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After exposure to fire, the decrease in load capacity of reinforced concrete (RC) structure will take
place and may lead to a damage. However, the fire-damaged concrete member still can be reused if an effective
rehabilitation method is applied. Many researches have proposed a lot of techniques on repairing fire-deteriorated
structures. Among them, the experimental studies using Fiber Reinforced Polymer (FRP) materials have become
popular in recent years due to its high advantage. An important point in this field is the requirement for a FRP
system that could restore and enhance the serviceability of weakened structure with only a small change in
comparison with its initial size. Moreover, it is also necessary to consider a repairing design in order to protect the
FRP system from external agents during service process after the rehabilitation.

This research aims to carry out a method to repair flexural reinforced concrete members after exposure
to fire based on near-surface mounted (NSM) technique with the application of carbon fiber reinforced polymer
(CFRP) rods and repairing material. The purpose is in order to propose a repairing design that could be possible to
rehabilitate fire-damaged flexural concrete members by using FRP materials without changing original size of
structure. In this study, a series of slabs were conducted to evaluate the flexural behavior of structures after
exposure to fire as well as strengthened specimens. The arrangement or the location of CFRP bars was the main
factor that had been considered to evaluate the effectiveness of this method. Besides, the direct bond test on C-
shaped concrete block specimens was carried out to investigate the bond behavior between CFRP rods and
concrete-repairing material substrate in three different embedding positions of FRP bars. Based on the
experimental data, it is clear to conclude that the strengthened slabs not only improved endurance limits but also
improved load-carrying capacities and stiffness values as compared to control specimen and fire-damaged slab.
Especially, based on the results from slab strengthened with CFRP rods embedded in repairing material overlay, it
could be considered that this is the most effective method among the proposed techniques in this study. In addition,
a numerical simulation was conducted by using 3D nonlinear finite element software ABAQUS in order to develop
a model for simulating the flexural behavior of fire-deteriorated slabs strengthening with the proposed method.
Based on the comparison with experimental results, the model is possible to predict the load-deflection relation of
RC slabs before and after exposure to fire. This numerical simulation is also capable to predict the behavior of
strengthened slabs mentioned in experiment. Furthermore, a parametric study was carried out to determine the

influence of changing the length of CFRP bars and evaluate the effect as a partially-bonded system could be

applied.
Department: Civil Engineering Student's Signature .
Field of Study: Civil Engineering Advisor's Signature .
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Chapter 1
INTRODUCTION

1.1 Background

In recent years, design and repair of fire-damaged concrete structure have emerged as
a subject of remarkable interest to both specialist and public. When concrete
structures are exposed to high temperatures, mechanical losses of its properties take
place [1]. This may result in cracking and loss in the bearing capacity of components
[2]. After fire, concrete suffers a reduction of its strength as well as its damage that
can be observed at the surface. Furthermore, another main problem is the reduction of
bond strength between concrete and steel reinforcement, which cause reduction in the
structural load carrying capacity. Consequently, after exposure to fire, reinforced
concrete (RC) structures cannot be used as effectively and safely. Nowadays, a lot of
different techniques may be used for repairing and retrofitting of fire-damaged RC
structures. Among these techniques, the use of fiber reinforced polymer (FRP)
composites has become increasingly popular due to their unique properties, including
a high strength-to-weight ratio, ease of installation, excellent corrosion resistance and
long fatigue life. For flexural strengthening, this technique can be employed by using
different kinds of FRP products as for example sheets, strips or rods to the tension
side of the member in order to take advantage of their high strength in tension. Two
popular strengthening methods are distinguished by the different ways in which FRP
materials are applied, namely Externally Bonded (EB) Reinforcement and Near
Surface Mounted (NSM) reinforcement.

Most of researches on strengthening or repairing flexural fire-damaged structures
focused on using EB FRP systems. Haddad, Al-Mekhlafy [2] used carbon FRP
(CFRP) and glass FRP (GFRP) sheets to repair heat damaged slabs (heated at 600°C
for 2h). Based on the results, the authors concluded that CFRP and GFRP
strengthened elements regained up to 158 and 125% of the control slab’s ultimate
load capacity with a substantial increase in stiffness, first cracking load, with a
corresponding decrease in mid-span deflections at ultimate load. Kai, Guohui [3]
carried out a series of tests with T-beams (5400x200x200 mm and flange 900x80
mm) exposed to fire at 1000°C. After fire exposure, the fire damaged beams were
strengthened with CFRP sheets following three steps: 1) serious fire damaged
concrete was removed before strengthening; 2) epoxy bonding adhesive was used to
retrofit the damaged surface of the T-beams; and 3) CFRP sheets were used to
strengthen the beams. External strengthening with CFRP sheets was found to increase
the yield and ultimate loads of the fire-damaged T-beams.

The second strengthening method indicated above, NSM reinforcement, has become
an emerging retrofitting technique for RC members and masonry which has attracted
an increasing interest of research as well as practical applications [4, 5]. In the NSM
FRP technique, grooves are first cut into the concrete cover of a RC member and the
FRP reinforcement is bonded therein with groove filler. This technique offers various
advantages over the EB FRP method such as: it is less prone to debonding from the
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concrete surface, provides greater protection from external damage, can be more
easily pre-stressed and the aesthetic of the strengthened structure is virtually
unchanged [6, 7]. Based on those benefits, the NSM technique could be an effectively
choice for strengthening or repairing fire-damaged RC structures.

However, after fire attack, it could be observed that the concrete cover is the most
deteriorated part in RC member. Therefore NSM FRP reinforcements cannot be
applied in usual way that has been conducted in prior works. FRP reinforcement
should not be installed in the weakened layer; this layer must be replaced by repairing
material.

According to the previous considerations, a study on the repairing of fire-damaged
flexural RC elements using the NSM FRP technique and repairing material was
carried out. This work aims to propose a repairing technique without changing the
original size of member and can protect FRP bars from the external agents.

Due to the lack of research works on the utilization of NSM FRP bars in RC slab after
fire damage, an experimental program which focus on repairing and strengthening
fire-damaged one way slab by NSM method has been carried out. The specimens in
this experimental campaign were prepared based on the following main steps: a) the
RC slabs were exposed to fire; b) after exposure to fire, the damaged concrete layer
was removed; c) the NSM CFRP reinforcements were applied on the tension side of
the remaining part of slab; and d) the removed layer was replaced by repairing
material and it was required to restore the full size of the slab.

Three different positions of the installed CFRP rods have been studied in this work:
inside the original concrete part; between the concrete and repairing material parts;
inside the repairing material layer. Besides, pull-out tests on C-shaped concrete blocks
were carried out to study the bond behavior between FRP bars and surrounding
substrate corresponding to the three different locations of FRP reinforcement as
mentioned above. Subsequently, the slabs were tested under bending to obtain the
load-deflection response. The results are presented and discussed to evaluate the
effectiveness of the proposed methods.

Furthermore, a numerical analysis using finite element code ABAQUS to simulate the
flexural behavior of RC slabs has also been carried out. The numerical results have
been compared with the experimental data. The developed models could be used to
predict the flexural behavior of RC slab after exposure to fire as well as fire-damaged
RC slab repairing by CFRP rods.

1.2 Research objectives

The main objective of this research is to study and examine a method for repairing
and flexural strengthening fire-damaged RC slabs based on the concept of NSM FRP
technique combined with using repairing material. Beside the experimental work, a
numerical simulation study which employed finite element code ABAQUS was
conducted to simulate the specimens and compare the results with testing data. The
experiment and numerical simulation aimed to propose models which could be
applicable to predict the flexural behavior of RC structures before and after fire
damage, as well as the behavior of repaired members by NSM FRP system. The
specific objectives of this study could be summarized as follows:
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e To evaluate the behavior of RC slabs after exposed to fire.

e To study the flexural behavior of fire-damaged RC slabs repaired by using
CFRP bars installed with the NSM FRP methodology in combination with
repairing material through of different designs in order to propose an effective
method for rehabilitating structures after fire damage. The evaluated
parameters in the experimental campaign were the location of CFRP bars and
the strength of concrete.

e To study the bond stress-slip behavior between CFRP rods with surrounding
concrete — repairing material substrate through pull out test of C-shaped
specimens.

e To simulate the behavior of the specimens tested under bending in the
experiment by using the simulation software ABAQUS. The developed
models could be used to predict the load-deflection relation of RC slabs after
exposure to fire, as well as the slab strengthening by system FRP bar -
repairing material.

e A parametric study was conducted based on the developed model to determine
the effect of changing the length of NSM FRP reinforcement. Different
lengths of CFRP bars were analyzed. Moreover, the application of partially-
bonded CFRP bars instead of fully-bonded systems was also analyzed.

1.3 Research project

To achieve the above objectives, the program was divided into two main parts. One
included the experimental work, while the second included the analytical work as

shown in Fig. 1.1.

Experimental
study

o Repairing and :
w_[ strengthening H Bending test J
FEM
simulation

Analytical
study

Parametric
study

Figure 1.1 Research program.

Research

project

The experimental work consisted of two phases. The first phase includes the pull-out
tests of 6 specimens of CFRP rods embedded in a C-shaped concrete block composed
of 2 parts: concrete and repairing material. The main parameter in the test was the
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position of the CFRP rod with 3 cases considered: inside the concrete; between the
concrete and the repairing material; inside the repairing material.

The second phase includes a process of fire test, repairing process and bending test of
8 RC slabs. The different strengthening designs, different location of CFRP bars, was
the main parameter need to be evaluated based on the comparison on load-deflection
relation of all slabs.

The numerical work includes conducting an analytical model to be used in a
commercially available non-linear finite element program ABAQUS. This work
aimed to analyze and predict the flexural behavior of RC slabs before and after
exposure to fire, as well as the behavior of specimens strengthened in flexure using
the NSM FRP bars. The efficiency and accuracy of the model were compared against
the experimental results. The developed model was also used for studying the
influence when changing CFRP bars length and the application of partially-bonded
systems.

1.4 Outline of the thesis

This thesis is divided into six chapters as shown in Fig. 1.2.

Pull-out test
Chapter 1 E:::ratteurr: Ef phear!an:eernfal -------------------- - e
Introduction Revi _ Repairing process
eview Program _ Bending test

(" Effect of location of CFRP rods
installed in RC slabs.
_ Effect of concrete strength.
_ Load-deflection curve.
_ Failure pattern.

Chapter 4
Test Results and
Discussion

\_ Bond stress-slip relationship.

S
—

Chapter 5 [

Finite Element
Modelling

I

Chapter 8
Coneclusions and

(" Simulation of experimental specimens.

_ Applicability verification of developed
maodels with experimental results.

_ Parametric study on the effect of
different bonded length CFRP bars and
\ partially-bonded length system.

Recommendations for
future work

Figure 1.2 The structure of dissertation.

Chapter 1 provides the introduction to flexural strengthening techniques using FRP
material and mentions to a method on repairing fire-damaged RC slabs base on NSM
FRP technique combines with repairing material. The methodology to achieve these
research objectives and the outline of the thesis are written in this part.

Chapter 2 presents a literature review includes a background in FRP material,
overview on behavior of reinforced concrete structure after exposure to fire and the
general of flexural strengthening techniques using FRP materials consists of EBR and
NSM techniques. This chapter also reviewed the bonding behavior between concrete
and NSM FRP rod through of failure modes, local bond strength, local bond-slip
behavior and development length. A series of previous researches on repairing and
flexural strengthening RC structures by NSM techniques are referred. In addition,
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another FRP strengthening technique using partially-bonded system are introduced
according to the prior studies.

Chapter 3 describes the experimental program consists of pull-out test on C-shaped
specimens, process of repairing fire-damaged RC slabs and bending test on these
specimens.

Chapter 4 reports the test results and discussions for pull-out test and bending test.
The effect of position of CFRP bars installed in slabs were considered as the main
parameter to propose an effective strengthening method. The effectiveness of
technique is evaluated based on the data such as failure patterns, loading capacity and
load-deflection relationship obtained from bending test. Besides, the influence of
concrete strength are considered also.

Chapter 5 discusses the numerical simulation that was carried out using the finite
element software ABAQUS. The numerical models were compared with experimental
results. Besides, a parametric study was conducted based on the developed model to
predict the effect of CFRP bars length. Furthermore, the flexural response of slabs in
case of using NSM FRP bars with partially-bonded system was evaluated using
numerical simulation.

Chapter 6 presents the conclusions and recommendations for future work.
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Chapter 2
LITERATURE REVIEW

2.1 Reinforced concrete exposed to fire

Fire causes heat to flow into the concrete structure. The temperature in the concrete
mass will rise, causing thermal expansion of the constituents, evaporation of moisture,
buildup of pore pressures and degradation of the mechanical properties [8]. Most of
the damage in the concrete exposed to high temperature comes from the mostly
irreversible processes occurring in the heating phase and during the rest period at high
temperature. The chemical composition and physical structure of the concrete change
considerably by the following factors: loss of evaporable water in the cement paste
(40-105°C) and in the aggregates (beyond 200°C), reduction of chemically-combined
water in the hydration products (105-850°C), crystalline transformation of siliceous
aggregates, dissociation of calcium hydroxide (350-500°C) and decarbonation of
calcareous aggregates (600-900°C). These factors, together with the different thermal
expansion of the hardened cement paste and of the aggregates, cause micro-strains
and micro-cracking, to the detriment of the integrity of concrete microstructure [9].
Moreover, the fire is generally extinguished by water and CaO turns into [Ca(OH):]
causing cracking and crumbling of concrete [10]. When a RC structure is exposed to
fire, steel rebar loses a significant part of its elastic modulus and yield strength during
thermal loading but recovers almost all of them when it cools down to the ambient
temperature [11]. On the contrary, concrete is not able to recover its original
characteristics during the cooling process. With regard to horizontal members such as
beams and one-way slabs exposed to fire, the bending failure can be the most
common type of failure. Given the fact that only fire exposure of the bottom side is
considered, failure can occur by either rupture of the reinforcement, which is common
for sagging bending moments, or crushing of the concrete in the compression zone,
which is more likely for hogging bending moments near the supports [8].

To repair a fire-damaged concrete structure, it is necessary to have a post-fire
investigation before repairing. The main objective of repairing a fire-damaged
concrete structure is to bring back the structure to its original state and destination,
through the following steps [9]: the reinforced should be refurbished and protected,
and the concrete sections should be brought back to their original size; the repaired
structure should have the same residual life, same load-bearing capacity, fire-safety
requirements as before the fire. Some methods are carried out to determine the depth
of the thermal deterioration that need to be removed and replace. The external layers
that have been subjected to temperatures in excess of 300°C should be removed
according to the following, well-proved techniques [9]: chiseling and sand blasting,
cleaning with high-pressure water jets. Drill small cores can be used as a useful
method to evaluate the depth of the deterioration as well as strength and modulus of
elasticity. Cores are also useful for giving incidental information about cracking in the
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interior of a member, the bond to reinforcing steel, and interior temperatures as
revealed by color changes. Some of the information that can be obtained is shown in
the schematic drawing of Fig. 2.1.

