Flc) * 2/ (pi * ksi) ~ 0.5

Int1 = Int1 + dFuncc * dppc * ksi / 1000

Next ys



' RETROFITTING PLATES BONDED ON THE SIDES

Int2=0

For ys =0 To 0.999 * ksi Step ksi / 1000

If ys > (100 / h) Then 'limitation of the height of the side plate

GoTo 2

End If

wy = (1 -ys/ksi) *w

If 0 <wy And wy < 6.5 Then

dpsp = 0.003069107 * wy ~ 7 - 0.078952 * wy " 6 + 0.822382 * wy ~ 5 - 4.420119 *
wy M4+ 12797151 * wy ~ 3 - 18.105342 * wy ~ 2 + 5.732789 * wy + 12.894413
Elself we < wy Then

dpsp=0

End If

Flsp=((1.3-0.3 * (ys/ksi) " 1.5) /(1 - (ys/ ksi) *2) * 0.5 + 0.83 - 1.76 * ys / ksi) *
(1 -(1-ys/ksi) * ksi)

dFuncsp = ((3.52 * (1 - ys/ksi) /(1 - ksi)* 1.5 -(4.35-5.28 * ys / ksi) / (1 - ksi) *
0.5)+ Flsp) * 2/ (pi * ksi) 0.5

Int2 = Int2 + dFuncsp * dpsp * ksi / 1000

Next ys

'

2M=h"15*b*h"05*Int1 +2*h"0.5*t* (Int2/b)+ ppp * Funcp * (t/h*
0.5)+Fs* Funcs/(h" 0.5 *b))/ Ym

Mc=h”"2*b*Intl / Ym

Ms=h * Fs * Funcs/ Ym

Mp=h*b * ppp * Funcp *t/ Ym

Msp=2*h"2*t*Int2/Ym

'Print #2, USING; " #.## ## ## ## 24 ## ## #HEHH #HEHE

"' w,; M; / 1000000; Mc / 1000000; Ms / 1000000; Mp / 1000000; Msp / 1000000
Print #2, , Format(w, "0.00"), Format(M / 1000000, "0.000"), Format(Mc / 1000000,
"0.000"), Format(Ms / 1000000, "0.000"), Format(Mp / 1000000, "0.000"),
Format(Msp / 1000000, "0.000")

Next w

Next a

End Sub



Solution of the crack opening compatibility equation (8.45) for the beams
retrofitted with three strips

CLS
COLOR 15, 1
pi = 3.141592

Print

Pnnt 103k 3k ok sk 3k 3k 3k 3k ok 3k ok sk sk 3k 3k 3k sk ok ok 3k 3k sk sk sk sk 3k 3k sk sk 3k 3k 5k sk sk ok ok sk sk ok ok sk ok ok sk ok sk 3k ok sk 3k ok sk ok sk ok sk sk skdk skok ko 1
Print " CALCULATION OF RESISTANT MOMENT OF A CONCRETE BEAM "
Print " STRENGTHENED BY THREE CARDIFRC STRIPS "
Print " Using the concept of FRACTURE MECHANICS "
Print 113k 3k 3k sk 5k ok 3k 5k 3k 3k sk ok sk 3k sk 5k ok 5k ok ok sk ok ok sk ok sk sk ok ok 2k 3k ok 3k 3k 3k 3k sk ok sk sk ok 3k ok 3k ok ok sk ok ok dk ok ok sk ok %k sk sk ok k sk ok k k!
Print

