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Abstract
This research aimed to examine the potential use of a geopolymeric matrix as
a sustainable alternative to commercial mortars in carbon fabric-reinforced matrix
composites. Single-lap shear tests were conducted to examine the bond behavior at the
fabric-matrix interface. Test parameters included the type of matrix (geopolymeric and
cementitious matrices), the type of fabric (unidirectional and bidirectional) and the
bonded length (50 to 300 mm). The geopolymeric matrix was a blend of fly ash/ground
granulated blast furnace slag activated by an alkaline solution of sodium silicate and
sodium hydroxide. The bond behavior of the geopolymeric-matrix specimens was
characterized and compared to that of similar specimens with a cementitious matrix.
The specimens failed due to fabric slippage/debonding at the fabric-matrix interface
or a fabric rupture. Few specimens failed by debonding at the substrate-matrix
interface. The type of matrix had no effect on the effective bond length, which was in
the in the range of 150 mm to 170 mm. The geopolymeric-matrix specimens exhibited
comparable or higher ultimate loads relative to those of their cementitious-matrix
counterparts. The use of a bidirectional fabric impaired the penetrability of the matrix.
As such, the ultimate loads of the specimens with a unidirectional fabric tended to be
higher than those of their counterparts with a bidirectional fabric. This was more
pronounced in the specimens with a geopolymeric matrix. New bond-slip models that
characterize the bond behavior at the fabric-matrix interface for geopolymeric- and
cementitious-matrix specimens were developed.

Keywords: Single-lap, shear, FRCM, FRGM, strengthening.

viii

)Title and Abstract (in Arabic

ﺳﻠﻮﻙ ﺍﻟﺘﻤﺎﺳﻚ ﺑﻴﻦ ﺍﻟﺨﺮﺳﺎﻧﺔ ﻭﻗﻮﺍﻟﺐ ﺍﻟﺠﻴﻮﺑﻮﻟﻴﻤﺮ ﺍﻟﻤﺴﻠﺤﺔ ﻧﺴﻴﺞ ﺍﻷﻟﻴﺎﻑ
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ﻳﻬﺪﻑ ﻫﺬﺍ ﺍﻟﺒﺤﺚ ﺇﻟﻰ ﺩﺭﺍﺳﺔ ﺍﻻﺳﺘﺨﺪﺍﻡ ﺍﻟﻤﺤﺘﻤﻞ ﻟﻤﻮﻧﻪ ﺍﻟﺠﻴﻮﺑﻮﻟﻴﻤﺮ ﻛﺒﺪﻳﻞ ﻣﺴﺘﺪﺍﻡ ﻟﻠﻤﻮﻧﻪ
ﺍﻷﺳﻤﻨﺘﻴﺔ ﺍﻟﺘﺠﺎﺭﻳﺔ ﺍﻟﺘﻲ ﺗﺴﺘﺨﺪﻡ ﻓﻲ ﺻﻨﺎﻋﻪ ﺍﻟﻤﻮﻧﻪ ﺍﻟﻤﺴﻠﺤﺔ ﺑﻨﺴﻴﺞ ﺍﻷﻟﻴﺎﻑ ﺍﻟﻜﺮﺑﻮﻧﻴﺔ .ﺗﻢ ﺇﺟﺮﺍء
ﺍﺧﺘﺒﺎﺭﺍﺕ ﺍﻟﺘﻤﺎﺳﻚ ﺃﺣﺎﺩﻱ ﺍﻟﺴﺤﺐ ﻟﺪﺭﺍﺳﺔ ﺳﻠﻮﻙ ﺍﻟﺘﻤﺎﺳﻚ ﺑﻴﻦ ﺃﺳﻄﺢ ﺍﻟﻤﻮﻧﻪ ﻭﻧﺴﻴﺞ ﺍﻷﻟﻴﺎﻑ .ﺷﻤﻠﺖ
ﻣﻌﺎﻣﻞ ﺍﻻﺧﺘﺒﺎﺭ ﻧﻮﻉ ﺍﻟﻤﻮﻧﻪ )ﺟﻴﻮﺑﻮﻟﻴﻤﺮﻳﺔ ﺍﻭ ﺍﺳﻤﻨﺘﻴﺔ( ،ﻧﻮﻉ ﻧﺴﻴﺞ ﺍﻷﻟﻴﺎﻑ ﺍﻟﻜﺮﺑﻮﻧﻴﺔ )ﺃﺣﺎﺩﻱ
ﺍﻻﺗﺠﺎﻩ ﻭﺛﻨﺎﺋﻲ ﺍﻻﺗﺠﺎﻩ( ،ﻭﻁﻮﻝ ﺍﻟﺘﻤﺎﺳﻚ )ﻣﻦ  50ﺍﻟﻰ  300ﻣﻢ( .ﻛﺎﻧﺖ ﺍﻟﻤﻮﻧﻪ ﺍﻟﺠﻴﻮﺑﻮﻟﻴﻤﺮﻳﺔ
ﻋﺒﺎﺭﺓ ﻋﻦ ﻣﺰﻳﺞ ﻣﻦ ﺍﻟﺮﻣﺎﺩ ﻭﺧﺒﺚ ﻓﺮﻥ ﺍﻟﺼﻬﺮ ﺍﻟﻤﺤﺒﺐ ﺍﻟﻤﻄﺤﻮﻥ ﺍﻟﺬﻱ ﺗﻢ ﺗﻨﺸﻴﻄﻪ ﺑﻮﺍﺳﻄﺔ ﻣﺤﻠﻮﻝ
ﻗﻠﻮﻱ ﻣﻦ ﺳﻴﻠﻴﻜﺎﺕ ﺍﻟﺼﻮﺩﻳﻮﻡ ﻭﻫﻴﺪﺭﻭﻛﺴﻴﺪ ﺍﻟﺼﻮﺩﻳﻮﻡ .ﺗﻢ ﻭﺻﻒ ﺳﻠﻮﻙ ﺍﻟﺘﻤﺎﺳﻚ ﻟﻌﻴﻨﺎﺕ ﺍﻟﻘﻮﺍﻟﺐ
ﺍﻟﺠﻴﻮﺑﻮﻟﻴﻤﺮﻳﺔ ﻭﻣﻘﺎﺭﻧﺘﻬﺎ ﺑﺴﻠﻮﻙ ﺍﻟﻌﻴﻨﺎﺕ ﺍﻟﻤﻤﺎﺛﻠﺔ ﺫﺍﺕ ﺍﻟﻘﻮﺍﻟﺐ ﺍﻷﺳﻤﻨﺘﻴﺔ .ﺍﻧﻬﻴﺎﺭ ﺍﻟﻌﻴﻨﺎﺕ ﻛﺎﻥ ﺑﺴﺒﺐ
ﺍﻧﺰﻻﻕ ﺍﻟﻨﺴﻴﺞ ،ﺍﻭ ﻧﺰﻉ ﺍﻟﻨﺴﻴﺞ ﻣﻦ ﺍﻟﺴﻄﺢ ﺑﻴﻦ ﺍﻟﻤﻮﻧﻪ ﻭﺍﻟﻨﺴﻴﺞ ،ﺃﻭ ﺗﻤﺰﻕ ﺍﻟﻨﺴﻴﺞ .ﺗﻢ ﺍﻧﻬﻴﺎﺭﻋﺪﺩ ﻗﻠﻴﻞ
ﻣﻦ ﺍﻟﻌﻴﻨﺎﺕ ﻧﺘﻴﺠﺔ ﺇﺯﺍﻟﺔ ﺍﻟﺘﺮﺍﺑﻂ ﺑﻴﻦ ﺳﻄﺢ ﺍﻟﻤﻮﻧﻪ ﻭﺳﻄﺢ ﺍﻟﺨﺮﺳﺎﻧﺔ .ﻛﺎﻥ ﻁﻮﻝ ﺍﻟﺘﻤﺎﺳﻚ ﺍﻟﻔﻌﺎﻝ
ﻟﻌﻴﻨﺎﺕ ﺍﻟﻘﻮﺍﻟﺐ ﺍﻟﺠﻴﻮﺑﻮﻟﻴﻤﺮﻳﺔ ﻭﺍﻹﺳﻤﻨﺘﻴﺔ ﻓﻲ ﺣﺪﻭﺩ  150ﻣﻢ ﺇﻟﻰ  170ﻣﻢ .ﺃﻅﻬﺮﺕ ﻋﻴﻨﺎﺕ ﺍﻟﻘﻮﺍﻟﺐ
ً
ﺃﺣﻤﺎﻻ ﻧﻬﺎﺋﻴﺔ ﻣﻤﺎﺛﻠﺔ ﺃﻭ ﺃﻋﻠﻰ ﻣﻘﺎﺭﻧﺔ ﺑﻨﻈﻴﺮﺍﺗﻬﺎ ﻣﻦ ﺍﻟﻘﻮﺍﻟﺐ ﺍﻷﺳﻤﻨﺘﻴﺔ .ﺃﺩﻯ ﺍﺳﺘﺨﺪﺍﻡ
ﺍﻟﺠﻴﻮﺑﻮﻟﻴﻤﺮﻳﺔ
ﻧﺴﻴﺞ ﺛﻨﺎﺋﻲ ﺍﻻﺗﺠﺎﻩ ﺇﻟﻰ ﺇﻋﺎﻗﺔ ﺍﺧﺘﺮﺍﻕ ﺍﻟﻤﻮﻧﻪ ﻟﻨﺴﻴﺞ ﺍﻷﻟﻴﺎﻑ ﺍﻟﻜﺮﺑﻮﻧﻴﺔ ﻭﺃﺿﻌﺎﻑ ﺍﻟﺘﻤﺎﺳﻚ ﺑﻴﻨﻬﻢ.
ﻋﻠﻰ ﻫﺬﺍ ﺍﻟﻨﺤﻮ ،ﻛﺎﻧﺖ ﺍﻷﺣﻤﺎﻝ ﺍﻟﻨﻬﺎﺋﻴﺔ ﻟﻌﻴﻨﺎﺕ ﺍﻟﻘﻮﺍﻟﺐ ﺍﻟﺠﻴﻮﺑﻮﻟﻴﻤﺮﻳﺔ ﺫﺍﺕ ﺍﻟﻨﺴﻴﺞ ﺃﺣﺎﺩﻱ ﺍﻻﺗﺠﺎﻩ
ﺃﻋﻠﻰ ﻣﻦ ﺍﻷﺣﻤﺎﻝ ﺍﻟﺨﺎﺻﺔ ﺑﻨﻈﻴﺮﺍﺗﻬﺎ ﺫﺍﺕ ﺍﻟﻨﺴﻴﺞ ﺛﻨﺎﺋﻲ ﺍﻻﺗﺠﺎﻩ .ﻟﻢ ﻳﻜﻦ ﻫﺬﺍ ﻭﺍﺿ ًﺤﺎ ﻓﻲ ﻋﻴﻨﺎﺕ
ﺍﻟﻘﻮﺍﻟﺐ ﺍﻷﺳﻤﻨﺘﻴﺔ .ﺗﻢ ﺍﺷﺘﻘﺎﻕ ﻧﻤﺎﺫﺝ ﺭﻳﺎﺿﻴﺔ ﺟﺪﻳﺪﺓ ﻗﺎﺩﺭﺓ ﻋﻠﻰ ﻭﺻﻒ ﺳﻠﻮﻙ ﺍﻟﺘﻤﺎﺳﻚ ﺑﻴﻦ ﺳﻄﺢ
ﺍﻟﻤﻮﻧﻪ ﻭﺍﻟﻨﺴﻴﺞ ﻟﻌﻴﻨﺎﺕ ﺍﻟﻘﻮﺍﻟﺐ ﺍﻟﺠﻴﻮﺑﻮﻟﻴﻤﺮﻳﺔ ﻭﺍﻹﺳﻤﻨﺘﻴﺔ.
ﻣﻔﺎﻫﻴﻢ ﺍﻟﺒﺤﺚ ﺍﻟﺮﺋﻴﺴﻴﺔ :ﺍﺧﺘﺒﺎﺭﺍﺕ ﺍﻟﺘﻤﺎﺳﻚ ﺃﺣﺎﺩﻱ ﺍﻟﺴﺤﺐ ،ﺍﻟﻤﻮﻧﻪ ﺍﻷﺳﻤﻨﺘﻴﺔ ﺍﻟﻤﺴﻠﺤﺔ ﺑﻨﺴﻴﺞ
ﺍﻷﻟﻴﺎﻑ ،ﺍﻟﻤﻮﻧﻪ ﺍﻟﺠﻴﻮﺑﻮﻟﻴﻤﺮﻳﺔ ﺍﻟﻤﺴﻠﺤﺔ ﺑﻨﺴﻴﺞ ﺍﻷﻟﻴﺎﻑ ،ﺗﻘﻮﻳﺔ ﺍﻟﻬﻴﺎﻛﻞ ﺍﻻﻧﺸﺎﺋﻴﺔ.
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1. Chapter 1: Introduction
1.1 Overview
The non-corrosive nature of epoxy-based fiber-reinforced polymer composites
has promoted its use for rehabilitation and strengthening of reinforced concrete
structures over the past two decades. Nevertheless, Al-Salloum et al., 2012; Grace and
Singh, 2005; Micelli et al., 2015; Sen, 2015 have reported critical and concerning
issues relating to their use, including severe degradation of their mechanical properties
under high temperature, emission of toxic fumes, danger of irritation and eczema on
the skin, and flammability. To circumvent the problems that are associated with epoxybased composite materials, fabric-reinforced cementitious matrix (FRCM) systems
have recently been introduced in the construction industry as a viable alternative
strengthening material, American Concrete Institute (ACI) Committee 549, 2020. In
this system, the fabric is shielded between cementitious mortar layers, thus improving
its resistance to fire and deterioration. The compatibility between FRCM and the
concrete substrate is irrefutable, as both materials include cement as the main binding
material. Nevertheless, the FRCM systems consumes significant amount of nonrenewable natural resources and leads to an increase in the concentration of CO2 in the
atmosphere. Therefore, sustainable and eco-friendly fabric-reinforced geopolymeric
matrix