After the depth of the deterioration concrete layer is defined and removed, the tensile
strength of the new concrete layer should be assessed by means of pull-off test. The
correlation between the pull-off load and concrete tensile strength makes it possible to
have sufficient information on concrete strength for the application of protective
coatings.

Poor bond to steel

Decomposed components in paste. Internally
shattered components in aggregate.
Fractures approximately parallel to surface
from thermal shock.

Fractures
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= D =Y ine pattern cracking in mortar
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cracking from differential drying-

Figure 2.1 A core of fire-damaged concrete taken at appropriate intervals [12].

2.2 Fiber Reinforced Polymer

Fiber reinforced polymer (FRP) is a name to determine the composite material that
made of a polymer matrix reinforced with fibers. Composite materials are man-made
or natural materials that consist of at least two different constituent materials, the
resulting composite material being different from the constituent materials [13].
Normally, FRPs consist of two main components: (a) the reinforcing or fiber phase
provides strength and stiffness to the composite and generally carry most of the
applied load [14]; (b) the matrix phase, in which the fibers are embedded. The
functions of the matrix phase are to bind fibers to fabricate structural shapes, protect
them from environmental degradation, to provide for transfer of forces between the
individual fibers through shear stresses. Generally, matrix materials can be grouped
into two classifications: thermoplastic and thermosetting resins. Thermoplastics
involve such polymer compounds as polyethylene, nylon, and polyamides, while
thermosetting materials include epoxies and vinyl esters. Meanwhile, the fibers
provide the strength and stiffness of an FRP. Because the fibers use in most structural
FRP applications are continuous and are oriented in specified directions, FRPs are
orthotropic, and they are much stronger and stiffer in the fiber direction(s). Fibers are
generally selected to have: high stiffness, high ultimate strength, low variation of
strength between individual fibers, stability during handling and uniform diameter
[15]. Many kinds of fibers are available to produce FRP such as glass fibers, carbon
fibers, aramid fibers and basalt fibers. They are chosen for the use depending on their
respective advantages and each individual case.
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FRP were originally developed for aircraft and have been used for civil engineering
structures since the 1980s. A large number of projects have been carried out to
demonstrate the use of this composite in the rehabilitation of reinforced and pre-
stressed concrete structures [16]. FRPs have significant advantages over classical
structural materials such as steel, including high strength-to-weight ratios, corrosion
resistance, ease of application and outstanding fatigue characteristics (carbon FRP).
The samples of FRP products used for civil engineering are shown in Fig. 2.2. They
can be successfully used for the rehabilitation of all structural elements such as
beams, columns, slabs, walls, tanks and chimneys. FRPs have been applied to the
existing structures to increase properties including axial, flexural, or shear load
capacities, ductility for improved seismic performance, improved durability against
adverse environmental effects, increased fatigue life; stiffness for reduced deflections
under service and design loads [16].

The application of any material strongly depends on the mechanical properties
including the stress-strain response, creep, fatigue, fracture, and bond behavior. Many
previous researches and standard test methods have been carried out to determine the
mechanical properties of FRPs for the use in civil engineering structures. In general
the mechanical properties of an FRP depend on several factors: the relative
proportions of fiber and matrix, the mechanical properties of the constituent materials
(fiber, matrix, and any additives), the orientation of the fibers within the matrix and
the method of manufacture [15]. The typical stress-strain curves for several FRP
materials are shown in Fig. 2.3 for a comparison of each other and also includes
stress-strain curves for reinforcing and prestressing steel. It is clear that the modulus
of glass and aramid FRPs is significantly lower than that of steel in the pre-yield zone,
while the modulus of CFRPs is higher than steel. It is also evident to observe the
ultimate strengths of FRPs can be many times greater than steel and they specially
have no yielding. Table 2.1 also provides a comparison between various types of
FRPs.
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Table 2.1 Comparison of typical approximate properties for reinforcing materials for
Concrete [15].

Propert Steel Steel GFRP CFRP AFRP
perty Rebar | Tendon Rebar Tendon Tendon
Tensile Strength (MPa) 483- 1379- 517- 1200- 1200-
690 1862 1207 2410 2068
Yield Strength (MPa) 2471?1 11%3;% N/A N/A N/A
(ng‘:;e Elastic Modulus 1 200 | 186-200 | 3055 | 147-165 | 50-74
Ultimate Elongation (%) >10 >4 2-4.5 1-1.5 2-2.6
fl\‘/l’rgg)ress"’e Strength 20l N | 310482 | wA N/A
CTE* (10-6/°C) 11.7 11.7 9.9 0 -1--0.5
Specific Gravity 7.9 7.9 1.5-2.0 1.5-1.6 1.25
* Coefficient of thermal expansion (CTE)
o |GFRP s‘trip Carl‘mDur (1‘00 mm ‘x 1.2 mrln)
3000 | | |
E- 2500 /CFRP Carbon Stress ¢ 5 mm
i 2000 // FlRP grid ‘NEFMA‘C type (‘3 (carbon fibres)
@ | | | | |
(% 1500 7}/_7- -/; ;F‘F;F;re:tres‘sin‘j :n: FeP1670 ¢ 6 mm
J rapree 2 mm
1000 7/ Steel S500 ¢ 10 mm |
e // it Tt Bl el el Il Il
V’ FRFI’ grid NIJEFMAC ‘Iype H (Jcarbcm z‘&glass rbres)
0CI:O 1.0 2:0 3:0 4“0 5:0 610 7:0 8.0 9.0

Strain [%]

Figure 2.3 Stress-strain behavior of some FRP elements compared to steel [17].

2.3 Overview of FRP strengthening techniques in flexural structures
2.3.1 Externally bonded reinforcement (EBR) method

Over the past decades, since FRP material started to be applied in civil engineering, a
widespread technique has been using for strengthening reinforced concrete structures
namely externally bonded reinforcement (EBR). This technique has not only been
investigated in many laboratories but also implemented in a large number of practical
projects. In this method, FRP plates or sheets are bonded to the exterior of RC
elements on the tension face using the wet lay-up procedure with an epoxy resin. By
this way, the flexural strength can increase up to 160%, ductility and serviceability
constraints limit the percentage increase to about 40% that have been reported in the
literature [16]. Moreover, FRPs also increase the shear capacity of RC members by
bonding to their side faces. Typical applications are shown in Fig. 2.4.




Figure 2.4 Flexural and shear strengthening of reinforced concrete beams [18].
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The load—deflection response of a simply supported beam strengthened with FRP
(with no previous external loads) is shown in Fig. 2.5a. The beam strengthened at
zero load essentially behaves like the reinforced concrete beam with extra
reinforcement with the following notable differences [16]:

e The cracking load (moment) is slightly larger due to the extra force provided by
the composite.

e In the post-crack, preyielding region, between points 2 and 3 in Fig. 2.5a, the
slope will be higher. The higher stiffness is a function of FRP plate cross-sectional
area and modulus of elasticity of the fiber. For example, carbon plates will
provide a larger increase than glass plates. However, in the normal strengthening
range (strength increase less than 50%) the stiffness increase in not significant.

e The load (moment) at which yielding of steel occurs will also increase. The
increase is again function of composite thickness and its modulus of elasticity
(composite stiffness).

e The contribution of composite becomes very significant in the post yielding stage,
between points 3 and 4 of Fig. 2.5a. Since additional contribution of steel is zero
in the yield plateau, post-yield part of the curve is flat for a reinforced concrete
beam. The composite strengthened beam continues to provide strength increase
because the composite force contribution continues at the same level.

Fig. 2.5b shows the curves in case of the FRP is installed when certain external loads
are present. In most cases, the beam will be in the post-crack, preyielding stage. Even
if some of the loads such as live loads are removed, the beams are still in cracked
condition. The behavior is similar to the previous case, except that the composite has
more strain capacity and, hence, can achieve larger deflections. Since composites can
generate large strains compared to yield strain of steel, the loads should be reduced as
much as possible during the installation.

The influence of composite thickness is shown in Fig. 2.5c. Larger plate thicknesses
provide larger stiffness increase, higher load at steel yielding, higher load post-yield
increase, and higher failure loads. However, as the thickness increases, failure by
delamination of the plate could become a possibility.

2.3.2 Near surface mounted (NSM) method

The EBR FRP method is currently the most commonly used technique for flexural
and shear strengthening of RC beams and slabs. However, EBR FRP may be highly
susceptible to damage from collision, fire and temperature, ultraviolet rays, and
moisture absorption. In some situations, it cannot reach a high effectiveness and may
narrow the service life of the structure. To minimize these problems and to develop an
application of the FRP materials. The NSM method was recently introduced as an
attractive and promising technique for strengthening masonry and reinforced concrete
members. In comparison with EBR, the NSM system has a number of advantages: (1)
Due to the concrete cover, NSM reinforcement is less prone to debonding from the
substrate and less exposed to accidental impact, mechanical damage; (2) the amount
of site installation work may be reduced, as surface preparation other than grooving is
no longer required; (3) NSM reinforcement can be more easily anchored into adjacent
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members to prevent debonding failures; (4) NSM reinforcement can be more easily
pre-stressed; (5) The aesthetic of the strengthened structure is virtually unchanged. (6)
The technique could also provide better resistance in the event of a fire; therefore, it
could reduce the cost of fire protection measures [7].

Even though the use of NSM FRP reinforcement for strengthening is relatively recent,
NSM steel bars were used in Europe for the strengthening of RC structures [19]. In
1949, Asplund carried out tests on concrete beams strengthened with NSM steel bars
grouted into diamond-sawed grooves filled with cement mortar and compared their
behavior with that of conventional concrete beams reinforced with steel bars [20].
Due to many advantages of FRP materials, FRP rods or strips have been applied for
this application instead of using steel bars. They bring out high tensile strength with
the lightweight properties. Therefore, rods with smaller diameters can be used for a
given required tensile force whereby groove size needed for embedment can reduce in
comparison with using steel bars.

Types of NSM FRP reinforcement strongly affect the behavior and effectiveness of
the strengthening method. Carbon FRP (CFRP) and glass FRP (GFRP) have been
employed commonly in many cases to strengthen RC members. Typical products of
this type of reinforcements are presented in Fig. 2.6. However, the tensile strength
and elastic modulus of CFRP are much greater than those of GFRP. Therefore, at the
same tensile capacity, a CFRP rod needs a smaller cross-sectional area and a smaller
groove than a GFRP rod. This in turn leads to save groove-filling material, less risks
of interfering with the internal steel reinforcement. The shape of NSM FRP
reinforcement can be round, square, rectangular or oval bars, as well as strips.
Different cross-sectional shapes bring out distinctive advantages and different choices
for practical applications. FRP bars are manufactured with a variety of surface
textures, which strongly affect their bond behavior as NSM reinforcement [7]. Their
surface can be smooth, sand-blasted, sand-coated, roughened and spirally wound with
a fiber tow.

From left to right:

1. C-r-S: CFRP round smooth rod

2. C-r-Ro: CFRP round roughened rod

3. C-r-SWSC: CFRP round spirally wound and
sand coated rod

C-r-SC: CFRP round sand coated rod

C-r-Ri: CFRP round ribbed rod

C-st-Ro: CFRP strip roughened rod

C-sg-Ro: CFRP square roughened rod

G-r-SWSCI: GFRP round spirally wound and
sand coated and indented rod

9. G-r-Gr: GFRP round grooved rod
10 | 10. G-r-Ri: GFRP round ribbed rod

Figure 2.6 Types of NSM FRP reinforcements [21].

When using the NSM FRP procedure, the groove is first saw-cut onto the surface of
the concrete substrate of a RC member. Then, the filling material, such as epoxy or
cement paste, is filled half-way in the groove and the FRP bar will be put into the
groove and lightly pressed. Finally, more filling material is applied to fill the groove
and the surface is leveled. Details of NSM FRP reinforcements that are applied in
concrete substrate are shown in Fig. 2.7 and Fig. 2.8.
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Figure 2.7 The representation of NSM FRP reinforcement in application [22].
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Figure 2.8 Different NSM systems [7].

The effect of type of FRP reinforcement, groove filler, groove dimensions and groove
position are also factors that affect the behavior of NSM FRP system. In terms of
structural behavior, tensile and shear strength of groove filler are the most significant
mechanical properties. The tensile strength is especially important when the
embedded bars have a deformed surface, which produces high circumferential tensile
stresses in the cover formed by the groove filler as a result of the bond action. In
addition, the shear strength is important when the bond capacity of the NSM
reinforcement is controlled by cohesive shear failure of the groove filler [7].Two-
component epoxy is the most common material used as a groove filler due to its high
tensile and shear strength. For round bars, De Lorenzis [23], based on results of bond
tests with square grooves (bg=hg) and defining k=bg/ds, proposed a minimum value of
1.5 for k for smooth or lightly sand-blasted bars and a minimum value of 2.0 for k for
deformed bars. Parretti and Nanni [24] suggested that both by and hg should be not
less than 1.5d». For NSM strips, Blaschko [25] proposed that the depth and width of
the cut groove should be about 3 mm larger than the height and thickness of the
corresponding FRP strip respectively, so to obtain an adhesive layer thickness of
about 1-2 mm. Also for NSM strips, Parretti and Nanni [24] recommended that the
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minimum width of a groove be no less than 3tr and the minimum depth is not less than
1.5h¢. In order to position of FRP bar, if a single bar is applied to the tension side of
the RC member, it should be located in the central over the beam width. The distance
between the edge of the member and the adjacent bar are also important parameters
need to be evaluated.

2.4 Researches of the bond behavior between concrete and NSM CFRP bars
2.4.1 Failure modes

In general, previous researchers summarized three main bond failure modes of NSM
FRP systems including: (1) bond failure at the bar-epoxy interface; (2) bond failure at
the epoxy-concrete interface; (3) splitting of the epoxy cover.

The first failure mode can be pure interfacial failure (BE-I) or cohesive shear failure
in the groove filler (BE-C) [7]. The BE-I failure mode is critical for bars when their
degree of surface deformation is insufficient to provide mechanical interlocking
between bar and groove filler. In case of round bars, this mode is also critical as the
groove size is sufficiently large to avoid splitting failure of the groove filler. The BE-
C failure mode can occur when the shear strength of the epoxy is exceeded with
respect to the NSM strips.

In case of the second failure mode, pure interfacial (EC-I) and shear failure in the
concrete (EC-C) can be observed [7].The EC-l failure mode was observed with
respect to pre-cast grooves. The EC-C failure mode has never been observed in bond
tests, but it has been observed in bending tests on beams within the strengthened
region [26].

Splitting of the epoxy cover may occur as longitudinal cracking of the groove filler or
fracture of the surrounding concrete along inclined planes and was observed to be the
critical failure mode in case of deformed round bars. The mechanic of this failure
mode is similar to splitting bond failure of steel deformed bars in concrete. For an
NSM FRP bar, the radial component of the bond stresses is balanced by
circumferential tensile stresses in the epoxy cover which may lead to the formation of
longitudinal splitting cracks of the cover. The concrete surrounding the groove is also
subjected to tensile stresses and may eventually fail when its tensile strength is
reached, causing fracture along inclined planes [7].