Print

INPUT " Enter input file name: "is

INPUT " Enter the first output file name: ",08

Open is For Output As #1
Open os1 For Output As #2

LINE INPUT #1, NS
LINE INPUT #1, NS
INPUT #1, b, h, ¢, Ec

LINE INPUT #1, NS
LINE INPUT #1, NS
LINE INPUT #1, NS
LINE INPUT #1, NS
LINE INPUT #1, NS
INPUT #1, Ass, fy, Es

LINE INPUT #1, NS
LINE INPUT #1, NS
LINE INPUT #1, NS
LINE INPUT #1, NS
LINE INPUT #1, NS
Input #1, t, fctm, Ef, wc

Ec =Ec * 1000

Es=Es * 1000

Ef=Ef* 1000 ‘GPa to MP
Print #2,

Print #2,

Print #2,



Print #2, " 3 ok 3k 2k ok ok ok ok ok ok sk ok ok sk ok sk ok 5k sk sk 3k ok ok ok sk sk sk sk ok ok 3k ok ok ok ok ok ok ok ok ok sk sk ok sk ok sk ok ok sk sk ok sk ok kK k k1
Print#2," * CALCULATION OF RESISTANT MOMENT OF A CONCRETE * "
Print #2," * BEAM STRENTHENED BY THREE CARDIFRC STRIPS ¥ oo
Print #2," * Using the concept of FRACTURE MECHNICS * o
Print #2, " 3k ok 3k 2k 3k 3k ok 3k sk ok sk sk ok vk %k sk sk ok sk ok sk ok ok sk ok ok ok ok ok ok sk ok sk sk sk sk sk sk sk sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk ok ok
Print #2,
Print #2,
Print #2, " "
Print #2, " INPUT DATA "
Print #2, " "
Print #2, " Width of beam, b (mm):"; b
Print #2, " Height of beam, h (mm):"; h
Print #2, " Distance between rebar and the bottom of beam, ¢ (mm):"; c
Print #2, " Modulus of elasticity of concrete, Ec (MPa):"; E
Print #2, " "
Print #2, " Cross sectional area of rebars, As (mm"2):"; Ass
Print #2, " Yield stress of steel, fy (MPa):"; fy
Print #2, " Modulus of elasticity of steel, Es (MPa):"; Es
Print #2, " "
Print #2, " Thickness of tension HPFRC strip, t (mm):"; t
Print #2, " Tensile strength of HPFRC, fctm (MPa):"; fctm
Print #2, " Modulus of elasticity of HPFRC, Ef (MPa):"; Ef
Print #2, " Maximum crack opening of HPFRC, wc (mm):"; we
Print #2,
Print #2,
Print #2, 145k sk ok ok sk ok 3 3k sk sk ok ok ok ok sk 3k ok 5k ok ok sk sk sk sk ok ok sk 3k 3k sk 3k sk ok ok sk ok vk ok ok 3k ok ok sk sk sk sk ok ok ok sk ok sk sk ok sk sk sk sk k !
Print #2, " * * "
Print #2, " * RESULTS * "
Print #2, " * * n
Print #2, 103k sk ok ok ok sk sk sk 3 ok ok 3k ok ok ok ok sk e ok ok ok ok ok ok sk ok sk ek ok ok ke ok ok ok ke ok ok e ok sk ok o ke ok ok ok ok ok ok ok K ke ke sk sk k1
Print #2, " a w M "
Print #2, " (mm) (mm) (kNm) "
Print #2, " "
'Forj=1To 33
'Line Input #3, nS

Next j
'Forn=1 To 50

'"Forj=1To 4

' Line Input #3, nS
'Next j
' Line Input #3, mlS

'BS = MIDS(mlS, 37, 5)
"a=Val(BS)




"Forj=1To6
" Line Input #3, nS
"Next j

"Foriii=1 To 101
'Line Input #3, 11S

'BS = MIDS(118, 5, 4)
'cS = MIDS(118S, 18, 5)

'w = Val(BS)
'Mk = VAT(cS)

' Mk = Mk * 1000000
' STEEL BAR

Fora=c+t+2To 130 Step 2
Bta=c/h
ksi=a/h

Forw=0To 1 Step 0.01
Line Input #1, t1

bl = Mid(tl, 29, 6)
'Print #3, bl

Mk = Val(b1) * 1000000

ws=(1-Bta/ksi)*w
aaa = 4000 'Effective area of concrete
ffs=4.8* 11876.5 * ws/ (aaa "~ 0.25) 'stress in steel

If ffs > fy Then
ffs = fy
End If

Fs = Ass * ffs
! RETROFITTING PLATE

wte=(1-t/(2*h*ksi))*w
If 0 < wte And wte < 6.5 Then

ppp = 0.003069107 * wte ~ 7 - 0.078952 * wte * 6 + 0.822382 * wte 5 -
4.420119 * wte 4 + 12.797151 * wte ~ 3 - 18.105342 * wte ~ 2 + 5.732789 * wte +
12.894413
Elself wc < wte Then

ppp =0
End If



Intm =0
Ints=0
Intp=0
Intc=0
Intcc=0
Intspp =0
Intsp=10

del = (ksi - Bta) / 1000

For x = Bta + del To ksi Step del
Ym=6*x"05*%(199+083*x-031*x"2+0.14*x"3)/(1-x)"1.5*(1+
3*x)

F1=((13-03*Bta/x)"1.5)/(1-(Bta/x)"2)"0.5+0.83-1.76 * Bta/x) * (1
-(1-Bta/x) * x)
Yp=Q/(pi*x)"05)*(3.52*(1-Bta/x)/(1-x)"1.5-(4.35-528 *Bta/x)/
(1-x)70.5+F1)

YmYp=Yp* Ym * del

Intm = Intm + YmYp

Yp2=Yp"2*del

Ints = Ints + Yp2

qg=t/(2*h)
FFp=((1.3-03*(q/x)"1.5)/(1-(q/x)"2)*05+083-1.76*q/x)*(1-(1-
q/x)*x)
F2=3.52*(1-q/x)/(1-x)"1.5-(4.35-528*q/x)/(1-x)"0.5)+FFp
F3=F2*2/(pi * ksi) ~ 0.5

