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Abstract: In this paper, efficiency and effectiveness of textile-reinforced mortars (TRM) on upgrading the shear strength and ductility of a
seismically deficient exterior beam-column joint has been studied. The results are then compared with that of carbon fiber-reinforced polymer
(CFRP) and glass fiber-reinforced polymer (GFRP)-strengthened joint specimens. Five as-built joint specimens were constructed with non-
optimal design parameters (inadequate joint shear strength with no transverse reinforcement) representing an extreme case of preseismic code
design construction practice of joints and encompassing the vast majority of existing beam-column connections. Out of these five as-built
specimens, two specimens were used as baseline specimens (control specimens) and the other three were strengthened with TRM, CFRP, and
GFRP sheets, respectively. All five subassemblages were subjected to quasi-static cyclic lateral load histories to provide the equivalent of
severe earthquake damage. The response histories of control and strengthened specimens were then compared. The test results demonstrated
that TRM can effectively improve both the shear strength and deformation capacity of seismically deficient beam-column joints to an extent
that is comparable to the strength and ductility achieved by well-established CFRP, and GFRP-strengthening of joints. DOI: 10.1061/(ASCE)
CC.1943-5614.0000222. © 2011 American Society of Civil Engineers.
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Introduction

A majority of the pre-1970s constructed reinforced concrete (RC)
frame buildings, existing across the world and within the Kingdom
of Saudi Arabia, are shear deficient because they were constructed
before the introduction of seismic codes for construction. Recent
earthquakes have illustrated that inadequate shear reinforcement
in the existing beam-column joints, especially exterior ones, is
the prime cause of failure/collapse of moment resisting RC frame
buildings. Hence, effective and economical rehabilitation tech-
niques are needed to upgrade joint shear-resistance in existing
structures. In the past, a variety of techniques have been employed
to upgrade shear capacity and ductility of RC joints, with the most
common being construction of RC or steel jackets. Plain or corru-
gated steel plates have also been tried. These techniques cause vari-
ous difficulties in practical implementation at the joint, namely
intensive labor, artful detailing, increased dimensions, corrosion
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protection, and special attachments. To overcome the difficulties
associated with these techniques, recent research efforts have fo-
cused on the use of epoxy-bonded FRP sheets and/or TRM layers
to enhance the shear capacity of poorly detailed joints.

There are several advantages of using FRP for rehabilitation
of RC structures. These advantages are very well-reported in liter-
ature (Antonopoulos and Triantafillou 2003; Ghobarah and Said
2001, 2002; El-Amoury and Ghobarah 2002, Al-Salloum and
Almusallam 2007). However, there are some drawbacks that
require attention of FRP users. These drawbacks are (1) poor
behavior of epoxy resins at temperatures above the glass transition
temperature, (2) relatively high cost of epoxies, (3) hazards for the
manual worker, (4) inability to apply FRP on wet surfaces or at low
temperatures, (5) lack of vapor permeability, which may cause
damage to the concrete structure, (6) incompatibility of epoxy
resins and substrate materials, and (7) difficulty to conduct post-
earthquake assessment of the damage suffered by the reinforced
concrete behind (undamaged) FRP jackets. One possible solution
to the previous problems would be the replacement of organic bind-
ers with inorganic ones, e.g., cement-based mortars and use of
textile in place of fiber sheets.

Textiles comprise fabric meshes made of long woven, knitted, or
even unwoven fiber roving in at least two (typically orthogonal)
directions. Textile-reinforced mortar (TRM) was investigated in
this study as a new method for strengthening and seismic retrofit-
ting of concrete structures through jacketing. TRM jackets in this
study consist of textile meshes made of carbon fibers roved in two
directions and mortars, serving as binder, containing polymeric
additives.

