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ABSTRACT

The usage of organic matrix composites such as fiber reinforced polymers (FRP) in retrofitting of structures is
increasingly becoming popular among structural designers, which is credited to varied attractive top features of
these materials, such as: corrosion resistance, higher strength to weight ratio, ease and speed of application, and
almost no section enlargement. However, FRP strengthening technique is not completely free of problems. The
organic resins employed as binders have many disadvantages such as (a) relatively expensive resins; (b) poor
response at temperature ranges above the glass transition temperature; (c) potential risks for the workers; (d)
difficulty in application on moist areas or at low temperature ranges; (e) difficulty of reversibility (inability to
undo the repair without damaging the original structural member); and (f) non-compatibility between resins and
substrates. One possible solution for alleviating these difficulties is the substitution of the organic with the
inorganic binder, such as cementitious mortars. A new class of material was then developed and used for
structural strengthening applications. In this material, fibers are replaced by textile or fabric and organic matrix
is replaced by cementitious matrix such as mortars and is usually called textile reinforced mortar (TRM). This
paper presents a critical review of existing research on comparison between FRP and TRM composites used for
strengthening of structural concrete members, identifies gaps in current knowledge, and outlines directions for
future research. It briefly presents material characterization in terms of constituents and stress-strain behavior in
tension, and also describes concisely methods of installation for both organic and inorganic composite systems.
Available literature on bond behavior at composites-to-concrete interface at ambient and elevated temperatures
are summarized. It also enlists available research on use of TRM composites in comparison with FRP composites
for flexural and shear strengthening of RC beams.

1. Introduction

members include: section modification, external post-tensioning of
members, bonding of steel plates, steel jacketing, insertion of near sur-

The strengthening of existing concrete structures is frequently
required due to any one or combination of the following reasons: (i)
increase in load because of the increase in live loads, increase in wheel
loads, or planning to install heavy machines; (ii) damage caused to the
structure because of aging of building materials, fire exposure, corrosion
of steel rebars, and/or vehicle crash against structure; (iii) changes in
the structural system because of the removal of load bearing walls/
columns and/or cutting openings through slabs for services; (iv) mis-
takes in structural planning or construction leading to inadequate
member sizes and/or inadequate rebars; or (v) seismic retrofit to comply
with current seismic design codes.

Most common strengthening methods for concrete structural
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face mounted (NSM) steel or glass fiber reinforced (GFRP) bars, and the
use of externally bonded fiber reinforced polymer (FRP) laminates
[1-18]. These techniques are briefly discussed below.

Section enlargement is the easiest and simplest upgrading scheme
(Fig. 1(a) [19]). An essential component for this scheme is the mono-
lithic action of the section [20]. However, the efficient addition of ca-
pacity requires sufficient increase in the sections, which reduces
clearances and adds additional weight. Moreover, the placing of form-
work and the fabrication of rebar cage is labor intensive [3].

External post-tensioning requires the use of prestressing tendons or
bars to carry the additional loads (Fig. 1(b) [21]). Post-tensioning is one
of the most effective options for retrofitting as it has minimum
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intrusiveness and does not cause significant reduction in clearance.
Nevertheless, the disadvantages of this technique include susceptibility
to corrosion of steel bars/tendons, poor fire performance of FRP ten-
dons, high cost of tendons, and vulnerability to vandalism [4].

Another popular approach to strengthening requires the use of
externally attached steel plates, which can be bonded or anchored to the
members allowing the transfer of forces (see Fig. 1(c) [22]). Advantages
that are associated with this technique are: no requirement of skilled
labor, ductile behavior, less disruption, and cost effectiveness [23].
However, the disadvantages of this technique include susceptibility of
steel plates to corrosion, reduced clearances, increased weight due to
heavy retrofitting materials.

Another approach to strengthening RC structural members is the
employment of near surface mounted (NSM) bars, which requires the
laying of steel or FRP bars in the grooves cut in the concrete cover and
filling the grooves with a cementitious or epoxy-based mortar (see Fig. 1
(d) [24]). Due to the availability of high quality epoxies and FRP com-
posites, the steel bars are getting replaced by FRP in the design of NSM
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system for the retrofitting of structures [25].

For the last more than three decades, fiber-reinforced polymer (FRP)
composites are steadily gaining recognition as suitable replacement of
steel in the retrofitting of concrete structures (Fig. 1(e) [26]). This is
because of the beneficial properties of the FRP composites such as
corrosion resistance, sufficiently high strength-to-weight ratio, speed
and ease of application, minimum alteration in the geometry, and
minimum disruption of services [27]. Despite these advantages, the FRP
retrofitting methods have some drawbacks as well, that are related to the
resins employed in binding of fibers [28-30]. These disadvantages
include: a) de-bonding between FRP and concrete substrate; (b) poor
response of epoxy resins at elevated temperature when it is more than
the glass transition temperature; (c) expensive epoxies; (d) difficulty in
applying FRP on damp concrete areas or at low temperature ranges; (e)
insufficient vapor permeability, that may damage the concrete mem-
bers; (f) lack of compatibility between substrate materials and epoxy
resins; (g) difficulty in carrying out post-earthquake evaluation of the
damage caused to concrete behind intact FRP laminates.

(e)

03]

Fig. 1. Examples of strengthening techniques of concrete structures: (a) Section enlargement [19]; (b) External post-tensioning [21]; (c) Steel plate bonding [22]; (d)

NSM strengthening [24]; (e) FRP strengthening [26]; (f) TRM strengthening [31].
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One possible remedy for the above mentioned difficulties in using FRP
laminates for strengthening may be the use of inorganic binders (e.g.
cementitious mortars) in place of organic binder thereby resulting in the
substitution of FRP with fiber reinforced mortars (FRM). Because of the
granularity of the mortar, penetration of fibers is hard to attain. Moreover,
the cementitious mortars cannot moist all fibers. Enhanced fiber-matrix
bonding may be attained by using fiber textile instead of fiber sheets.
The textiles consist of fabric meshes produced from fiber rovings, which
may be knitted, woven, or unwoven. Consequently, new materials have
been recently emerged for circumventing the issues associated with FRPs
[31]. These materials are known by different names such as inorganic
matrix composites, textile reinforced mortar (TRM), fabric reinforced
cementitious matrix (FRCM) systems, textile reinforced concrete (TRC), or
mineral-based composite (MBC) systems. Examples of retrofitting of con-
crete structures using textile reinforced mortar are given in Fig. 1(f) [31].

While various review articles were found in literature on existing
research on the performance of FRP-strengthened RC structural ele-
ments under ambient and elevated temperature environments [e.g.
[32-36]1, only two state-of-the art review papers were found on the
strengthening of concrete structures using TRM composites [37,38]. In
the first paper, Awani et al. [37] presented a critical review of existing
research on structural strengthening with TRM composites. In the sec-
ond paper, Koutas et al. [38] described the tensile and bond behavior of
TRM composites and included an overview of studies on the use of TRM
for flexural, shear, confinement, and seismic retrofitting of concrete or
RC members. A review paper on performance comparison of FRP versus
TRM-strengthened RC structural members under ambient and high
temperature environments could not be found.

This paper presents a critical overview of reported research on com-
parison between organic and inorganic matrix composites employed for
the retrofitting of structural concrete members, identifies gaps in current
knowledge, and summarises directions for future research. Section 2 of
this paper presents in brief material characterization in terms of con-
stituents and stress-strain behavior in tension, and also describes
concisely methods of installation for both organic and inorganic com-
posite systems. Sections 3 and 4 summarize available literature on bond
behavior at composites-to-concrete interface at ambient and elevated
temperatures, respectively. Section 5 enlists available research on use of
organic versus inorganic matrix composites in flexural strengthening of
RC beams. Research on effectiveness of TRM versus FRP composites in
shear strengthening of RC beams is summarized in Section 6 with dis-
cussion of main findings. A review of available design guidelines and
code provisions for both FRP and TRM composite systems for strength-
ening RC structures is briefly mentioned in Section 7. Conclusions and
recommendations for future research are outlined in Section 8.