F4=F3 * Yp * del

Intp = Intp + F4

Next x
! CONCRETE IN TENSION

For ys=t/h To 0.999 * ksi Step ksi / 1000
Intcc =0

wy =(1-ys/ksi)*w

If wy <0.019 Then 'cracked (1st part)

dppc = (-0.85 * 4.01 * wy /0.0195 + 3.5)
Elself wy < 0.128 Then

dppc = (0.15 * 4.01 * (wy - 0.128) / (0.0195 - 0.128)) 'cracked (2nd part)
Else 'cracked (without any stress

dppc = 0 'transformation)

End If

BS=ys

If ys < Bta Then

BS = Bta

End If

dell = (ksi - BS) / 100

For x = BS + dell To ksi Step dell




Ym=6*x"05*(1.99+0.83*x-031*x"2+0.14*x"3)/((1-x)"1.5*(1+
3 *x))
! Y (x, Bta)

F5=((13-03*Bta/x)"1.5)/(1-(Bta/x)"2)"0.5+0.83-1.76 * Bta/x) * (1
- (1 -Bta/x) *x)
F6=(352*(1-Bta/x)/(1-x)~1.5-(4.35-5.28*Bta/x)/(1-x)"0.5+F5)
E7=F6*2/(pi*x)"0.5
' Y (X, ys)

F8=((13-03*(ys/x)"1.5)/(1-(ys/x)"*2)"0.5+0.83-1.76 * ys/x) * (1 -(1
-ys/Xx) *x)
F9=352*(1-ys/x)/(1-x)"1.5-(4.35-528*ys/x)/(1-%x)"0.5+F8)
F10=F9*2/(pi*x)~ 0.5

F11=F10 * F7 * dell

Intcc = Intcc + F11
Next x
F12=2* h * dppc * Intcc * ksi / (1000 * Ec) 'ksi /1000 = dy

Intc = Intc + F12
Next ys
' Side Strip in Tension

For ys =0 To 0.999 * ksi Step ksi / 1000
If ys > (100 / h) Then 'limitation of the height of the side strip
GoTo 2
End If
Intspp =0
wy = (1 -ys/ksi) * w
If 0 <wy And wy < 6.5 Then
dpsp = 0.003069107 * wy ~ 7 - 0.078952 * wy "~ 6 + 0.822382 * wy * 5 - 4.420119
*wy A4+ 12.797151 * wy 23 - 18.105342 * wy ~ 2 + 5.732789 * wy + 12.894413
Elself wc < wy Then
dpsp=0
End If
BS=ys
If ys < Bta Then
BS =Bta
End If
dell = (ksi - BS) /100
For x = BS + dell To ksi Step dell
Ym=6*x"0.5%(1.99+083*x-031*x"2+0.14*x"3)/(1-x)"1.5*(1+
3 *x))
' Y(x, Bta)

F5=((1.3-03* Bta/x)"1.5)/(1-(Bta/x)"*2)"0.5+0.83-1.76 * Bta/x) * (1

-(1-Bta/x) * x)
F6=(3.52*(1-Bta/x)/(1-x)"~1.5-(435-528*Bta/x)/(1-x)"0.5+F5)



F7=F6*2/(pi*x)" 0.5

' Y(x, ys)

F8=((13-03*(ys/x)"1.5)/(1-(ys/x)"2)~0.5+0.83-1.76 *ys/x) *(1-(1
-ys/x) * x)
F9=3.52*(1-ys/x)/(1-x)"1.5-(435-528*ys/x)/(1-x)"0.5+F8)
F10=F9*2/(pi *x)~ 0.5

F11 =F10 * F7 * dell

Intspp = Intspp + F11

Next x

'Print #2, "ys"; ys, dpsp, h, t, Intsp, ksi, b

F12=4*dpsp * h * t * Intspp * ksi / (1000 * Ec * b) 'ksi / 1000 = dys

Intsp = Intsp + F12
Next ys
'Print #2, b, ws, Ints, ppp, Intp, Intc, Intsp, Intm
2m=h*b*Ec*(ws+2*Fs*Ints/(b*Ec)+2* ppp *t* Intp/ Ec + Intc +
Intsp) / (Intm * 2)
'"Print #3, m, m / 1000000
Ms=h * Fs * Ints / Intm
Mp=h*Db* ppp *t* Intp / Intm
Mws=h*b * Ec * ws/ (2 * Intm)
Mc=h*Db * Ec * Intc/ (2 * Intm)
Msp=h*b * Ec * Intsp/ (2 * Intm)
Print #3, a, w, m, Mk, Abs(m - Mk)
If (Abs(m - Mk) < 100000) Then
Print #2, a, w, (m + Mk) / 2000000
End If
Next w
Print #3, "--------m=-m-—- "
Print #2, "-----mmmmmmmmmeem "

Forj=1To 10
Line Input #1, t1
Nextj

Next a

End Sub