In the past, a number of excellent works have been reported
on FRP-strengthened RC beam-column joints. Antonopoulos and
Triantafillou (2003) conducted a comprehensive experimental
program through two-thirds-scale testing of 18 exterior joints.
Their study demonstrated the role of various parameters, e.g., area
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fraction of FRP and distribution of FRP, on shear strength of
exterior joints. They also highlighted the importance of mechanical
anchorages in limiting premature debonding. Ghobarah and Said
(2001, 2002), El-Amoury and Ghobarah (2002), Al-Salloum and
Almusallam (2007), Alsayed et al. (2010a, b), and Al-Salloum
et al. (2011) developed effective selective rehabilitation schemes
for R/C beam-column joints by using advanced composite materi-
als. Mukherjee and Joshi (2005) experimentally studied the effect
of FRP in improving shear strength and ductility of RC beam-
column joints under simulated seismic forces. Ghobarah and
El-Amoury (2005) developed effective rehabilitation systems to
upgrade the resistance to bond-slip of the bottom steel bars anch-
ored in the joint zone and to upgrade the shear resistance of beam-
column joints. Antonopoulos and Triantafillou (2002), Gergely
et al. (2000), and Almusallam and Al-Salloum (2007) presented
analytical models for the prediction of shear capacity of the FRP-
strengthened beam-column joints. Pampanin et al. (2007) carried
out experimental and analytical investigations on CFRP retrofitted
existing beam-column joint subassemblies and frame systems.
Their experimental results provided very satisfactory confirmation
of the viability and reliability of the adopted retrofit solution and of
the proposed analytical procedure to predict the actual sequence of
events. Karayannis and Sirkelis (2008) presented results of an ex-
perimental investigation on the behavior of critical external beam-
column joints repaired and/or strengthened with a combination of
epoxy resin injections and CFRP sheets. They concluded that the
epoxy resin injections with the use of CFRP sheets leads to a sig-
nificant improvement of the loading capcity, the energy absorption,
and the ductility. Tsonos (2008) investigated experimentally and
analytically the effectiveness of a reinforced concrete jacket and
a high-strength fiber jacket for cases of postearthquake and pre-
earthquake retrofitting of columns and beam-column joints. He also
compared the effectiveness of the two jackets. Lee et al. (2010)
proposed an effective rehabilitation strategy to enhance the strength
and stiffness of the beam-column joint. They also proposed an ana-
lytical model to predict the column shear of the joints strengthened
with CFRP. They employed a new optical noncontact technique,
digital image correlation (DIC), to measure and observe the full
strain field of the joint. Their experimental results showed that the
beam-column joints strengthened with CFRP can increase struc-
tural stiffness, strength, and energy dissipation capacity. The pro-
posed rehabilitation strategy was effective to increase the ductility
of the joint and transform the failure mode to beam or delay the
shear failure mode. Tsonos (2010) investigated the effectiveness
and suitability of shotcrete and cast-in-place concrete as a means
of retrofitting columns and beam-column joints in reinforced con-
crete frame structures to improve their shear and/or flexural perfor-
mance. The use of four-sided and two-sided reinforced shotcrete or
cast-in-place concrete jackets were investigated experimentally for
the case of preearthquake retrofitting of columns and beam-column
joints. Focus was placed on studying their lateral performance and
on comparing the effectiveness of the reinforced shotcrete jackets
with reference to the corresponding cast-in-place ones and that of
the two-sided jackets with reference to the corresponding four-
sided ones. All types of concrete jackets examined were found
to be equally satisfactory in their ability to strengthen existing
old frame structures. Di Ludovico et al. (2008) assessed the oppor-
tunities provided by the use of FRP for the seismic retrofit of
existing RC structures by conducting tests on a full-scale three-
story framed structure. Theoretical predictions were compared with
the main experimental outcomes to assess the effectiveness of
the proposed retrofit technique and validate the adopted design
procedures. The experimental results confirmed the theoretical pre-
dictions, showing that the FRP retrofit allowed the structure to