2.4.2 Local bond strength

Bond behavior of the NSM FRP round deformed bars is controlled by splitting tensile
stresses in the epoxy cover and the surrounding concrete. In the proposed approach of
Hassan and Rizkalla [27], transfer of stresses from a deformed NSM FRP rod to the
concrete is assumed to be mainly through the mechanical interlocking of the lugs to
the surrounding adhesive or epoxy as presented in Fig. 2.9. Herein, a typical stress
distribution around a NSM FRP bar is proposed by the authors with a stress
discontinuous at the concrete-epoxy interface as shown in Fig. 2.10. Two different
types of debonding failures can occur for NSM FRP bars [27]. The first mode of
failure is due to splitting of the epoxy cover as a result of high tensile stresses at the
FRP-epoxy interface, and is termed “epoxy split failure”. Increasing the thickness of
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the epoxy cover reduces the induced tensile stresses significantly. Furthermore, using
adhesives of high tensile strength delays epoxy split failure. The second mode of
failure is due to cracking of the concrete surrounding the epoxy adhesive and is
termed “concrete splitting failure”. This mode of failure takes place when the tensile
stresses at the concrete-epoxy interface reach the tensile strength of the concrete.
Widening the groove minimizes the induced tensile stresses at the concrete-epoxy
interface and increases the debonding loads of NSM bars. Base on the test results,
Hassan and Rizkalla [27] proposed two formulae to predict the local bond strengths
for the bar—epoxy and the epoxy—concrete interfaces respectively. The two formulae
are:

_ fatl
Tmaxbar—epoxy — G, (2'1)

Tmax epoxy—concrete — fé_tlu (2-2)
where fq is the tensile strength of epoxy, fc: is the tensile strength of concrete, p is the
coefficient of friction, G1 and G are coefficients which were evaluated by finite
element analysis and are dependent on the groove depth-to-bar diameter and the
groove width-to-bar diameter ratios. Gi1 and G2 range between 0.58 and 1.3 and
between 0.5 and 0.72, respectively.
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Figure 2.10 Typical stress distribution around a NSM bar [27].
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2.4.3 Local bond-slip behavior

Three different types of local bond-slip behavior (types I-I11), of which the first two
are shown in Fig. 2.11 and the third type (for sand-blasted round bars) differs from
the second in that the abrupt decay from the maximum bond stress to the frictional
bond stress level is replaced by a linearly decreasing branch [7].
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Figure 2.11 Typical bond-slip curves of NSM FRP reinforcement: (a) Type | curve;
(b) Type Il curve [7].

Type | curve show cases such as bond failure of the epoxy-concrete interface of round
bars, splitting of the epoxy cover of CFRP ribbed round bars and bond failure of the
bar-epoxy interface of strips. In type I curve, the bond-slip behavior has an initial
ascending branch and followed by a rather smooth softening branch after the peak
point. In the ascending branch, the bond stress increases rapidly until it reaches a
maximum value and follow an equation:

(s)=1,, (i)a , 0<s<s, (2-3)

where t is the local bond stress, s is the local slip, tm and sm are bond stress and slip
at the peak point, and o is a parameter that varies between 0 and 1. After peak point,
the bond stress decreases abruptly to a value that remains approximately constant or
decreases afterwards, follow an equation:

1(s)=1,, (i)a , S>S;, (2-4)
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where o’ varies between -1 and 0. In the descending brand, the stress value decreases
with the bond stress approaching zero for infinite values of slip. If o’ is smaller than -
1, this area becomes finite, and the joint may be predicted to be unable to develop the
full tensile capacity of the bar [7]. In this case, a significant amount of post-peak
friction develops because of the interfacial friction and the aggregate interlocking of
the cracked concrete. Meanwhile, type Il curve shows an abrupt decrease in bond
stress upon the attainment of the peak value with respect to the cover splitting failure
of ribbed and spirally wound bar [7]. However, after the complete loss of the cover, a
low value of residual friction is maintained because half of the perimeter of the bar is
still in contact with the epoxy.

2.4.4 Development length

The maximum stress that can be resisted by a bonded joint between an NSM bar and
the concrete substrate with a sufficiently long bond length is given by [7]:

)y
Omax = /215 =Gy (2-5)

with
Ge = [, 7(s)ds (2-6)

where Gy, being the area underneath the bond-slip curve, is the fracture energy of the
bonded joint, > is the perimeter over which the bond stress acts, A is the cross-
sectional area over which the tensile stress acts, and E is the elastic modulus of the
material on which the tensile stress is applied. In case of round bars bonded to epoxy,
omax €an be changed to:

Omax = _[8 i_z G (2-7)
where Ey is the elastic modulus of the bar. If omax computed by Eq. (2-5) is below the
tensile strength of the reinforcement, its full capacity cannot be developed no matter
how long the bond length is. In this case, a value of bond length exists and can be
called “the effective bond length” that has been well established for externally bonded
FRP laminates. However, in particular for bond-slip curves with infinite values of Gy,
the full capacity of the reinforcement can be developed, and the corresponding value
of bond length is usually termed ‘‘the development length’’ [7].
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Figure 2.12 ldealized bilinear local bond-slip model of FRP laminates externally
bonded to concrete [7].
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Regarding to EBR method such as externally bonded laminates, a simplified local
bond-slip model is shown in Fig. 2.12. The Gt value in this case is finite, and its value
is usually insufficient for the reinforcement to develop its full tensile strength; hence
no development length but an effective bond length can be computed. But in the case
of NSM FRP reinforcement, the value of G is usually infinite, hence a development
length generally exists. Besides, the shortest bond length required for an FRP bar to
resist a given load is herein termed the anchorage length for that load. It depends on
the load level and the anchorage length corresponding to the FRP bars rupture failure
load is equal to the development length [7].

2.5 Previous researches on repairing and strengthening flexural RC structures
based on the NSM FRP technique

The early researches using the NSM FRP system for strengthening flexural RC
structures have been reported since more than two decades. Based on the results of in-
place tests on RC bridge decks strengthened with NSM sandblasted CFRP rods,
Alkhrdaji et al. [28] showed an increase in the moment capacity of 27% compared
with the unstrengthen deck. Blaschko and Zilch [25] indicated that the bond
characteristics of NSM CFRP strips are superior to externally bonded CFRP strips.
On the other hand, based on experimental results, EI-Hacha [19] observed that using
NSM FRP reinforcements did not contribute to increasing the stiffness and strength in
the elastic range of strengthened beams. In this research, beam strengthened with
NSM CFRP bars showed a smaller increase in strength in comparison with the NSM
CFRP strips (69% and 99% were measured in comparison with the control beam).
The reason was due to early debonding of the CFRP reinforcing bars at failure and the
smaller bonding surface of the NSM CFRP bars compared with NSM CFRP strips
[19]. The author also concluded that the beam strengthened by NSM FRP system
achieved higher ultimate load than beams strengthened by EB FRP reinforcement. In
addition, an experiment was carried out by F. Ceroni [29] to compare the
effectiveness between using the two techniques EBR CFRP laminate and NSM CFRP
reinforcement. The results obtained from four-point test on beams showed a high load
increase (46-72%) for the NSM system, greater than the beams strengthened with
EBR CFRP laminates.

The global behavior of RC beams (300x150x280cm) strengthened by NSM technique
was investigated to study the effects of concrete strength (30 and 60 MPa) and
strengthening length (210 and 270 cm) in Firas Al-mahmoud et. al [30]. Some main
aspects were pointed out from this research: if the CFRP rod is longer than the
cracked span length of the beam at the ultimate stage, the failure is due to the pull-out
of the rods including almost simultaneous splitting of the cracked concrete
surrounding the groove; if the load causes some cracks which reach the end of the
CFRP rod, the failure is due to the peeling-off of the concrete covering the groove
from the end of the rod; the concrete strength does not influence the load-carrying
capacity of the strengthened beam when the failure occurs by NSM system failure
[30]. When the RC beam had a reinforcement ratio in the range of pmin t0 0.4 ppal, the
NSM-FRP system was more efficient based on the experimental results of Shehab et
al [31]. This study showed that the bonded length increased the ultimate carrying
capacity up to a certain limit (in the range of 48 times the bar diameter of FRP bar).
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As the bonded length increased beyond this limit, it would not result in any increase
in the capacity.

The flexural response of RC beams strengthened by NSM FRP reinforcement of a
limited bond length was carried out in an experimental research of I.A. Sharaky et al.
[32]. Two types of FRP bars, carbon and glass, were used and the limited bond length
of NSM FRP bars was 2.0 m. The beams had a rectangular cross section of 160x280
mm and 2.6 m total length. The number of NSM bars was also a variable to be
evaluated in this study (Fig. 2.13). The results showed that increasing the number of
NSM CFRP bars from one to two increased the yielding and the maximum loads by
25.6% and 7.5% respectively. Increasing the number of NSM GFRP bars increased
the yielding and maximum loads by 11.7% and 13% respectively. The value of end
slips for the beams strengthened with two NSM bars were slightly higher than those
of the beam with one NSM bar, due to a lower confinement in the case of two NSM
bars [32].
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Figure 2.13 Detail of strengthened beams [32].

Most researches on NSM technique have focused on the strengthening of RC beams,
while significantly less investigations have been performed on RC slabs. An
experimental investigation on RC two-way slabs strengthened with NSM CFRP (Fig.
2.14) was conducted by Gilles Foret et al [33]. The RC slab with dimension of 7 cm x
115 cm x 165 cm was tested under static load and strengthened with 5 NSM CFRP
rods per linear meter in both directions. The strengthened slab presented a more
ductile behavior and its flexural strength was increased about 67% in comparison with
the control RC slab.

Figure 2.14 NSM rods strengthening in research of Gilles Foret et al [33].

A common point among studies is that the specimens did not simulate exactly the real
behavior of RC structures in actual environmental conditions, such as the structures
exposed to corrosive environment or fire. In that case, the original members had been
deteriorated by external impacts before the repairing method was applied. Therefore,
laboratorial specimens should be prepared under a possible condition similar to that in
practice. In regard to this purpose, an study was carried out to repair a corroded RC
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beam with NSM CFRP rods by Amjad Kreit et al [34]. This experimental program
included RC beams which were stored in a chloride environment during 23 years
under service loading before testing. After exposure to chloride environment, the
corrosion damage was observed with the completely splitting at each corner of the
cross sectional areas. The concrete located far from the reinforcing bars was not
significantly affected by the corrosion of the steel bars [34]. The authors assumed that
the concrete was still of good quality and applied NSM CFRP rod in the middle of the
cross-section in the tension area of the beams (Fig. 2.15). The groove was cut into the
concrete cover in the longitudinal direction at the tension side of the beam. Then, it
was half filled and the CFRP rod was then placed inside and lightly pressed. More
filling material was applied to completely fill the groove and the surface was leveled.
The beam was tested after one week to ensure the filling material strength.
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Figure 2.15 Location of NSM CFRP rod in the tension side of repaired corroded
beam [34].

The experimental results showed that the ultimate moment of the strengthened beam
was about 30% higher than the corroded beam. Despite the concrete in the corroded
zone was damaged by corrosion, the NSM FRP repairing technique was efficient.
However, the tension stiffness effect of the strengthened beam achieved a small
increase (<10%), which was not the expectation of the authors. This was attributed to
the small cross-section area of the CFRP rod (6 mm diameter) and the weak modulus
of elasticity of the filling material.

Besides the strengthening for corroded structures, it is a challenge for engineers to
rehabilitate or repair the RC structures after exposed to fire for a long period of time.
A series of 16 under-reinforced high strength concrete one-way slabs were cast and
heated at 600°C for 2h in a research of R.H. Haddad [2]. These heat damaged slabs
were tested under four-point loading to investigate the coupling effect of water
recurring and repairing with advance composite materials on increasing the flexural
capacity. Carbon and glass FRP sheets were used to repair the heat damaged slabs
after being recurred in water saturated burlap for 28 days. EBR method was chosen in
this study. One layer of CFRP and GFRP sheets were applied at the tension side of
heat damaged slabs, bonded to existing concrete along the entire span using a special
epoxy. The stiffness of heat-damaged slabs after recurring was increased by 56% due
to the significant regain in the modulus of elasticity [2]. Based on the results, the
authors concluded that CFRP and GFRP regained up to 158 and 125% of the control
slab’s ultimate load capacity with a substantial increase in stiffness, first cracking
loads, and a corresponding decrease in mid-span deflections at ultimate load.
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For strengthening of fire damaged beams, Xiang Kai et al. [3] carried out an
experiment with T-beams (5400x200x200 mm and flange 900x80 mm) that were
exposed to fire at 1000°C. The specimens were separated into 2 groups, which were
fired for 60 and 75 minutes respectively. After fire exposure, the fire damaged RC T-
beams were strengthened with CFRP sheets following three steps [3]: firstly, serious
fire damaged concrete should be removed before strengthening; secondly, epoxy
bonding adhesive was used to retrofitting the strengthened surface of T-beams;
thirdly, CFRP sheets were used to strengthening the fire-damaged T-beams. External
strengthening with CFRP sheets was found to increase the yield and ultimate loads of
fire-damaged T-beams. This technique also increased the stiffness of the fire-damaged
specimens.

In case of EBR technique, the adhesive used to bond FRP and concrete substrate can
be weakened by fire or aggressive chemical environments, thus affecting the quality
of the repaired structure in long-term use. This can result in the debonding of FRP
materials. In order to solve this problem, Do-Young Moon et al. proposed a
strengthening technique for RC beams by using CFRP rods embedded in a mortar
overlay whereby additional strengthening benefits are expected, such as crack-
bridging effects; chemical and fire resistance [35]. To avoid the separation from the
concrete substrate after flexural cracking, anchor bolts were used to confine the
mortar to concrete and to transfer the tensile stress in the CFRP. The mortar overlay
was applied with the thickness of 2.5 cm. Detail of this technique is shown in Fig.
2.16.
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Figure 2.16 Strengthening detail of FRP rod in the research of Do-Young Moon et al
[35].

The results in this paper indicated that the failure mode of the strengthened beams
depended on the anchoring scheme. The separation of the mortar overlay was
achieved only at the mid-point of the beam with respect to the beams which were
anchored only in the end block. When the beams were anchored along the entire beam
length, the mortar overlay did not fully separate from the bottom of the beam. The
ultimate strength of the strengthened beams increased 40-50% under static load.

The NSM technique seems less influenced by external impact in comparison with the
EBR technique because the FRP bar was installed inside concrete cover. However it
always exists the possibility that the structure might be exposed to new destructive
agents after repairing. In this case, the NSM system still can get debonding problem
because of the concrete cover, even the new layer after repairing is deteriorated. In
order to overcome this weak point, Aniello et al [36] applied a fire protection system
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for RC beams strengthened with the NSM FRP system. The detail of the fire
insulation system is shown in Fig. 2.17.
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Figure 2.17 The fire protection system proposed by Aniello [36].