(FRGM)

strengthening solutions

using cement-free

alkali-activated

geopolymeric matrices are suggested to overcome the problems that are associated
with cementitious-based composites.
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1.2 Scope and Objectives
The main aim of this study is to investigate the bond behavior of different types
FRCM and FRGM-concrete joints and to find the effective bond length through
experimental testing. Results will be employed to develop bond stress-slip
relationships for the different types of FRCM and FRGM used in the study. The
specific objectives are given below:
1. Examine the bond behavior of different types of FRCM and FRGM-concrete
joints.
2. Determine the effective bond length for FRCM and FRGM systems.
3. Develop cohesive bond stress-slip laws capable of simulating the repetitive
behavior at the fabric-matrix interface for different FRCM and FRGM systems.
1.3 Outline and Organization of the Thesis
A comprehensive literature review of available previous studies on
strengthening of concrete structures with FRCM and FRGM systems are presented in
Chapter 2. Details of design, manufacturing, and fabrication of the tested specimens,
along with detailed descriptions of the materials properties, strengthening regime,
strengthening methodology, test setup, and instrumentations are demonstrated in
Chapter 3. FRCM and FRGM experimental test results, comprising failure modes,
bond load-global slip response, strain response, effective bond length, and comparative
analysis of test results are shown in Chapter 4. Analytical bond-slip (W-s) Models are
shown in Chapter 5. Lastly, a summary of the research, general conclusions for the
completed work, and recommendations for future studies are presented in Chapter 6.
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1.4 Research Questions
The bond behavior at the fabric-matrix interface is a key element affecting the
overall structural behavior of strengthened concrete structures. There is a lack of
knowledge about the bond behavior at the fabric-geopolymeric matrix interface.
1. What is the feasibility of producing a cement-free fabric-reinforced
geopolymeric matrix to be used in structural strengthening as a sustainable
alternative to commercial cement-based mortars?
2. What is the effect of the fabric geometry on the bond behavior of FRCM
and FRGM-concrete joints?
3. What is the effective bond length for the different cementitious matrices
using carbon-1 and carbon-2 fibers?
4. What is the effective bond length for the different geopolymeric matrices
using carbon-1 and carbon-2 fibers?
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2. Chapter 2: Literature Review
2.1 Introduction
A comprehensive literature search was conducted to summarize and discuss
the available experimental studies and bond-slip models for different FRCM and
FRGM systems. Various parameters affecting the bond-slip response of the
strengthened concrete specimen elements have been identified and discussed. These
variables include the type of composites, bonding length, bonding width, number of
layers, and fabric geometry. The significance of the current research is then highlighted
at the end of the chapter.
2.2 Effect of Type of Composites
2.2.1 Strengthening with Cementitious Matrix
Hashemi and Al-Mahaidi (2010) reported that the cementitious mortar
provided better bond with fabric textiles (unidirectional or bidirectional fiber
mesh/grids, Simpson Strong-Tie®, United States), than fabric sheets (woven fabrics
with yarn fineness of filaments/strand, Lin et al., 2015). The bond capacity of a
specimen with a fabric textile was 30% more than that of a corresponding specimen
with a fabric sheet. This was ascribed to penetration of the mortar through the fabric,
resulting in a mechanical interlock, thus improving the bond between the mortar and
the fabric. Additionally, anchorage improved the bond between the matrix and
concrete substrate, delayed debonding of the fabric, and resulted in a 25% increase in
bond capacity. The failure mode was typical of interfacial cracking between the mortar
and fibers.
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D’Ambrisi et al. (2012) and (2013) studied the bond-slip relations of
Poliparafenilen BenzobisOxazole (PBO)-FRCM bonded to concrete. The bond
strength of FRCM specimens increased with longer bonded length (lb) up to an
effective length (leff), after which the bond strength remained almost constant. Further,
the specimens failed by debonding at the fabric-matrix interface, followed by
considerable slippage of the fabric. Yet a thin layer of the matrix remained perfectly
attached to the concrete substrate. Furthermore, transverse cracks were observed in
the cement-based matrix during testing. Moreover, the effective bond length was found
to be in the range of 250–300 mm.
Sneed et al. (2014) examined the bond behavior of FRCM-concrete joints. The
bond strength of FRCM increased with an increase in the bond length. However,
failure mode was characterized by considerable slippage between the fibers and
matrix, with no damage to the matrix-concrete interface. Tensile failure of the
longitudinal fiber bundles was characterized by a rapid stretching of the bare fibers,
causing displacement of the overall system at the fiber failure location and an unstable
loading condition. Moreover, the effective bond length was in the range of 250–330
mm. Nevertheless, varying the bonded width had almost no effect on the bond
behavior.
Further, Sneed et al. (2015) reported that failure of double-lap shear specimens
was found to be due to excessive slip at the fabric-matrix interface. However, the bond
length affected the double and single-lap shear test results, unlike the width of fabrics.
The effective bond length was determined to be approximately 260 mm.
Ombres (2015) reported that the fabric strain recorded in bond tests decreased
as the number of fabric layers increased. Furthermore, with similar bond lengths,
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specimens with a bond width of 25 mm showed higher bond stress values at failure
compared to those with a bond width of 35 mm. This was attributed to the non-uniform
distribution of fibers across the bonded width. Nonetheless, the bond strength of
FRCM specimens increased with same bond width as the bond length increased. The
failure mode also shifted from fabric slippage to delamination at the fabric-matrix
interface. The effective bond length was found to be in the range of 150–200 mm.
D’Antino et al. (2015) and (2016a) stated that in the post-peak stage, the
applied load decreases with an increase in the global slip until it reached a constant
value, corresponding to the contribution of friction to the bond strength. It was also
reported that the extent of surface roughness had a limited role on the bond behavior
of FRCM-concrete joints. Nevertheless, failure of FRCM specimens was characterized
by considerable slippage between the fibers and matrix. The matrix-concrete interface
remained undamaged with no debonding reported.
D’Antino et al. (2016b) investigated the behavior of FRCM composites
comprised of a glass and carbon fiber net tested using single-lap direct-shear tests.
Results indicated that the peak load increases with bonded length. However, glass
FRCM composites reported peak load values close to the measured glass fiber strength
and higher than carbon FRCM composites with the same bonded length, indicating a
good glass fiber-matrix bond capacity. Nevertheless, it was reported that the different
mechanical properties of the matrix batches did not affect the load responses, in which
it concludes that the bond between matrix and fiber, rather than the mechanical
properties of the matrix, determine the load-carrying strength of FRCM-concrete
joints. Furthermore, the FRCM specimens failed due to fiber debonding at the fibermatrix interface. However, in some specimens rupture of one or more fiber bundles
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inside the matrix at or near the loaded end. Finally, the FRCM-concrete joints had an
effective bond length less than 450 mm.
Awani et al. (2015) compared the bond behavior of fabric-reinforced epoxy
(FRE) specimens and FRCM specimen under double shear tests. Results highlighted
for both FRE and FRCM that for the same width of the bonded area, the bond stress at
failure decreased with an increase in the bonded length of the fabric. The bond stress
of the FRCM specimens at failure was, on average, 28% lower than that of the FRE
specimens. In FRCM systems, debonding at the fabric-matrix interface was
accompanied by slippage and deformation of the longitudinal fiber bundles. It was
characterized by transverse cracks that initiated near the loaded end of the specimen,
and then propagated towards the unloaded end as the applied load increased. In FRE
systems, samples failed abruptly due to rupture of the fabric in the matrix.
Nevertheless, none of the specimens failed at the concrete-matrix interface.
Donnini et al. (2016) investigated the bond behavior of FRCM employing
carbon fabrics with different types and amounts of organic coating treatments. The use
of a coating improved the bond at the matrix-fiber interface. Moreover, the ultimate
strain capacity increased with the level of impregnation, leading to an enhancement in
the pseudo-ductility of the FRCM system. Nevertheless, the predominant failure mode
was at the interface between the fabric and matrix.
Dalalbashi et al. (2018) studied the effect of fiber bond length and fiber
configurations on the bond behavior of textile reinforced mortars (TRM). The results
showed that by increasing the numbers of fibers, the load carried by each fiber
decreased, thus changing the failure mode from fiber pull-out to mortar cracking.
Moreover, the authors reported that the effect of fiber transverse elements on the bond
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response has only caused an increment of slip hardening. Therefore, the transverse
elements work as an anchorage, leading to an enhanced ductility. In addition, steel and
glass-basedTRM had significantly different effective bond lengths. It was in the range
of 150–200 mm and in the range of 50–75 mm in steel and glass-based TRMs,
respectively.
Barducci et al. (2020) compared the bond behavior of FRCM composites made
of basalt textile coupled to different inorganic matrices applied on clay bricks using
single and double-lap shear tests. The four different inorganic matrices were a
commercial lime-based mortar matrix and three mortar matrices mixed in the
laboratory. Experimental testing showed that single-lap provides results with low
variability compared to double-lap, because it requires specimens consisting of one
FRCM strip applied on the substrate. Regarding the failure mode, all of the FRCM
systems displayed failure of the textile localized in the matrix near the loaded end with
debonding at the textile-matrix interface.
Carozzi et al. (2020) investigated FRCM systems applied on masonry and
concrete substrates using push pull single and double-lap shear tests. FRCM
composites consisted of PBO, glass and carbon embedded in an inorganic mortar. All
the matrices were cementitious mortars except the matrix used for glass fabric, which
was a lime mortar. The effect of different bond lengths, widths and fiber coating on
the debonding strength and failure mode were examined. Test results showed that
presence of the coating resulted in higher stiffness, greater maximum stresses, and
better behavior with respect to the uncoated FRCM material. This is owed to the
increase in the adhesion properties between fabric and matrix as coating is applied.
Additionally, the specimens with smaller bond width experienced slippage of the
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fabric at loads lower than the tensile strength of the fibers. For the same bond length,
specimens with wider bond width experienced larger fiber breakage and slippage.
Samples with longer bond length had a partial fiber failure and subsequent slippage of
the fabric. Nevertheless, no debonding of the FRCM system from the substrate was
observed. Moreover, the effective bond length was in the range of 150 mm to 260 mm.
2.2.2 Strengthening with Geopolymer Matrix
Vasconcelos et al. (2011) employed metakaolin-based geopolymer mortar as a
sustainable alternative to commercial mortars. Findings showed that the proposed
inorganic matrix was as effective as epoxy in increasing the strength and stiffness of
reinforced concrete beams. However, strengthening using metakaolin-based
geopolymers showed a more brittle failure mechanism.
Menna et al. (2013) studied the effectiveness of using steel cords embedded in
a metakaolin based geopolymer matrix to strengthen concrete beams. Results
highlighted a strong adhesion between the matrix, concrete substrate and steel cords,
leading to an increase in the bending moment capacity of the strengthened beams.
Conversely, debonding of the fibers and geopolymer matrix occurred when carbon
fiber-reinforced geopolymer system was used. This was attributed to the poor
interfacial bond at the carbon fibers-matrix interface and the inability to fully
impregnate the carbon fibers with the matrix. In fact, the geopolymer matrix’s limited
fluidity prevented it from penetrating into the carbon fiber filament yarns and transfer
the load to the carbon fiber reinforcement.
Bencardino et al. (2017) examined the bond behavior of steel-reinforced
polymer-based geopolymer matrix-concrete joints in single-lap shear bond tests. An
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effective bond length of 200 mm was required to develop the maximum bond strength.
The joints experienced debonding at the steel cords-matrix interface, except for
specimens with a bonded length of 100 mm, where debonding developed at the matrixconcrete interface.
Tamburini

et

al.

(2017)

investigated

metakaolin-slag-sodium-silicate

geopolymer matrix for fiber reinforced composites aimed at strengthening masonry
structures by pull-off test. Four types of fiber mesh and two types of unidirectional
steel fabrics were used. Test results confirmed that the geopolymer grout provides an
adequate adhesion to the two clay bricks. However, the failure modes varied among
failure within the clay substrate, failure within the composite at the reinforcement
layer, or a mixed failure that involved the superficial part of the clay substrate.
2.3 Research Significance
The bond behavior at the fabric-matrix interface is a critical aspect that affects
the design and overall performance of the FRCM strengthening system. FRCM
systems typically utilize cement-based mortars. Despite their widespread use and
advantages such as the fire resistance and compatibility with the concrete substrate,
mortars have also environmental and ecological drawbacks. The production of cement
consumes significant amount of non-renewable natural resources and is associated
with substantial carbon dioxide emission. The cement industry is accountable for 47% of the global CO2 emissions (Andrew, 2018; Zhang et al., 2018), leading to an
increase in the concentration of CO2 in the atmosphere (Andrew, 2018; Herzog et al.,
2000). Therefore, sustainable and eco-friendly fabric-reinforced geopolymeric matrix
(FRGM) strengthening solutions using cement-free alkali-activated geopolymeric
matrices have been suggested to overcome these problems.
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The limited studies available in the literature that involved the use of
geopolymeric matrix as an alternative to commercial cementitious mortars focused
mainly on the strength of strengthened concrete beams without characterizing the bond
behavior at the fabric-to-matrix interface. As such, there is a lack of knowledge about
the bond behavior of specimens with carbon fabrics and a geopolymeric matrix.
Characterization of the bond behavior at the fabric-geopolymeric matrix interface is
needed before geopolymers can be routinely used as matrices in structural
strengthening systems.
This research aims to fill this gap and assess the feasibility of utilizing a
cement-free FRGM composite for structural strengthening purposes. The FRGM
entails the combination of fly ash and slag in proportions to be then activated using an
alkaline solution comprising sodium silicate and sodium hydroxide. Single-lap shear
tests were employed to evaluate the bond behavior of FRGM composites and compare
it to that of FRCM counterparts made with cement-based mortars. The failure mode,
ultimate loads, effective bond length, load-global slip relationships, and fabric strain
profile are reported and discussed. New bond-slip models were developed and
presented.
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3. Chapter 3: Experimental Program
3.1 Introduction
This chapter presents details of the experimental program carried out to
investigate the bond characteristics of different FRCM and FRGM systems. Two types
of fabrics with cementitious or geopolymeric matrix were used. The test matrix is
given in Table 3.1. The specimens are categorized based on the type of fabric used into
two groups: [A] and [B]. The specimens were fabricated and tested in the UAEU
laboratory. Details of each group are presented herein.
Table 3.1: Test matrix
Group
A

B

Type of
Fabric
Carbon-1

Carbon-2

Type of Mortar

Bond Length (mm)*

Cementitious-M1

50, 100, 150, 200, 250, 300

Geopolymer-G1

50, 100, 150, 200, 250, 300

Geopolymer-G2

50, 100, 150, 200, 250, 300

Cementitious-M2

50, 100, 150, 200, 250, 300

Geopolymer-G1

50, 100, 150, 200, 250, 300

*Two duplicate specimens were constructed for each bond length.

Group [A] employed carbon-1 as the fabric material. It is divided into three
subgroups based on the type of matrix used, namely cementitious M1, geopolymer-1,
and geopolymer-2. The specimens had six different bond lengths ranging from 50 to
300 mm with a constant width of 50 mm. Two duplicate specimens were constructed
for each bond length.In order to measure the material local strains of the carbon fabric,
strain gauges were attached along the bonded length. Half of specimens of group [A],
were instrumented with strain gauges whereas the other half of specimens were
without strain gauges. The number of strain gauges differed from one specimen to the
other depending on the bond length.
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Specimens of group [B] were made with carbon-2 as the fabric material. They
were divided into two subgroups based on the type of matrix used, cementitious M2
and geopolymer-1. Similar to group [A], six bond lengths were tested.
3.2 Test Specimen and Setup
Test specimens were in a form of concrete prisms with a cross section of 150
x 150 mm and a total length of 550 mm, as shown in Figure 3.1. The FRCM/FRGM
bonded to the 150 x 550 mm concrete face. The concrete prism had unbonded length
of 100 mm (from the top). The FRCM/FRGM layer was placed symmetrically around
the mid-section of the concrete prism.
The FRCM/FRGM was pulled out of a restrained concrete prism in a classical
single-lap shear test, shown in Figure 3.2(a-b). Tests were conducted under
displacement control at a rate of 0.5 mm/min using a servo-hydraulic universal MTS
testing machine. The concrete prism was restrained against movement by means of
closed steel frame bolted to the base of the universal MTS testing machine. The global
slip between fabric and matrix was measured using two linear variable displacement
transducers (LVDTs) reacted off a thin, aluminum L-shaped plate bonded to the fabric
at the loaded end of the FRCM/FRGM layer (just outside the bonded area). A data
acquisition system was used to record the loads, strains, and displacements. An epoxy
resin was used to bond two aluminum plates (60 mm x 55 mm) to the fabric at the end
of the free length (Figure 3.3(a)). The aluminum plates were bonded to the top free
length of the fabric to ensure a uniform distribution of pulling/tension load across the
fabric rovings during testing, as shown Figure 3.3(b). The Epoxy resin was also used
to bond a thin aluminum L-shaped plate (250 mm x 50 mm x 10 mm) to the fabric
located at the bonded end of the FRCM/FRGM layer, as shown in Figure 3.4.
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Figure 3.1: Concrete prisms cross section

(a)

(b)

Figure 3.2: Bond test; (a) Schematic of test specimen and set-up (b) A test in
progress.
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(a)

(b)

Figure 3.3: Aluminum plates; (a) Bonded to the fabric and (b) Grabbed by the
machine.