2. Material characterization and methods of installation

This section describes characterization of organic and inorganic
composites in terms of constituent materials and stress-strain behavior
in tension. It also covers methods used for composite system installation
on concrete members. It should be noted that as for FRP composites
material characterization is well documented in the literature and given

(b)

Fig. 2. Types of fibers used in FRP composites: (a) Aramid; (b) Glass; (c) Carbon.
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in details elsewhere [39], it is briefly outlined herein. However, due to
the relatively recent use of TRM composites, material characterization is
given in details for inorganic matrix composites.

2.1. FRP composites

Fiber reinforced polymer (FRP) composites have achieved world-
wide recognition as structural materials mainly because of numerous
advantages [39-41]. Although these materials are in use since 1970s,
substantial research devoted over past few decades has resulted in its
popular use, especially in enhancing the capability of structural mem-
bers [42-47]. The fibers which have gained the interest of the con-
struction industry are glass, carbon, and aramid (Fig. 2). The mechanical
properties of these fibers of the same type may differ considerably from
one manufacturer to the other [39,40,45]. On the other hand, the binder
is organic thermosetting polymers such as epoxy, polyester, poly-
urethane, vinylester, or phenolics. After polymer impregnation in fibers
and subsequent setting/hardening, the composite so produced acts as a
combined system and the stresses are transferred through bond at the
interface of the two materials. The standard FRP coupons are tested as
per ASTM D3039/3039 M [48] for establishing the mechanical proper-
ties of the resulting FRP system. Fig. 3 shows the overall stress-strain
variation for average FRP systems against the conventional material, i.
e. steel. The FRP systems exhibit linear-elastic response unlike the
elasto-plastic response of steel. More details about material character-
ization of FRP composites can be found elsewhere [39,49,50].

All substrates for implementing the retrofitting system should be
dried out, as required by the manufacturer. Before the application of FRP
systems, surface preparation is usually required in terms of sandblasting,
brushing, and cleaning to prepare substrate for the bonding of the sys-
tem. There are three primary methods for installation of FRP systems
onto concrete members: hand layup, machine wraps, and pre-cured
systems (see Fig. 4).
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Fig. 3. Typical stress-strain curves for FRP composites [39].
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Fig. 4. Installation methods for FRP systems: (a) Hand layup [50]; (b) Machine wrap [50]; (¢) Pre-cured systems [51,52].

2.2. TRM composites

TRM composites have been widely recommended as a feasible sub-
stitute for the FRP systems for the retrofitting of RC structural members.
The research on TRM started in 1980’s, however, it was at a slow pace
till the late 1990’s and picked up from 2002 [31,53-55]. The method of
its application on structures being similar to FRP composites, TRM
composites overcome many drawbacks of FRP composites. However,
unlike the use of polymer resin in FRP, the cementitious mortar lacks the
capability to impregnate the fibers for holding them together [28,46,
56-59]. This resulted in the substitution of fiber sheets with fiber tex-
tiles/fabrics having open meshes for enabling a mechanical interlock
between cementitious mortar and the fibers [31].

2.2.1. Fabrics and textiles

As stated earlier, TRM is comparable to the FRP and may also be
called as the “twin brother” [60]. Sometimes, smaller amount of epoxy is
used as a coating on fiber strands for improving the durability or making
the manufacturing and handling easier, however, it generally does not
properly impregnate the fibers, thus the use of dry fabric is valid [31,43,
44,46,58,61,62]. The common fiber materials are basalt, glass, carbon,
polyphenylene benzobisoxazole (PBO), and aramid (Fig. 5). These fiber
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materials are recognized for having low processing costs, high
strength-to-weight ratio, and improved corrosion and fatigue resistance
because of their composite action [63]. The glass being prone to alkali
corrosion, the use of ordinary glass in the highly alkaline cementitious
mortar is not recommended. Therefore, alkali-resistant (AR) glass is
used in TRM applications [64]. Test coupons of the textiles are tested in
uniaxial tension for establishing their mechanical properties, as seen in
Fig. 6 [58].

2.2.2. Mortars

The cementitious mortar used in TRM composites plays an important
role as it acts as a medium for the transfer of the applied force to the
strong textile after its impregnation. The general required characteristics
of the mortar are: non-shrinkability, good workability so that it can be
applied using a trowel, high viscosity (required for overhead or vertical
surfaces), lesser rate of loss of workability (for successive application of
layers) and strong shear resistance for avoiding early debonding [65].
This inorganic matrix can be either cementitious mortars or polymer
modified cementitious mortars [58]. In both types, Portland cement is
usually used with the addition of a low dosage of dry polymers at less
than 5% by weight of cement in the second type. The use of polymers
improves the bond between mortar and fibers, makes the workability
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Fig. 6. Bare textile coupons [58]: (a) Before testing; (b) After testing.
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and setting time appropriate for this application, and enhances the shear
strength of mortar [31,66]. The quality of matrix depends upon the
strength of bond that the mortar forms with fabric, and the substrate,
which cannot be accurately assessed from the mechanical properties of
mortar. Based on the fabric being used, cementitious mortar can be
optimized by using adhesion promoter, cement of higher fineness, ad-
ditives, fly ash, micro aggregates, and inorganic nanoparticles [31,66].
The compressive strength of mortar is determined using 50-mm mortar
cubes, which are tested as per ASTM C109/C109 M [67], as seen in Fig. 7
(a). For measuring the tensile strength of mortar, briquette specimens
are prepared and tested in accordance with ASTM C190 [68], as seen in
Fig. 7(b).

2.2.3. Composite properties

Many researchers have studied the tension behavior of TRM com-
posites. The ICC Evaluation Service has provided the testing standard for
establishing the tensile properties of TRM composites [61]. The test
requires casting a single or multiple layers of TRM in a large wooden
form. The response of the TRM system is a function of both constituent
materials (bare textile and mortar) as well as the gripping method
adopted in the test.

There are three distinct regions in the non-linear stress-strain vari-
ation, as seen in Fig. 8. Initially in Stage I, the cementitious mortar is
intact with no cracks and thus contributes significantly to the load as
well as the stiffness of the TRM composite. The Stage II is characterized
by the initiation of cracks in mortar that grow progressively. The
development of cracks is responsible for the drop in load and the stress-
strain curve becomes uneven. The Stage III starts when the mortar gets

(b)

Fig. 7. Standard testing of mortar specimens [69]: (a) Cube specimens in
compression; (b) Briquette specimens in tension.
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Fig. 8. TRM tensile response stages [70].
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completely cracked and subsequent increase in displacement causes
linear increase in stress, as the load is carried by the fibers alone. The
existing cracks in mortar get widened in this stage. Stage III ends when
fibers fracture i.e. the strain is equal to the fracture strain of fibers.

2.2.4. Method of installation

Before the installation of TRM systems, surface preparation is
required in terms of sandblasting, brushing, and cleaning to make the
substrate suitable for developing bond with mortar. After cleaning and
dampening the concrete surface, a layer of mortar about 2 mm thick is
applied on the prepared concrete surface using a metal trowel. The fiber
textile is then placed and pressed lightly into the cementitious mortar so
that the mortar protrudes from the fiber textile mesh openings. The next
mortar coating is then applied so as to fully cover the textile fabric. This
procedure is repeated for every subsequent TRM layer. A final mortar
coat of about 3 mm thickness is applied and the surface is levelled using
trowel. The mortar of the previous layer should be wet before applying
the next layer of mortar. Thus the delay between the laying of the two
consecutive layers of mortar is very crucial. These steps are shown in
Fig. 9.

3. Bond behavior of FRP and TRM composites at ambient
temperature

This section covers main aspects related to bond behavior of FRP and
TRM composites at room temperature in terms of failure modes and
bond-slip models.

3.1. FRP composites

The bond between the FRP laminates and concrete plays a major role
in transferring shear stresses from the parent RC structural member to
the FRP laminates for both flexural and shear strengthening cases.
Different test methods have been developed for the characterization of
the local behavior of the interfacial shear bond [33]. These methods
include single/double shear lap tests, bending test, mixed-mode test,
and direct tension pull-off test (Fig. 10).