The fire protection systems investigated in that work were a calcium silicate
protection board, and one insulation system composed by two ceramic based coatings.
Tests results indicated that insulated NSM FRP strengthened beams could achieve a
satisfactory fire endurance of one hour. Furthermore, the authors suggested that if
insulation system is able to maintain the adhesive temperature at relatively low
temperature, the FRP concrete bond degradation under fire is limited and the FRP
strengthened beam is still able to retain part of the original strength [36]. However, it
can be observed that using a fire protection system will change the aesthetic of
building and it may take high cost if applies for big members.

Based on prior studies, it is clear to say that the NSM FRP method brings out a good
effect to apply on flexural RC members. In order to supply more data and develop this
technique in repairing fire-damaged RC structures, the present study aims to study a
method based on the NSM FRP technique for retrofitting fire-damaged concrete slabs
along with a combination with repairing material. The proposed method is expected to
enhance the flexural capacity of heated slabs without changing the original size of the
members and it might have the ability to protect the FRP system against the
destructive agents that may act in long-term use.

2.6 Strengthening technique with partially bonded (PB) system
2.6.1 Background

FRP flexural strengthening methods include EBR and NSM systems have shown
many advantages and become popular in studies as well as in practical application for
the rehabilitation of RC structures. In both systems, the FRP is bonded to concrete
using epoxy and a full bonded FRP strengthening has been carried out as conducted in
many researches. This usage is to make sure the load capacity and stiffness improve
and to avoid sudden premature failure due to debonding. As a result, the ultimate load
carrying capacity of the strengthened structure is increased compared to the
unstrengthened member. However, it can be observed that the ductility of
strengthened structure dramatically decreased in comparison with unstrengthened
situation. This lower ductility may lead to sudden failure without enough warning for
strengthened members. Therefore, a balanced improvement between load carrying
capacity and ductility should be assured in FRP strengthened flexural structures [37].
Nevertheless, although most of the studies have evaluated the influence of many
different parameters but they still have focused on the increase of load carrying
capacity alone.
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In order to overcome this drawback for FRP strengthened members, some researchers
developed a concept called partially bonded (PB) system and conducted experiments
on RC beams. A partially-bonded FRP strengthening system is similar to the fully
bonded system except that a portion of the FRP length is intentionally unbonded [38].
In this case the FRP is unbonded in the middle portion of the beam while the end
portion still is bonded. This concept is described in Fig. 2.18 for a sample of FRP
partially bonded strengthened beam using EBR method. The test results on
strengthened beams with partially bonded indicated improvement in ductility and
reached load capacity with a slight decrease in comparison with fully bonded system
[39-41].
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Figure 2.18 Partially bonded system [38].
2.6.2 Ductility and Deformability

For a safety design of concrete structures, a sufficient warning before failure should
be considered in order to prevent sudden collapse and to provide enough time for
evacuation. This problem could be achieved if an adequate deformation capacity of
structure is provided. With regard to RC structures ductility is defined as the ability
of the structural members to sustain large plastic deformation, and thus dissipate
energy before failure [38]. For the flexural behavior of steel RC structure, a typical
load — deflection diagram of RC beam is carried out in Fig. 2.19a. Based on this
curve, the total energy (Ewt) including dissipated plastic energy and elastic energy
(Eer) could be specified. When the beam fails the accumulated elastic energy in the
system is dissipated. Before failure the RC beam has a large energy dissipation
capacity because of large plastic deformation. Meanwhile, FRP reinforced beams
shows lower energy dissipation prior to failure and a large elastic energy could be
dissipated at failure (Fig. 2.19b). This may cause a sudden failure.
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Figure 2.19 Typical load — deflection diagram for steel and FRP reinforced beam
[38].

The value of ductility can be defined in a simple way by the equation:
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A
=X 2-8
271 A, (2-8)

where Ay and Ay are the deflection at the ultimate load and the yielding point
respectively.

On the other hand, plastic behavior is limited in FRP reinforced structures and FRP
strengthened members because the FRP material does not yield. Therefore the term
ductility is not really applicable in these cases, so a new term related to deformability
has been developed to quantify deformation capacity [38]. This term was first used by
Mufti et al. [42] and defined as the factor of the deflection at ultimate state to the
deflection at serviceability limit state. In addition, deformability can be defined as the
amount of deformation that occurs prior to failure, and so no plastic work is necessary
[38]. Hence the basic equation to measure the deformability is shown by equation:

Ay
Up2 = A_s (2-9)

where Ay and As are the deflection at the ultimate load and the service load
respectively. For FRP strenghthened beams, a service load is defined as 67% of the
ultimate load [43].

2.6.3 Flexural behavior of beam strengthened by partially bonded system

According to the analytical model proposed in [38], the flexural response of a RC
structure strengthened with a partially bonded system could be interpreted through the
strain profile at mid-span and the tensile stress distribution in FRP reinforcement for a
simply supported beam subjected to mid-span loading (Fig. 2.20).
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Figure 2.20 Flexural behavior of partially bonded beam [37].
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Before the steel yielding, the maximum tensile stress in FRP reinforcement in case of
a fully bonded system is higher than that of partially bonded system due to the
unbonded part at mid-span. This also means that the stress in steel reinforcement and
concrete with respect to the partially bonded case are higher than for the fully bonded
situation. Nevertheless, at the post-yielding stage the stress in steel reinforcement
does not increase, so the stress in the FRP will increase. As a result, the tensile stress
in the FRP for the case of partially bonded system increases and it is almost equal to
that of the fully bonded system. At this stage, the stress in FRP is uniform within the
unbonded part and the curvature of beam increases significantly to satisfy the strain
compatibility at the mid-span. This leads to the increase of rotation capacity and
deflection of the beam.

2.6.4 Previous experimental study

There are not many studies aimed to evaluate the increase of deformability for
flexural RC structures using partially bonded FRP system. Lees and Burgoyne
[39]carried out a research to investigate the behavior of partially bonded prestressed
AFRP concrete beams. The results from this study indicated an increase of
deformability when a partially bonded system is applied. Another study of Chahrour
and Soudki [44] used a partially bonded CFRP plate with mechanical anchors to
strengthen RC beams. Based on the experimental results, it could be observed that the
proposed system with end-anchored partially bonded CFRP showed an enhancement
in load carrying capacity and deformability compared to the no end-anchor fully
bonded system. Choi et al. [40] conducted an experiment to strengthen concrete T-
beams using NSM CFRP bars. In this study, both of fully bonded and partially bonded
systems were applied for a comparison in flexural behavior of the beams. Four
strengthened beams with different unbonded lengths were tested in order to study the
effect of partially bonded system. To create the unbonded region, these authors
installed a thin plastic-tube at the mid-span of the beam as shown in Fig. 2.21.
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Figure 2.21 Details of partially unbonded system in the research of Choi [40].

According to this study, the stiffness of the partially bonded strengthened beams
decreased as the unbonded length increased at the post-yielding stage. Therefore, the
deformability of the specimens was increased at any applied load after the yielding
point. In comparison with the fully bonded beam, the ultimate deflection in partially
bonded systems was slightly increased, while the ultimate load carrying capacity
slightly decreased. I.A. Sharaky et al. [41] showed out the results of the series of RC
beams under four points bending test in order to investigate the flexural response of
partially bonded system. The data from these specimens were compared to the fully
bonded beam and both of systems were applied based on NSM method. However, the
strengthening detail for partially bonded system was different from the technique of
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Choi for creating the unbonded length of FRP bars. In this experiment, the beams
strengthened with partially bonded FRP reinforcements had no bond in the constant
moment region and the bond started from the point beneath the load into each shear
span [41]. The details of this design are shown in Fig. 2.22.
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[ — Bondlongth — _ " Bondlength |
| 800 L2 | 800 | Lz 800 |
2600

Figure 2.22 The detail of partially bonded system in the test of Sharaky et al. [41].

Two different partially bonded lengths (384mm and 480mm) were examined and
compared with the fully bonded length. According to the results, fully bonded beams
showed higher stiffness and bearing capacity than the partially bonded beams.
However, a slight effect of bond length on deflection was observed in the partially
bonded specimens. There was no increase in the yield load between specimens with
two different bonded lengths. But a significant increase was measured when the
bonded length increased from 480mm to 1000mm (fully bonded length). In addition,
the stiffness of partially bonded beams with no bonding in the constant moment
region was the same.

The prior studies have shown the possibility of partially-bonded FRP bars system in
order to enhance the deformability for concrete structures. In this study, this technique
was applied to evaluate the enhancement of deformability for strengthened slabs
through of numerical simulation on developing models.
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To investigate the bond behavior between NSM CFRP rods and surrounding substrate
with different rod locations, a bond test of C-shaped concrete block with a square
groove in the middle for embedment of NSM rod was carried out. The dimensions of
tests were designed based on some previous researches [4, 5, 7, 45] as shown in Fig.
3.1. Three different positions of NSM CFRP rods are shown in Fig. 3.2 and
summarized in Table 3.1: Group A — inside concrete; Group B — between concrete
and repairing material overlay; Group C — inside repairing material overlay.
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Note: dp-diameter of FRP bar (9 mm); bg-groove width; hg-groove high.
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Figure 3.1 Dimensions of C-shaped Specimens.
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The concrete blocks were cast using ready mixed concrete with concrete grade of 35
MPa and the specimens were not fired. After 28 days of curing, the groove was first
cut into the concrete block and NSM CFRP rods were applied therein. Epoxy paste
SIKADUR®-30 was used as a groove-filling material. The dimension of grooves was
15x15 mm in case of specimens A and 15x7.5 mm for specimens B. On the contrary,
grooves and epoxy were not used in case of specimens C. After the FRP rod had been
placed in the groove with the surrounding epoxy for bonding to surrounding concrete,
a thin layer of resin SIKADUR®-32TH was brushed on the concrete surface where the
repairing material would be applied. This resin was used for improving the bond
between concrete and repairing material. Then a layer of repairing material
SIKA®MONOTOP®-614T was covered above with 5 cm depth. This was also the
depth of fire-damaged concrete layer that had been observed in slabs after fire. The
details of the six specimens with three different NSM FRP rod positions and variable
groove sizes are indicated in Table 3.1.

Table 3.1 Bond tests program.

Group Specimen | Rod db (?irlfi?m\g/;e bg hg Cgr:;gite
Code Type | (mm) material (mm) | (mm) (MPa)
A C-1 CFRP 9 Epoxy 15 15 35
C-2 CFRP 9 Epoxy 15 15 35
B C-3 CFRP 9 Epoxy 15 7.5 35
C-4 CFRP 9 Epoxy 15 7.5 35
C C-5 CFRP 9 - - - 35
C-6 CFRP 9 - - - 35

Besides, four strain gauges were glued onto the surface of every CFRP rod (Fig. 3.3
and Fig. 3.4) to measure the axial strains. All of the specimens had been cured at
temperature room before they were tested. The load was applied to the loaded end of
the CFRP rod by a testing machine with a capacity of 500 kN, under displacement
control at a rate of 1 mm/min. One LVDT was used to measure the free end slip. The
applied tensile load and load end slip were measured from the test machine.

FREE

=20 | 50 | 50 | 50 |

| | | [
SG SG SG SG

Figure 3.3 Position of strain gauges (SG) on the CFRP rod.
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Loaded End

Free End

Figure 3.4 CFRP rod and epoxy applied in the groove.

3.2 Flexural test

This test was performed to investigate the bending behavior of fire-damaged RC slabs
repaired and strengthened with repairing material and NSM CFRP rods. The
experimental process is represented in Fig. 3.5 through six main steps.
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=) a

|

a e
a a

ey

LOAD

1«=<=

o NSMCFRPreds

Figure 3.5 The process of flexural test.

3.2.1 Step 1: casting of RC slabs

Eight RC slabs were designed under standard ACI 318-08 [46] and cast in the
laboratory. Every slab had the same design as described in Fig. 3.6. The slabs had the
dimension of 1000x900x150 mm and were reinforced longitudinally in flexure with
10 mm diameter steel bars. The concrete cover had a depth of 20 mm. The slabs were
divided into two series with concrete strength of 24 and 35 MPa. They were cured for
28 days before conducting the fire test. Two slabs (SC1 and SC2) were used as
control specimens without firing or strengthening. The other six slabs (SF1-SF6) were
subjected to fire.
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Figure 3.6 Design of the RC slabs.

3.2.2 Step 2: fire test

The installation and testing of fire exposure were operated under ASTM E119
standard [47]. The slabs were fired for 1 hour and 30 minutes to reach the peak point
of temperature curve about 1000°C. The specimens were exposed to fire on one side
reinforced longitudinally by three steel bars. The fire test was carried out by using a
furnace as shown in Fig. 3.7.

Figure 3.7 Fire test.
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3.2.3 Step 3: removing the fire-damaged concrete layer

After fire, a fire-damaged concrete layer in every slab was observed on the side
directly exposed to fire (Fig. 3.8). The depth of the weakened concrete layer was
defined based on the results from a previous research carried out by Daungwilailuk
[48]. The conditions and installation of the fire test in that research were similar to the
test in this study. A semi-destructive test or core test was carried out by drilling the
fire-damaged slabs to collect the cores having a diameter of 50 mm. The depth of the
weakened concrete layer was assessed by color change as well as pull-off tests on
different depths. Based on it, a degraded concrete layer of 50 mm was removed on the
fire-damaged slabs in this experimental study, to arrive at the sound material.

E,

Bottom side

EREmes——
Figure 3.8 The slab after exposure to fire.

A hammer machine was used to remove this weakened layer. To make the work
easier, a concrete saw was used to cut lines on the slab surface and then the degraded
concrete could be chiseled out by a hammer machine (Fig. 3.9). In this study, a pull-
off test was also carried out to determine the tensile strength of concrete on the
surface that was exposed to fire based on standard ASTM C1583-04 [49] (Fig. 3.10).
This test can be used as an indicator of the adequacy of the surface preparation before
applying a repairing material. The correlation between the pull-off load and concrete
tensile strength makes it possible to have sufficient information on concrete strength
for the application of mortar and protective coating [9]. The values of pull-off test are
shown in Table 3.2. These values were collected at the depth of 0 mm and 50 mm
from the surface.

05} el R

a) Cutting lines on surface of slab ~ b) The surface after removing weakened layer
Figure 3.9 Removing damaged concrete layer.
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Table 3.2 Values from pull-off tests.