Figure 3.4: Aluminum L-shaped plate
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3.3 Materials
Detailed descriptions of the materials properties are demonstrated in this
section.
3.3.1 Concrete
The concrete mix proportions per cubic meter for the mixture are given in the
Table 3.2. The binding material used in the mix was American Society for Testing and
Materials (ASTM) Type I ordinary Portland cement (ASTM C150, 2019). Fine
aggregates comprised a 1:1 combination of dune sand and 5 mm crushed black sand.
A blend of 10 and 20 mm nominal maximum size (NMS) dolomitic limestone served
as coarse aggregate. The water-cement ratio (w/c) for concrete was 0.454. A high range
water reducer admixture was used in the mix to enhance the workability.
Ten cylinders (150 x 300 mm) and five cubes (150 x 150 x 150 mm) were
sampled during casting. The cylindrical and cube concrete samples were subjected to
the same curing regime as that of the concrete prism specimens. The concrete cylinders
and cubes were tested at the same day when the concrete prism specimens were
removed from the water tank. Five cylinders were used to determine the concrete
cylinder compressive strength, as per ASTM C39 (ASTM C39M, 2018), whereas the
remaining five cylinders were used to determine the splitting tensile strength of the
concrete, according to ASTM C496 (ASTM C496M, 2017). The five cubes were used
to determine the concrete cube strength, in accordance with BS EN 206 (BS EN 206,
2013). The cylinders and cubes were tested using a universal testing machine with a
2000 kN capacity at a loading rate of 7 kN/s. Test results of the concrete, given in
Table 3.3, show that the average cylinder concrete compressive strength, cube
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compressive strength, and splitting tensile strength were 40, 48, and 3.33 MPa,
respectively.
Table 3.2: Concrete mixture proportions by weight (kg/m3)
Cement
370

Fine Aggregate
Dune
Black
sand
sand
585
226

Coarse Aggregate
10 mm

20 mm

716

352

Water

HRWR (SP)

167

4.2

Table 3.3: Strength results of concrete
Property/Sample

Sample 1

Sample 2 Sample 3 Sample 4 Sample 5 Average

Concrete cylinder
strength (MPa)

39

40

40

40

42

40±1.3

Concrete cube
strength (MPa)

44

47

48

49

51

48±2.8

3.35

3.81

3.18

2.97

3.35

3.3±0.3

Concrete splitting
strength (MPa)

3.3.2 Fabric Materials
The two types of fabrics carbon-1 and carbon-2 are shown in Figure 3.5. The
first type of fabric (carbon-1) is a bi-directional. It was made of joint 1 mm thick carbon
fiber bundles (rovings) processed on sewing machines to produce textile grids. The
longitudinal and transverse carbon rovings had center-to-center spacings of 10 mm and
18 mm, respectively (Figure 3.5(a)). Each roving had a width of approximately 3 mm
in the longitudinal (weft) direction and 6 mm in the transverse (warp) direction. The
second type of fabric, carbon-2, is a unidirectional. The rovings had a center-to-center
spacing of 17 mm. Each roving had a width of approximately 5 mm and a thickness of

18
0.54 mm (Figure 3.5(b)). The properties of the two types of fabrics, as provided by the
manufacturer, are listed in Table 3.4.
Table 3.4: Properties of fabrics (data was obtained from the manufacturer)
Unit
g/m2
MPa
GPa
%

Types of fabric
Carbon-1
Carbon-2
609
281
3,800
4,300
230
240
1.6
1.75

Longitudinal (weft)

Properties
Weight per unit area
Tensile strength
Modulus of elasticity, Ef
Elongation at break

Transverse (warp) direction

(a)

(b)

Figure 3.5: Types of fabrics; (a) Carbon-1, (b) Carbon-2.

3.3.3 Matrix Materials
Three types of matrices were examined in this study: cementitious,
geopolymer-1, and geopolymer-2. Cementitious mortars M1 and M2 are cement-based
commercial adhesives recommended by the fabric manufacturers. Cementitious matrix
M1 used in specimens of carbon-1 has a cube compressive strength, flexural strength,
and modulus of elasticity of 65 to 75 MPa, 15 MPa, and 35 GPa, respectively as
reported in the manufacturer’s data sheet (SikaGrout®, UAE). The measured cube
compressive strength, cylinder compressive strength, splitting strength, and modulus

19
of elasticity of the mortar based on results of three replicate were 63 MPa, 38 MPa, 2
MPa, and 33.8 GPa, respectively. Cementitious matrix M2 used in strengthening
carbon-2 has a cube compressive strength, flexural strength, and modulus of elasticity
of 45 MPa, 6 MPa, and 25 to 30 GPa, respectively as reported in the manufacturer’s
data sheet (S&P ARMO-crete®, Switzerland). The measured cube compressive
strength, cylinder compressive strength, splitting strength, and modulus of elasticity of
the mortar based on results of three replicate samples were 42.3 MPa, 35.7 MPa, 3.4
MPa, and 28 GPa, respectively.
Geopolymer-1 and geopolymer-2 are blended mortars of fly ash and ground
granulated blast furnace slag (GGBS) activated by an alkaline solution. The alkaline
solution was prepared by mixing sodium silicate (SS) and 14M sodium hydroxide (SH)
at a ratio of 2.5:1, by mass. The grade N sodium silicate solution was chemically
composed of 26.3% SiO2, 10.3% Na2O, and 63.4% H2O, by mass. Moreover, the
sodium hydroxide solution was formulated by dissolving 97-98% pure NaOH flakes
in room temperature tap water. The specific gravity and Blaine fineness of fly ash were
2.32 and 3680 cm2/g, respectively, while those of GGBS were 2.70 and 4250 cm2/g.
Figure 3.6 and Figure 3.7 display the physical shape, particle size distribution, SEM
micrograph, and X-ray diffraction spectrum of fly ash and GGBS, respectively. While
geopolymer-1 has a fly ash-to-GGBS mass ratio of 1:1, that of geopolymer-2 is 1:3.
Locally abundant desert dune sand was used as a sustainable fine aggregate with a
specific gravity and unit weight of 2.57 and 1670 kg/m3. Its physical shape, particle
size distribution, SEM micrograph, and X-ray diffraction spectrum are shown in Figure
3.8. The proposed geopolymeric blend serves to eliminate the need for heat curing in
fly ash-based geopolymers and to reduce the drying shrinkage in alkali-activated slag
concrete (El-Hassan et al., 2018).
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Figure 3.9 shows the ingredients of a typical geopolymeric mix. Table 3.5
shows the mix design for both G1 and G2. The measured cube compressive strength,
cylinder compressive strength, splitting strength, and modulus of elasticity of
geopolymer-1 mortar based on results of three replicate samples were 43.2 MPa, 33.5
MPa, 1.9 MPa, and 7 GPa, respectively. Whereas, the measured cube compressive
strength, cylinder compressive strength, splitting strength, and modulus of elasticity of
geopolymer-2 mortar based on results of three replicate samples were 63.3 MPa, 38.5
MPa, 2.7 MPa, and 9.2 GPa, respectively. Table 3.6 summarizes the mechanical
characteristics of mortars and geopolymers used. It should be noted that the
relationship between the cube and cylinder strength for mortars is not necessarily the
same as that for concrete. The bond specimens were tested within approximately 6
months after the 28 days of curing.
Table 3.5: Geopolymer mix design (kg/m3)
Type of Mortar
Geopolymer-G1
Geopolymer-G2

GGBS
312.5
469

FA
312.5
156

Dune Sand
687.5
687.5

SS
223
223

SH
89
89

SP
12.5
12.5

Table 3.6: Measured mechanical characteristics of mortars and geopolymers used

Adhesive
SikaGrout ® -114
AE (M1)
S&P ARMOcrete® (M2)
Geopolymer-1
(G1)
Geopolymer-2
(G2)

Compressive
Compressive
Strength (cube) Strength (cylinder)
(MPa)
(MPa)

Tensile
Strength
(MPa)

Modulus of
Elasticity
(GPa)

63.0 ±1.5

38±1.9

2.0±0.2

33.8±3.9

42.3±7.5

35.7±5

3.4±0.4

28.0±2.9

43.2±2.2

33.5±10

1.9±0.4

7.0±0.4

62.3±7.9

38.5±10

2.7±0.2

9.2±0.2
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(a)

(b)

(c)

(d)

Figure 3.6: Fly ash; (a) Physical shape, (b) Particle size distribution, (c) SEM
micrograph, and (d) XRD spectrum. Adapted from (El-Hassan & Ismail, 2018)
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(a)

(b)

(c)

(d)

Figure 3.7: GGBS; (a) Physical shape, (b) Particle size distribution, (c) SEM
micrograph, and (d) XRD spectrum. Adapted from (El-Hassan & Ismail, 2018)
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(a)

(b)

(c)

(d)

Figure 3.8: Dune sand; (a) Physical shape, (b) Particle size distribution, (c) SEM
micrograph, and (d) XRD spectrum. Adapted from (El-Hassan & Ismail, 2018)

Figure 3.9: Geopolymer ingredient mix
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3.4 Fabrication of Test Specimens
Details of fabrication of the tested specimens, along with strengthening regime,
and strengthening methodology are demonstrated in this section.
3.4.1 Formwork and Casting
The concrete used to cast the specimens was supplied by a local ready-mix
concrete company. Concrete specimens were cast in an ambient condition (temperature
of 24±2°C and relative humidity of 50±5%). The concrete was compacted by an
internal hand-held vibrator to facilitate proper consolidation and avoid formation of
voids, and trowel finished after the completion of casting. The specimens were then
covered with plastic sheets for 24 hours to maintain the moisture around the specimens.
Figure 3.10 summarizes the casting process. Following casting. the specimens were
covered with wet burlap sheets on the following day. To maintain a moist curing
condition, water was sprayed on the specimens three times a day for one week.
Samples were then placed in a water tank to cure.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.10: Casting process; (a) Preparation of wooden forms, (b) Casting of
Concrete, (c) Vibration of concrete, (d) Leveling of concrete surface, (e) Curing, and
(f) Spraying water on test specimens.

3.4.2 Strain Gauges Placement/Installation
Strain gauges (10 mm long), as shown in Figure 3.11, were attached/placed to
the surface of the fabric in one of the duplicate specimens to monitor the fabric strains
during testing. Locations and labels of the strain gauges are illustrated in Figure 3.12
and Figure 3.13. The gauges were glued along the centerline of the specimen at a
distance of 25 mm from the beginning and from the end of the bonded length and
spaced at 50 mm between each other. Some specimens had additional strain gauge at
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a distance of approximately 10 mm from each edge. The process was initiated by
cleaning the fabric surface to remove any dust. A strong commercial adhesive (Bison®
Super Glue, The Netherlands) was used to bond the strain gauge to the fabric, as shown
in Figure 3.14(a). The strain gauges were then protected using a coating tape, as
recommended

by

the

manufacturer,

to

avoid

any

damage

during

cementitious/geopolymeric mortar casting (Figure 3.14(b)). Care was taken to avoid
damaging the strain gauge components during installation. All fabrics were stored in a
dry place at room temperature (25oC) (50% rH) till the time of strengthening.

Figure 3.11: Strain gauge

Figure 3.12: Positions of strain gauge in FRCM/FRGM with bonded lengths 50, 100, and 150 mm
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Figure 3.13: Positions of strain gauge in FRCM/FRGM with bonded lengths 200, 250, and 300 mm
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(a)

(b)

Figure 3.14: Attachment of strain gauge to the fabric; (a) Strain gauge bonded to the
fabric and (b) Protective coating of strain gauge.

3.4.3 Application of FRCM/FRGM Layer
Figure 3.15 depicts the procedure used in preparing the single-shear specimens.
First, the fabric was cut to the desired width (50 mm) and lengths. The bonded lengths
(lb) were 50, 100, 150, 200, 250, and 300 mm. Prior to attaching the FRCM/FRGM to
the concrete substrate, the length and width of the bonded area were marked on the
concrete prism surface, as shown in Figure 3.15(a). The concrete surface was then
roughened with a water-jet machine, as shown in Figure 3.15(b-d). This step was
necessary to increase the mechanical interlock between the concrete substrate and the
matrix, as recommended by Vasconcelos et al. (2011).
The two cementitious mortars were prepared according to the manufacturer
recommendations, they were prepared by mixing the cement-based adhesives with the
needed amount of water considering workability. Furthermore, a mechanical mixer
was used to prepare the mortars and to ensure the uniformity of the mix. The mixing
operation lasted for 2 to 4 minutes. The hand lay-up method was used to apply the
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FRCM/FRGM to the concrete substrate. A matrix layer of 4 mm thickness was
manually applied on the concrete surface using a metal trowel before laying up the precut fabric. Hand pressure was applied to the fabric to ensure full impregnation in the
matrix. A second 4 mm thick mortar layer was placed on top of the fabric, resulting in
a total FRCM/FRGM thickness layer of approximately 8-10 mm, as shown in Figure
3.15(e-f). The FRCM/FRGM specimens were cured using damp burlap then covered
with plastic sheets (Figure 3.16(a-b)).