withstand a level of excitation in two directions, 1.5 times higher
than that applied to the as-built structure, without exhibiting signifi-
cant damage or structural deterioration. Balsamo et al. (2005) stud-
ied the effectiveness of CFRP composites for the seismic repair of
RC structures by testing a full-scale dual system subjected to pseu-
dodynamic tests in the ELSA laboratory. Their aim of the CFRP
repair was to recover the structural properties that the frame had
before the seismic actions. The repair was characterized by a se-
lection of different fiber textures depending on the main mechanism
controlling each component. The driving principles in the design of
the CFRP repair and the outcomes of the experimental tests were
presented. Comparisons between original and repaired structures
were discussed in global and local performance. Engindeniz et al.
(2008a) presented the performance of a full-scale reinforced con-
crete corner beam-column-slab specimen that was first severely
damaged under bidirectional quasi-static loading then rehabilitated
and retested. The specimen was built using the pre-1970s construc-
tion practices including the use of low-strength materials (21 MPa,
Grade 40 reinforcing bars) and deficiencies in reinforcement detail-
ing. The results indicated that even a severely damaged corner joint
can be effectively rehabilitated by using CFRP to achieve a ductile
beam failure mechanism. Engindeniz et al. (2008b) experimentally
investigated the adequacy of corner beam-column joints in pre-
1970 reinforced concrete buildings and determined the efficiency
of CFRP composites for both pre- and postearthquake retrofit of
such joints. Pantelides et al. (2008) experimentally studied the use
of externally applied CFRP jackets for seismic rehabilitation of
reinforced concrete interior beam-column joints, which were de-
signed for gravity loads. The joints had steel reinforcement details
that were inadequate by current seismic codes in joint shear capac-
ity attributed to the absence of transverse steel hoops and bond
capacity of beam bottom steel reinforcing bars at the joint. Lap
splicing of beam bottom steel reinforcement at the joint by using
externally applied longitudinal CFRP composite laminates was in-
vestigated. Improvement of joint shear capacity by using diagonal
CFRP composite laminates was employed as another strengthening
scheme. The test results indicated that CFRP jacketing is an effec-
tive rehabilitation measure for improving the seismic performance
of existing beam-column joints with inadequate seismic details in
increased joint shear strength and inelastic rotation capacity. They
also found that CFRP laminates are effective rehabilitation mea-
sures for overcoming problems associated with beam bottom steel
bars that have inadequate embedment into the beam-column joints.

The above review of the literature shows that substantial re-
search has been conducted on the adequacy of FRP composites as
a strengthening material for seismically deficient beam-column
joints. However, very limited research is available on the use of
TRM as a strengthening material for concrete structures, including
RC beam-column joints. Triantafillou and Papanicolaou (2005)
were among the early researchers to study the comparison between
TRMs, and FRPs as shear strengthening materials for concrete
structures and/or seismic retrofitting of concrete structures. The
experimental investigations carried out provided a better under-
standing on the effectiveness of TRM versus FRP jackets in terms
of increasing (1) the axial capacity of concrete through confinement
and (2) the load-carrying capacity of shear-critical reinforced con-
crete flexural members. From the results obtained, they illustrated
that the proposed TRM-strengthening technique is a viable alter-
native to the already successful FRP strengthening technique.
Papanicolaou et al. (2007) experimentally investigated effective-
ness of TRM overlays to strengthen masonry walls subjected
to in-plane cyclic loading. From the results obtained, they ob-
served that the use of TRMs is very promising for the structural
upgrading of masonry structures subjected to in-plan seismic
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loading. Triantafillou et al. (2006) explored the application of
TRMs as a means of increasing the axial capacity of concrete
through confinement. They concluded that the textile-mortar jack-
eting provides a substantial increase in compressive strength and
deformability, and this gain is higher as the number of confining
layers increases and depends on the tensile strength of the mortar.
Al-Jamous et al. (2006) studied the columns reinforced with textile
layers circumferentially. They found that textile reinforcement
improves the confinement significantly, and thus, the load bearing
capacity of the columns under compressive stress increases.
Triantafillou and Papanicolaou (2006) investigated that the TRM
can be applied to increase the shear resistance of reinforced
concrete members. It was concluded that textile-mortar jacketing
provides substantial gain in shear resistance, and this gain is higher
as the number of layers increases, and depending on the number
of layers, it is sufficient to transform shear-type failure to flexural
failure. In their study, TRM jackets were provided either by con-
ventional wrapping of fabrics or by helically applied strips. Both
systems resulted in excellent results in increasing the shear
resistance. However, compared with their resin impregnated coun-
terparts, mortar-impregnated textiles resulted in reduced effective-
ness. They also derived a simplified truss analogy on the basis of a
semiempirical model for prediction of shear resistance of reinforced
concrete members strengthened with TRM jackets. The results
of their study illustrate that TRM jacketing is an extremely prom-
ising solution for increasing the shear resistance of reinforced con-
crete members. Wu and Sun (2005) developed a cement-based
composite thin fiber sheet for structural retrofit of concrete struc-
tural members. Retrofit efficiency of epoxy-based and cement-
based thin fiber sheets was compared. They observed that the
compressive and flexural strength of concrete can be significantly
improved by using external FRC wraps. Also, the ductility of the
retrofitted concrete was increased significantly. Kurtz and Balaguru
(2001) studied beams after they were strengthened with carbon
fiber sheets that were bonded with an inorganic matrix. This exper-
imental study simulates an earlier study in which beams were
strengthened in the same way by using an organic matrix. Strength,
stiffness, ductility, failure pattern, and the cracking of beams
strengthened with the two systems were compared. The results in-
dicate that the inorganic matrix is as effective in increasing the
strength and stiffness of reinforced concrete beams as the organic
matrix, with a minor reduction in ductility. The failure mechanism
changed from sheet delamination for the organic system to sheet
rupture for the inorganic system. This change in mechanism was
attributed to the brittleness of the inorganic matrix that results in
a crack formation in the composite and a development of strain
along the interface of the composite and concrete. Basalo et al.
(2009) experimentally studied the confinement of concrete col-
umns by using fiber-reinforced cementious matrix. They observed
that the composite systems of fiber-reinforced cementious matrix
increases both the strength and deformability of concrete cylinders.
The previous review of the literature clearly indicates that
although there is considerable research on the use of TRM as
strengthening material for concrete structural members and/or seis-
mic retrofitting of concrete elements, work on TRM-strengthened
beams-columns joints is very limited. In fact, the authors could not
find any significant work on TRM-strengthened beam-column
joints in the approachable references. Keeping this scope in view,
authors have studied effectiveness and efficiency of TRM on the
strengthening of beam-column joints to demonstrate that TRM-
upgrading can effectively improve both the shear strength and duc-
tility of seismically deficient beam-column joints to an extent that
is comparable to the strength and deformability achieved by well-
established CFRP- and GFRP-strengthening of joints.