Control slab Fire-damaged slab

Slab SC1 | SC2 | SF1 | SF2 | SF3 | SF4 | SF5 | SF6
Concrete grade (MPa) 24 35 24 24 24 35 35 35
Depth (mm) 0 50

Load (kN) — First Time | 435 | 7.10 | 0.70 | 450 | 2,10 | 1.00 | 1.60 | 3.50
Load (kN) ~Second | 580 | 730 | - | 025 | 180 | 190 | 160 | 2.70
Load (k) ~ Third 490 | 650 | 0.75 | 050 | 1.50 | 0.90 | 1.00 | 1.65
Average Load (kN) 502 | 697 | 0.73 | 1.75 | 1.80 | 1.27 | 1.40 | 2.62
Average Stress (MPa) 255 | 355 | 037|088 | 090 | 0.62 | 0.70 | 1.35

3.2.4 Step 4: installing the NSM CFRP rods

After the fire test, except for the slab SF1, which was not repaired, the remaining
specimens (SF2-SF6) were strengthened by NSM CFRP rods and repairing material.
After the weakened layer had been removed, a concrete saw was used to cut the
grooves in the new surface along the slab (Fig. 3.11). The concrete surface was
smoothed by a grinder machine and cleaned by a blower machine. Subsequently,
epoxy was installed into the grooves for bonding the rods to the surrounding concrete
by using a small trowel (Fig. 3.12a). Then the CFRP rod was installed into the groove
filled with epoxy (Fig. 3.12b). Finally, a repairing material overlay was applied
above. Details of the different slab specimens are given in Table 3.3 and Fig. 3.13
and are described below:

- Slab SF2 (concrete grade of 24 MPa): 6 grooves of 15x15 mm were first cut inside
the concrete part. Then, epoxy and CFRP rods were installed into the grooves. The
distribution of NSM rods is indicated in Fig. 3.13. The distance between the
longitudinal steel bar and the NSM rod was 20 mm.

- Slab SF3 (concrete grade of 24 MPa): Similarly to slab SF2, 6 grooves of 15x15 mm
were first cut inside the concrete part, which were filled with epoxy and NSM rods,
but their distribution was different from slab SF2. The distance between the
longitudinal steel reinforcement and the NSM rod was 100 mm, except for the
extreme rods in which was 50 mm. In this case, the dimension of groove also was
15x15 mm and CFRP rod in full depth of groove.
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- Slab SF4 (concrete grade of 35 MPa): the design, distributions and dimensions were
similar to SF3.

- Slab SF5 (concrete grade of 35 MPa): in this case the reinforcement was placed in
the repairing material. The 6 CFRP rods were installed onto the surface of the
concrete and located at the same position on the horizontal axis as for slabs SF3 and
SF4.

- Slab SF6 (concrete grade of 35 MPa): 6 grooves of 15x7.5 mm were first cut into the
concrete part and epoxy was used to fill the grooves. Only the half of every CFRP rod
was installed inside the groove. The other half was covered by repairing material
instead of epoxy (Fig. 3.13).

=AY
¢) Smoothing the surface d) Final groove aspect

Figure 3.11 Cutting grooves into concrete.

a) Installing epoxy into the groov b) Installing CFRP rod into the groove
filled with epoxy

Figure 3.12 Installing CFRP rods into concrete.
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Figure 3.13 The design of fire-damaged reinforced concrete slabs strengthening with

NSM CFRP rods.

Table 3.3 Details of slabs.

. . Depth of
Slab Concrete | Dimension repairing
Strength | of groove Note -
code (MPa) (mm) material
(mm)
SC1 24 - - Unfired -
SC2 35 - - Unfired -
SF1 24 - - Fired-Unrepaired -
SF2 | 24 15x15 | NSMrodinfull f g penaired 50
depth groove
SF3 | 24 15x15 | NSMrodinfull f g penaired 50
depth groove
SF4 35 15x15 NSM rod in full Fired-Repaired 50
depth groove
SF5 | 35 i Nogrooveand | o, oy posaired 50
filling material.
SF6 | 35 15x7.5 | NSMrodinahalf| ooy posaired 50
depth groove
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3.2.5 Step 5: installing the repairing material

In the last step of the procedure, repairing material was applied to replace the
weakened concrete layer that had been removed in step 3. A steel frame was fixed
around the slab as a mold to cast the repairing material layer (Fig. 3.14). Before the
installation of repairing material, a resin was applied directly to the concrete substrate
to improve bond between concrete and repairing material. Finally, the repairing
material was poured on to get the thick of 50 mm and subsequently the surface was
smoothed (Fig. 3.15 and Fig. 3.16).

Figure 3.16 The slab after repairing.

3.2.6 Step 6: Flexural test

All the specimens were cured at room temperature for 28 days before the bending test.
The simply supported slabs with a clear span of 800 mm were tested under three-point
bending test to determine the load-deflection curves. The applied load was controlled
by a hand-operated hydraulic jack with full capacity of 500 kN under a loading rate 7
kN/min and was monitored by the load cell. A LVDT was placed at the middle point
on the top of the slab and two other LVDTs were placed at 1/4 point of the span to
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obtain the deflection profiles. Strain gauges were bonded to the CFRP rods to measure
the strain profiles. Fig. 3.17 shows details of the setup of strain gauges on CFRP rods
in strengthened slabs. In every slab, a total of nine strain gauges were bonded on three
CFRP rods (three strain gauges on each). They were installed along half of the bond
length of the CFRP rods in a half of the slab.
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Figure 3.17 Position of strain gauges (SG) on CFRP rods in slab.

3.3 Material properties

The slabs were cast by using ready mixed concrete with two concrete grades of 24
and 35 MPa. The compressive strengths obtained from the tests performed on
standard cylinders (150x300mm) were 24.5 and 35.4 MPa. Epoxy paste SIKADUR®-
30 was used for the embedment of the NSM CFRP rods, which had a compressive
strength and tensile strength of 85 MPa and 26 MPa, respectively, at curing
temperature of 35°C after seven days. It had compressive and tensile E-modulus of
9600 and 11200 MPa. SIKADUR®-32TH was used as a resin for bonding of repairing
material to concrete substrate. Its compressive and tensile strengths were 60 and 18
MPa, while the bond strength to concrete reached 2.5 MPa. The type of repairing
material was SIKA®MONOTOP®-614T, which had a compressive strength of 60 MPa
at a curing time of sixty days and a bond strength of 2.0 MPa to concrete. These
parameters were provided by the supplier. A spirally-wound CFRP rod was used and
its properties were determined on direct pull-out test, including tensile strength of
2220 MPa and E-modulus of 133 GPa. The length of the CFRP rod was 1000 mm,
while the diameter was 9 mm.
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Chapter 4
TEST RESULTS AND DISCUSSION

4.1 Bond test
4.1.1 Failure pattern

The types of failure are reported in Table 4.1. The pull-out failure at the interface
between CFRP rod and epoxy or repairing material was the critical mechanism in all
cases. A very thin layer of epoxy was observed along the bonded length of the rod.
This indicates that the interface failure occurred due to cohesive shear failure in the
epoxy. It may be similar to the observations were reported by Sharaky, Torres [50],
and Galati and De Lorenzis [51]. As for specimens of groups B and C, a very thin
layer of repairing material was also observed on the rod, which could be caused by
cohesive shear failure in the repairing material. Since the CFRP rod and groove were
covered by repairing material, it was not possible to observe the failure in the
substrate adjacent to the groove during the test. No visible cracks were observed on
the surface of repairing material and the concrete block. At the loaded end of
specimens C3, C4, C5 and C6, a layer of repairing material in the form of cone-
shaped crack has been still attached on the surface of the rods (Fig. 4.1). This was not
observed for specimens C1 and C2.

Table 4.1 The results of bond tests.

Specimen Maximum | Average Average
Group pCode Load Pmax | bond stress slip at Failure mode
(kN) (M Pa) Pmax (mm)
c-1 16.1 2.843 431 P“'L‘S:;)S)md'
A
C-2 15.2 2.691 4.46 P“'L‘S:;)S)md'
Pull-out (rod-
C-3 13.4 2.363 4.29 epoxy and
B repairing material)
Pull-out (rod-
C-4 16.7 2.955 5.78 epoxy and
repairing material)
Pull-out (rod-
. C-5 39.1 6.917 4.92 repairing material)
Pull-out (rod-
C-6 43.4 7.669 4.99 repairing material)
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C4 C6 Cl C2 C3

Figure 4.1 CFRP rods after testing.

4.1.2 The maximum load

Fig. 4.2 shows that the ultimate load of specimens having grooves was different
negligible (13 — 16 kN). On the contrary, the ultimate load for specimens without
grooves (C5, C6) was around three times higher than the others. Based on these
results and the observed failure patterns, it seems that the location of CFRP rod
significantly affected the load capacity and that the repairing material supplied higher
bond strength than the epoxy. This effect is also discussed in the section of bond
behavior below.
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Figure 4.2 Maximum load values of C-shaped specimens.

4.1.3 The tensile strain distribution along CFRP rod

The tensile strain distributions along the CFRP rods are reported in Fig. 4.3 for all
specimens. The values on horizontal axis starts from the free-end to loaded end along
the bonded length of the rod and each curve correspond to a specific load level. At the
lower load levels, the strains decreased toward the free end with a distribution that, in
general, tended to be nonlinear. As the load increased, the strain distribution could be
approximated by a linear distribution along the bonded length with the highest value
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obtained at the position near load end. This is similar to previously reported on C-
shaped pull-out test [27, 52, 53]. This result indicates that the bond stresses between
CFRP rod and epoxy redistributed along the bonded length as the load increased. The
values of strain from specimens in group C were higher than other groups due to their
high load capacity.
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Figure 4.3 Tensile strain distribution along the length of CFRP rods.
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4.1.4 Bond stress-slip relationship

Based on the well-known Bertero-Popov-Eligehausen (BPE) relationship
(Eligehausen, Popov [54]) for bond of steel reinforcement in concrete, the bond-slip
curve for pull-out test of CFRP rod has been adopted from the equations of ascending
branch and descending branch [4]:

(s) = Ty (%)a,o <S<Sp, (4-1)

a!
©(s) = tm (5) (4-2)
where 7 is the local bond stress, s is the local slip, zm is maximum bond stress and Sm is
correspondingly maximum slip. Parameter o and o’ were calibrated by best fitting of
the experimental results. The value of a can be obtained by equating the area
underneath the ascending branch of the experimental curve to the value [4]:
Sm S\¢ mSm
Ac(0,Sm) = [ T (52) ds =2 (4-3)

1+a

As visible in Fig. 4.4, the bond-slip behavior of all specimens has an initial ascending
branch until the maximum value, followed by a rather smooth softening branch
toward an asymptotic value of bond stress due to the residual friction.

8

o]
L

Average bond stress (N/mm2)
N

Slip (mm)

Figure 4.4 Experimental bond-slip curve.

The curves of specimens in groups A (C1, C2 - NSM in full depth groove) and B (C3,
C4 - NSM in a half depth groove) are not much different, and their highest bond
strengths were below 3 N/mm?. However, the ascending branch of specimens C3 and
C4 have a higher slope at the initial load levels in comparison with those of specimens
C1 and C2. Group C (C5, C6 — CFRP rod in repairing material) reached maximum
bond strengths of more than 6 N/mm?, about three times higher than the other
specimens, with higher slope in the initial branch. Based on the observation of failure
patterns and the bond stress — slip curves, it could be concluded that the location of
CFRP rod was a main parameter affecting the bond performance of the NSM systems
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that were used in this study. Appearance of repairing material in this case affected the
bond stress on NSM rod and lead to higher bond performance than the epoxy resin.

In case of group B, with half of rod embedded in repairing material, a higher slope in
the bond-slip response could be observed in comparison with group A (the rod in full
depth groove with surrounding epoxy). Therefore, at lower slips, the higher bond
force could help the rod of specimens in group B to prevent the pull-out load, or delay
the slip for similar loads. The initial slope of group B was similar to that of group C,
however it showed a change for a value around 1.5 N/mm? to follow a trend similar to
specimens of group A. As a result, group B could not get a so high bond stress as
group C. Based on previous researches. In this study the dimensions of square groove
were selected to have a width-to-diameter ratio of approximately 1.7. De Lorenzis and
Teng [7] reported a minimum value of 1.5 for lightly sand-blasted bars, which was
enough to prevent splitting failure of the epoxy cover [52]. Based on it, the groove
dimension were not likely to affect the observed results.

4.1.5 Development length

The fracture energy of the bonded joint can be obtained from the curves in Fig. 4.4 by
equating the area underneath the bond-slip curve. In case of FRP reinforcing rods, this
value is usually infinite due to an unlimited post-peak friction branch as can be
observed in the figure, hence a development length always exists [7]. Herein, the
value of development length will be compared in each case. First, the equilibrium
equation of tensile force on rod is used:

ni—bdc = mdptdx (4-4)
_pds -
oc=E ™~ (4-5)

where ¢ is tensile stress in rod and E is the elastic modulus of the rod. From Eqgs. (4-4)
and (4-5), the limit tensile stress in the rod o1 that can be achieved corresponds to a
slip equal to sm and to an average bond stress m , according to the following equation
[55]:

,BE mSm
01 = O'(Sm) = m (4'6)

Furthermore, the development length I can be calculated from Eqgs. (4-4), (4-5) and
(4-6):

d? [ EdpSm
lmT[deb = T[TbO'(Sm) = lm = m (4'7)

The values of development length are reported in Table 5 for each specimen.
According to these values, a minimum embedment length needed for NSM CFRP rod
to prevent the failure at epoxy-rod interface in case of C5 and C6 (CFRP rod was
embedded inside repairing material) was approximately 18.50 mm. Meanwhile, this
value with respect to C1, C2 (CFRP rod was embedded inside concrete) and C3, C4
(CFRP rod was embedded between concrete and repairing material) should be at least
3 times higher than the case of C5, C6. Besides, the relationship of the tensile stress in
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the rod o versus the dimensionless development length I/d, was also predicted as
show in Fig. 4.5 by equation [55]:

1-a

I=1, (Gil)m

(48)

Table 4.2 Calibrated parameters in the bond-slip relationships and values of In.

Spce:((:)lcr;;en (N /‘:r:nmz) Sm (Mm) | Az (N/mm) o o’ Im (Mm)
C-1 2.837 1.763 3.641 0.374 | -0.40 | 52.03
C-2 2.638 1.520 2.637 0.520 | -0.38 | 47.62
C-3 2.317 1.474 2.755 0.240 | -0.35 | 50.82
C-4 2.897 1.648 3.792 0.259 | -0.35 | 45.45
C-5 6.784 0.513 2.526 0.378 | -0.10 | 18.12
C-6 7.521 0.544 3.209 0.275 | -0.18 | 18.43

The curves in Fig. 4.5 have been derived by equating the development length for each
value of the stress. In case of installing CFRP rod inside repairing material without
groove and epoxy, the embedment length is always shorter than other cases. For
example, if the tensile stress on the rod can reach 2000 N/mm? then the embedment
length in this case only needs approximately 24 times the diameter of the rod.
However, the embedment length ranging from 87 to 101 times the rod diameter with
respect to two remaining cases.

Tensile stress (N/mm2)

3000
NSM CFRP Rod in full depth groove
2500 1~ 77 NSM CFRP Rod in a half depth groove
----- NSM CFRP Rod in repairing material
i /
2000 - 7/
7/
1500 -
1000 -
500 -
0 T T T T T
0 20 40 60 80 100
L/dp

120

Figure 4.5 Stress o versus the dimensionless development length l/dm.
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4.2 Flexural test
4.2.1 Failure pattern

The crack patterns of each specimen are depicted in Fig. 4.6. For the two control slabs
(SC1 and SC2) the failure patterns corresponded to typical bending cracks located in
the maximum moment zone. This type of failure can be observed in normal flexural
RC members. In case of SF1, slab after fire without strengthening by CFRP rods, the
observed bending cracks were also similar to the failure pattern of SC1 and SC2.
However, the cracks appeared earlier due to the loss of load capacity of the slab after
fire. The initial cracks were observed at the load of 60 kN on slab SF1 while the
cracks started at 80 kN on slabs SC1 and SC2.