(a)

(d)

(b)

(e)

(c)

(f)

Figure 3.15: Fabrication of the single-shear specimens; (a) Marking bonded area,
(b) Water-jet machine, (c) Specimens roughening, (d) Roughened surface, (e)
Prepared specimens, and (f) Fabric impregnation.
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(a)

(b)

Figure 3.16: FRCM/FRGM specimens curing; (a) Damp burlap cover, and (b) Plastic
sheets cover.
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4. Chapter 4: Experimental Results
4.1 Introduction
FRCM and FRGM experimental test results, comprising failure modes, bond
load-global slip response, strain response, effective bond length, and comparative
analysis of test results are presented in this chapter.
4.2 Failure Modes
According to Ascione et al. (2015) and Carozzi et al. (2020) different failure
modes may occur depending on; the properties of the substrate, the shear strength of
the mortar matrix, the tensile strength of the fabric, bonded length, friction between
the fibers, and the fabric-matrix bond/interlocking. Four distinct modes of failure were
observed in the current study; Mode I: slippage of the fabric without cracking of the
matrix, Mode II: transverse/longitudinal cracks followed by slippage of the fabric and
debonding at the fabric-matrix interface, Mode III: rupture of the fabric preceded by
slippage within the matrix, and Mode IV: debonding at the matrix-substrate interface.
In most of the tested specimens with Mode II, a transverse crack initiated first
in the proximity of the loaded end or at the middle of the bonded length. The first crack
weakened the composite action at the fabric-matrix interface. Following initial
cracking, the first crack widened and other cracks formed. As the load progressed, the
cracks widened, slippage of fabric occurred, followed by debonding at the fabricmatrix interface. Although Mode II involved mainly transverse cracks, some
specimens exhibited also longitudinal cracks along the fabric’s bundles. Mode III,
which involved rupture of the fabric outside the matrix, occurred in some of the
specimens when bonded length, lb, greater than or equal to the effective bond length
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(leff). It should be noted that the effective bond length, leff, for carbon-1 and carbon-2
specimens are determined in Sections 4.4.2 and 4.5.2, respectively.
4.2.1 Failure Mode of Carbon-1
The failure modes of carbon-1 test specimens shown in Figure 4.1 are
summarized in Table 4.1. All cementitious-matrix specimens exhibited Mode II except
two specimens with a bonded length of 150 and 300 mm, which showed Mode III that
involved rupture of the fabric. Likewise, three geopolymer-1 matrix specimens, with
a bonded length in the range of 100 to 200 mm exhibited rupture of fabric mode of
failure (Mode III). Other specimens with the geopolymer-1 matrix exhibited Mode II.
However, geopolymer-2 matrix specimens exhibited all different failure modes. For
instance, specimens with a bond length of 50, 200, 250, and 300 showed either Mode
I or Mode II. Whereas, one specimen with a bond length of 100 mm exhibited Mode
III. Nevertheless, three specimens with a bond length of 100, 150, and 250 mm, which
showed Mode IV that involved debonding at matrix-substrate interface.

34
Table 4.1: Failure modes of carbon-1 test specimens
Group

Cementitious-1
matrix specimens

Geopolymer-1
matrix specimens

Geopolymer-2
matrix specimens

a

Specimen

Bonded length

C1-M1-50

50

C1-M1-100

100

C1-M1-150

150

C1-M1-200

200

C1-M1-250

250

C1-M1-300

300

C1-G1-50

50

C1-G1-100

100

C1-G1-150

150

C1-G1-200

200

C1-G1-250

250

C1-G1-300

300

C1-G2-50

50

C1-G2-100

100

C1-G2-150

150

C1-G2-200

200

C1-G2-250

250

C1-G2-300

300

Mode of failurea,b
i: Mode II
ii: Mode II
i: Mode II
ii: Mode II
i: Mode III
ii: Mode II
i: N.A.
ii: Mode II
i: N.A.
ii: Mode II
i: Mode II
ii: Mode III
i: Mode II
ii: Mode II
i: Mode III
ii: Mode II
i: Mode II
ii: Mode III
i: Mode III
ii: Mode II
i: N.A.
ii: N.A.
i: Mode II
ii: Mode II
i: Mode I
ii: Mode II
i: Mode III
ii: Mode IV
i: Mode II
ii: Mode IV
i: Mode I
ii: Mode II
i: N.A.
ii: Mode IV
i: Mode I
ii: Mode II

The symbols i and ii refer to the two duplicate specimens.
Mode I: slippage of fabric without cracking; Mode II: matrix cracking followed by slippage of fabric;
Mode III: rupture of fabric preceded by slippage of fabric; Mode IV: debonding at the matrix-substrate
interface.
b
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C1-G2-300i

C1-G2-50i
(a)

C1-M1-50ii

C1-G1-150i
(b)

C1-G2-200ii

C1-M1-300ii

C1-G1-200i
(c)

C1-G2-100i

C1-G2-100ii

C1-G2-150ii
(d)

C1-G2-250ii

Figure 4.1: Carbon-1 typical modes of failure; (a) Mode I, (b) Mode II, (c) Mode III,
and (d) Mode IV.
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4.2.2 Failure Mode of Carbon-2
The failure modes of carbon-2 test specimens shown in Figure 4.2 are
summarized in Table 4.2. All cementitious-matrix specimens exhibited either Mode I
or Mode II except one specimen with lb = 250 mm, which showed Mode III that
involved rupture of the fabric. Similarly, three geopolymeric-matrix specimens, with
a bonded length in the range of 200 to 300 mm exhibited rupture of fabric mode of
failure (Mode III). Other specimens with the geopolymer matrix exhibited either Mode
I or Mode II. In addition, one geopolymeric-matrix specimen with a bonded length of
100 mm failed by debonding at the matrix-substrate interface (Mode IV).
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Table 4.2: Failure modes of carbon-2 test specimens
Group

Cementitious-2
matrix specimens

Geopolymer-1
matrix specimens

a

Specimen

Bonded length

C2-M2-50

50

C2-M2-100

100

C2-M2-150

150

C2-M2-200

200

C2-M2-250

250

C2-M2-300

300

C2-G1-50

50

C2-G1-100

100

C2-G1-150

150

C2-G1-200

200

C2-G1-250

250

C2-G1-300

300

Mode of failurea,b
i: Mode I
ii: N.A.
i: Mode II
ii: Mode I
i: Mode I
ii: Mode II
i: Mode II
ii: Mode II
i: Mode III
ii: N.A.
i: Mode II
ii: N.A.
i: Mode I
ii: Mode II
i: Mode I
ii: Mode IV
i: Mode I
ii: N.A.
i: N.A.
ii: Mode III
i: Mode II
ii: Mode III
i: N.A.
ii: Mode III

The symbols i and ii refer to the two duplicate specimens.
Mode I: slippage of fabric without cracking; Mode II: matrix cracking followed by slippage of fabric;
Mode III: rupture of fabric preceded by slippage of fabric; Mode IV: debonding at the matrix-substrate
interface.
b
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C2-M2-150i C2-G1-150i
(a)

C2-M2-300i

C2-G1-250ii
(c)

C2-M2-100i C2-G1-250i
(b)

C2-G1-100ii
(d)

Figure 4.2: Carbon-2 typical modes of failure; (a) Mode I, (b) Mode II, (c) Mode III,
and (d) Mode IV.

4.3 Idealized Load-Global Slip Response
The global slip is defined as the relative displacement between points on the
bare fabric strip just outside the composite bonded area and the adjacent surface of the
concrete prism. The load-global slip response was dependent on the bonded length.
The idealized load-global slip response is shown in Figure 4.3.
Initially, all specimens exhibited a linear response until initiation of cracks or
occurrence of microdamage at the fabric-matrix interface at a load value of Pcr.
Following cracking and/or the interfacial microdamage, the load continued to increase
in a nonlinear fashion. Specimens with lb = leff failed when the load reached the
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debonding load (Pde) at which the STZ was fully established (STZ is the zone in which
stresses are transferred from the fabric to the matrix). Specimens with lb < leff failed at
load values less than Pde. For specimens with lb > leff, the load continued to increase
after the onset of debonding but at a reduced rate until the STZ reached the free end
and/or rupture of the fabric occurred. This phenomenon occurred due to the presence
of friction and interlocking between the fabric and matrix. The post-peak behavior was
depended on the mode of failure. Specimens with Mode I and II, which involved
slippage of the fabric without rupture, exhibited a progressive load drop to a residual
strength. In the final stage, the load remained almost constant at Pfr caused by the
presence of friction/matrix–fabric interlocking. In contrast, specimens with Mode III
which involved rupture of the fabric, exhibited a sudden drop in load at peak load and
in some cases followed by a series of drops due to progressive rupture of the fiber
bundles. It should be noted that specimens with poor surface preparation (insufficient
surface roughness) may exhibit a debonding mode of failure at the matrix-substrate
interface (Mode IV) at any stage of loading during testing. In such cases, a sudden
drop in load would happen at peak.
It should be noted, in some cases, that the duplicate specimens tested in the
present study exhibited different strengths and different slips at peak load. Also, some
specimens with a shorter bonded length exhibited a higher strength than that of their
counterparts with a longer bonded length. The bond behavior at the fabric-matrix
interface is very sensitive to the composition and condition of the matrix prior to
testing. The matrix in some specimens featured shrinkage cracks prior to testing.
Internal cracks/voids in the matrix could have also occurred in some specimens. The
presence of such cracks/voids would reduce the specimen’s strength and affect its bond
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behavior. A minimum of 5 replicate samples should be adopted in future research so
that outliers can be excluded from the analysis.

Figure 4.3: Idealized load-global slip response, assuming perfect interface between
the matrix-substrate

4.4 Results of Carbon-1 Specimens
4.4.1 Load-Global Slip Response
The load-global slip responses of carbon-1 specimens with cementitious-1,
geopolymer-1 and geopolymer-2 matrices are plotted in Figure 4.4, Figure 4.5, and
Figure 4.6, respectively.
4.4.1.1 Specimens with Cementitious Matrix
Figure 4.4 shows the load-slip curves of carbon-1 specimens made a
cementitious-1 matrix for bond lengths ranging from 50 to 300 mm. An analysis of the
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experimental curves and failure modes follows noting that the load-slip curves are
comparable with the idealized curve (Figure 4.3).
The load-slip behavior of samples with a 50 mm bonded length is presented in
Figure 4.4(a). It can be seen regarding C1-M1-50i that no slip occur as the load
increases up to 0.8 kN. However, after such point, the slip increased slightly as a
function of load until a slip (so)= 0.04 mm was reached at Pmax= 1.4 kN. Following the
peak load, the load decreases, and the slip increases. Moreover, the duplicate sample
(C1-M1-50ii) displays relatively higher load and slip. Graph of C1-M1-50ii shows that
at the beginning the load increases while no slip is occurring, then at the load of 0.4
kN the load and slip increased almost in a linear line until they reached Pmax= 2.3 kN
at so= 1.14 mm, then the start of debonding which corresponds to the load decreases
while slip increases.
Figure 4.4(b) shows the load-slip curve of samples with a bonded length of 100
mm. At the early stages regarding C1-M1-100i, the load increases while no slip occurs.
Then, at the load of 0.5 kN, the load and slip increase in a nonlinear response. Further,
the load increased until it reached Pmax= 4.4 kN at so= 1.56 mm. Following the peak
load, the load decreases, and the slip increases. The duplicate specimen C1-M1-100ii
shows a trend with a lower load. C1-M1-100ii graph shows that at the initial phase,
the load increases while no slip occurs. Then at the load of 0.7 kN, the load and slip
increase in a nonlinear line. After that at the load of 1.1 kN the load dropped to 0.9 kN.
Afterwards the load increased until it reached Pmax= 1.5 kN at so= 0.48 mm. Following
the peak load, the load decreases, and the slip increases.
The load-slip curve of specimens with a bonded length of 150 mm is shown in
Figure 4.4(c). The curve regarding C1-M1-150i shows that at the beginning the load
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and slip increases in a nonlinear response; the interface between the fibers and the
matrix exhibits some micro-damage. Further, the load increased until it reached
Pmax= 4.6 kN at so= 1.22 mm, then debonding initiated which corresponds with series
of drops after the maximum load due to the progressive failure of the fabric bundles.
However, the duplicate sample C1-M1-150ii shows some differences due to the
randomness. It can be seen that no slip occurs as the load increases up to 0.3 kN.
However, after such point, the slip increased as a function of load until a slip (so)= 2.21
mm was reached at Pmax= 5.6 kN, followed by a complete delamination.
The load-slip curve of specimen with a bond length of 200 mm (Figure 4.4(d))
shows that (C1-M1-200ii) at the initial phase, the load increases while no slip occurs.
Then, at the load of 0.8 kN, the load and slip increase in a nonlinear response. Further,
the load increased until it reached Pmax= 4.2 kN at so= 3.13 mm. Following the peak
load, the load decreases, and the slip increases.
The load-slip behavior of sample with a 250 mm bonded length is presented in
Figure 4.4(e). It can be seen that (C1-M1-250ii) no slip occurs as the load increase up
to 1.0 kN. However, after such point, the slip increased as a function of load until a
slip (so)= 2.09 mm was reached at Pmax= 5.4 kN, then the onset of debonding at the
matrix-fabric interface initiated which corresponds to the load decreases while slip
increases.
Figure 4.4(f) shows the load-slip curve of samples with a bonded length of 300
mm. Regarding specimen C1-M1-300i, at the early stages the load increases while no
slip occurs. Then at the load of 1.0 kN, the load and slip increased until they reached
Pmax= 3.8 kN and so= 3.15 mm. Following the peak load, the load decreases, and the
slip increases. The duplicate sample C1-M1-300ii shows a behavior with a relatively
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higher load and smaller slip. C1-M1-300ii graph shows that the load and slip increased
until they reached Pmax= 6.7 kN at so= 1.87 mm, then debonding initiated corresponds
to series of load drops after the maximum load due to the progressive failure of the
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Figure 4.4: Load-slip curves of carbon-1 cementitious-1 matrix samples, with
variable bonded lengths. (a) C1-M1-50i and C1-M1-50ii, (b) C1-M1-100i and C1M1-100ii, (c) C1-M1-150i and C1-M1-150ii, (d) C1-M1-200ii, (e) C1-M1-250ii, and
(f) C1-M1-300i and C1-M1-300ii. ii represent the duplicate sample.
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4.4.1.2 Specimens with Geopolymer-1 Matrix
The load-slip curves of specimens made with carbon-1 and a geopolymer-1
matrix for bond lengths ranging from 50 to 300 mm are shown in Figure 4.5. It is worth
noting that the experimental load-slip curves show a comparable response as the
idealized curves shown in Figure 4.3.
Figure 4.5(a) shows the load-slip curve of samples with a bonded length of 50
mm. Regarding C1-G1-50i curve at the first stage, the load increases with no slip
occurs until load of 0.5 kN, at which slip increases in a nonlinear response. Then, at
the load of 2.2 kN the value dropped to 1.7 kN which represent the first crack.
Subsequently, the load increased until it reached Pmax= 2.8 kN at so= 2.37 mm.
Debonding was then observed, attributed to a decrease in load with an increase in slip.
The duplicate sample C1-G1-50ii shows a behavior with a relatively lower load and
slip. C1-G1-50ii graph shows that the load and slip increased almost in a nonlinear line
until they reached Pmax= 1.3 kN at so= 1.31 mm, then the onset of debonding at the
matrix-fabric interface initiated which corresponds to the load decreases while slip
increases.
The load-slip curve of specimens with a bonded length of 100 mm (Figure
4.5(b)), shows regarding C1-G1-100i graph that at the initial phase, the slip increased
as a function of load until it reached maximum load of Pmax= 4.2 kN with slip of
so= 1.21 mm, where the debonding initiated corresponds to series of load drops after
the maximum load due to the progressive failure of the fabric bundles. Furthermore,
the duplicate sample had a behavior with relatively lower load and higher slip. It can
be seen in C1-G1-100ii graph that no slip occurs as the load increases up to 0.5 kN.
However, after such point, the slip increased as a function of load until a slip
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(so)= 1.24 mm was reached at Pmax= 2.6 kN. Following the peak load, the load
decreases, and the slip increases.
Figure 4.5(c) shows the load-slip behavior of samples with a 150 mm bonded
length. C1-G1-150i graph shows that at the initial phase, the load increase with no slip
occurs until it reaches value of 0.5 kN. After that the load fluctuated until it reached
Pmax= 5.1 kN with slip of so= 3.11 mm. Then the onset of debonding at the matrixfabric interface initiated which corresponds to the load decreases while slip increases.
However, regarding C1-G1-150ii graph, it shows that the load increase while no slip
occurs. Then at the load of 1.2 kN the load and slip increased until they reached
Pmax= 4.2 kN at so= 1.74 mm, where debonding initiated corresponds to series of load
drops after the maximum load due to the progressive failure of the fabric bundles.
The load-slip behavior of samples with a 200 mm bonded length is presented
in Figure 4.5(d). It can be seen in C1-G1-200i graph that no slip occurs as the load
increases up to 0.5 kN. However, after such point, the slip increased as a function of
load until a slip (so)= 1.46 mm was reached at Pmax= 4.1 kN, then the start of debonding
which corresponds to series of load drops after the maximum load due to the
progressive failure of the fabric bundles. Nevertheless, the duplicate sample shows a
behavior with a failure mechanism of debonding in the fabric-matrix interface.
C1-G1-200ii graph shows that the load and slip increase in a nonlinear branch
associated with elastic behavior of the interface; the interface between the fibers and
the matrix exhibits some micro-damage, and the value of the load increased until it
reaches Pmax= 4.1 kN at so= 2.71 mm, then the onset of debonding at the matrix-fabric
interface initiated which corresponds to the load decreases while slip increases.
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The load-slip curve of specimens with a bonded length of 300 mm (Figure
4.5(e)), shows regarding C1-G1-300i graph that the load fluctuated until it reached the
peak of Pmax= 6.5 kN with slip of so= 5.23 mm. Then the load decreases while slip
increases until a complete debonding at the fabric-matrix interface. The duplicate
sample C1-G1-300ii had a behavior with relatively lower load and slip. C1-G1-300ii
curve shows that at the beginning the load increase while no slip occurs. Then at the
load of 0.5 kN the load and slip increased in a nonlinear line, until they reached
Pmax= 3.3 kN at so= 3.35 mm. Following the peak load, the load decreases, and the slip
increases.
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Figure 4.5: Load-slip curves of carbon-1 geoploymer-1 matrix samples, with variable
bonded lengths. (a) C1-G1-50i and C1-G1-50ii, (b) C1-G1-100i and C1-G1-100ii, (c)
C1-G1-150i and C1-G1-150ii, (d) C1-G1-200i and C1-G1-200ii, and (e) C1-G1-300i
and C1-G1-300ii. ii represent the duplicate sample.