Experimental Program

Test Matrix

One of the main objectives of the present study was to conduct an
experimental program to evaluate seismic performance of a TRM-
strengthened beam-column joint specimen and compare its perfor-
mance with CFRP- and GFRP-upgraded beam-column exterior
joint specimens. To accomplish this, five reinforced concrete as-
built specimens (Fig. 1) were cast with the reinforcement details,
as shown in Fig. 2. The nomenclature used for various specimens is
shown in Table 1. In finding out the size of these specimens, a
prototype member size was first chosen, and then a crude analysis
was carried out to come up with the most reasonable scale for the
test specimens that comply with the available testing facility and
equipment. Half-scale beam-column joints were found to be the
most convenient. The dimensions and details of prototype and
half-scale as-built test specimens are shown in Figs. 1 and 2.

Material Properties

Concrete and Steel

For the construction of beam-column joint specimens, the concrete
was obtained from a local ready-mix concrete company with a tar-
get compressive strength of 30 MPa. Upon arrival, the slump was
measured as 105 mm, and six cylinders (150 x 300 mm) were cast
to determine the 28-days compressive strength f7. from the batch.
The average compressive strength of concrete after 28 days of cur-
ing is shown in Table 2. To determine the actual characteristics of
the reinforcing steel, the samples of steel used were tested in accor-
dance with ASTM A370 (ASTM 2011). Three specimens of steel
bars were tested by using an INSTRON tensile testing machine
with hydraulic grips. Each specimen was subjected to a gradually
increasing uniaxial load until failure took place. The average yield
strength of three specimens is reported in Table 2. Stirrups were
made of mild steel with an average yield stress equal to 260 MPa.

Carbon and Glass FRP System

The properties of composite materials are dependent on the indi-
vidual components properties, the manufacturing technique, and
the quality control of the production process. In the present study,
glass and carbon FRP sheets supplied by FYFE Company were
employed for the strengthening of beam-column joint specimens.