Ultimate

Ultimate

Figure 4.6 Failure modes of slabs after testting.
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All slabs repaired with CFRP rods and repairing material cracked at an early stage of
60 kN and initial flexural cracks started on the side of repairing material at the highest
moment zone. As the load increased, major bending cracks propagated towards the
compression side and the crack width increased until failure occured. At higher load
levels, inclined shear cracks appeared towards the load point. The cracks propagated
in the slabs without any change in their angle at the intermediate layer. This indicated
that a good bond between concrete and repairing material was obtained in all repaired
slabs.

4.2.2 Load-defection relationship

Based on the results of monotonic static loading test, it is clear that slabs strengthened
with CFRP rods had a significant increase in teh stiffness in comparison with control
slabs and, obviously, fired-slab. The ultimate load for the strengthened slabs was two
times higher than the control slabs. In general the curves of the strengthened slabs can
be approximately divided into three stages: before cracking, steel yielding and post-
yeilding stage. This behavior was mentioned in the research of Al-Mahmoud, Castel
[6]. The first stage is short and it follows a linear elastic behavior. In the second stage,
cracks appear, starting at the maximum moment zone. As load increased and reached
the value that led to the yielding of steel bars, this stage will end. The last stage
occurred between the steel yielding and the slab failure. At this stage, the steel has
yielded, whereas the CFRP rods behaviour is elastic and control the crack widths until
failure [32]. Moreover, the increase in deflection has a higher rate than the previous
stage. In the comparison between the strengthened slabs, the location of NSM CFRP
rods had affected their performance as mentioned below.

250

SC1
200 -

4 @O0 p>o

Load (kN)
g

=
o
o

6 8 12

Deflection (mm)

Figure 4.7 Load-deflection relationship of slabs — 24 MPa.
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Fig. 4.7 shows the test results of slabs SF2 and SF3 with concrete strength of 24 MPa.
It is observed that strengthened slabs got higher ultimate load and stiffness than
control specimen SC1 and fire-damaged slab without strengthening SF1. Slab SF1
only reached the ultimate load about 80% over control slab. Meanwhile, slabs SF2
and SF3 reached an ultimate load of higher 200 kN, about more 2 times higher than
the control specimen. In the comparison between SF2 and SF3, the curve of slab SF2
shows a higher ultimate load and higher stiffness than the specimen SF3. Both of the
slabs were strengthened with NSM CFRP rods inside concrete, but they had the
difference in distance from NSM CFRP rod to longitudinal steel reinforcements.
These values of the distance were 20 mm for SF2 and 100 mm for SF3. So this
difference may have led to the change in redistribution of stress, which as a result of
the difference of bending behavior over slabs.
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Figure 4.8 Load-deflection relationship of slabs — 35 MPa.

The load-deflection relationship of specimens with concrete strength of 35 MPa are
shown in Fig. 4.8. The purpose is to evaluate the effect of location of CFRP rods with
3 cases: 1) inside concrete part (SF2); 2) between concrete and repairing material; 3)
inside repairing material. The distance from the NSM CFRP rod to longitudinal steel
reinforcement was fixed to 100 mm. It is clear to detect the highest value of ultimate
load about 220 kN can achieve with respect to slab SF5 which CFRP rods in repairing
material. Meanwhile, slabs SF6 and SF4 obtained approximately 200 kN. This
indicates that both these strengthening ways did not have any significant difference on
the strengthening effectiveness. It may have been due to the bond behaviour between
NSM CFRP ros and substrate, which mentioned above in the bonding test of C-
shaped specimens. This is in coincidence with the bond test where the highest bond
stresses were obtained for CFRP rods embedded in the repairing material while the
other two cases showed lower results.
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Figure 4.9 Load-deflection relationship of SC1, SC2, SF3 and SF4.

Fig. 4.9 shows the comparison between slabs SF3 and SF4, which have the same
strengthening design, but different concrete strength. The deflection of SF3 was
smaller than SF4 as the load increased and even the maximum load of SF3 was also
higher, although the concrete strength of slab SF3 was lower than SF4. On the other
hand the test results of control slabs SC1 and SC2 were quite similar due to steel
yielding failure. These results indicate negligible influence of concrete strenght in the
case of rods totally embeded in the concrete groove, which showed a relatevely low
bond strenght compared to specimens with rods in the repairing material.
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SF3 1

Slabs
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SF1 A
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Figure 4.10 Comparison of maximum load and the corresponding deflection.
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In order to evaluate the strengthening effectiveness, the results of maximum load
capacity and corresponding deflection of strengthened and control slabs are compared
in Fig. 4.10. All strengthened slabs had higher maximum loads than the control slabs,
while their deflections were smaller. On the contrary, the lowest load capacity value
was evidently obtained for the case of fired-slab SF1 (101.4 kN) along with the
highest deflection value (6.68 mm). As for the results of slabs with concrete grade of
24 MPa, slab SF2 achieved a highest load value of 214.4 kN equal to 2 times the
value of control slab SC1. Moreover, slab SF2 also reached a higher maximum load
value than SF3, which indicated that the position or distance from the NSM CFRP rod
to steel bar was a factor that affected to the strengthening effectiveness.

Among the specimens with concrete strength of 35 MPa, the highest load value was
reached for slab SF5 (226.9 kN) equal to 2 times the value of SC2. It may be observed
the value of maximum load in descending order over slabs SF5, SF6 and SF4. This
means that a higher effectiveness could be obtained by locating CFRP rods into
repairing material overlay without grooves and epoxy, which corresponds with the
results from bond test of C-shaped specimens that were reported above.

4.2.3 Strain distribution

Fig. 4.11 shows the typical results of strain distributions along half of the bond length
of CFRP rods in a half of slab at different loads from 0 to 200 kN, recorded by three
strain gauges on every rod. Detail of the setup is shown in Fig. 3.17 . Some strain
gauges (SG8 in slab SF3; SG1, SG2, SG3 in slab SF4; SG4 in slab SF5) failed during
the test and their values could not be recorded. In all cases the strain values rose
gradually from near end point to mid point of CFRP rod due to the distribution of
moment with the highest value at midspan. At the same way all strains increased as
the load increased.

A comparison of the strain on the CFRP rod at the point located at 50 cm point among
all slabs is showed in Fig. 4.12. At the initial load levels the strain values had an
inconsiderable increase in every slab. However, the strain show a more evident
increase at 80 kN (close to the ultimate load obtained on control slab). This indicated
that the CFRP rod carried the additional load as the steel yielding had reached.
Therefore, the strain value on CFRP rods had corresponding increased at higher load
levels until the failure happened.
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Figure 4.11 Tensile strain distribution along half of the bond length of CFRP rods.
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Figure 4.12 Tensile strain on CFRP rods at the position of 50 cm from the end point
of CFRP rod.

4.3 Summary

In this chapter, a new method to repair and strengthen fire-damaged flexural RC
structures by using the NSM FRP reinforcement method was introduced. An
experimental program was carried out to evaluate the effectiveness of this technique
on fire-damaged slabs. CFRP rods, epoxy resin and repairing material were used
according to three different ways to rehabilitate fire-damaged slabs while a
comparison of effectiveness among these three ways was also estimated. In addition,
the bond behavior of NSM CFRP rods in case of using with concrete and repairing
material were also evaluated through the bond test on C-shaped specimens. Based on
the test results the following conclusions can be drawn:



63

The results from bond test show that the bond stress — slip law of the NSM FRP
system analyzed in this study was similar to the bond law for the typical NSM
FRP. The bond stress — slip curves had an initial ascending branch, followed by a
rather smooth softening branch after the peak point. However, the location of
CFRP rod significantly influenced the bond behavior of the method.

In both cases NSM FRP rods in full depth groove and in a half depth groove, the
bond stresses obtained were not much different and the highest values were below
3 N/mm?. The latter could delay the slip at the initial low load level. Meanwhile,
the bond stress with respect to the case which NSM rod was embedded in
repairing material reached 3 times higher than the others.

The bond failure at the rod-epoxy/repairing material interface with cohesive shear
failure in the epoxy/repairing material was observed as the critical failure pattern
in all cases.

Based on the bond test results, the minimum embedded length for NSM rod to
prevent pull-out failure in case of CFRP rod in repairing material is approximately
3 times shorter than the other cases.

In flexural tests, the bending cracks were observed in all slabs, while shear cracks
occurred at high load levels in case of the strengthened slabs. The cracks
propagated from the repairing material layer toward the concrete layer without
any change in their angle, which indicated the good bond between two layers
(concrete — repairing material).

The experimental results show that all strengthened slabs improved their
performance when compared to control specimens and fire — damaged slabs. Their
maximum loads were 2 times higher than control slabs while the deflections were
smaller. The highest load capacity (226.9 kN) was reached for slab SF5 with
CFRP rods embedded inside the repairing material. This location of CFRP rods
also brought out the highest results in bond tests. Therefore, in comparing the
three strengthening methods proposed in this study, the method in which the
CFRP rods were installed inside the repairing material could be considered as the
most effective. This method also offers advantages such as ease of installation and
economy, as epoxy resin was not used and it does have the need to make grooves.
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Chapter 5
FINITE ELEMENT MODELLING

5.1 General

The analysis in this chapter is carried out using the finite element package ABAQUS,
which is suitable for finite element analysis of structures including linear and
nonlinear, dynamic and static, large and small strain analyses [56]. This chapter
presents a numerical investigation utilizing non-linear FE analysis to predict the
flexural behavior of RC slab before and after exposure to fire as well as the behavior
of slabs strengthened with CFRP rods.

5.2 Constitutive models for materials
5.2.1 Concrete

The Concrete Damaged Plasticity (CDP) model was used in FE code ABAQUS to
define the concrete behavior [56]. In this model, the elastic stiffness of concrete is
assumed to be the same under tension and compression. Two main damage
mechanisms of concrete are considered including cracking formation and propagation
in tension, elasto-plasticity in compression. The CDP model uses the Drucker-Prager
hyperbolic function to assess the flow potential (G) as follows [56]:

G = /(ectan¥)? + g2 — ptan¥ (5.1)

where oy, is the uniaxial tensile stress at failure, e is the flow potential eccentricity
that adjusts the shape of meridional plane (herein assumed as a hyperbola) at which
the function approaches the asymptote. The recommended default value is e = 0.1,
which implies that the material has almost the same dilation angle (V) over a wide
range of confining pressure stress value [56].
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Figure 5.1 a) Hyperbolic flow potentials in the p-g plane, b) yield surface in plane
stress [56].

In addition, the dilation angle (\P') is the inclination of the failure surface towards the
hydrostatic axis at high confining pressure measured in the meridional plane (p-q)
(Fig. 5.1). The CDP model is non-associated potential plastic flow in the p-q plane
(resulting in a non-symmetric stiffness matrix) when the dilation angle and the
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material friction angle (B) are different [56]. On the other hand, this hyperbolic model
provides associated potential plastic flow in the p-q plane only when ¥ = B. The
recommended default value is V: 34 - 43°. For simulation of normal concrete ¥ = 36°
is acceptable [57, 58]. In the CDP model, the stress-strain behavior of concrete under
uniaxial loading in tension and compression is shown in Fig. 5.2.

G, %
Gl """~~~ . (a) = I - ,d (b)
) it
d, = N
E. JEF
| # 3
20 E. W
i 7 AR
’ j[; & ’
z . -K1-dJE.,
AR 0 St 2 = ‘
P & —_—— -
et & €
Fa b=t ¢

Figure 5.2 Stress-strain behavior of concrete under uniaxial loading in: a) tension,
b) compression [56].

where & and &¥ are the crushing strain and the cracking strain while éfl and 'é‘c’l are
the tensile and compressive equivalent plastic strain. Besides, dc and d: are the scalar
stiffness degradation variables in a compression and tension zone, respectively.

Furthermore, the ratio of initial biaxial compressive yield stress to initial uniaxial
compressive yield stress (foo/fco) must be defined in the CDP model, which is taken as
1.16 following the recommend of ABAQUS. In addition, CDP model requires K¢ that
describes the ratio of the distance between the hydrostatic axis and respectively the
compression meridian and the tension meridian in the deviatory cross section [56]. It
is recommended to assume K¢ = 2/3.

For the numerical simulation carried out in this study, the assumed constitutive
parameters of the CDP model are indicated in Table 5.1.

Table 5.1 Constitutive parameters of CDP model.

Dilation Plastic Stress ratio | Shape of Viscosity

CDP angle ¥ eccentricity foo/feo loading parameter
parameters e Surface Kc V
36° 0.1 1.16 0.67 0

The uniaxial compressive stress-strain relationship for concrete is modeled following
the fib Model Code 2010 [59]. The compressive response of concrete is assumed to
be linear elastic up to the uniaxial yield stress, followed by a strain-hardening curve
up to the peak compressive stress, after which a descending branch represents the
post-peak softening behavior of concrete (Fig. 5.3a).
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a) uniaxial compression [59] b) Tensile stress-strain curve [60]
Figure 5.3 Constitutive Models for Concrete.

where oc = compression stress; € = compression strain; fem = maximum compressive
stress; Ec1 = secant modulus from the origin to the peak compressive stress fcm; Eci =
tangent modulus; &1 = 0.0035; ocjim = 0.5fcm; &cim = the compression strain at the
stress Gg,lim.

For the tensile behavior of concrete, it is assumed to be linear elastic before cracking,
followed thereafter by a descending branch. A tension model proposed by Hsu is used
in this study [60] as shown in Fig. 5.3b where the ascending and descending branches
are given as:

o, = E.& €1 < & (5-2)

0.4
01 = fcr (Z_T) €1 > Ecr (5'3)

where 61 = tension stress; €1 = tension strain; Ec = modulus of elasticity of concrete;
for = cracking stress of concrete; ecr = cracking strain of concrete.

When concrete is exposed to elevated temperatures, its stress-strain behavior will
change due to the decrease of modulus of elasticity, compressive strength and tensile
strength. The tensile strength at temperature 6 is taken as 0.1 of the compressive
strength at temperature 6 [61]. A stress-strain diagram of concrete under compression
at elevated temperatures can be obtained based on the Eurocode model [62]:

3
oen = o 3 (22) {2+ (22) ] -
fc,G = kC,G fe (5'5)

where oce = compression stress at temperature 0; fco = compression strength at
temperature  ©; X506 = compression strain at temperature 6; >.v6=the strain
corresponding to ¢y.e; k¥ = the reduction factor; fc = compression strength at ambient
temperature.

According to the above models, the stress — strain curves in compression and tension
of concrete at different temperatures could be drawn as shown in Fig. 5.4 and Fig.
5.5.
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Figure 5.4 Compression stress-strain models of concrete at different temperatures.
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Figure 5.5 Tension stress-strain models of concrete at different temperatures.