4.4.1.3 Specimens with Geopolymer-2 Matrix
Figure 4.6 shows the load-slip curves of specimens made with carbon-1 and a
geopolymer-2 matrix for bond lengths ranging from 50 to 300 mm. Analyzing the
experimental curves (Figure 4.6(a-f)) and failure modes (Figure 4.1) showed that the
load-slip curves are comparable with the idealized curve (Figure 4.3).
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Figure 4.6(a) shows the load-slip curve of samples with a bonded length of 50
mm. It can be seen that at the early stage of C1-G2-50i graph, the load increases while
no slip occurs. Then, at the load of 0.3 kN, the load and slip increased in a nonlinear
response until they reached Pmax= 3.1 kN and so= 0.61 mm. Following the peak load,
the load decreases, and the slip increases. The duplicate specimen C1-G2-50ii shows
a trend with lower load. C1-G2-50ii graph shows that at the beginning the load increase
while no slip occurs, then at the load of 0.2 kN the load and slip increased in a nonlinear
line until they reached Pmax= 2.1 kN at so= 1.09 mm. Following the peak load, the load
decreases, and the slip increases.
The load-slip curve of specimens with a bonded length of 100 mm is shown in
Figure 4.6(b). C1-G2-100i curve shows that at the first phase, the load increases while
no slip occurs. Then, at the load of 0.5 kN, the load and slip increase in a nonlinear
response; the interface between the fibers and the matrix exhibits some micro-damage.
Further, the load increased until it reached Pmax= 4.0 kN at so= 1.23 mm, where
debonding initiated corresponds to series of load drops after the maximum load due to
the progressive failure of the fabric bundles. However, the duplicate sample
C1-G2-100ii shows some differences in the failure mechanism due to the randomness.
C1-G2-100ii graph shows that at the beginning the load increases while no slip occurs.
Then at the load of 0.6 kN the load and slip increase almost in a linear line until they
reached Pmax= 2.2 kN at so= 0.88 mm, followed by a complete delamination at matrixsubstrate interface.
The load-slip curve of specimens with a bonded length of 150 mm (Figure
4.6(c)), shows regarding C1-G2-150i that at the initial phase, the slip increased as a
function of load until it reached maximum load of Pmax= 4.1 kN with slip of
so= 0.92 mm. Following the peak load, the load decreases, and the slip increases.
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Furthermore, the duplicate sample C1-G2-150ii graph shows that the load fluctuated
until it reached Pmax= 3.7 kN at so= 3.06 mm, followed by a complete delamination at
matrix-substrate interface.
The load-slip behavior of samples with a 200 mm a bonded length is presented
in Figure 4.6(d). It can be seen C1-G2-200i specimen shows that no slip occurs as the
load increases up to 0.7 kN. However, after such point, the slip increased as a function
of load until a slip (so)= 2.30 mm was reached at Pmax= 5.03 kN. Then failed by
debonding at the fabric-matrix interface. Nevertheless, the duplicate sample
C1-G2-200ii displays a slightly different behavior with a different failure mechanism
due to randomness. C1-G2-200ii graph displays that at the beginning the load increases
while no slip occurs. Then at the load of 0.5 kN the load and slip increase in a nonlinear
line. After that at the load of 1.6 kN the load dropped to 1.3 kN. Further, the load and
slip increased until they reached Pmax= 5.5 kN and so= 1.29 mm. Following the peak
load, the load decreases, and the slip increases.
Figure 4.6(e) shows that the load and slip of C1-G2-250ii specimen increased
in a nonlinear branch associated with elastic behavior of the interface, then at 3.0 kN
the load dropped to 2.7 kN. After that the load increased until it reached Pmax= 5.9 kN
with so= 4.56 mm; then failed by debonding at the matrix-substrate interface.
The load-slip curve of specimens with a bonded length of 300 mm
(Figure 4.6(f)), shows that the load regarding C1-G2-300i graph fluctuated until it
reached the peak of Pmax= 5.1 kN with slip of so= 3.50 mm. Then failed by slippage of
the fabric. However, the duplicate sample C1-G2-300ii behavior slightly differed with
relatively lower load and higher slip. C1-G2-300ii graph shows that load and slip
increase almost in a linear branch associated with elastic behavior of the interface, then
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the response tends to be nonlinear; the interface between the fibers and the matrix
exhibits some micro-damage; the value of the load increased to 2.3 kN then dropped
to 1.8 kN. After that the value of the load increased until it reached P max= 4.4 kN at
so= 1.41 mm; then the onset of debonding at the matrix-fabric interface initiated which
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Figure 4.6: Load-slip curves of carbon-1 geoploymer-2 matrix samples, with variable
bonded lengths. (a) C1-G2-50i and C1-G2-50ii, (b) C1-G2-100i and C1-G2-100ii, (c)
C1-G2-150i and C1-G2-150ii, (d) C1-G2-200i and C1-G2-200ii, (e) C1-G2-250ii,
and (f) C1-G2-300i and C1-G2-300ii. ii represent the duplicate sample.
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4.4.2 Effective Bond Length
The effective bond length (leff) is defined as the minimum length required to
fully establish the bond mechanism/stress transfer zone (STZ) (Sneed et al., 2014;
Sneed et al., 2015; Zou et al., 2019). For FRP joints, the debonding load coincides with
the maximum load which remains almost unaltered when lb exceeds leff (Carozzi et al.,
2020; Sneed et al., 2014; Sneed et al., 2015; Zou et al., 2019).
For FRCM joints with lb > leff, the maximum load is slightly greater than the
debonding load because of the presence of friction/interlocking between the fabric and
matrix after the onset of debonding (Carozzi et al., 2020; Sneed et al., 2014; Sneed et
al., 2015; Zou et al., 2019). As a result, FRCM joints with lb > leff exhibit a nonproportional increase in the maximum load with an increase in the bonded length at a
rate lower than that exhibited by similar specimens with lb ≤ leff .
The maximum loads exhibited by carbon-1 fabric with cementitious-1,
geopolymer-1, and geopolymer-2 matrix specimens are plotted against the bonded
length in Figure 4.7(a), (b), and (c), respectively. It should be noted that one fiber
bundle in one of the duplicate specimens of C1-G2-100 was damaged prior to testing,
and hence, its load considered in the analysis (2.9 kN) was assumed as
ସ
ଷ

, noting that the measured load was 2.2 kN. The maximum load

increased almost linearly with an increase in the bonded length up to an effective bond
length, leff, after which the maximum load continued to increase but at a reduced rate.
According to the best-fit bi-linear relationship shown in Figure 4.7, the effective bond
length was approximately 150 mm for cementitious-1, geopolymer-1, and
geopolymer-2 matrix specimens. This is consistent with other findings published in
the literature for FRCM joints, which reported effective bond length values in the range
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of 150 to 300 mm (Ombres, 2015; Sneed et al., 2014; Sneed et al., 2015; Zou et al.,
2019).

(a)

(b)

(c)
Figure 4.7: Carbon-1 maximum load-bond length relationship with; (a)
Cementitious-1 matrix specimens, (b) Geopolymer-1 matrix specimens, and (c)
Geopolymer-2 matrix specimens.
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4.4.3 Peak Load and Uniform Bond Stress
The bond stress has been calculated in this section using Equations 4.1 and 4.2
assuming a uniform shear stress distributed at the fabric-matrix interface. Values of

Wuni are calculated only for specimens with a bonded length (lb) less than or equal to
the effective bond length (leff) because it would be misleading to calculate values of
the bond stress (Wuni) for specimens with a bonded length greater than the effective
bond length. The effective bond length of carbon-1 specimens is approximately 150
mm. In Equations 4.1 and 4.2, the variables P, bfo, tf, lb, and n are defined as load,
actual measured width of the roving, actual measured thickness of the roving, bond
length, and number of fiber rovings, respectively.

Wuni





ୗ

SA= 2(bfo lb + lbtf)n

(4.1)
(4.2)

The values of the minimum, maximum, and average loads and bond uniform
stress, for carbon-1 with cementitious-1, geopolymer-1, and geopolymer-2 matrix
specimens, are given in , the bonded length had an effect on the bond uniform stress;
in which the bond uniform stress tended to decrease with an increase in the bonded
length.
Table 4.3, Table 4.4, and Table 4.5, respectively. Based on the obtained results,
the bond uniform stress for carbon-1 specimen having cementitious-1 matrix was on
average 1.05 MPa, with a minimum of 0.92 MPa and a maximum of 1.16 MPa.
Whereas, for geopolymer-1 matrix the bond uniform stress was on average 1.10 MPa,
with a minimum of 0.97 MPa and a maximum of 1.26 MPa.
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Moreover, the bond uniform stress for geopolymer-2 matrix was on average
1.18 MPa, with a minimum of 0.82 MPa and a maximum of 1.63 MPa. It is worth
noting that one of the fiber bundles of specimen C1-G2-100 was torn out at the
beginning of the test. As such, the bond area was reduced from 3200 mm2 to 2400 mm2
to accommodate for having 3 fiber bundles rather than 4. Nevertheless, the bonded
length had an effect on the bond uniform stress; in which the bond uniform stress
tended to decrease with an increase in the bonded length.
Table 4.3: Loads and bond uniform stress for carbon-1 with cementitious-1 matrix
Avg.
Bond
Specimen

Length
(mm)

Min. bond

Max. bond

bond

Pmin

Pmax

PAvg

SA

uniform

uniform

uniform

(N)

(N)

(N)

(mm2)

stress a-

stress a-Wmax

stress a -

Wmin (MPa)

(MPa)

WAvg
(MPa)

a
b

C1-M1-50

50

1383

2330

1856

1600

0.86

1.46

1.16

C1- M1-100

100

1501

4368

2934

3200

0.47

1.37

0.92

C1- M1-150

150

4598

5570

5084

4800

0.96

1.16

1.06

b

N.A b

C1- M1-200

200

-

4152

4152

6400

-

N.A

C1- M1-250

250

-

5422

5422

8000

-

N.A b

N.A b

C1- M1-300

300

3818

6700

5259

9600

N.A b

N.A b

N.A b

Bond uniform stress is calculated based on surface area of the fabric.
Bonded length is greater than the effective bond length.
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Table 4.4: Loads and bond uniform stress for carbon-1 with geopolymer-1 matrix
Max.
Bond
Specimen

Length
(mm)

Min. bond

bond

Avg. bond

Pmin

Pmax

PAvg

SA

uniform

uniform

uniform

(N)

(N)

(N)

(mm2)

stress a -

stress a -

stress a -

Wmin (MPa)

Wmax

WAvg (MPa)

(MPa)
C1-G1-50

50

1270

2766

2018

1600

0.79

1.73

1.26

C1-G1-100

100

2610

4199

3404

3200

0.82

1.31

1.06

C1-G1-150

150

4185

5131

4658

4800

0.87

1.07

0.97

b

C1-G1-200

200

4112

4136

4124

6400

N.A

C1-G1-250c

250

N.A

N.A

N.A

8000

N.A

C1-G1-300

300

3337

6456

4896

9600

N.A

b

N.A

b

N.A
N.A

b

N.A b
N.A
N.A b

a

Bond uniform stress is calculated based on surface area of the fabric.
Bonded length is greater than the effective bond length.
c
Samples with a bonded length of 250 mm were damaged therefore they were not tested/reported.
b

Table 4.5: Loads and bond uniform stress for carbon-1 with geopolymer-2 matrix

Bond
Specimen

Length
(mm)

C1-G2-50

a

50

C1-G2-100

100

C1-G2-150

150

Min.

Max.