The examined interfacial bond characteristics cover the bond stress-
slip relationship, effective bond length, average shear bond strength,
maximum shear bond stress, and interfacial fracture energy. The pull
tests clearly show that in almost all of the cases (with the exception of
systems using high concrete strength or weak adhesive) the failure of
FRP-concrete bond is by the spalling of concrete cover (see Fig. 11).

Roughened concrete surface

Second layer of mortar
CFRP grid

First layer of mortar

Fig. 9. TRM strengthening system [71].
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Fig. 10. Major classifications of FRP-concrete test methods [33]: (a) Single shear lap test; (b) Double shear lap test; (c) Bending type test; (d) Mixed-mode type test;

(e) Direct tension pull-off test.
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Fig. 11. Failure mode at FRP-concrete interface in a pull test [72].

3.1.1. Bond-slip models

The most popular method of representing the FRP-concrete bond
behavior is through the construction of bond-slip curve (Fig. 12). The
area under the bond-slip curve provides an estimate for the fracture
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Fig. 12. Typical bond-slip curve at FRP-concrete interface [33].

energy (Gy -mode) [73]. The bond-slip models available in literature
were summarized in the papers by: Ko et al. [74], Lu et al. [72], and
Sayed-Ahmed et al. [75]. Table 1 lists existing bond-slip models at
FRP-concrete interface. Out of all available bond-slip models, the
simplified model proposed by Lu et al. [72] has been successfully used in
the literature for calibration of finite element modeling against experi-
mental data of FRP-strengthened RC beams and slabs [58,76,77].

3.2. TRM composites

Bond behavior of TRM composites has been recently studied in the
literature [85-87] and the outcome of these studies is discussed in the
subsequent text. The test methods frequently used for investigating the
bond behavior of TRM composites are single-lap (Fig. 13(a)) and
double-lap (Fig. 13(b)) shear tests [87-90].

The most common mode of bond failure in TRM composites is the
debonding at the fabric-matrix interface. It is caused by the formation of
transverse cracks, which originate from a horizontal crack formed at the
interface of concrete and fabric-matrix (Fig. 14). The debonding mode of
failure of fabric-matrix is followed by slip and deformation of longitu-
dinal fibers [85,90,91]. This mode of failure was clearly seen in tests
reported by Sneed et al. [90], wherein the longitudinal fibers are pulled
from the cementitious matrix.

The bond failure of TRM composite, in some instances, is mainly
caused by slipping of the textile, which has been observed by Ombres
[87] in the tests involving one TRM layer. Based on the type of mortar
matrix employed, inconsistencies were observed in the textile-matrix
bond with concrete, which were the cause of debonding of TRM com-
posite from the concrete [87]. This illustrates the need for the surface
preparation before the bonding of the TRM composite.

Although rare, the rupture of textile is also reported in the literature.
Awani et al. [85] reported the rupture of fibers in specimens tested
under cyclic loads, which were retrofitted using a matrix that displayed
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Fig. 14. Typical bond failure at fabric-matrix interface for TRM compos-
ites [85].

irregular bond response with the textile. It was thought that the textile
was damaged because of the repeated grinding of fibers with the matrix
during the cyclic loading.

In a recent study by Raoof et al. [92], bond at TRM-concrete interface
has been investigated for different bond lengths and different number of
TRM layers varying from 1 to 4. It was found out that the failure mode is
related to the number of TRM layers. Specifically, specimens retrofitted
with one or two layers of TRM composite failed by the slipping of the
fabric from the mortar, while specimens having 3 or 4 layers of TRM
composite failed because of the debonding of TRM from the concrete,
which caused the spalling of concrete cover. This was a new finding as
all previous studies on TRM bond behavior had reported the occurrence
of failure either at the mortar-concrete interface without affecting the

Bracing frame (non-movab
Base plate (non-movable)
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Fig. 13. TRM-to-concrete test methods [37]: (a) Single shear lap test; (b) Double shear lap test.

concrete cover or at the mortar-fabric interface. This was mainly
because of using a maximum of two layers of TRM in these tests. Tetta
et al. [93] has also reported the peeling (or spalling) of concrete cover in
their study involving the shear strengthening of RC beams using
U-jackets of TRM composite. Raoof [94] also observed the peeling of
concrete cover in RC beams, which were strengthened in flexure using
TRM composite. The occurrence of this type of failure, which is common
in FRP-strengthened RC members [95], indicates that the TRM com-
posite can perform similar to FRP composite. In conclusion, the different
TRM-to-concrete failure modes reported in the literature are summa-
rized in Fig. 15.

3.2.1. Bond-slip models

A typical bond-slip curve of TRM specimens is similar to FRP-
concrete interface shown previously in Fig. 12. Bond-slip models for
bond at TRM-concrete interface are very limited in the literature. To
date, only few models have been found [86,87,97]. The models pre-
sented by D’ Ambrisi et al. [86] and Ombres [87] give equations for the
whole bond-slip curve. However, Jung et al. [97] presents only an
equation for the calculation of stresses in the TRM composite at
debonding. The model of Ombres [87] is explained as follows:

Bond stress at any slip (s) is given by.
N

7> 0<s<s (€D}
Sr

2(s)= [z, +Ae ™ — e ) <1 _

Support
e
Matrix - Fiber Mesh

(a) Debonding with cohesive
failure in the concrete
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e — e e
Matrix - Fiber Mesh
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I e
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(b) Debonding at concrete-
TRM interface
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(c) Debonding at fabric-matrix
interface
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(f) Tensile rupture of the
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Fig. 15. Different failure mechanisms at TRM-concrete interface [96].
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Table 2
Parameters of the bond-slip model of Ombres
[87].

Parameter Value

7o (MPa) 0.150

A 0.700

a 0.005

B 6.000

¢ (mm) 0.650

where 7, = initial finite value of bond shear stress; sy= final slip when
value of bond stress is zero; and A, a and f are curve-fitting parameters.
All parameters related to the above equation are given in Table 2.

4. Bond behavior of FRP and TRM composites at elevated
temperature

4.1. FRP composites

There are limited studies addressing the bond behavior of FRP-
concrete interface at elevated temperatures [98-104]. Many re-
searchers [98,101,102,104] conducted double lap shear tests at tem-
peratures ranging from low temperatures (10 °C-20 °C) to temperatures
(70°C-90°C) higher than the T, level of resin used for externally
bonding CFRP strips to concrete. At temperatures below the T, level, the
bond strength increased by 10%-41%. Whereas, at temperature above
Ty level, there was reduction in bond strength (18%-60%). Low T, resin
showed greater reduction in strength when exposed to temperature
higher than the T, level [104]. The mode of failure was cohesive or
mixed cohesive-adhesive failure at ambient temperature and adhesive at
elevated temperature.

Gamage et al. [100] conducted single lap shear tests on concrete
bonded with CFRP sheets using resin (T not reported). The test results
showed similar trend as that of Wu et al. [104]; the bond strength
reduced with increase in temperature and the drop in strength was steep
in the range of 50-75 °C after which the normalized bond strength was
reduced by more than 75%. Up to 50 °C, the mode of failure was a
combination of bond failure and concrete rupture, and for temperatures
above 60 °C, the failure occurred by peeling-off adhesive.

Leone et al. [103] conducted double lap shear tests at temperatures
of 20 °C-80 °C on concrete externally bonded with CFRP sheets or strips
using resin having T, of 55°C. For the CFRP strips, the bond strength
decreased (—15%) for temperature below T, (50 °C) and increased
(+9%) for temperature above Tg. For CFRP sheets, the bond strength
increased up to 65 °C (24% at 50 °C and 7% at 65 °C); however, at higher
temperature of 80°C, there was a reduction of 11%. These results
(except the CFRP sheet results at 80 °C) were in contrast to those re-
ported by Blontrock [98], Klamer et al. [102] and Klamer [101].