5.2.2 Steel and CFRP reinforcement

The typical stress-strain relationship for steel bars is shown in Fig. 5.6a. The steel bar
has approximately linear elastic behavior at low strain values. At higher strain
magnitudes, it begins to have nonlinear, which is referred to as plasticity. The shift
from elastic to plastic behavior occurs at the yielding point. Once the stress in the
steel exceeds the yield stress, plastic deformation begins to occur. The stiffness of the
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steel decreases once the material yields. After heating and cooling to the temperature,
it may have a notable decrease in yield strength but the influence on the modulus of
elasticity is generally less significant [63]. In general, the shape of the stress-strain
curve of steel, heated and cooled to room temperature, is the same as before heating.
With respect to simulate the tensile behavior of CFRP bars, a linear elastic stress-
strain relation up to tensile strength is adopted (Fig. 5.6b).
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Figure 5.6 Stress-strain curve for: a) Steel reinforcement [64]; b) CFRP
reinforcement; c) Adhesive resin.

5.2.3 Epoxy and repairing material

A normal elasto — plastic model is used to simulate the behavior of epoxy adhesive as
shown in Fig. 5.6¢. Besides, due to the lack of studies on proposing the model for
repairing material, this research assumes that the behavior of the repairing material
can be simulated by using the constitutive model of concrete. The properties of epoxy
and repairing material were mentioned in the chapter of experimental program.

5.3 FEM modelling
5.3.1 General

The developed three-dimensional (3D) FE models were created using the finite
element code ABAQUS/Explicit [56]. In this numerical simulation, the explicit solver
was chosen in order to eliminate the convergence problem. It has been used to
perform a quasi-static analysis and in this case, the load should be applied as slow
velocity to make the dynamic effects negligible and get more accurate results [58].
For this modelling, the time step is set to be 0.3 for all models. Regarding the element
type, concrete, repairing material and epoxy were simulated by using 3D 8-Node solid
elements, defined by eight nodes, each node having three translational degrees of
freedom in x, y and z directions. In addition, the 3D 2-Node truss element was utilized
to model the steel reinforcement bars and CFRP rods. An assumption of perfect bond
between the reinforcement bars and concrete was utilized in this analysis for all of
modelling situations. Therefore rebars were fully embedded in the concrete using a
type of “embedded region” when modelling the interaction between steel rods and
concrete. The 3D 8-Node elements were used to simulate the steel rods working as
supports and loading pin in bending test.
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5.3.2 Numerical simulation of RC slabs — control specimen

3D Finite Element Method (FEM) model of control slab was simulated as shown in
Fig. 5.7. The element size used in the analysis of RC slab was 10x10x10mm. The
loading and boundary conditions of the model were applied according to the
particularities of the test setup.

Support

Support

Figure 5.7 FEM model for RC slab.

In order to assess the predictive performance of the described numerical model, the
load versus mid-span deflection response is compared in Fig. 5.8 with experimental
data. It can be observed that the numerical model showed similar stiffness before
concrete cracking compared with experimental diagram. It reached a cracking load
around 40 kN, thence a decrease in stiffness occurred similarly as in the behaviour
obtained in the test sample. Moreover, the model also captured the post yielding stage
observed in testing. In general, it can be concluded that the numerical simulation
showed a good agreement in comparison with the load-deflection behaviour from
tests, with little difference in stiffness and load carrying capacity compared with test
data.

Load (kN)

o Experiment

a4

FEM

20

0 2 4 6 8 10
Midspan Deflection (mm)

Figure 5.8 FEM results of control specimen.

For the failure pattern, a typical flexural failure with small cracks at the mid-span of
slab were observed in the experimental test. Though the FEM model could not capture
exactly every crack line, it indicated the flexural failure pattern or the cracking area
similar to the observation in bending test. Herein, the failure pattern or the cracking
area in concrete was estimated through the distribution of concrete tensile strains in
the Z direction of the model. Fig. 5.9 shows the failure pattern of the control slab in
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bending test and the concrete tensile strain field based on the PE33 output (plastic
strain in Z direction).
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Figure 5.9 Experimental and FEM pattern of concrete failure for control specimen.
5.3.3 Numerical simulation of fire-damaged RC slabs

To simulate the fire-damaged slabs, the temperature distribution from the exposure
surface was considered. This research aimed to propose a simple method to predict
the flexural behavior of RC slabs after exposure to fire by dividing the fire-damaged
part into several layers. At each layer, the mechanical properties, or the stress-strain
relationship of concrete, will change correspondingly to the temperature distribution
versus the depth of slab. Because the mechanical characteristics of concrete cannot
recover from damage due to temperature increase, it could be assumed that the stress-
strain relation of concrete after cooling down is similar to that of the heated concrete
[11]. Therefore, it was required to know the highest temperature attained at different
depths inside the concrete, thence the relative stress-strain relation would be assigned
in modelling.

In the fire tests of this study, some thermocouples were installed to record the
temperature distribution in the slabs during the heating time. The maximum
temperatures registered from thermocouples are shown in Table 5.2.

Table 5.2 The maximum temperature recorded in the slab.

Distance from exposure surface (mm) Max. temperature (°C)
125 130.7
75 131.0
25 358.4
0 949.0
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Regarding to the fire-damaged part in the slab, a layer with a thickness of 50mm was
removed for repairing. In order to simulate this layer in the model, the temperature
distribution in this part was required. However, due to the lack of data from the test,
only two positions at the exposure surface and the depth of 25 mm were recorded
(Table 5.2.). These values were not enough for modelling the fire-damaged slab
based on the method mentioned above.

Therefore, an assumption of temperature distribution in this layer was carried out
relying on the data obtained from the test and the other references, which determined
the temperatures measured versus the cross section concrete depth [9]. With respect to
steel bars, its material properties are significantly affected by the temperature
increase. However, after heating and cooling to the room temperature, it may have a
notable decrease in yield strength but the influence on the modulus of elasticity is
generally less significant [63]. Moreover, the previous studies reported that the
strength reduction was more than 10% for structural steel. In general, the shape of
stress-strain curve of steel reinforcement after heating and cooling to room
temperature is the same as before heating. These assumptions for modelling steel bars
were applied in this numerical simulation.

To apply the proposed method in this numerical simulation, the bottom of the slab
model was divided into 5 small layers of 10 mm thickness. The details are shown in
Figure 5.10. The stress-strain relationship of concrete was different for each layer
(layer 01 — 05) according to the maximum temperature that was assumed in them.
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Figure 5.10 Modelling the fire-damaged RC slab.

Table 5.3 shows the values of temperature assumed for each layer with three different
situations of temperature distribution (Case A, B and C). The remaining part of the
slab from layer 06 up to the top, is considered to be undamaged concrete, so the
stress-strain relation of concrete at normal temperature could be assumed. The results
are shown in Fig. 5.11, which includes a comparison on load-deflection behavior
between FE models for heated slab and control specimen.
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Table 5.3 Temperature distribution in the fire-damaged zone.

Layer Case A Case B Case C
Layer 05 200°C 200°C 200°C
Layer 04 200°C 200°C 200°C
Layer 03 400°C 400°C 400°C
Layer 02 600°C 600°C 800°C
Layer 01 900°C 800°C 800°C
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0 2 4 6 8 10 12
Midspan Deflection (mm)

Figure 5.11 FEM results for the simulation of fire-damaged slab.

Due to the influence of fire attack, the stiffness of concrete decreased, which caused a
reduction in the slab stiffness as shown in Fig. 5.11 for experimental curves.
Regarding to the curves from simulation, it could be said that the numerical model is
capable to predict the flexural behavior of the fire-damaged slab. All of three
situations A, B and C showed the stiffness reduction with slight differences in
comparison with the experimental curve. Although there was a small disparity
between the load carrying capacity from FEM and experimental curves, the post
yielding stage of the load-deflection diagram from the model indicated an acceptable
agreement with the actual test. This loading capacity was lower than that of the model
for control specimen. Besides, the numerical simulation also showed a failure pattern,
based on the PE33 output, which was quite similar with the observation in
experimental test (Fig. 5.12). Based on the evaluation of obtained FEM results, it is
possible to apply this numerical simulation for predicting the load-deflection relation
of fire-deteriorated slab. In this simulation technique, an accurate result could be
attained if temperature distribution profile was supplied adequately.
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Figure 5.12 Experimental and FEM pattern of concrete failure for fire-damaged slab.

5.3.4 Numerical simulation of repaired RC slabs
5.3.4.1 Assessment of the numerical model

With respect to the repaired slabs, the fire-damaged concrete layers were replaced by
repairing material. This research assumed that the behavior of repairing material in
simulation could be assigned by using the constitutive model for concrete (CDP
model). Among the repaired slabs, slabs SF2 and SF3 were chosen to simulate. The
bottom parts in these models with the thickness of 50mm were assigned by the
property of repairing material. In order to save the computational time, a half of slab
was simulated due to the symmetric in z direction. The details are shown in Fig 5.13.

Steel Rod
a
S ®, 4
Specimen SF2 - °
a L4 M o @
20420 e Ml - - ¥ Support
NSM CFRP Rod Repair Material I Repairing Material

Figure 5.13 The model of % slab in ABAQUS.

A fine mesh with the element size of 5x5x5 mm was applied for both of two models
SF2 and SF3, this small size element was expected to yield accurate results. In
additions, the NSM CFRP bars were assumed to be fully embedded in concrete, hence
“embedded region” was applied in order to simulate the bonding behavior between
NSM system and concrete. In the next part, another method is conducted for
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modelling this contact and the results from both of simulation ways are compared.
The details of slabs SF2 and SF3 are shown in Fig. 5.14.
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a) b)
Figure 5.14 The model of slab SF2 (a) and SF3 (b) in small element size.

The relation between force and mid-span deflection of repaired slab SF2 from
numerical simulation is reported in Fig. 5.15 in a comparison with the result from
control slab SC1.
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Figure 5.15 FEM results of model SF2 compared with experimental result.

In general, the load-deflection curve obtained from the simulation of slab SF2 showed
out a similar shape with the experimental diagram. It can be observed that a good
agreement attained in the elastic stage. In the post yielding stage, the stiffness of slab
reduced and this change was also captured in the simulation. However, in this stage,
the stiffness of FEM curve is higher than experimental curve. The bonding model for
CFRP bars and concrete might affect to this point. Regarding to the maximum load
carrying capacity, the value obtained from FEM model equals 95% of the experiment.
Nevertheless, the deflection corresponding with the maximum load of FEM model
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(3.1 mm) was lower than the experimental value (4.5 mm). The slab in simulation
achieved the failure point earlier than the observation in the test.
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Figure 5.16 FEM results of model SF3 compared with experimental result.

The results from the numerical simulation for slab SF3 is described through of the
load-deflection relation in Fig. 5.16. The model of repaired slab SF3 showed higher
load carrying capacity compared with the simulation results of control specimen SC1
as expected. In the assessment with its corresponding experimental data (SF3-EXP),
the load-deflection diagram from the model showed a good agreement with
experimental curve in the elastic stage. Although an analogous shape of the diagram
observed in post yielding stage, but the slab stiffness attained from the model was
evident higher than that of experimental slab. As well as the prior model (SF2-FEM),
model SF3-FEM also reached an approximate value of maximum load carrying
capacity but the corresponding deflection was lower in comparison with the
experimental value.
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Figure 5.17 The comparison of FRP strain.

Fig. 5.17 showed out a comparison about the CFRP strain profile at the middle of bar
between the results from FEM and experiment. At the initial load levels (0-40 kN),
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the CFRP strain in both of experiment and simulation had an inconsiderable increase.
After that the strain increased with additional load, which means it started to carry the
load and help to enhance the load carrying capacity of the slab. As the load raised, the
FRP strain from FEM model increased but the obtained values were lower than that of
experiment. So the stress that FRP sustained in modelling was lower than that in the
real test.

5.3.4.2 Influence of meshing size

Although the fine mesh may provide accurate result but it takes longer computing
time. Obviously, smaller element size or coarse mesh lead to less accurate result but
smaller accurate result. In this part, a coarse mesh with the element size of
15x15x15mm was applied in order to check ability if the model can provide a quick
and rough estimation of design. Thence both of models SF2 and SF3 were modified
with the coarse mesh as shown in Fig. 5.18.

Repairing material

Repairing Material

Figure 5.18 The model of slab SF2 (a) and SF3 (b) in coarse mesh.
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Figure 5.19 FEM results of models fine and coarse mesh.

The influence of different element sizes in meshing was evaluated based on the load-
deflection diagrams in Fig. 5.19. There are not much different in the elastic stage and
post yielding stage in comparison between two situations of 5mm and 15mm element
size for both of two models SF2 and SF3. But models FEM-15mm showed higher
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load carrying capacity and corresponding deflection compared with models FEM-
5mm. Therefore, it could be concluded that in regards to save computational time, a
coarse mesh model is also possible to predict the general behavior of repaired slab
except the degree of accuracy for load carrying capacity.

Figure 5.20 Distribution of concrete tensile strain based on the PE33 output.

The change of element size also affected to the failure pattern or the distribution of
concrete tensile strain in the model. Fig. 5.20 shows the distribution of concrete
tensile strain in z direction for two models in cases of small and large element size. It
can be observed from the figure that the cracking area detected in model FEM-15mm
looks larger compared with model FEM-5mm. Model FEM-5mm carried out the
cracking pattern that is quite close with the cracking lines observed in the test.
Therefore, the cracking pattern could be predicted well if a small meshing size was
applied.

5.3.4.3 Influence of interfacial bond model

In this part, the bond behavior between NSM FRP system and concrete are considered
and a method using connector element was applied in order to simulate this contact.
The interfacial bond model was assigned between epoxy and concrete while a full
bond was assumed for CFRP bar and epoxy. This is done since the observed failure
mode of the pull-out test specimens was a separation at the interface between concrete
and epoxy.

Connector elements with connection type AXIAL were employed to connect pairs of
nodes between epoxy and concrete. This element type provides a connection between
two nodes where the relative displacement is along the line separating the two nodes
(Fig. 5.21). It models discrete physical connections such as axial springs, axial
dashpots, or node-to-node (gap-like) contact [56]. In this numerical simulation the
type axial spring element was chosen to simulate the contact.

.

b

..
L

Figure 5.21 Connection element type AXIAL [56].
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Due to the limitation of memory of computer and the computational time, only model
with coarse mesh size was used to apply this interfacial bond model. The details of
connector elements in this numerical simulation are shown in Fig. 5.22.
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Figure 5.22 The contact between concrete and epoxy nodes in model of slab.

The governed law of connector behavior was based on a bilinear force-motion
diagram as shown in Fig 5.23. It assumes that the connector response is linear elastic
and after damage initiation a linear damage evolution is desired. The ascending
branch depicts a linear elastic behavior based on equation:

Fi = Ej X u; (5-1)

where Fi is the force in the i component of relative motion, u' is connector
displacement in the i*" direction and Eii is the elastic stiffness.