Avg.

bond

bond

bond

Pmin

Pmax

PAvg

SA

uniform

uniform

uniform

(N)

(N)

(N)

(mm2)

stress a -

stress a -

stress a -

Wmin

Wmax

WAvg

(MPa)

(MPa)

(MPa)

2117
2210

3094

2605

1600

1.32

1.93

1.63

3986

3466

3200

0.92

1.25

1.08

4133

3939

4800

0.78

0.86

0.82

N.A c

N.A c

b

(2945)
3744

C1-G2-200

200

5032

5461

5246

6400

N.A c

C1-G2-250

250

-

5862

5862

8000

-

N.A c

N.A c

C1-G2-300

300

4371

5078

4724

9600

N.A c

N.A c

N.A c

Bond uniform stress is calculated based on surface area of the fabric.
ସ
Due to damage of one of the fiber bundles, load between parentheses equals x measured load.

b

ଷ

c

Bonded length is greater than the effective bond length.
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4.4.4 Strain Response
The plots clearly revealed that strains at the proximity of the loaded end of the
fabric were significantly higher than those near the free end, giving evidence to stress
concentration at the loaded ends. Stress concentration at the loaded ends of the fabric
explained the initiation of cracks at this location and the subsequent development of
new cracks towards the free end as the load increased. It also suggested that fabric
delamination from the matrix started near the loaded end, which confirmed the test
observations of FRCM and FRGM specimens. Figure 4.8, Figure 4.9, and Figure 4.10
show the strain distribution of samples made with carbon-1 and cementitious,
geopolymer-1, and geopolymer-2 matrices, respectively. For all bond lengths, it is
clear that higher percentage of the ultimate load resulted in higher strain. Also, the
strain followed a similar increasing pattern as the distance from free end increased,
regardless of loading percentage. As such, the following discussion will focus on
results of the 100% ultimate loading condition.
The effect of different bond lengths on the strain distribution of specimens
made with carbon-1 and cementitious-1 matrix is evaluated in Figure 4.8(a-e). To
simplify the analysis, the results of each specimen at 25 mm from the free end and
extremity, representing the bond length value, are compared. Specimens C1-M1-50,
C1-M1-100, C1-M1-150, C1-M1-200, and C1-M1-250 displayed strain values of
1059, 510, 705, 77, and 79 μɛ, respectively, at 25 mm from the free end. These values
show that increase the bond length led to decrease in strain. At the loaded end, the
respective strain for the same specimens were 2639, 5537, 6627, 6564, and 8976 μɛ.
Clearly, an increase in bond length resulted in a significant increase in strain. In fact,
the strain increased by an average 1584 μɛ for each 50 mm increase in bond length.
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For specimen C1-M1-250, only SG5 located at a distance 25 mm from the
loaded end was strained at a load value of 0.25Pmax. Strain gauges SG4 and SG3
located at distances 75 and 125 mm from the loaded end started to strain at 0.75Pmax
whereas SG2 located at a distance 175 mm from the loaded end remained unstrained
up to a load value of 0.75Pmax. Strain gauge SG1 nearest to the free end remained
unstained till end of the test. It seems that the specimen reached the debonding load at
a load value of approximately 0.75Pmax or little higher, after which the STZ started to
translate toward the free end until the specimen reached its peak load. This suggests
that the effective bond length value is in the range between 125 and 175 mm which is
consistent with that determined from Figure 4.7(a).
Furthermore, Figure 4.9(a-d) show the strain distribution of carbon-1 and a
geopolymer-1 matrix specimen. Specimens C1-G1-50, C1-G1-100, C1-G1-250, and
C1-G1-300 displayed strain at 25 mm from the free end values of 940, 204, 4, and 0
μɛ, respectively. It can be clearly seen that the strain values at 25 mm from free end
decreased as the bond length increase. However, at the loaded end the strain values for
the same specimens were 3869, 2030, 21261, and 6803 μɛ, respectively. Therefore,
increase in bond length led to significant increase in the strain.
The fabric strain profile of specimen C1-G1-300. SG7 and SG6 located at
distances 0 and 25 mm from the loaded end were strained at a load value of 0.25Pmax.
Whereas, strain gauges SG5 and SG4 located at distances 75 and 125 mm from the
loaded end started to strain at 0.5Pmax. Moreover, SG3 and SG2 located at distances
175 and 225 mm from the loaded end remained unstrained up to a load value of
0.75Pmax. Strain gauge SG1 nearest to the free end remained unstained till end of the
test. It seems that the specimen reached the debonding load at a load value of
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approximately 0.5Pmax. This suggests that the effective bond length value is in the
range between 125 and 175 mm which is consistent with that determined from Figure
4.7(b).
Moreover, Figure 4.10 (a-d) display the strain distribution of specimens made
of carbon-1 and a geopolymer-1 matrix. Specimens C1-G2-50, C1-G1-100,
C1-G1-200, and C1-G1-250 presented strain at 25 mm from the free end values of
1554, 425, 149, and 0 μɛ, respectively. Clearly, an increase in the bond length showed
a decrease in the strain values at 25 mm from free end. Further, at the loaded end, the
respective strain for the same specimens were 3075, 3683, 6234, and 13512 μɛ. In
which, an increase in bond length resulted in a noteworthy increase in strain. In fact,
the strain increased by an average 3479 μɛ for each 50 mm increase in bond length.
Furthermore, the fabric strain profile of specimen C1-G2-250 shows that the
fabric strains at the proximity of the loaded end measured by SG6 were significantly
higher than those of other strain gages, indicating a shear stress concentration near the
loaded end. Strain gauge SG3 located at a distance 125 mm from the loaded end
remained unstrained up to 0.5Pmax whereas S2 located distance a distance 175 mm
from the loaded end remained unstrained until the end of the test. This suggests an
effective bond length value less than 175 mm, which is consistent with that obtained
from Figure 4.7(c). Specimen C1-G2-250 exhibited higher fabric strains near the
loaded end and a steeper strain profile than those of specimens C1-M1-250 and
C1-G1-300 which signified better bond at the fabric-matrix interface. The better bond
properties at the interface resulted in higher peak loads. Due to the improved bond at
the fabric-matrix interface, specimen C1-G2-250 failed by debonding at the matrixsubstrate interface.

59

(a)

(b)

(c)

Figure 4.8: Strain distribution along the bonded length of carbon-1 and cementitious1 matrix specimens as a function of ultimate load percentage. (a) C1-M1-50, (b) C1M1-100, (c) C1-M1-150, (d) C1-M1-200, and (e) C1-M1-250.
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(d)

(e)

Figure 4.8: Strain distribution along the bonded length of carbon-1 and cementitious1 matrix specimens as a function of ultimate load percentage. (a) C1-M1-50, (b) C1M1-100, (c) C1-M1-150, (d) C1-M1-200, and (e) C1-M1-250. (Continued)
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(a)

((b))

(c)

(d)

Figure 4.9: Strain distribution along the bonded length of carbon-1 and geopolymer-1
matrix specimens as a function of ultimate load percentage. (a) C1-G1-50, (b) C1G1-100, (c) C1-G1-250 and (d) C1-G1-300.
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(a)

(b)

(c)

(d)

Figure 4.10: Strain distribution along the bonded length of carbon-1 and geopolymer2 matrix specimens as a function of ultimate load percentage. (a) C1-G2-50, (b) C1G2-100, (c) C1-G2-200, and (d) C1-G2-250.
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4.4.5 Comparative Analysis of Carbon-1 Specimens
Comparative analysis of carbon-1 specimens test results is discussed in this
section.
4.4.5.1 Bond Load against Bond Length
Figure 4.11 shows the average load versus the bonded length for carbon-1
specimens. It can be seen that loads of the specimens with geopolymer matrices tended
to be higher than those of their cementitious-1 counterparts. In fact, the load of carbon1 samples made with geopolymer-1 and geopolymer-2 were up to 16% and 40% higher
than counterparts with cementitious-1 matrix, respectively. Yet, it is worth noting that
the average load of C1-M1-150 was higher than C1-G1-150 and C1-G2-150 by 9%
and 29%, respectively. Also. the average load of C1-M1-300 was slightly higher than
C1-G1-300 and C1-G2-300 by 7% and 11%, respectively.
A comparison between geopolymer-1 and geopolymer-2 average load results
show that geopolymer-2 specimens tended to have load capacity higher than that of
geopolymer-1 specimens. Only in the case of having bond lengths of 150 was
geopolymer-1 slightly higher than geopolymer-2. The loads of the specimens with
geopolymer-1 and geopolymer-2 having a bonded length of 300 mm were
insignificantly different. The increase in the load of the specimen with geopolymer-2
can be attributed to the different fly ash-to-GGBS ratios used in the geopolymeric
blends. Apparently, increasing the amount of GGBS in the geopolymeric matrix
decreased the maximum load. The results confirm the feasibility and effectiveness of
using cement-free alkali-activated geopolymeric matrices to produce sustainable and
eco-friendly FRGM systems for structural strengthening application. The effect of
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bonded length on peak load is also examined. It is clear that increasing the bonded
length further resulted in no or slight increase in the peak load.
7
Peak Load (kN)

6
5

Cementitious
Geopolymer-1
Geopolymer-2

4
3
2
1
0
50

100

150
200
Bonded length (mm)

250

300

Figure 4.11: Average load against bonded length for carbon-1 specimens

4.4.5.2 Bond Uniform Stress against Bonded Length
Figure 4.12 depicts the relationship between the bond uniform stress and the
bonded length of the fabric for specimens with l ≤ lb. In general, the bond uniform
stress of the geopolymeric matrices specimens were higher than or comparable to those
of the cementitious matrices specimens. It can be seen that FRCM and FRGM
specimens revealed similar trends relatively, whereby the bond uniform stress tended
to decrease with an increase in the bonded length. The reduction in the bond uniform
stress due to an increase in the bonded length was more pronounced in the FRGM
specimens, geopolymer-1 and geopolymer-2 matrices, than in the FRCM specimens.
Similar results were reported in previous studies on FRCM specimens by D’Ambrisi
et al. (2013). This phenomenon can be attributed to the nonlinear distribution of the
bond uniform stress along the embedded portion of the fabric, which is more
pronounced in specimens with longer embedment length.
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Figure 4.12: Bond uniform stress against bond length for carbon-1 fabric with
cementitious and geopolymeric matrix less than 150 mm

4.5 Results of Carbon-2 Specimens
4.5.1 Load-Global Slip Response
The global slip is defined as the relative displacement between points on the
bare fabric strip just outside the composite bonded area and the adjacent surface of the
concrete prism. The load-global strip responses of carbom-2 specimens with
cementitious-2 and geopolymer-1 matrices are plotted in Figure 4.13 and Figure 4.14,
respectively. The response was dependent on the bonded length and the failure mode
is idealized in Figure 4.3.
4.5.1.1 Specimens with Cementitious Matrix
Figure 4.13 shows the load-slip curves of specimens made with carbon-2 and
a cementitious-2 matrix for bond lengths ranging from 50 to 300 mm. Analyzing the
experimental curves (Figure 4.13(a-f)) and failure modes (Figure 4.2) showed that the
load-slip curves are comparable with the idealized curve (Figure 4.3).
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Figure 4.13(a) shows the load-slip curve of C2-M2-50i sample. At the initial
phase, the slip increases as a function of load almost in a linear branch associated with
elastic behavior of the interface, then the response tends to be nonlinear; the interface
between the fibers and the matrix exhibits some micro-damage, and the value of the
load increased until it reached Pmax= 2.1 kN at so= 0.79 mm. After that the load dropped
to 1.5 kN and then increased to load value of 2.1 kN. Debonding was then observed,
attributed to a decrease in load with an increase in slip.
Figure 4.13(b) shows the load-slip behavior of samples with a 100 mm bonded
length. Regarding C2-M2-100i graph at the initial phase, the load increased with no
slip occurred until it reached value of 0.7 kN. Subsequently, the load increased until it
reached Pmax= 1.4 kN with slip of so= 0.49 mm. Following the peak load, the load
decreases, and the slip increases. The duplicate sample C2-M2-100ii graph shows that
the load and slip increase almost in a linear branch associated with elastic behavior of
the interface. Then the response tends to be nonlinear; the interface between the fibers
and the matrix exhibits some micro-damage, and the value of the load increased until
it reached Pmax= 2.1 kN at so= 0.75 mm. Following the peak load, the load decreases,
and the slip increases.
The load-slip behavior of samples with a 150 mm bonded length is presented
in Figure 4.13(c). It can be seen that the C2-M2-150i graph shows no slip occurring as
the load increases up to 1.5 kN. However, after such point, the slip increased as a
function of load until a slip (so)= 1.30 mm was reached at Pmax= 5.6 kN. Following the
peak load, the load decreases, and the slip increases. The duplicate, C2-M2-150ii,
graph shows that at the beginning the load increases while no slip occurs up to 1.4 kN.
Then the load increased until it reached Pmax= 3.4 kN at so= 0.32 mm. After that the
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load dropped to 2.9 kN then increased up to 3.4 kN; after which the debonding initiated
which corresponds to the load decreases while slip increases.
The load-slip behavior of samples with a 200 mm bonded length is presented
in Figure 4.13(d). C2-M2-200i graph shows that at the initial phase, the load increase
with no slip occurs until it reached a value of 2.1 kN. However, after such point, the
slip increased as a function of load until a slip (so)= 0.36 mm was reached at
Pmax= 5.1 kN, followed by complete delamination at the fabric-matrix interface. On the
other hand, the duplicate C2-M2-200ii graph shows that at the beginning the load
increase while no slip occurs. Then at the load of 1.1 kN the load increased up to
1.7 kN then dropped to 1.2 kN. After that the load and slip increased until they reached
Pmax= 4.7 kN at so= 0.38 mm. Following the peak load, the load decreases, and the slip
increases.
Figure 4.13(e) shows the load-slip curve of C2-M2-250i sample, that at the first
stage the load increase with no slip occurs. Then at the load of 2.7 kN the load and slip
increased until they reached Pmax= 6.9 KN and so= 1.13 mm, where debonding initiated
corresponds to series of load drops after the maximum load due to the progressive
failure of the fabric bundles.
Figure 4.13(f) shows the load-slip curve of sample with a bonded length of 300
mm. C2-M2-300i graph shows that at the first stage, the load increase with no slip
occurs until load of 1.1 kN, at which slip increases in a nonlinear response. Then, at
the load of 2.2 kN the value dropped to 1.7 kN which represent the first crack.
Subsequently, the load increased until it reached Pmax= 4.3 kN at so= 1.60 mm.
Following the peak load, the load decreases, and the slip increases.
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Figure 4.13: Load-slip curves of carbon-2 cementitious-2 matrix samples, with
variable bonded lengths. (a) C2-M2-50i, (b) C2-M2-100i and C2-M2-100ii, (c) C2M2-150i and C2-M2-150ii, (d) C2-M2-200i and C2-M2-200ii, (e) C2-M2-250i, and
(f) C2-M2-300i. ii represent the duplicate sample.