Recently, Firmo et al. [99] conductred double lap shear tests at
elevated temperatures of 20 °C-120°C on concrete externaly bonded
with CFRP strips using resin having a Tg of 47 °C. It was reported that the
increase in temperature causes (i) reduction in bond strength, (ii) soft-
ening of epoxy leading to much more linear axial interfacial strain dis-
tribution, and (iii) shifting in the mode of failure from cohesive to
adhesive (Fig. 16). The temperature dependent bond-slip relations were
developed. There was considearble reduction in maximum shear stress
and stiffness at elevated temperature. The steady state and transient
conditions caused similar reductions in bond strength with a loss of
about 77% at 120 °C.

The review of studies presented above indicates that the elevated
temperature affects the bond performance of CFRP-concrete interfaces.
The above studies are contradictory on the effect of temperature on bond
strength, especially when the temperature is below Tg. For exposure to a
temparature less than T, some studies show increase in bond strength,
whereas other studies show reduction in bond strength. Fig. 17
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(b)

Fig. 16. Double lap shear tests conducted on CFRP-strngthened concrete blocks
by Firmo et al. [99]: a) General view of tests; (b) Failure mode at ambient
temperature (cohesive failure); (c) Failure mode at high temperature exposure
(adhesive failure).
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Fig. 17. Normalized bond strength at FRP-concrete interface as a function of
adhesive temperature [99].

summarises the test reults of these studies. Other than this issue, the
results are broadly similar.

4.2. TRM composites

The qualities that make the TRM composites outperform FRP com-
posites at elevated temperatures due to the use of cementitious mortar as
binding agent are: non-combustibility, non-flammability, and breath-
ability. Although the bond behavior of TRM composites at ambient
temperature has been extensively studied, there are limited studies in
the literature for studying the bond performance of TRM composites at
elevated temperature (e.g. Ref. [105]) due to which the comparison of
its performance with FRP composites at elevated temperature is rare.

A recent paper by Raoof and Bournas [105] has examined the bond
performance of TRM composites with concrete at elevated temperatures
and compared its performance with FRP composites. The carbon fibers
used in the two composites were the same. FRP composites were exposed
to temperatures ranging from 20 to 150 °C, whereas, the TRM composites
were exposed to higher temperature range of 20-500 °C. The number of
layers were 3 or 4 in both the systems. Out of a total of 68 double-lap shear
test specimens, 56 were tested at steady state and the remaining at
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Fig. 18. Test setup for the mortar prisms tested at high temperature in the
study of Raoof and Bournas [105].

transient state. The test setup is shown in Fig. 18. At low temperature of
20 °C, the bond performance of FRP was superior to TRM with the bond
strength of 3 and 4 layers of FRP being 140% and 150% higher than the
corresponding specimens of TRM. Nevertheless, at elevated tempera-
tures, the bond performance of TRM was much better than FRP. In
steady-state tests, although the residual bond strength of FRP specimens
at 150 °C was only 17%, the residual bond strength of TRM system at
much higher temperature of 400 °C was 85%. As expected, FRP system
exhibited premature adhesive bond failure at 150 °C.

4.3. FRP versus TRM composites in flexural strengthening of RC beams

There are limited studies that compare between FRP and TRM
composites for upgrading the flexural strength of RC beams. These
studies are summarized in the following section.

4.4. Summary of conducted research

Dated between 2001 and 2017, only few studies have been found in
the literature concerning the comparison between organic and inorganic
matrix composites in the flexural strengthening of concrete beams. First
study was carried out by Kurtz and Balaguru [106], wherein RC beams,
strengthened using carbon fiber sheets externally bonded with the help
of inorganic binder, were tested in flexure. The test results of this study
were compared with an earlier study, which differed only in the type of
binder, which was organic. The test results showed that the increase in
the strength and stiffness was at par with the organic matrix, but there
was minor decrease in ductility. However, the mechanism of failure in
inorganic matrix was sheet rupture, as against the sheet delamination
observed in the organic matrix. The brittle nature of inorganic matrix
was responsible for the change in failure mechanism.

Wu and Sun [107] compared the strengthening efficiency of
cementitious and resin binders in flexural strengthening of RC beams.
Resin and cementitious binders were used independently to prepare thin
CFRP and carbon fiber reinforced cement (CFRC) sheets, which were
employed to upgrade plain concrete beams for upgrading the flexural
capacity. The unstrengthened plain concrete beam showed brittle
behavior. However, both flexural strength and ductility of the
CFRP-strengthened beam increased significantly. This beam failed due
to debonding of the CFRP sheet from the concrete substrate followed by
concrete crushing under the loading pin. The flexural strength of the
CFRC-strengthened beam was much lower than that for the
CFRP-upgraded beam and the final failure was due to rupture of the
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CFRC sheet in the maximum moment zone.

Papanicolaou et al. [108] investigated the performance of TRM in
comparison with FRP for flexural strengthening of RC beams. Two RC
beams were strengthened in flexure using 4 layers of carbon textile as
reinforcement. The two beams differed in the use of binder: cementitious
mortar (TRM-strengthened) was used in the first, whereas the epoxy
resin (FRP-strengthened) was used in the second. The ultimate load of
FRP-strengthened beam was 12.6% higher than the TRM-strengthened
beam. The failure of FRP-strengthened beam was by tensile rupture of
FRP, whereas TRM-strengthened beam failed by debonding of TRM at
the end.

In another study by Toutanji and Deng [109], the effectiveness of RC
beams retrofitted with carbon fiber laminates bonded using organic and
inorganic binders was compared experimentally. Although the inorganic
matrix was as effective as the organic matrix in enhancing the strength
and stiffness of RC beams, the mechanism of failure of the inorganic
matrix was more brittle. The test specimens of inorganic matrix failed
through the formation of cracks in the composite with minimum accu-
mulation of strain on the concrete-composite interface. However, the
failure of RC beams retrofitted using the organic matrix was character-
ized by the delamination of the carbon laminates. For the beams with 3
and 4 layers of carbon fiber sheets, changing the matrix from organic to
inorganic increased the post-crack flexural stiffness from 20 to 29%,
kept the flexural capacity almost same, and reduced the deflection at
ultimate load by about 8-9%. However, the beams with 2 layers of
carbon fiber sheets, using inorganic binder instead of organic matrix
decreased the post-crack stiffness, the flexural capacity and the deflec-
tion at ultimate load by about 13%, 20% and 31%, respectively.

Hashemi and Al-Mahaidi [110] compared experimentally the per-
formance of one beam that was flexurally strengthened with two strips
of carbon fabric attached to the bottom surface using normal epoxy
adhesive with another beam in which cement-based mortar was used to
attach two similar carbon fabric strips to the soffit. In both beams, the
failure was characterized by a combination of mid-span and end
debonding. As compared to the control, the ultimate load of the beam
with organic matrix composites was 35% higher. However, in the beam
with inorganic matrix composites, the ultimate load was 10% higher.

Elsanadedy et al. [58] investigated experimentally and numerically
the effectiveness of externally bonded TRM in comparison with FRP

. Longitudinal bars
Stirrups

Concrete volume

TRM

Concrete volume

Fig. 19. Finite element mesh for half of TRM-strengthened beam tested by
Elsanadedy et al. [58].
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composites, as a means of increasing the flexural strength of RC beams.
Two types of mortar namely, cementitious and its polymer modified
version, were used. Three beams were strengthened using 5 or 10 layers
of basalt-based textile reinforced inorganic mortar and one beam was
retrofitted with one layer of carbon fiber/epoxy sheet. It is to be noted
that the CFRP laminates were designed to provide almost same axial
stiffness and strength of 5 layers of the bare textile. For the two
TRM-retrofitted RC beams with equal number of TRM layers but different
mortar types, the specimen with cementitious mortar failed abruptly
because of the end debonding of TRM. However, at higher load, beam
with polymer modified cementitious mortar failed as a result of the fabric
rupture at mid-span. For the two counterparts (designed for same flexural
strength), failure occurred because of textile and CFRP rupture at
mid-span. Although both the FRP-strengthened and TRM-strengthened
RC beams showed similar characteristics, they differed in: (i) ductility
(TRM was 61% more effective in terms of deflection ductility), (ii)
initiation of yielding (yielding in TRM initiated at a lower load), and (iii)
ultimate load (flexural capacity of TRM specimen was 7.2% lower). The
paper also presented results of nonlinear finite element (FE) analysis

10 TRM layers, U-shaped
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Fig. 20. Comparison of experimental and FE model results for TRM-
strengthened beam with cementitious mortar tested by Elsanadedy et al.
[58]: (a) Beam details; (b) Experimental mode of failure; (c) FE mode of failure;
(d) Load-deflection curves.
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performed using LS-DYNA software [111]. FE model for half of one of the
TRM-strengthened beams is shown in Fig. 19. The FE model was cali-
brated by the experimental data of this study and those by Papanicolaou
et al. [108] and good agreement was found between experimental and
numerical results as seen in Figs. 20 and 21.