Top Box 60 x 60 x 30 cm

60 cm

6-cm Slab

——Column 16 x 30 cm
35¢

PL40x40x4cm

Beam 16 x 35 cm

Fig. 1. Dimensions of exterior as-built joint specimen
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Fig. 2. Reinforcement details of the as-built specimen

Table 1. Nomenclature for Test Specimens

Specimen
Group number designation The test conditions and retrofit schemes
Control specimens ECONI1 First as-built control specimen
ECON2 Second as-built control specimen
Strengthened ECTRM Strengthened specimen, obtained by strengthening the as-built specimen by using two layers of carbon
specimens textile-reinforced mortar CTRM
ECFRP Strengthened specimen, obtained by strengthening the as-built specimen by using single layer of CFRP sheets
EGFRP Strengthened specimen, obtained by strengthening the as-built specimen by using two layers of GFRP sheets

The coupon samples were cut from the sheets to determine the aver-
age mechanical properties of the sheets. The average coupon test
results of the carbon and glass FRP system are shown in Table 2.

TRM Materials

Textile-reinforced mortar consist primarily of two materials: textile
and mortar. Success of rehabilitation using TRM is very much
dependent on the properties of these two constituents of TRM.
The following subheadings provide details of the tests that were
conducted on textile and mortar to evaluate their properties to have
their confident use in beam-column joint strengthening.

Textile The outline of the jackets was marked on specimens,
and the textile was cut to the required length. The textile contained
an equal quantity of high-strength carbon fiber roving in each di-
rection. They were simply placed on top of the others and bonded
on a secondary polypropylene line, as shown in Fig. 3. To obtain
the mechanical properties of textile used, four coupons of textile
were tested in tension. Fig. 4 shows textile coupons under the test.
Fig. 4 shows the typical dimensions of textile used in this study.
Each roving was 3.93 mm wide, and the clear spacing between
the roving was 10 mm. The nominal thickness of each layer was
0.4 mm. The coupon tests showed that guaranteed tensile strength
of carbon fiber textile is equal to 777 MPa with an average strain of
0.0095 and modulus of elasticity equal to 82.33 GPa. The details of
textile properties are summarized in Table 2.

Mortar In the present study, a commercial polymer-modified
mortar (from SikaRep) was used to use as the mortar in TRM
strengthening (Fig. 5). In the following subsection, the procedure
adopted for the determination of the compressive and the tensile
strengths of mortar has been presented.

Compressive Strength of Mortar To prepare the mortar for
the compressive strength test, 16—18% of drinking quality water
(by weight of dry powder) was put in a dry bowl; mortar was added,
and then it was mixed from 3 to 5 min until homogeneous mixture
was obtained. Molding of the specimens was then done by placing
a layer of mortar about 25 mm in thickness in the cube compart-
ments. Each layer in each cube compartment was tamped 32 times
within 10 s in four rounds. After tamping of the first layer in all the
cube compartments, the second layer was introduced and tamped in
the same manner as previously mentioned. Finally, the top surface
of the cube compartment was smoothed off with one stroke of
the trowel. The specimens were air dried for one day and were de-
molded; the specimens were then kept for curing under lab condi-
tions for 28 days. Standard compressive strength tests as per ASTM
C109 (2002) at 7 and 28 days were conducted and presented in
Table 3.

Tensile Strength of Mortar To determine the tensile strength
of mortars, standard Briquette specimens were prepared having in-
side faces and a thickness at the waistline of the briquette mold
of 25 mm. Briquette specimens for each mortar type using the
same amount of water as determined for compressive strength were
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Table 2. Material Properties of Specimens

Parameter Properties
Concrete and steel
Average concrete strength, /7. (MPa) 334
Average yield strength of steel, f, (MPa) 510
CFRP composite system (Tyfo SCH-41S)
Type of FRP Unidirectional
CFRP sheet
Elastic modulus in primary fibers direction 77.3 x 10° MPa
Elastic modulus of CFRP 90° to primary fibers 40.6 MPa
Fracture strain 1.1%
Ultimate tensile strength 846 MPa
Thickness per layer, #, 1.0 mm
GFRP composite system (Tyfo SEH-51A)
Type of FRP Unidirectional
GFRP sheet
Elastic modulus in primary fibers direction 28.9 x 10° MPa
Elastic modulus of GFRP 90° to primary fibers 25.8 MPa
Fracture strain 1.6%
Ultimate tensile strength 464 MPa
Thickness per layer, t, 1.3 mm