4.5.1.2 Specimens with Geopolymer-1 Matrix
The load-slip curves of specimens made with carbon-2 and a geopolymer-1
matrix for bond lengths ranging from 50 to 300 mm (Figure 4.14) show a comparable
behavior as the idealized curves shown in Figure 4.3.
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The load-slip curve of specimens with a bonded length of 50 mm (Figure
4.14(a)), shows regarding C2-G1-50i that at the initial phase, the slip increases as a
function of load until it reached a load value of 2.8 kN and then dropped to 1.9 kN
which represent the first crack. Afterward, the load increased until it reached maximum
load of Pmax= 3.8 kN with slip of so= 1.02 mm. Following the peak load, the load
decreases, and the slip increases. Furthermore, the duplicate sample C2-G1-50ii had a
behavior with relatively lower load and slip. C2-G1-50ii graph shows that the load and
slip increase almost in a linear branch associated with elastic behavior of the interface.
Then the response tends to be nonlinear; the interface between the fibers and the matrix
exhibits some micro-damage, and the value of the load increased until it reached
Pmax= 2.2 kN at so= 0.64 mm. Following the peak load, the load decreases, and the slip
increases.
The load-slip behavior of samples with a 100 mm bonded length is presented
in Figure 4.14(b). It can be seen that the C2-G1-100i graph shows no slip occurring as
the load increases up to 1.8 kN. However, after such point, the slip increased as a
function of load until a slip (so)= 0.53 mm was reached at Pmax= 4.1 kN, followed by a
complete delamination at matrix-substrate interface. The duplicate sample
C2-G1-100ii shows a behavior with a relatively higher load and slip. C2-G1-100ii
graph shows that at the beginning the load increase while no slip occurs. Then at the
load of 0.8 kN the load and slip increased until they reached P max= 4.9 kN at
so= 1.08 mm. Following the peak load, the load decreases, and the slip increases.
Figure 4.14(c) shows the load-slip curve of the specimen with a bonded length
of 150 mm. C2-G1-150i graph shows that at the first stage, the load increase with no
slip occurs, then at the load of 0.7 kN the load increased relatively in a linear line.
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Thereafter, at the load of 3.4 kN the load dropped to 2.9 kN. Subsequently, the load
and slip increased until they reached Pmax= 5.7 kN at so= 1.96 mm. Following the peak
load, the load decreases, and the slip increases.
The load-slip curve of the specimen with a bonded length of 200 mm is shown
in Figure 4.14(d). C2-G1-200ii graph shows that the load at the initial stage increase
with no slip occurs, then at the load of 0.5 kN the load increased almost in a linear line.
Subsequently, the load increased until it reached Pmax= 7.3 kN with so= 1.37 mm, where
debonding initiated series of load drops occurred after the maximum load due to a
progressive failure of the fabric bundles.
The load-slip curve of specimens with a bonded length of 250 mm (Figure
4.14(e)), shows that the C2-G1-250i graph at the initial phase, the slip increases as a
function of load until it reached a load value of 5.2 kN and dropped to 4.8 kN.
However, after such point, the slip increased as a function of load until a slip
(so)= 3.47 mm was reached at Pmax= 6.2 kN. Following the peak load, the load
decreases, and the slip increases. Furthermore, the duplicate sample C2-G1-250ii had
a behavior with lower load and slip. C2-G1-250ii graph displays that at the beginning
the load increase while no slip occurs. Then at the load of 1.4 kN the load increased
until it reached 5.1 kN then dropped to 4.4 kN. Afterward, the load and slip increased
until they reached Pmax= 5.3 kN and so= 0.82 mm, where debonding initiated
corresponds to series of load drops after the maximum load due to the progressive
failure of the fabric bundles.
The load-slip behavior of sample with a 300 mm bonded length is presented in
Figure 4.14(f). It can be seen in C2-G1-300ii graph that no slip occurs as the load
increases up to 1.2 kN. However, after such point, the slip increased as a function of
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load until a slip (so)= 1.44 mm was reached at Pmax= 7.9 kN, followed by failure
mechanism of fabric slippage and rupture.
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Figure 4.14: Load-slip curves of carbon-2 geoploymer-1 matrix samples, with
variable bonded lengths. (a) C2-G1-50i and C2-G1-50ii, (b) C2-G1-100i and C2-G1100ii, (c) C2-G1-150i, (d) C2-G1-200ii, (e) C2-G1-250i and C2-G1-250ii, and (f)
C2-G1-300ii. ii represent the duplicate sample.
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4.5.2 Effective Bond Length
The effective bond length (leff) is defined as the minimum length required to
fully establish the bond mechanism/stress transfer zone (STZ) (Sneed et al., 2014;
Sneed et al., 2015; Zou et al., 2019). For FRP joints, the debonding load coincides with
the maximum load which remains almost unaltered when lb exceeds leff (Carozzi et al.,
2020; Sneed et al., 2014; Sneed et al., 2015; Zou et al., 2019).
For FRCM joints with lb > leff, the maximum load is slightly greater than the
debonding load because of the presence of friction/interlocking between the fabric and
matrix after the onset of debonding (Carozzi et al., 2020; Sneed et al., 2014; Sneed et
al., 2015; Zou et al., 2019). As a result, FRCM joints with lb > leff exhibit a nonproportional increase in the maximum load with an increase in the bonded length at a
rate lower than that exhibited by similar specimens with lb ≤ leff .
The maximum loads exhibited by carbon-2 fabric with cementitious-2 and
geopolymer-1 matrix specimens are plotted against the bonded length in Figure 4.15(a)
and (b), respectively. The maximum load increased almost linearly with an increase in
the bonded length up to an effective bond length, leff, after which the maximum load
continued to increase but at a reduced rate. According to the best-fit bi-linear
relationship shown in Figure 4.15, the effective bond length was approximately 170
mm for the cementitious-2 matrix specimens and 150 mm for the geopolymer-1 matrix
specimens. This is consistent with other findings published in the literature for FRCM
joints, which reported effective bond length values in the range of 150 to 300 mm
(Ombres, 2015; Sneed et al., 2014; Sneed et al., 2015; Zou et al., 2019).
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Figure 4.15: Carbon-2 maximum load-bond length relationship with; (a)
Cementitious-2 matrix specimens, and (b) Geopolymer-1 matrix specimens.

4.5.3 Peak Load and Uniform Bond Stress
The bond stress has been calculated in this section using Equations 4.1 and 4.2
assuming a uniform shear stress distributed at the fabric-matrix interface. Values of

Wuni are calculated only for specimens with a bonded length (lb) less than or equal to
the effective bond length (leff) because it would be misleading to calculate values of
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the bond stress (Wuni) for specimens with a bonded length greater than the effective
bond length. The effective bond length of carbon-2 specimens is approximately 150
mm. In Equations 4.1 and 4.2, the variables P, bfo, tf, lb, and n are defined as load,
actual measured width of the roving, actual measured thickness of the roving, bond
length, and number of fiber rovings, respectively.
The values of the minimum, maximum, and average loads and bond uniform
stress, for carbon-2 with cementitious-2 and geopolymer-1 matrix specimens, are
given in Table 4.6 and Table 4.7, respectively. Based on the obtained results, the bond
uniform stress (Wuni) for carbon-2 specimen having cementitious-2 matrix was on
average 0.90 MPa, with a minimum of 0.53 MPa and a maximum of 1.27 MPa.
Whereas, for geopolymer-1 matrix the bond uniform stress was on average 1.43 MPa,
with a minimum of 1.14 MPa and a maximum of 1.79 MPa. The bond uniform stress
tended to decrease with an increase in the bonded length.
Table 4.6: Loads and bond uniform stress for carbon-2 with cementitious-2 matrix
Avg.
Bond
Specimen

Length
(mm)

Min. bond

Max. bond

bond

Pmin

Pmax

PAvg

SA

uniform

uniform

uniform

(N)

(N)

(N)

(mm2)

stress a-Wmin

stress a-Wmax

stress a-

(MPa)

(MPa)

WAvg
(MPa)

a
b

C2-M2-50

50

-

2109

2109

1662

-

1.27

1.27

C2- M2-100

100

1448

2075

1762

3324

0.44

0.62

0.53

C2- M2-150

150

3421

5593

4507

4986

0.69

1.12

0.90

C2- M2-200

200

4671

5073

4872

6648

N.A b

N.A b

N.A b

C2- M2-250

250

-

6877

6877

8310

-

N.A b

N.A b

C2- M2-300

300

-

4317

4317

9972

-

N.A b

N.A b

Bond uniform stress is calculated based on surface area of the fabric
Bonded length is greater than the effective bond length.
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Table 4.7: Loads and bond uniform stress for carbon-2 with geopolymer-1 matrix
Bond
Specimen

Length
(mm)

a
b

Min. bond

Max. bond

Avg. bond

Pmin

Pmax

PAvg

SA

uniform

uniform

uniform

(N)

(N)

(N)

(mm2)

stress a -Wmin

stress a -

stress a -

(MPa)

Wmax (MPa)

WAvg (MPa)

C2-G1-50

50

2164

3780

2972

1662

1.302

2.27

1.79

C2-G1-100

100

4122

4890

4506

3324

1.240

1.47

1.36

C2-G1-150

150

-

5700

5700

4986

-

1.14

1.14

C2-G1-200

200

-

7335

7335

6648

-

N.A b

N.A b

C2-G1-250

250

5293

6220

5756

8310

N.A b

N.A b

N.A b

C2-G1-300

300

-

7888

7888

9972

-

N.A b

N.A b

Bond uniform stress is calculated based on surface area of the fabric
Bonded length is greater than the effective bond length.

4.5.4 Strain Response
The strain distribution of specimens made of carbon-2 with cementitious-2 and
geopolymer-1 matrices are shown in Figure 4.16 and Figure 4.17, respectively. As the
distance from free end increased the strain followed a similar increasing pattern,
regardless of loading percentage. Also, it is clear that higher percentage of the ultimate
load resulted in higher strain, for all bond lengths. As such, the following discussion
will focus on results of the 100% ultimate loading condition.
The effect of different bond lengths on the strain distribution of specimens
made with carbon-2 and cementitious-2 matrix is evaluated in Figure 4.16(a-d). The
results of each specimen at 25 mm from the free end and extremity, representing the
bond length value, are compared. Specimens C2-M2-100, C2-M2-150, C2-M2-200,
and C2-M2-300 displayed strain values of 0, 0, 0, and 0 μɛ, respectively, at 25 mm
from the free end. These values show that the strain was constant as the bond length
increase. At the loaded end, the respective strain for the same specimens were 1050,
2986, 3416, and 3458 μɛ. Clearly, an increase in bond length resulted in an increase in
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strain. In fact, the strain increased by an average 803 μɛ for each 50 mm increase in
bond length.
For specimen C2-M2-300, only SG5 and SG6 located at distances 25 and 75
mm from the loaded end were strained at a load value of 0.25Pmax. Strain gauge SG4
located at a distance 125 mm from the loaded end started to strain at 0.5Pmax whereas
SG3 located at a distance 175 mm from the loaded end remained unstrained up to a
load value of 0.75Pmax. Strain gauges SG1 and SG2 nearest to the free end remained
unstained till end of the test. It seems that the specimen reached the debonding load at
a load value of approximately 0.75Pmax or little higher, after which the STZ started to
translate toward the free end until the specimen reached its peak load. This suggests
an effective bond length value of approximately 175 mm which is consistent with that
determined from Figure 4.15(a).
Furthermore, Figure 4.17(a-c) show the strain distribution of carbon-2 and a
geopolymer-1 matrix specimen. Specimens C2-G1-100, C1-G1-250, and C1-G1-300
displayed strain at 25 mm from the free end values of 210, 121, and 0 μɛ, respectively.
It can be clearly seen that the strain values at 25 mm from free end decreased as the
bond length increase. However, at the loaded end the strain values for the same
specimens were 2689, 8006, and 14446 μɛ, respectively. Therefore, an increase in bond
length led to significant increase in the strain.
The fabric strain profile of specimen C2-G1-300. The fabric strains at the
proximity of the loaded end measured by SG6 were significantly higher than those of
other strain gages, indicating a shear stress concentration near the loaded end. Strain
gauge SG4 located at a distance 125 mm from the loaded end remained unstrained up
to 0.5Pmax whereas SG3 located distance a distance 175 mm from the loaded end
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remained unstrained until the end of the test. This suggests an effective bond length
value less than 175 mm, which is consistent with that obtained from Figure 4.15(b)
(150 mm). Specimen C2-G1-300 exhibited higher fabric strains near the loaded end
and a steeper strain profile than those of specimen C2-M2-300 which signified better
bond at the fabric-matrix interface. The better bond properties at the interface resulted
in higher peak loads. Due to the improved bond at the fabric-matrix interface, specimen
C2-G1-300 failed by rupture of the fabric outside of the matrix.
The plots clearly revealed that strains at the proximity of the loaded end of the
fabric were significantly higher than those near the free end, giving evidence to stress
concentration at the loaded ends. Stress concentration at the loaded ends of the fabric
explained the initiation of cracks at this location and the subsequent development of
new cracks towards the free end as the load increased. It also suggested that fabric
delamination from the matrix started near the loaded end, which confirmed the test
observations of FRCM and FRGM specimens.
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(a)

(b)

((c))

(d)

Figure 4.16: Strain distribution along the bonded length of carbon-2 and
cementitious-2 matrix specimens as a function of ultimate load percentage. (a) C2M2-100, (b) C2-M2-150, (c) C2-M2-200, and (d) C2-M2-300.
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(a)
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(c)

Figure 4.17: Strain distribution along the bonded length of carbon-2 and
geopolymer-1 matrix specimens as a function of ultimate load percentage. (a) C2G1-100, (b) C2-G1-250, and (c) C2-G1-300.
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4.5.5 Comparative Analysis of Carbon-2 Specimens
Comparative analysis of carbon-2 specimens test results is discussed in this
section.
4.5.5.1 Bond Load against Bond Length
Figure 4.18 shows the average loads versus the bonded length for carbon-2
specimens. It can be seen that load of specimens with geopolymeric matrices tended
to be higher than those of the cementitious-2 counterparts. In fact, the load of carbon2 samples made with geopolymer-1 was up to 155% higher than counterparts with
cementitious-2 matrix, respectively. However, it is worth noting that the average load
of C2-M2-250 was 19.47% higher than that of C2-G1-250.
The effect of the bonded length on peak load is significant. For specimens with
lb ≤ 200 mm, the peak load increased with increasing the bonded length. Further
increase in the bonded length resulted in no or insignificant increase in the peak load
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Figure 4.18: Average load against bonded length for carbon-2 fabric with
cementitious and geopolymeric matrices
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4.5.5.2 Bond Uniform Stress against Bonded Length
Figure 4.19 depicts the relationship between the average bond stress and the
bonded length of the fabric for specimens with lb ≤ 150 mm. In general, the bond
uniform stress of geopolymer-1 matrix specimens was higher than that of the
cementitious-2 matrix counterparts. Moreover, the bond uniform stress of FRCM and
FRGM specimens tended to decrease with an increase in the bonded length,
nevertheless, they also showed similar trends relatively. The geopolymer-1 FRGM
specimens attained bond stress reduction of 36% as the bonded length increased from
50 to 150 mm. In comparison, FRCM specimens experienced bond stress reduction of
29% with a similar increase in bonded length. Similar results were reported in previous
studies on FRCM specimens by D’Ambrisi et al. (2013). This phenomenon can be
attributed to the nonlinear distribution of the bond stress along the embedded portion
of the fabric, which is more pronounced in specimens with longer embedment length.
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Figure 4.19: Bond uniform stress against bonded length for carbon-2 fabric with
cementitious and geopolymeric matrix less than 200 mm
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4.6 Effect of Fabric Type on Peak Load
For the specimens with a cementitious matrix, changing the type of fabric from
unidirectional to bidirectional had no noticeable effect on the peak load as shown in
Figure 4.20. Carbon-1 and carbon-2 specimens showed almost comparable results with
no trend. In contrast, the fabric type had an effect on the peak load of the specimens
with a geopolymeric matrix as shown in Figure 4.21. Between the two carbon types
with geopolymer-1 matrix, it was found that the load for carbon-2 specimens was 22%
to 77% higher than that of carbon-1 counterparts. This can be described to the
geometry of the fabric and the fabric mesh openings. According to Triantafillou and
Papanicolaou (2005) the mesh openings affects the penetrability of the matrix into the
fabric, smaller mesh openings lead to lower penetrability as the mechanical interlock
acts through the fabric openings. This may explain why specimens with the bidirectional fabric (carbon-1) had lower loads compared with those of their counterparts
with a unidirectional fabric (carbon-2).
It should be noted that the modulus of elasticity for cementitious-1 and
cementitious-2 are approximately 33.8 and 28 GPa, respectively. However, the
modulus of elasticity for geopolymer-1 was 7 GPa. It seems that the modulus of
elasticity of the cementitious matrices was too high to show an effect for the type of
fabric. In other words, the differences of peak loads were obvious for specimens with
the geopolymeric matrix having a low modulus of elasticity.
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Figure 4.20 Average load against bonded length for the two carbon fabrics with
cementitious matrix
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Figure 4.21: Average load against bonded length for the two carbon fabrics with
geopolymer-1 matrix
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5. Chapter 5: Development of Bond-Slip (WW-s) Models
5.1 Introduction
The bond stress-slip (W-s) relationship at the fabric-matrix interface can be expressed
by the exponential expression of Eq. (5.1) (Bencardino et al., 2017; Dai et al., 2005;
Zou et al., 2019).
߬ ൌ ܣଶ ܧܤ ݐ ሺ݁ ି௦ െ ݁ ିଶ௦ ሻ