In a recent research, Raoof et al. [112] compared the flexural
behavior of concrete beams retrofitted using externally bonded layers of
TRM and FRP composites having textiles of basalt, carbon, or glass fi-
bers. The major findings reported in the paper are: (i) TRM was gener-
ally less effective than FRP in upgrading the flexural strength of concrete
beams with the strength of TRM being 46%-80% of FRP; (ii) increasing
the number of TRM layers from 1 to 3, flexural strength of
TRM-upgraded beam rose from 47% to 80% of FRP; (iii) epoxy coating
of carbon fiber fabric substantially improved the efficiency of TRM
composite; coating one layer of textile with epoxy enhanced the flexural
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Fig. 21. Comparison of experimental and FE model results for CFRP-
strengthened beam tested by Elsanadedy et al. [58]: (a) Beam details; (b)
Experimental mode of failure; (c) FE mode of failure; (d)
Load-deflection curves.
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strength by 55%; (iv) the adoption of U-jacket for providing
end-anchorage to FRP- and TRM-retrofitted RC beams caused 90% and
9% increase in the flexural strength respectively; the insignificant effect
of end-anchorage in TRM system was due to the slipping of fabric from
the anchorage because the U-jacket was not effective in anchoring the
TRM layers; (v) there was considerable enhancement in the stiffness of
strengthened beams of both systems; and (vi) textiles of different fiber
materials but almost same axial stiffness led to different flexural
strengths. The failure modes noticed in the FRP- and TRM-strengthened
specimens are shown in Figs. 22 and 23 respectively. The modes of
failure were affected by the number of TRM layers, the textile fiber
materials, and the textile surface condition.

As a continuation of the previous study by Raoof et al. [112], Raoof
and Bournas [113] compared experimentally the flexural behavior of RC
beams retrofitted using FRP and TRM systems having carbon, basalt or
glass fibers (uncoated and coated) at high temperature. Twenty-three
half-scale strengthened RC beams were tested in flexure under
four-point bending at a temperature of 150 °C (while hot) using the
especially designed heating system. As expected, TRM exhibited better
performance than FRP with TRM retaining 54% flexural strength,
whereas FRP fully lost its strength. The increase in the number of layers
of strengthening material increased the flexural strength in TRM system
but there was negligible effect in FRP system because of the premature

l)eh(mdmg at the
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%ﬁm

'\
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failure of epoxy. The epoxy coating of carbon fibers enhanced the flex-
ural strength of TRM-strengthened beams. The adoption of
end-anchorage in FRP system, increased the effectiveness of the
strengthening system substantially at high temperature (11.4 times),
which is attributed to the development of cold anchorage zones (see
Fig. 24(a)). However, the corresponding increase for the TRM system
was only 1.14 times, which was mainly because of the slipping of the
fabric from the anchorage provided by U-jacket. The modes of failure
noticed in the TRM system were: slipping of fibers, shearing between the
layer of TRM, and debonding of TRM with or without peeling off con-
crete cover. However, FRP-retrofitted beams (except for
FRP-strengthened beam with end anchorage) failed by adhesive failure
(see Fig. 24(b)).

4.5. Discussion of main findings

4.5.1. Beams tested at ambient temperature

In order to compare the performance of FRP and TRM-strengthened
beams tested in the previous studies, TRM versus FRP effectiveness ratio
as first introduced by Raoof et al. [112] was estimated for
TRM-strengthened beams and their FRP-upgraded counterparts tested
by: Wu and Sun [107], Papanicolaou et al. [108], Toutanji and Deng
[109], Hashemi and Al-Mahaidi [110], Elsanadedy et al. [58] and Raoof

Textile
rupture

(b)

Fig. 22. Failure modes for representative FRP-strengthened beams tested by Raoof et al. [112].
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Fig. 23. Failure modes for representative TRM-strengthened beams tested by Raoof et al. [112].
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Fig. 24. Failure modes for representative FRP-strengthened beams tested by Raoof and Bournas [113] at high temperature: (a) Beam with end anchorage; (b) Beam

without end anchorage.

et al. [112]. This effectiveness ratio is estimated from

Pu,TRM - Pu.m

(2)

TRM versus FRP effectiveness ratio = —————
Pu.FRP - Pu.m

where P, rpy = ultimate load for TRM-strengthened beam; P, ., = ulti-
mate load for control unstrengthened beam; and P, = ultimate load for
FRP-strengthened counterpart. These ratios are enlisted in Table 3 for 12
beams. From the table, it is clear that TRM was generally inferior to FRP
in upgrading the flexural strength of RC beams, with the effectiveness
ratio between the two systems varying from 0.27 to 1.0 with an average
value of 0.65. However, for ultimate deflection comparison, FRP was a
little better in enhancing the deflection capacity and hence ductility,
with an average value of 0.91 for TRM to FRP ultimate deflection ratio as
seen in Table 3. It is generally found out that TRM effectiveness is mostly
affected by type of mortar selected, coating of textile material and
number of TRM layers. Using polymer modified cementitious mortars
gave better results than conventional cementitious mortar as noticed by
Elsanadedy et al. [58]. Coating the dry textile fibers with epoxy adhesive
significantly enhanced the performance of TRM material as clarified by
Raoof et al. [112]. Also, TRM effectiveness was sensitive to the number
of layers. It was found by Raoof et al. [112] that the TRM effectiveness
ratio increased from 0.47 to 0.80 when the number of TRM layers
increased from 1 to 3. From Table 3, it is noticed that the least TRM
versus FRP effectiveness ratio was given by beams upgraded with one
and two TRM layers with minimum and average ratio of 0.27 and 0.37.
However, the average TRM versus FRP effectiveness ratio for beams
strengthened with three or more TRM layers was 0.74. It is therefore
recommended to use at least three TRM layers for flexural strengthening
of RC beams; however, for FRP composites, one layer could be used. It is
clear from Table 3 that only three types of failure mode were observed in
the FRP-strengthened beams; namely: debonding at end of FRP sheets
which propagates to middle of beam, debonding in the middle portion of
the beam which propagates to the beam end, and rupture of FRP in the
maximum-moment zone. However, in TRM-upgraded beams, five
different failure modes were identified: end debonding, slippage of the
rovings through the surrounding cement mortar, interlaminar debond-
ing, debonding of TRM from the concrete with peeling off parts of the
concrete cover, and rupture of the textile fibers at the constant moment
zone. These failure modes were affected by the number of TRM layers,
the textile fiber material, and the condition of textile surface (uncoated
or coated fibers).