Carbon textile fiber
Type of textile

Carbon fiber

Elastic modulus per one textile 82.33 GPa
Fracture strain 0.95%
Ultimate tensile strength per one textile 777 MPa
Thickness per one textile, #, 0.4 mm
Width per one textile 3.93 mm

10.67 mm

Thickness of
one textile=
0.4 mm

Width of one
textile = 3.93
mm

Fig. 3. Typical textile used in the present study

prepared in accordance with ASTM C190-85 (1985). A thin film of
oil was coated on the inside surfaces of the Briquette molds and
placed on base plates. The molds were filled heaping full of mortar
without any compacting. The mortars were pressed in firmly with
the thumbs, applying a force 12 times to each Briquette. Additional
mortar was added above the molds and smoothed off with a trowel.
Other oiled metal plates were placed on top of each mold; bottom
and top plates were held together and turned over. The procedure of

Fig. 5. Specimen during TRM strengthening (image by the authors)

adding additional mortar above the molds was repeated, pressed 12
times with thumbs, and smoothed off with a trowel. The specimens
were air dried for one day. After one day of air drying, the spec-
imens were demolded and kept for curing under lab conditions.
Before testing, each Briquette was wiped to a surface-dry condi-
tion, and any loose sand grains from the surfaces were removed.
Standard tensile tests as per ASTM C190-85 (1985) at 3, 7, and
28 days were conducted and presented in Table 3.

Design Procedure of the TRM, CFRP and GFRP
Application

The design approach was based on providing fiber reinforcement to
replace the missing joint shear reinforcement and the inadequately
detailed steel bars. For this purpose, the specimen was externally
bonded with a single layer of CFRP sheets to the joint, beam, and
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Table 3. Results of the Tensile and Compressive Strength of Tested Mortars

Specimens
Physical property Curing age (days) 1 2 3 4 Average
Compressive strength (MPa) 7 37.32 34.04 35.88 36.4 3591
28 51.5 52.1 50.9 54.1 522
Tensile strength (MPa) 3 24 2.1 2.4 23 2.3
7 2.8 2.9 3.8 — 3.16
28 4.46 4.30 4.33 4.51 44

part of the column regions with the orientation of primary fibers, as
shown by horizontal and vertical lines in Figs. 6 and 7. Figs. 6 and 7
show details of CFRP, GFRP, and TRM layup. To estimate the
number of layers, the design procedure available in El-Amoury and
Ghobarah (2002) was adopted. A single layer CFRP or double
layer GFRP sheet was found adequate in upgrading the joint shear
resistance of as-built joint specimens. Because no design procedure

Threaded bolt

Y

Steel plate

is available for the design of TRM-strengthened beam-column
joints, the same procedure, as given in El-Amoury and Ghobarah
(2002) for FRP-strengthened beam-column joints, was followed
after calculating the equivalent cross sectional area of textiles, as
shown subsequently. The number of layers was then estimated fol-
lowing the same calculation as followed for the FRP sheets. The
desired number of textile layers was more than 2. However, because

Anchorage system

GFRP/TRM B
21 1
ayers, 105x30 cm S I
Steel angle : + I
180 cm t
GFRP sheet
GFRP/TRM 30¢ 30cnt, |, 40cm
Section BB showing 2 layers, 105%x30 cm 30 cm B 4
anchorage-scheme.

A 4

]

Fig. 6. Schematic representation of GFRP and TRM scheme applied to as-built exterior joint

CFRP Sheet, 1 layer, 105x30 cm

180 cm

CFRP Sheet, 1 layer, 105x30 cm

30¢ 30 cm, 40 cm

y

30 cm

(—]

Fig. 7. Schematic representation of CFRP scheme applied to as-built exterior joint
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the present investigation was based on textile-reinforced mortar and
not the textile alone, only two layers of TRM layers were selected
for the present study.

To compare the cross sectional areas of strengthening materials,
the values of thicknesses and widths of FRP sheets, given in Table 2,
were employed to calculate their cross sectional areas in 1.00 m
width of the FRP sheet. The results are 1,000 and 1,300 mm? for
CFRP and GFRP sheets, respectively. For textile fibers of TRM,
using the thickness (0.4 mm) and width (3.93 mm) of each textile
fiber, as shown in Fig. 3 and Table 2, the cross-sectional area of
each textile fiber was obtained. Then, by using the distance be-
tween the two consecutive textile fibers (10.67 mm), the area of
textile cross section available to carry the tension in a 1 m width
of TRM was calculated. This area of cross section was obtained
as 147.3 mm?/m width.