(5.1)

where, A, B = parameters in the bond-slip model obtained from nonlinear regression
analysis, Ef = elastic modulus of the fabric, Gf = fracture energy, s = slip between the
fabric and the matrix, sm = slip corresponding to maximum shear stress, tfo = thickness
of one fiber bundle,W = shear stress, and Wm = maximum shear stress. The fracture
energy, maximum shear stress at the fabric-matrix interface, and the corresponding
slip at maximum shear stress are calculated using Eq. (5.2), (5.3), and (5.4)
respectively.
ଵ

ܩ ൌ ܣଶ ܧ ݐ
ଶ
ଵ

߬ ൌ ܩܤ
ଶ

ݏ ൌ

Ǥଽଷ


(5.2)

(5.3)

(5.4)

The relationship between the strain in the fabric and the corresponding slip measured
at the loaded end can be expressed by Eq. (5.5) whereas the strain in the fabric at the
loaded end is calculated using Eq. (5.6).
ߝ ൌ ܣሺͳ െ ݁ ି௦ ሻ

(5.5)
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(5.6)

The maximum load can then be predicted using Eq. (5.7) (Bencardino et al., 2017; Dai
et al., 2005), where bfo = width of the fiber bundle and n = number of fiber bundles in
the fabric.
ܲ୫ୟ୶ ൌ ܧܣ ܾ݊ ݐ

(5.7)

The following procedure was adopted to determine the parameters A and B of the
specimens with lb ≥ leff and to predict the corresponding maximum load of the
specimens.
x

For a given value of load, P, the corresponding strain in the fabric at the loaded
end was calculated using Eq. (5.6).

x

A relationship between the calculated strain at the loaded end and the
corresponding slip measured experimentally was plotted.

x

A nonlinear regression analysis was performed to derive the parameters A and
B that best fit Eq. (5.5).

x

The predicted maximum load was calculated using Eq. (5.7)

5.2 Bond-Slip Models of Carbon-1 Specimens
The shear stress-slip relationships of the cementitious-1, geopolymer-1, and
geopolymer-2 matrix specimens with lb ≥ leff are shown in Figure 5.1(a) and (b),
respectively, whereas the key parameters and a comparison between measured and
predicted maximum loads are given in Table 5.1. It can be seen that the predicted
maximum loads are in good agreement with those measured experimentally. The
predicted maximum loads were within 12% error band which confirms the validity of
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the analytical approach. There was one specimen (300ii) which had a deviation of
25%.
The average values of the parameters A and B for the specimens with lb ≥ leff
were then plugged into Eq. (5.1) to (5.4) to develop cohesive bond-slip models for the
cementitious-1, geopolymer-1, and geopolymer-2 carbon-1 fabric-reinforced matrix
composites. The bond-slip models are shown in Figure 5.2, whereas the corresponding
key parameters are listed in Table 5.2. The maximum shear stress (Wm) of the
geopolymer-2 matrix model was the highest. This is consistent with the ultimate load
results, which demonstrated the tendency of the geopolymer-2 specimens to exhibit a
superior performance relative to that of other specimens with cementitious or
geopolymer-1 matrices. The maximum shear stress of the cementitious-1 matrix model
was 87% of that of geopolymer-2 matrix model. The geopolymer-1 matrix model
exhibited inferior maximum shear stress and fracture energy relative to those of other
models.
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Table 5.1: Analytical results and comparison of predicted and measured maximum
loads of specimens made of carbon-1
A

Geopolymer-2
joints

Geopolymer-1 joints

Cementitious-1 joints

Group

Specimen

B

(u10-3)

Gf

(mm-1)

(N/mm)

Wm
(MPa)

Pmax
Error

sm
(mm)

Pred.

Exp.

(kN)

(kN)

(%)

C1-M1-150i

1.66

2.30

0.32

0.36

0.30

4.6

4.6

0.6

C1-M1-150ii

1.83

2.23

0..38

0.43

0.31

5.0

5.6

9

C1-M1-250ii

1.73

1.74

0.34

0.30

0.40

4.8

5.4

12

C1-M1-300ii

2.46

1.39

0.70

0.48

0.50

6.8

6.7

1

C1-G1-150i

1.68

1.79

0.33

0.29

0.39

4.7

5.1

9

C1-G1-150ii

1.33

3.48

0.20

0.35

0.20

3.7

4.2

12

C1-G1-200i

1.40

2.64

0.22

0.30

0.26

3.9

4.1

7

C1-G2-200i

1.99

1.37

0.46

0.31

0.51

5.5

5.5

0.6

C1-G2-300i

1.59

2.55

0.29

0.37

0.27

4.4

4.4

0.3

C1-G2-300ii

1.37

4.86

0.22

0.52

0.14

3.8

5.1

25

Table 5.2: Parameters of the bond-slip models of specimens made of carbon-1
A

B

Gf

Wm

sm

(u10-3)

(mm-1)

(N/mm)

(MPa)

(mm)

Cementitious-1 matrix

1.92

1.91

0.42

0.40

0.36

Geopolymer-1 matrix

1.47

2.64

0.25

0.33

0.47

Geopolymer-2 matrix

1.65

2.93

0.31

0.46

0.42

Matrix type
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(a)

(b)

(c)
Figure 5.1: Shear stress-slip relationships for carbon-1 tested specimens with lb ≥ leff ;
(a) Cementitious-1 matrix specimens, (b) Geopolymer-1 matrix specimens, and (c)
Geopolymer-2 matrix specimens.
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Figure 5.2: Bond-slip models of specimens made of carbon-1

5.3 Bond-Slip Models of Carbon-2 Specimens
The shear stress-slip relationships of the cementitious-2 and geopolymer-1
matrix specimens with lb > leff

are shown in Figure 5.3(a) and (b), respectively,

whereas the key parameters and a comparison between measured and predicted
maximum loads are given in Table 5.3. It can be seen that the predicted maximum
loads are in good agreement with those measured experimentally. The predicted
maximum loads were within 11% error band which confirms the validity of the
analytical approach.
The average values of the parameters A and B for the specimens with lb > leff
were then plugged into Eq. (5.1) to (5.4) to develop cohesive bond-slip models for the
cementitious-2 and geopolymer-1 carbon-2 fabric-reinforced matrix composites. The
bond-slip models are shown in Figure 5.4, whereas the corresponding key parameters
are listed in Table 5.4. The slip at maximum stress for the cementitious-matrix model
was lower than that of the geopolymeric-matrix model. The higher stiffness of the
cementitious matrix model can be attributed to its higher young’s modulus relative to
that of the geopolymeric matrix. Although the maximum shear stress (Wm) of both
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models was equal, the fracture energy of the model for the geopolymeric-matrix joints
was higher. The higher fracture energy explains why the maximum load of the
geopolymeric-matrix specimens was higher than that of their counterparts with the
cementitious matrix.
Table 5.3: Analytical results and comparison of predicted and measured maximum
loads of specimens made of carbon-2
Pmax
A
Group

Specimen

(u10
3
)

B
-

(mm-1)

Gf
(N/mm)

Wm
(MPa)

sm
(mm)

Pred
.

Geopolymeric
joints

Cementitious
joints

(kN)

Error
Exp.
(%)
(kN)

C2-M2-200i

2.10

9.38

0.29

1.38

0.07

4.14

4.67

11

C2-M2-250i

3.28

3.66

0.7

1.28

0.19

6.39

6.88

7

C2-M2-300i

2.03

5.30

0.27

0.71

0.13

3.94

4.32

9

C2-G1-200ii

3.89

2.39

0.98

1.17

0.29

7.56

7.34

3

C2-G1-250ii

2.62

4.91

0.45

1.10

0.14

5.10

5.29

4

C2-G1-300ii

3.82

2.13

0.95

1.01

0.33

7.43

7.89

6

Table 5.4: Parameters of the bond-slip models of specimens made of carbon-2
A

B

Gf

Wm

sm

(u10-3)

(mm-1)

(N/mm)

(MPa)

(mm)

Cementitious-2 matrix

2.48

6.11

0.40

1.22

0.11

Geopolymer-1 matrix

3.45

3.14

0.77

1.21

0.22

Matrix type
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(a)

(b)
Figure 5.3: Shear stress-slip relationships for carbon-2 tested specimens with lb > leff ;
(a) Cementitious-2 matrix specimens, and (b) Geopolymer-1 matrix specimens.

Figure 5.4: Bond-slip models of specimens made of carbon-2
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6. Chapter 6: Conclusions and Recommendations
6.1 Introduction
This research work aimed to examine the bond behavior of different
FRCM/FRGM-concrete joints. The potential use of a geopolymeric matrix as a
sustainable alternative to commercial mortars in carbon fabric-reinforced matrix
composites was examined. Single-lap shear tests were conducted to investigate and
characterize the bond behavior at the fabric-matrix interface. Test parameters included
the bonded length (50 to 300 mm), type of fabric (bidirectional carbon-1 and
unidirectional carbon-2), and type of matrix (cementitious and geopolymeric). Test
results were employed to develop interfacial bond stress-slip laws for different types
of FRCM and FRGM systems. Main conclusions of the work along with
recommendations for future studies on the subject are presented in this chapter.
6.2 Limitations
Findings of this research are limited to the type of fabric and matrices used in
the current study. Any variation in the composition of the matrix, geometry of the
fabric, and properties of materials used in the study may result in different outcomes.
Although the predicted ultimate loads were in good agreement with those obtained
from the tests conducted in this study, the validity of the bond-slip models developed
in the current study shall be examined in future studies through finite element modeling
and testing of strengthened large-scale beam specimens.
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6.3 Conclusions
The bond behavior at the fabric-matrix interface in carbon fabric-reinforced matrix
composites was studied through single-lap shear tests and an analytical investigation.
Main conclusions of the work are summarized in this section.
x

Results of this research demonstrated the feasibility and viability of employing
a geopolymeric matrix as a sustainable alternative to commercial cementitious
mortars used in structural strengthening systems involving carbon fabric
grids/textiles.

x

Four distinct modes of failure were observed in this research; Mode I: slippage
of the fabric without cracking of the matrix, Mode II: transverse/longitudinal
cracks followed by slippage of the fabric and debonding at the fabric-matrix
interface, Mode III: rupture of the fabric preceded by slippage within the
matrix, and Mode IV: debonding at the matrix-substrate interface.

x

The type of matrix had no effect on the effective bond length. The effective
bond length was approximately 150 mm for all specimens with the
bidirectional fabric (carbon-1) and in the range of 150 to 170 mm for the
specimens with the unidirectional fabric (carbon-2).

x

The maximum loads of the carbon-1 specimens with geopolymeric matrices
tended to be higher than those of their cementitious-1 counterparts.

x

The maximum loads of carbon-1 specimens with geopolymer-2 matrix tended
to have load capacity higher than that of geopolymer-1 matrix specimens. The
increase in the load of the specimens with geopolymer-2 can be attributed to
the different fly ash-to-GGBS ratios used in the geopolymeric blends.
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Increasing the amount of GGBS in the geopolymeric matrix increased the
maximum load.
x

The maximum loads of carbon-2 fabric with geopolymer-1 matrix specimens,
except C2-G1-250, were on average 71% higher than those of their
cementitious-2 matrix specimens. The maximum load of C2-G1-250 with a
geopolymer-1 matrix was approximately 84% of that of C2-M2-250 with a
cementitious-2 matrix.

x

The type of fabric affected the maximum load of the specimens with a
geopolymeric matrix but had no effect on the specimens with the cementitious
matrices. The geopolymeric-matrix specimens with the unidirectional fabric
(carbon-2) exhibited higher loads than those of their counterparts with the
bidirectional fabric (carbon-1). This could be ascribed to the small-size of the
mesh openings of the bidirectional fabric, which may have affected the
penetrability of the matrix and reduced the connectivity/bond within the fabric
mesh openings.

x

New bond-slip models that characterize the bond behavior at the fabric-matrix
interface were developed for carbon-1 specimens with cementitious-1,
geopolymer-1, and geopolymer-2 matrices. The maximum shear stress was in
the range of 0.33 to 0.46 MPa. The greatest shear stress was exhibited by the
geopolymer-2 matrix model. The maximum shear stress of the cementitious-1
matrix model was 87% of that of geopolymer-2 matrix model. The
geopolymer-1 matrix model exhibited inferior maximum shear stress and
fracture energy relative to those of other models.

x

New bond-slip models were developed for carbon-2 specimens with
cementitious-2 and geopolymer-1 matrices. Although, the maximum shear
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stress of both carbon-2 models was equal (1.2 MPa), the slip at maximum stress
and the fracture energy of the geopolymeric-matrix model were higher.
6.4 Recommendations for Future Research
The following are recommendations for future studies in the field of bond
behavior of fabric-reinforced matrix systems.
x

Study the bond behavior of FRCM/FRGM-concrete joints under elevated
temperatures.

x

Examine the validity of the bond-slip models developed in the current study
through finite element modeling and testing of large-scale beam specimens.
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Appendix

(a)

(b)

(c)

(d)

(e)

(f)

Figure A.1: Failure modes of carbon-1 and cementitious-1 matrix; (a) C1-M1-50, (b)
C1-M1-100, (c) C1-M1-150, (d) C1-M1-200, (e) C1-M1- 250, and (f) C1-M1-300.
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(a)

(b)

(d)

(c)

(e)

Figure A.2: Failure modes of carbon-1 and geopolymer-1 matrix; (a) C1-G1-50, (b)
C1-G1100, (c) C1-G1150, (d) C1-G1200, and (e) C1-G1300.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure A.3: Failure modes of carbon-1 and geopolymer-2 matrix; (a) C1-G2-50, (b)
C1-G2-100, (c) C1-G2-150, (d) C1-G2-200, (e) C1-G2-250, and (f) C1-G2-300.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure A.4: Failure modes of carbon-2 and cementitious-2 matrix; (a) C2-M2-50, (b)
C2-M2-100, (c) C2-M2-150, (d) C2-M2-200, (e) C2-M2-250, and (f) C2-M2-300.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure A.5: Failure modes of carbon-2 and geopolymer-1 matrix; (a) C2-G1-50, (b)
C2-G1-100, (c) C2-G1-150, (d) C2-G1-200, (e) C2-G1-250, and (f) C2-G1-300.
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