4.5.2. Beams tested at high temperature

For the beams tested by Raoof and Bournas [113] at high tempera-
ture of 150°C, TRM versus FRP effectiveness ratios were calculated
using Eq. (2) and listed in Table 4. In addition, both TRM and FRP
effectiveness ratios due to heating were assessed from
o . . . Pu.TRM.T - Pu.cn.R
TRM (or FRP) effectiveness ratio due to heating = —————=
P/A,TRM.R - Pu,m.R

3)

where P, tpy, 7= ultimate load for TRM-strengthened beam at elevated
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temperature; P, ¢, g = ultimate load for control unstrengthened beam at
room (or ambient) temperature; and P, rrm g = ultimate load for TRM-
strengthened beam at room (or ambient) temperature. These ratios are
also enlisted in Table 4 for the ten beams tested by Raoof and Bournas
[113]. It is noted that TRM displayed excellent behavior as a retrofitting
material in enhancing the flexural strength at elevated temperatures. As
compared to the performance at ambient temperature, TRM retained an
average effectiveness of 54%. On the contrary, FRP lost most of its
effectiveness at elevated temperature, as seen in Table 4. TRM versus
FRP had an average effectiveness ratio of 2.92 at elevated temperature
of 150 °C, whereas the same ratio was 0.62 at ambient temperature (see
Table 3). It is also noted from Table 4 that the TRM versus FRP effec-
tiveness ratio decreased dramatically for specimens with end anchorage
in which FRP had better performance due to the effect of the cold
anchorage zones.

5. FRP versus TRM composites in shear strengthening of RC
beams

There are limited studies showing comparison between TRM and
FRP composites in enhancing the shear strength of RC beams. These
studies have been summarized below.

5.1. Summary of conducted research

Wiberg [114] conducted large-scale tests on RC beams strengthened
in shear with externally bonded carbon fiber sheets in a
polymer-modified cementitious matrix. Six beams were tested which
included two control beams without and with shear reinforcement, three
beams strengthened in shear with one layer of carbon fiber sheet bonded
with polymer-modified cementitious mortar (one without internal shear
reinforcement and two with internal shear stirrups) and one beam
without stirrups and upgraded in shear with one layer of carbon/epoxy
system. In all strengthened beams, fibers of the strengthening system
were oriented in a 45° angle with the beam axis. Both control beams
failed in shear, and the two counterparts without stirrups and with
inorganic and organic matrix composites failed also in shear with the
inorganic matrix composites of about 43% as effective as the resin-based
FRP reinforcement in shear strength enhancement. However, for the
other two strengthened beams failure changed from shear to failure in
the compression zone.

Triantafillou and Papanicolaou [29] compared the performance of
mortar and resin-based matrix for the textile reinforcement used in shear
strengthening of RC beams. A total of 6 simply supported beams, defi-
cient in shear, were tested under the action of two symmetric point
loads. Four beams were tested under monotonic loading, whereas the
remaining two beams were tested under quasi-static cyclic loading.
Besides the conventional method of wrapping of the textile, spiral
wrapping was also used. The test results revealed significant increase in
shear strength of beams for the jackets prepared using closed-type textile
reinforced mortar. For both types of jackets (conventional and spiral), 2
layers of TRM were enough for enhancing the shear strength of RC
beams by more than the shear capacity of the unstrengthened beam.
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Moreover, one layer of TRM was enough for enhancing the shear
strength of RC beam by 72% of that of the control beam. However, a
single layer of TRM was 55% as effective as the resin-based FRP. For the
modeling purposes, authors suggested that the TRM jackets can be
treated in the same way as the FRP jackets but with the adoption of
experimental values of jacket effectiveness coefficients to be established
through comprehensive experiments.

Blanksvard et al. [71] compared the performance of TRM and FRP
strengthening systems using carbon fabrics. Test results revealed that
the TRM system increased the load capacity by up to 97%, relative to
control unstrengthened specimen, and the failure mode was by rupture
of the carbon fibers. The counterpart FRP system enhanced the load
carrying capacity of the tested beams by 104% and failed by debonding.

Larbi et al. [115] examined the viability of using textile reinforced
concrete plates for the retrofitting of concrete beams in shear. The
performance of this system of strengthening was compared with a more
prevalent system of CFRP strengthening. Three types of mortar-based
systems were tried: (i) glass grid/mat with hydraulic mortar, (ii) glass
mat with inorganic phosphate cement, and (iii) short metallic fibers with
ultra-high performance mortar. The U-reinforcement and the side rein-
forcement were used for these systems. The performance of the textile
reinforced mortar composites was found to be quantitatively at par with
the CFRP. For predicting the shear capacity of TRM-strengthened RC
beams, the Ritter-Morsch truss model was found to be appropriate. The
test results of mortar-based composite indicated substantial enhance-
ment in shear strength and flexural stiffness of beams. The U-shaped
reinforcement was identified as the most effective method of shear
strengthening.

Al-Salloum et al. [57] employed basalt-based TRM for upgrading the
shear strength of concrete beams. Two types of mortar were used namely
cementitious and polymer-modified cementitious. The number of textile
layers were either two or four per side. The textile was attached to the
beams such that the orientation of fibers was 0°/90° or 45°/-45°. Out of
a total of ten beams, two were control, which were deficient in shear,
and the remaining eight beams were strengthened for upgrading shear
using TRM strengthening material. No internal shear reinforcement was
provided in the shear spans of all the beams. The strengthening layers
were bonded to the sides of shear spans. The test results revealed that the
TRM composite was effective in enhancing the shear strength of RC
beams by 36%-88%. The use of even 4 layers of textile per side could not
prevent the brittle shear failure due to the use of weak basalt fibers. For
beams having 4 layers of TRM each side, the 45°/-45° textile exhibited
better performance than the 0°/90° textile. Further, in comparison to
the cementitious mortar, the polymer-modified mortar was far better in
improving the shear capacity. The tested RC beams were analyzed
numerically using LS-DYNA software [111]. The parametric studies for
TRM modeled, with and without mortar were also performed. FE model
for half of one of the TRM-strengthened beams is shown in Fig. 25. The
numerical study revealed that 12 layers of TRM would be approximately
equivalent to a single layer of CFRP sheet and the TRM effectiveness
ratio was about 97% of its FRP counterpart.

Longitudinal bars
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Tetta et al. [93] studied experimentally the performance of FRP and
TRM strengthening system in enhancing the shear strength of concrete
beams. Three wrapping schemes were tried such as full jacketing,
U-wrapping, and side-bonding. Both strengthening systems employed
same reinforcement but the two systems differed in the use of the binder.
The textile used had same amount of carbon fibers in two orthogonal
directions. Comparison of failure modes for some selected
TRM-strengthened beams with their FRP counterparts is illustrated in
Fig. 26. Although the FRP jacketing performed better than the TRM, the
performance of TRM is dependent upon the number of textile layers and
the strengthening configuration. The effectiveness factor of TRM with
respect to FRP varies from 0.09 (for 1 layer of side-bonding) to 0.92 (for
2 layers of U-jacket). This highlights the effectiveness of TRM U-jacket as
compared to the side-bonded jacket. However, for FRP jackets, the
U-jacket was marginally more effective than the side-bonded jacket. For
both FRP and TRM systems, full wrapping was found to be the most
effective scheme. The increase in the number of layers from 1 to 2
resulted in the enhancement of FRP effectiveness by 1.35 and 1.2 times,
respectively, for side-bonded and U-wrapped systems. On the other
hand, the same increase for TRM jackets caused significant enhancement
in its effectiveness by 7.8 and 2.6 times for side-bonded and U-wrapped
systems, respectively. This substantial enhancement in the effectiveness
of TRM jackets was due to the mechanical interlock formed by the
overlapping textile layers, which changed the mode of failure from the
local TRM failure (partial rupture of fibers with slipping of fibers from
mortar) to the concrete substrate (jacket debonding and peeling off
concrete cover).

Tzoura and Triantafillou [116] examined the performance of
U-shaped TRM and FRP jackets in enhancing the shear capacity of RC
T-beams under cyclic loadings of varying displacement amplitude. Other
studied parameters included: fabrics of different kinds, number of
layers, and anchorage. The anchorage system substantially enhanced the
performance of FRP/TRM jackets. FRP jackets without anchorage were
about twice as effective as the TRM. Nevertheless, the TRM jackets with
anchorages was almost at par with the FRP jackets.