Strengthening of Specimen by Using TRM

After the specimen was cured and ready to be tested, the surface of
the beam-column region, was grinded manually, and then, sand-
blasting was done, enabling it to develop a sound bond between
the concrete and strengthening material. To strengthen the speci-
men by using external bonding of textiles with polymer modified
cementitious mortars (TRM), the joint and beam were wrapped
with U-shaped carbon textile layers. The ends of impregnated tex-
tiles with mortar layers were anchored by using a system of steel
angles tied to steel plates through threaded rods driven through the
concrete slab, as shown in Fig. 6. A part of the column regions was
also wrapped, as shown in Fig. 6. The bolted plates (anchorage)
allow the textile fibers to develop to their full capacity. The mortar
was applied in approximately 2 mm thick layers. After the appli-
cation of the first mortar layer on the (dampened) mortar surface,
another layer of textile was applied and pressed slightly into the
mortar, which protruded through all the perforations between the
rovings. The next mortar layer covered the textile completely, and
the operation was repeated until the required number of textile
layers was applied and covered by the mortar. The specimen was
cured by using wet burlaps for approximately 28 days. The bonding
of jackets took place at a concrete age of 28 days.

Strengthening of Specimens by Using Carbon and
Glass FRP Sheets

The two as-built specimens were strengthened using epoxy-bonded
GFRP and CFRP sheets, respectively. The epoxy system used for
external bonding of FRP sheets to the concrete surface consists of a
two-component epoxy matrix material. The first component is
resin, and the other component is hardener. The epoxy mix ratio
contains 100 parts of resin to 42.0 parts of hardener by volume
or 100 parts of resin and 34.5 parts of hardener by weight. The
resin and the hardener were mixed thoroughly by using a mixing
drill for at least 5 min. As shown in Figs. 6 and 7, GFRP and CFRP
sheets were epoxy bonded to joint, beam and part of the column
regions. For GFRP strengthening, two layers of unidirectional
GFRP were used, whereas for CFRP strengthening, a single layer
of CFRP sheet was used. From the strength point of view, two
layers of GFRP sheets are equivalent to one layer of CFRP sheets.
The orientation of primary fibers was maintained, as shown by
horizontal and vertical lines in Figs. 6 and 7. In GFRP strengthen-
ing, mechanical anchorages were used in the beam region to pre-
vent any possible debonding and to allow the fibers to develop to
their full capacity. To apply mechanical anchorage system, three
holes were drilled on either side of the extended epoxy-bonded
GFRP-upgraded beam to the slab. One bolt was passed through
each hole, and it was tightened effectively at the ends by using flat
steel plates, as shown in Fig. 6. In case of CFRP-strengthened

specimen (Fig. 7), the mechanical anchorage system was not
used because debonding was not expected in this specimen because
of the strong bond between CFRP sheets and the concrete surface.
Figs. 6 and 7 illustrate the GFRP and CFRP schemes applied to
as-built joint specimens.

Test Setup

The previous specimens (i.e., as-built control, CFRP, GFRP and
TRM strengthened) were tested by using the testing apparatus de-
signed and installed in the Structural Test Hall, Department of Civil
Engineering, King Saud University, Saudi Arabia. To apply the
simulated seismic-type cyclic load on the specimen, a 500-kN
servocontrolled hydraulic actuator was connected to a reaction steel
frame, which stands on a strong concrete floor. Figs. 8 and 9 show
the details of the experimental setup. In the test setup, the bottom
of the column surface was attached to a base pivot by using four
high-strength threaded rods. The base pivot, in turn, was fastened to
a strong steel I-beam. The latter was posttensioned to the lab floor
by using high-strength posttensioning rods. The rigid end of the
concrete beam was tied to a rigid link through a steel pivot.