If damage were not specified, the response would be linear elastic (a straight line
passing through the origin). Conversely, damage has initiated, assume at point I, the
corresponding constitutive motion at this point is uo. If the load increases further such
that the constitutive motion increases to uc, the connector force response at point C
becomes Fc¢. The response is diminished by d X Fq¢ (d is damage variable) when
compared to the effective response Fett (the elastic response with no damage). Thus,
F. = (1 — d)F.g. If unloading occurs at point C, the unloading curve of slope (1 —
d)E is followed.

linear elastic response

(no damage)
F damage
initiation |
‘ _ effective response
Fap------mmmmm - (if damage was not present)
y GRS
+ \\!/ ___ actual current response in the
B ====ge-=g=c connector with damage
" Ci F. =(1-d) F,
e ‘ — damaged response
ol T u
\ U. U U

\ unloading/reloading curve
Figure 5.23 Bilinear force-motion law [56].

In order to get the required parameters for the simulation, the data from pull-out test
was used. Herein, the maximum force from pull-out test was 16.1 kN and the
corresponding slip of FRP bar was 1.7 mm. Before applying this bond model into the
simulation of slabs, a model of pull-out test on C-shaped concrete block was run
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based on mentioned parameters to assess the result. Detail of C-shaped concrete block
model is shown in Fig. 5.24. The epoxy part in this model was meshed with the same
element size and the contact pairs of connector elements were created similar as it
would be simulated in the models of slabs. The connector elements were located in Y
direction that also is the direction of slip.

Repairing material

Figure 5.24 The model of C-shaped concrete block in pull-out test.

18000

— — Experiment
—— FEM
/]

16000

uo0{
120004/

10000 (

Load (N)

8000 }
6000 d
4000 ,/

2000

0 2 4 6 8 10
Slip (mm)

Figure 5.25 The result from numerical simulation of pull-out test.

The result obtained from the model of pull-out test are shown in Fig. 5.25. Although
the results were in linear for both of ascending and descending branch but it showed
the values of maximum force and corresponding slip that are close to the real test. It
could be capable to apply this type of interface bond model for the numerical
simulation of slab. However, in direct pull-out test, the data is presented in one
direction but in the flexural member a three directions behavior would occur for the
bond between NSM system and concrete. In the models of slabs, the connector
elements were oriented in Z direction while a hard contact property provided by
ABAQUS [56] was applied for the simulation of the normal direction (Y and X
direction). It aimed to prevent the penetration between concrete and FRP material but
transmitting the pressure force.
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Figure 5.26 The load-deflection curves when the interface bond mode was applied.

After applying the bond model as mentioned above into the model of slab, the load-
deflection relations of slabs SF2 and SF3 were attained as shown in Fig. 5.26. It is
clear to observe the decrease in stiffness of slab, the diagrams become closer with the
experimental curve in comparison with the prior models using the contact type
“embedded”. This means the contact model has a potential to simulate the real bond
behavior for NSM FRP-concrete system. However, when the load reached % of the
maximum value, the slope of curve decreased and the value of deflection becomes
higher than that of experiment at the same load level.

5.3.5 Parametric study

In the parametric study, the influence of CFRP length and a potential of using
partially-bonded system are evaluated. Because the bond model has been developing
so a fully bonded or contact type “embedded” was applied for the numerical
simulation in this parametric study.

5.3.5.1 Influence of CFRP length

In this study, CFRP bars were applied for full span of the structure as presented in the
experiment. However, there is not necessary to apply CFRP reinforcement for full
span of the flexural member in all cases. Longer length of FRP leads to take high cost
for repairing process. Therefore a shorter length can be employed for saving cost but
it still must ensure the working capacity as expected. Nevertheless, this length should
be extended up to a certain distance from the loading section in shear span to avoid
the premature failure modes (such as concrete cover delamination and debonding of
the CFRP laminate from the concrete substrate) before the CFRP rupture [65].
Standard ACI-440-2R-08 [66] required the CFRP bonded length should be extended
at its both extremities of the maximum bending moment region as a required
development length (lan). Because the NSM system in this strengthening is different
with the normal NSM system mentioned in the standard (without a cover by repairing
material at the bottom part), so the value for development length lqp in this study was
calculated based on the experimental data (see chapter 4). Thence, a numerical
simulation was performed in order to predict the flexural behavior of slab SF2 and
SF3 in case of reducing the CFRP bonded length.
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Based on the data of development length versus diameter of CFRP bar in Fig. 4.5 the
value of development length is obtained: 1y, = 20 x D = 20 x 9 = 180 mm. In this
numerical simulation, two values of development length lgy of 300 mm and 200 mm
were applied in models (Fig. 5.27). The notations of models are: FB = full bonded
length of CFRP bar; C600 = the length of CFRP bar is 600 mm (Iso = 300mm); C400
= the length of CFRP bar is 400mm (lgp = 200mm).

800 mm

Figure 5.27 Change the length of CFRP bar in model of strengthened slab.

The effect of changing CFRP reinforcement length to load-deflection relation in
model SF2 is shown in Fig. 5.28. Among the curves for three situations obtained from
the numerical simulation, it can be observed that the load-deflection diagrams of slab
strengthened by CFRP bars with 600mm length is similar with the case of full-bonded
length. Meanwhile, the model of slab strengthened by 400mm length CFRP bars
showed an obvious decrease in load carrying capacity compared with the others. A
decrease in stiffness also was observed as the load increased over 150 kN. The load-
deflection curves of models with fine and coarse mesh showed the same stiffness and
the difference is about the value of maximum loading capacity as well as the
corresponding deflection, which also was observed for the prior models reported
above.

Load (kN)

@ SF2 - Experiment
—— FB-FEM

—e— C600 - FEM
—4— C400 - FEM

0 1 2 3 4 5
Deflection (mm)

Figure 5.28 FEM results for the changes of CFRP length — SF2.
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Figure 5.29 FEM results for the changes of CFRP bar length — SF3.

The above figure brings out the results of load-deflection diagrams when changing the
length of CFRP bars for model SF3. As CFRP bars with the length of 600 mm were
applied, there were no change in the load-deflection relation compared with the
situation of 1000 mm. This is similar with the results indicated regarding to model
SF2. Furthermore, using 400mm CFRP bars could make a decrease in stiffness as the
load reached higher than 170 kN and a lower maximum load carrying capacity. Based
on the results obtained from numerical simulation, in order to save material as well as
save the repairing cost in the real application, a shorter length of CFRP bars are still
possible to enhance the load carrying capacity. Obviously, it is required to satisfy the
requirement of development length.

5.3.5.2 Influence of partially-bonded system

Another part of this parametric study, the influence on the flexural behavior of
strengthened slabs as partially-bonded (PB) system was applied instead of using fully
bonded system. In this numerical simulation, the partially-bonded system was
simulated by changing the un-bonded length (Lub) of 600 mm and 400 mm in both of
models SF2 and SF3. The details are shown in Fig. 5.30. The notations of models are:
FB = full bonded length; PB300 = partially bonded length of 300 mm or Ly, = 400
mm; PB200 = partially bonded length of 400 mm or Ly, = 600 mm.

Figure 5.30 The partially-bonded system applied in the numerical simulation.
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Figure 5.31 FEM results for different cases of partially-bonded system.

The results of numerical simulation for models SF2 and SF3 with the application of
partially-bonded system are shown in Fig. 5.31 based on the load-deflection curves.
For both models of SF2 and SF3, the stiffness of the slabs was decreased with
increasing the un-bonded length at the post-yield stage. This effect is similar with the
results reported by the prior studies that applied partially-bonded system on the beams
[38, 41, 67]. As a result, the deformability of the partially-bonded slabs was increased
at the same applied load compared to the fully bonded one. In order to compare the
deformability of each models, the deflections at ultimate and yielding load were
recorded from the simulation as reported in Table 5.4. Thence the deformability p
was calculated p = Au/Ay [38] and the results are shown in Fig. 5.32. The charts in
figure shows that a clear increase of deformability for partially-bonded slabs
compared with fully bonded slabs but only a slight enhance when increasing the un-
bonded length. It might be due to the small size of the specimen. If the larger
specimen is applied, the change could be clearer.

Table 5.4 Deflections at ultimate and service load obtained from numerical

simulations.
Slab name SF2 SF3
Model group Ay (mm) Au (mm) u Ay (mm) Au (mm) u
FB 2.005 3.105 1.5 1.151 2.863 2.5
PB300 2.683 6.105 2.3 1.358 5.687 4.2
PB200 2.534 6.630 2.6 1.531 7.326 4.8

The strain profiles of CFRP prior to steel yielding and post yielding stage with respect
to models of partially-bonded and fully-bonded systems are shown in Fig. 5.33.
Unlike the fully-bonded system, the strain was constant throughout the un-bonded
region in case of partially-bonded slabs, which indicated that the FRP stress was
uniform within the un-bonded length. Prior to steel yielding, the strain in CFRP bars
with regard to partially-bonded systems was lower than that of fully-bonded slabs. So
the FRP stress in partially-bonded slabs was lower in comparison with fully-bonded
systems. This means that the stresses in steel reinforcement and concrete were higher
than that of fully-bonded slabs.
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In post yielding stage, the stress in steel reinforcement could not increase, so it lead to
the rise of stress in FRP as additional applied. As a result, the stress in FRP in
partially-bonded system enhanced to almost equal to that of fully-bonded slab. This
can be observed based on the strain profiles of FRP reinforcement in post yielding

stage.
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Figure 5.32 The comparison of deformability of models.
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Figure 5.33 Comparison of FRP strains prior to steel yielding and post yielding stage
in models of SF2 and SF3.

5.4 Analytical work
In this part, an analytical work is carried out to predict the values of load capacity for

slabs repaired by NSM FRP system that proposed in this study. The calculation was
based on standard fib Bulletin 14 [18].
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Figure 5.34 Analysis of cross section.

where b = 900 mm; h =150 mm; tc = 100 mm; tr = 50 mm; df = 92.5 mm; ds1 = 120
mm: ds2 = 30mm: hr = h-tr/2 = 125 mm: As = 381.51 mm?; As1 = 235.5 mm?; As» =
314 mm?; nr = Er/Ec = 1.58; nf = Ef/Ec = 5.78; ns = Es/E¢ = 8.70.
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Calculation of neutral axis depth:
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L

where L =800 mm.
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Calculation of neutral axis depth:
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5.5 Conclusions

In this chapter, a numerical simulation was developed based on 3D nonlinear FE
approach in order to predict the flexural behavior of RC slabs before and after fire
damage. This simulation also aimed to evaluate the performance of fire-damaged
RC slabs after repairing by NSM CFRP bars.

Based on a comparison with the results from real test, it is possible to use this
numerical simulation in order to predict the behavior of fire-damaged slab as well
as the normal structure.

Besides, the proposed model is also capable for predicting a general behavior of
fire-damaged slabs repaired by NSM CFRP bars. However, in order to improve
the simulation for a better result compared with the experimental, an interfacial
bond model using connector element was conducted. Although the result in model
of pull-out test was acceptable but it is required to have more evaluation about the
necessary parameters for connector elements as applying to the model of slab.

Furthermore, a parametric study based on the developed model evidenced that if
the FRP length satisfied the required development length as calculated based on
the pull-out test, the slab still can have ability to enhance the load carrying
capacity compared with the control specimen. In addition, an application of
partially-bonded system in case of this repairing method is possible to increase the
deformability of strengthened slab and still ensure its bearing capacity.
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Chapter 6
CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusion

The current research mainly aimed to propose a method for repairing and
strengthening fire-damaged reinforced concrete slabs based on NSM CFRP technique
in combination with repairing material. This method was expected to enhance the load
carrying capacity of fire-damaged slabs without changing original size after repairing
process. Moreover, the influence of location of CFRP bars was the main parameter for
evaluating. To attain comprehensive and complementary achievements, experimental
and numerical works were carried out. In this chapter, the main conclusions of this
work and the recommendations for future research are presented.

6.1.1 Experimental results

The experimental work in this study was carried out to evaluate the performance of a
new method for repairing fire-damaged RC slab based on NSM CFRP system
combined with using repairing material. The location of CFRP bars was the main
parameter affected to the result of this technique.

Based on the results from direct pull-out test, the bond stress in the situation which
NSM rod was embedded in repairing material layer attained 3 times higher than the
other situations: 1) inside concrete; 2) between concrete and repairing material.

All strengthened slabs showed an increase in load carrying capacity over control
specimens and fire — damaged slab. The highest load capacity (226.9 kN) was reached
in regards to slab SF5 with CFRP rods embedded inside the repairing material part.

Among three strengthening designs proposed in this study, the situation which CFRP
rods were installed inside the repairing material cover could be considered as the most
effective method. It also offers advantages such as ease of installation, saving cost
because making groove and epoxy resin were not required.

Finally, it could be concluded that the proposed method is totally possible to repair
fire-deteriorated flexural structure without changing its initial size. Moreover, in the
design, CFRP bars could be protected from the external agents during service process
after the rehabilitation.

6.1.2 FEM results
A numerical simulation was developed based on 3D nonlinear FE approach in order
to predict the flexural behavior of RC slabs in the experiment.

The simulation showed a good agreement with the test results in modelling the RC
slab before and after exposure to fire.

A simple method as mentioned in this study is suitable to simulate the behavior of
slab after exposure to fire. The result from this numerical simulation could be more
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accurate if the data of temperature distribution inside the specimen is supplied
adequately.

With respect to the simulation of repaired slabs, an assumption for the fully bond
between FRP system and concrete and also the assumption for the model of repairing
material similar with the constitutive model of concrete were applied. In this case, the
model was able to predict the flexural behavior of repaired slabs.

In additions, in order to save computational time, a coarse mesh model was carried
out. It also predicted similar load-deflection relation for model of repaired slab except
a different of maximum load capacity. Therefore, the simulation with coarse mesh as
proposed in this study would be used if the assessment is only on general behavior.

The parametric study based on the developed model evidenced that if the FRP length
satisfied the required development length as calculated based on the pull-out test, the
slab still can have ability to enhance the load carrying capacity compared with the
control specimen. In addition, an application of partially-bonded system in case of this
repairing method is possible to increase the deformability of strengthened slab and
still ensure its bearing capacity.

6.2 Recommendations for future work

In order to apply the proposed method to real structures, further researches and
investigations are considered.

= The influence of the shape and the type of FRP should be evaluated in the
experiment for a larger application of FRP material.

= Because this method is expected to protect the FRP system from the external
agents after the rehabilitation during service process. Therefore, it is necessary to
have experimental studies to evaluate the ability of repaired structure using this
technique as it is exposed to fire attack.

= Based on the results from parametric study, it is possible to apply the partially-
bonded system for this method if a requirement of deformability is considered but
it should be experimentally evaluated.

= |n order to improve the proposed numerical simulation, it is required to have a
deeper investigation on the bond model between CFRP system and concrete or
repairing material.

= In addition, the behavior of repairing material in this research was assumed as
same as the behavior of concrete for modelling. It makes the results from
numerical simulation would not reflect exactly the real behavior of structure. So it
is required to have an experiment for evaluating the mechanical property of
repairing material as well as its constitutive model for simulation. Besides, further
researches can study the performance if the other kind of repairing material is
applied.
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