In another study, Tetta and Bournas [117] compared the perfor-
mance of TRM jackets with FRP at elevated temperatures (100, 150, and
250 °C) in shear strengthening of RC T-beams. Studied parameters were:
(i) retrofitting system (U-jacket, full wrapping, and side-bonding), (ii)
number of layers (2 or 3), (iii) geometry and material of fabric, and (iv)
anchorage system. At elevated temperature, the TRM was found to be
substantially more effective in enhancing the shear strength of concrete
beams as compared to the FRP. The increase in temperature from 100 to
150 °C reduced the effectiveness of FRP drastically. Whereas, the TRM
was only slightly affected for the same increase in temperature and even
up to 250 °C. At elevated temperature, the beams with side-bonded and
U-jackets of FRP failed because of the failure of resin-concrete adhesion,
as seen in Fig. 27(a), or slipping of fibers from the epoxy along with
delamination of fabric employed for overlapping (for fully wrapped
jackets), as depicted in Fig. 27(b). TRM-retrofitted beams exposed to
elevated temperature failed also in shear due to either local damage in

Concrete volume

/ Stirrups

¥

Concrete volume

Fig. 25. FE mesh for one-half of the TRM-strengthened beams tested by Al-Salloum et al. [57].
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TRM-strengthened beams

(a)

(b)

(c)

(d)
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FRP-strengthened beams

—

Fig. 26. Failure modes of beams tested by Tetta et al. [93]: (a) 1 layer of side-bonded jacket; (b) 1 layer of U-jacket; (c) 2 layers of U-jacket; (d) 1 layer of fully

wrapped jacket.

Slippage of fiber
rovings through

Delamination of
the resin textile used for

overlapping
FW_RCH2_150
(b)

Fig. 27. Failure modes of FRP-strengthened beams tested by Tetta and Bournas [117]: (a) Three layers of U-wrapped jacket at 100 °C; (b) Two layers of fully

wrapped jacket at 150 °C.

the jacket (slipping of fibers from mortar and partial fiber rupture
(Fig. 28(a))) or debonding of the TRM jacket with peeling off concrete
cover (Fig. 28(b)).

Gonzalez-Libreros et al. [118] investigated experimentally the per-
formance of concrete beams retrofitted in shear using externally bonded
FRP and TRM composites of carbon and steel. The effectiveness of an-
chorages and the effect of internal steel shear reinforcement ratio were
also studied. For the steel FRP and TRM retrofitted RC beams having
similar axial stiffness of strengthening material, the enhancement in
shear capacity was almost same for beams having low volumetric ratio
of stirrups with TRM versus FRP effectiveness ratios of 0.9. However, for
beams with higher volumetric ratio of stirrups, TRM was considerably
inferior to FRP composites with effectiveness ratio of 0.4. The beams
having larger stirrup spacing exhibited greater increase in shear

16

¥ it

FW_MCH2_150 ~ UW_MCL3_150
TTTRERY i o5 -

Fig. 28. Failure modes of TRM-strengthened beams tested by Tetta and Bour-
nas [117]: (a) Two layers of fully wrapped jacket at 150 °C; (b) Three layers of
U-wrapped jacket at 150 °C.
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strength. All TRM-retrofitted RC beams without anchors displayed
sudden failure in shear. The failure of carbon TRM-retrofitted RC beams
was characterized by local debonding of composite and the slipping of
fibers. On the other hand, the failure of steel TRM-retrofitted RC beams
occurred by debonding of composite without any peeling off concrete
cover. The interaction between internal and external shear reinforce-
ment was more pronounced in FRP composites as compared to the TRM
composites.

5.2. Discussion of main findings

5.2.1. Beams tested at ambient temperature

Summary of results for TRM-upgraded beams along with their FRP
counterparts tested by previously discussed researchers at ambient
temperature is illustrated in Table 5. From the table, it is concluded that
for different strengthening configurations, full wrapping was the most
effective in increasing the shear strength for both TRM and FRP systems,
followed by U-wrapping whereas side-bonding was the least effective
strengthening configuration. From the table, it is also evident that FRP-
upgraded beams failed due to either flexural, or shear failure preceded
by debonding of jacket from the concrete substrate with parts of con-
crete cover attached to the FRP laminates. However, failure of TRM-
strengthened beams was due to either flexural, or shear failure pre-
ceded by either slippage of the vertical fiber rovings through the mortar
and partial fibers rupture or debonding of the jacket with peeling off
parts of the concrete cover. In order to compare the TRM and its FRP
counterpart, TRM versus FRP effectiveness ratio was calculated for all
counterparts shown in Table 5 from

V; (TRM jacket)

V; (FRP jacket) “)

TRM versus FRP effectiveness ratio =

where V; = shear strength contribution of TRM (or FRP) jacket = shear
capacity of shear span of strengthened beam minus shear capacity of
shear span of unstrengthened beam. It is evident from Table 5 that TRM
is generally less effective in enhancing the shear strength of concrete
beams than FRP jacketing, but the effectiveness depends on number of
layers and the strengthening configuration. For the same textile mate-
rial, increasing the number of TRM layers increased the effectiveness

Composites Part B 174 (2019) 106947

ratio of the TRM jacket and the least effectiveness was given by beams
upgraded with one TRM layer per side with minimum and average
effectiveness ratio of 0.09 and 0.49 as depicted in Table 5. However, the
average TRM versus FRP effectiveness ratio for beams strengthened with
two or more TRM layers per side was 0.85. It is therefore recommended
to use at least two TRM layers per side for shear strengthening of RC
beams, however, for FRP composites, one layer could be used. It is also
noted from Table 5 that the use of anchors increased significantly the
effectiveness of both TRM and FRP jackets.

5.2.2. Beams tested at high temperature

For the beams tested by Tetta and Bournas [117] at high temperature
of 100°C, 150 °C and 250 °C, TRM versus FRP effectiveness ratio were
calculated using Eq. (4) and listed in Table 6. In addition, both TRM and
FRP effectiveness ratios due to heating were assessed from

T
fR

TRM (or FRP) effectiveness ratio due to heating = 5)

where Vjr =shear strength contribution of TRM (or FRP) jacket at
elevated temperature and Vy g = shear strength contribution of TRM (or
FRP) jacket at ambient temperature. These ratios are also enlisted in
Table 6 for beams tested by Tetta and Bournas [117]. It is noted that
TRM showed excellent behavior as retrofitting composite in enhancing
the shear strength at elevated temperature; in fact, TRM displayed a
mean effectiveness of 61% as compared to the ambient temperature. On
the contrary FRP lost most of its effectiveness when exposed to elevated
temperature, as seen in Table 6. It is also noted that among all
strengthening configurations, full wrapping was the least to be affected
by high temperature for both TRM and FRP jackets.

6. Design codes and guidelines

As far as design is concerned for external strengthening of RC
structures using FRP or TRM composites, design codes, standards or
guidelines have to be made ready and accessible to be used by practicing
engineers. In searching of the literature, 10 guidelines/codes were found
for the design of externally bonded FRP systems for strengthening RC
structures (see Table 7). Out of the 10 guidelines/codes, three were

Table 5
Comparison between TRM and FRP-strengthened beams in shear and tested at ambient temperature®.
Researcher Strengthening TRM-strengthened beam FRP-strengthened beam TRM/FRP
configuration . . effectiveness
Beam ID ny (per Vs Failure Beam ID ny (per Vs Failure ratio
side) (kN) mode side) (kN) mode
Wiberg [114] SB TOA 1 96 SL-SH TOE 1 222 DB-SH 0.43
Triantafillou & FW M1 1 42 SL-SH R1 1 73 FL 0.57
Papanicolaou [29] Fw M2 2 64 FL R2 2 58 FL 1.09
Al-Salloum et al. [57] SB BS11 12 33 FL BS12 1 34 FL 0.97
Tetta et al. [93] SB SB_M1 1 2.7 SL-SH SB_R1 1 31 DB-SH 0.09
uw UwW_M1 1 15 SL-SH UW_R1 1 35 DB-SH 0.43
FW FwW_M1 1 34 SL-SH FW_R1 1 56 FL 0.60
SB SB_M2 2 21 DB-SH SB_R2 2 42 DB-SH 0.51
uw UW_M2 2 39 DB-SH UW_R2 2 43 DB-SH 0.92
Tzoura and Triantafillou =~ UW L2 2 13 DB-SH RL2 2 26 DB-SH 0.52
[116] UW-A L2A15 2 57 DB-SH RL2A15 2 65 DB-SH 0.88
Tetta and Bournas [117] uw UW_MCH3 3 45 DB-SH UW_RCH3 3 50 DB-SH 0.90
FW FW_MCH2 2 58 FL FW_RCH2 2 57 FL 1.02
Gonzalez-Libreros et al. uw S1-FRCM-F4- 1 35 DB-SH S1-FRP-F2- 1 38 DB-SH 0.90
[118] UN UN
Uw S2-FRCM-F4- 1 18 DB-SH S2-FRP-F2- 1 44 FL 0.40
UN UN
Average of whole data 0.68 +0.29
Average of data with one layer of TRM per side 0.49 +0.25
Average of data with 2 or more layers of TRM per side 0.85 + 0.22

# ng=No. of TRM (or FRP) layers per side; Vy=shear strength contributed by TRM (or FRP) jacket; SB = side-bonded jacket; UW = U-wrapped jacket; UW-A= U-
wrapped jacket with anchorage; FW = fully wrapped jacket; SL-SH = shear failure preceded by slippage of the vertical fiber rovings through the mortar and partial
fibers rupture; DB-SH = shear failure preceded by debonding of the jacket with peeling off parts of the concrete cover; FL = flexural failure.
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Table 6

Comparison between TRM and FRP-strengthened beams in shear and tested at elevated temperature®.

Effectiveness due to heating

TRM/FRP

FRP-strengthened beam

TRM-strengthened beam

Strengthening
configuration

Researcher

effectiveness

ratio

At elevated
temperature

Vir

ng (per
side)

Beam ID

At elevated
temperature

VﬁR

ny (per
side)

Beam ID

(kN)

(kN)

FRP

TRM

Failure
mode

Vir

Failure
mode

Vir

(kN)

(kN)

Beams tested at temperature of 100 °C
uw

Tetta and Bournas

0.40

50 20 AF-SH 1.55 0.69

3

UW_RCH3_100

45 31 DB-SH

3

UW_MCH3_100

[117]

Beams tested at temperature of 150 °C

SB
SB
Uw
uw
FW

0.00

0.52

[+

AF-SH
AF-SH
AF-SH
AF-SH

42

2
3
2
3
2

SB_RCH3_150

SB_RCH2_150

SL-SH
DB-SH

11
17
20
25

21

2
3
2
3
2

SB_MCH3_150

SB_MCH2_150

0.52
0.51
0.56
0.83

o

3.

NA
43

33
39
45

UW_RCH2_150

UW_MCH2_150

0.14
0.12
0.77

33

SL-SH
DB-SH
SL-SH

UW_RCH3_150

UW_MCH3_150

4.17

50
57

FW_RCH2.150

FW_MCH2_150

SL/DL-SH 1.09

44

48

58

Beams tested at temperature of 250 °C

0.64

NA NA NA NA

UW_RCH3_250

3 45 29 DB-SH

UW_MCH3_250

uw

0.29 + 0.29

0.61 +0.12

Average

shear strength contributed by TRM (or FRP) jacket at ambient temperature; V;r = shear strength contributed by TRM (or FRP) jacket at elevated temperature; SB = side-

fully wrapped jacket; DB-SH = shear failure preceded by debonding of the jacket with peeling off parts of the concrete cover; AF-SH = shear failure preceded by adhesive

No. of TRM (or FRP) layers per side; Vg

ng=
bonded jacket; UW

a

U-wrapped jacket; FW =

failure at the resin-concrete interface; SL-SH = shear failure preceded by slippage of the vertical fiber rovings through the mortar and partial fibers rupture; SL/DL-SH = shear failure preceded by slippage of the vertical

not available data.

fiber rovings through the epoxy resin and delamination of the textile used for overlapping; NA
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Table 7
Available design guidelines (or code provisions) on externally bonded FRP (or
TRM) systems for strengthening RC structures.

FRP systems TRM systems

Guideline/Code Country  Guideline/Code Country
ACI 440.2R-17 [49] USA ACI549.4R-13[31]  USA
NCHRP Rpt 655-10 [119] USA
ISIS Design Manual No. 4-2008 Canada
[120]
EN 1998-3 [121] Europe
fib Bulletin 14-2001 [27] Europe
CS TR55-2012 [122] UK
CNR-DT 200 R1/2013 [123] Italy
JSCE-01 [124] Japan
CECS 146:2003 [125] China
ECP 208-2005 [126] Egypt

developed in North America — two in the United States [49,119] and one
in Canada [120]. Another four guidelines/codes for FRP-strengthened
RC members were developed in Europe — one by the European Com-
mittee for Standardization [121], one by the European fib Task Group
9.3 [27], one in the UK [122], and one in Italy [123]. Another two
design guidelines were developed in Asia [124,125], and the last one
was developed in Africa by the Egyptian Code Committee [126]. How-
ever, as seen in Table 7, the American ACI 549.4R-13 [31] is currently
the only available guideline for design and construction of externally
bonded TRM systems despite their widespread application.

7. Conclusions and recommendations

The main conclusions drawn from this review paper can be sum-
marized as follows:

1. At ambient temperature, TRM is generally inferior to FRP in
enhancing the flexural and shear capacity of RC beams. TRM effec-
tiveness depends on number of layers, strengthening configuration,
coating of textile material and type of mortar selected. TRM effec-
tiveness increased as the number of layers is increased. Coating the
dry textile fibers with epoxy adhesive significantly enhanced the
performance of TRM material. Using polymer modified cementitious
mortars gave better results than conventional cementitious mortar.

2. Athigh temperature exposure, TRM exhibited excellent performance
as strengthening material compared to its effectiveness at ambient
temperature. At 150 °C TRM maintained an average effectiveness of
54% and 59% for flexural and shear strengthening applications,
respectively, compared to its effectiveness at ambient temperature,
contrary to FRP which lost most of its effectiveness when subjected to
high temperature of 150 °C.

3. In the design of TRM composites as strengthening schemes, it is
recommended to ignore the contribution of mortar and use the
properties of the bare textile alone. It is also recommended to use at
least three TRM layers for flexural strengthening of RC beams and
two layers per side for shear strengthening of RC beams. It is worth
mentioning that these recommendations are based on very limited
experimental data available in literature, and less number of TRM
layers can be recommended once more test data become available.

Based on review of available literature on effectiveness of TRM
compared with FRP composites in strengthening of concrete structures,
gaps exist in current knowledge and further research is needed. It is
therefore recommended to:

1. Conduct an extensive experimental study to investigate the bond
behavior at TRM-concrete interface by varying different parameters
such as number of TRM layers, type of mortar, type of textile fabric
and strength of the substrate concrete. The obtained data along with
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Fig. 29. Concept of TRM anchorage system with grooves in concrete.

database collected from literature shall be used to establish bond-slip
relationships for TRM-to-concrete interface.

2. Study experimentally the bond behavior at TRM-concrete interface
in the following cases: (i) after applying a bonding primer at the
concrete surface, (ii) during exposure to standard fire test as per
ASTM E119 [127], and (iii) when anchoring the TRM using grooves
created in the concrete substrate as shown in Fig. 29.

3. Study experimentally the behavior of TRM-strengthened RC beams
during exposure to standard fire test as per ASTM E119 [127].

4. Study experimentally the effectiveness of TRM compared with
externally bonded FRP composites in: enhancing the flexural ca-
pacity of RC slabs, increasing the shear capacity of RC deep beams,
and upgrading the torsional capacity of RC beams.

5. Study numerically the behavior of TRM-strengthened beams in
flexure and shear by creating a FE model that accounts for different
failure modes such as interlaminar debonding, fabric slippage inside
the matrix, debonding at TRM-concrete substrate, peeling off parts of
concrete cover and textile rupture. This model should be validated
with experimental database from literature. The validated model
should be then used to assess the effect of different parameters of
interest such as number of TRM layers, type of mortar, and end
anchorage.
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