Instrumentation

The joint specimens were instrumented with several measuring in-
struments. The details of the instrumentation layout are illustrated
in Fig. 10. Four string potentiometers were affixed along the face of
the column to measure lateral deflection at different locations along
the column height. In addition, two string potentiometers were
positioned along the surface of the concrete beam to measure its
vertical deflection at different locations. To measure the joint rota-
tion at the beam-column interface, four inclinometers were attached
to the concrete surface, as shown in Fig. 10. Two linear variable
displacement transducers were placed diagonally at the panel zone
to assess the joint shear distortion during the experiment.

Internal strain gages were used to measure the strain of the
longitudinal steel bars and transverse stirrups for both beam and
column (Fig. 11). Just before the exterior specimen was put up
for testing, a constant axial load was applied at the top of the col-
umn by posttensioning two threaded rods with a pair of hydraulic
jacks mounted at the top of the column using rigid steel beam
assembly, as shown in Fig. 8. In the present study, it was taken
as 20% of the column axial load capacity and maintained constantly
throughout the test.

Fig. 8. Photo showing GFRP scheme applied to as-built exterior joint
(image by the authors)
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Fig. 11. Layout of strain gages in the as-built test specimen

Testing Procedure

The horizontal-loading regime was based on the conventional
guidelines of quasi-static type testing as followed by most research-
ers in simulating seismic forces to test reinforced concrete struc-
tures (Karayannis and Sirkelis 2008; Tsonos 2008). The loading
cycles were controlled by the peak displacement until failure.
For each displacement level (i.e., for a constant value of displace-
ment), three fully reversed cycles were completed. The lateral
displacement time histories of the experiment are shown in
Figs. 12-16. All cycles were started with the pull direction first,
then went into the push direction.

Discussion of Test Results
In the present section, through various experimental results, the

effectiveness of FRP and/or TRM in improving the as-built joint
shear strength and ductility has been studied.
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Fig. 12. Displacement time history for as-built control specimen
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Fig. 13. Displacement time history for as-built control specimen
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Fig. 14. Displacement time history for CFRP-strengthened specimen
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Fig. 15. Displacement time history for GFRP-strengthened specimen
EGFRP
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Fig. 17 shows the general response of joint specimens under
lateral cyclic loading. Fig. 17 shows the failure pattern of the con-
trol specimen. The figure shows that during the displacement con-
trolled loading stages, significant X-shear cracks appeared in the
specimen almost symmetrically on both faces of the joint. The
shear cracks initiated in diagonal directions and propagated toward
the ends of joint. This may be attributed to diagonal tension caused
because of excessive shear stresses in the joint. For the TRM-
strengthened beam the development of cracks in the specimen dur-
ing testing was carefully observed, and significant cracks were
marked on the specimen itself. Nearly at 6 mm of displacement,
few cracks, almost vertical, appeared in the slab region because of
significant flexural stresses in the flange of the beam. Further dis-
placement caused the development of cracks in the midspan region
of the beam. These cracks were also almost vertical, indicating
excessive flexural stresses in the beam attributed to a substantial
bending moment in the beam. After further increment of the loads,
cracks started appearing in the TRM of joint region. The cracks
were significantly inclined, which may be attributed to develop-
ment of high shear stress in the joint region at higher stages of
loading. These shear cracks appeared much later than control

Fig. 18. Failure pattern of TRM-strengthened specimen (image by the
authors)

specimens. This indicates the delay of shear cracks by using
TRM-strengthening. At about 40 mm displacement, the excessive
shear cracks were seen in the joint region, and the load reached
its peak value (53 kN). The load started dropping down after this
displacement, indicating sufficient degradation of stiffness of the
specimen. At approximately a 20% drop in the peak lateral load,
the specimen showed substantial cracks in the joint, at the beam-
joint interface and at the interface of slab and columns (Fig. 18).
The fracture of the textile fibers was also observed at higher stages
of loading. The fibers started breaking near the bottom of the beam-
column joint interface at higher stages of loading. The fracture of
fibers continued in a vertical upward direction until the last textile
fiber was broken.

The CFRP-strengthened specimen showed a similar behavior to
the one mentioned in Al-Salloum et al. (2011). As debonding was
not prevented, the failure was primarily because of debonding of

Fig. 17. Cracking pattern of the as-built control specimen (image by
the authors)

Fig. 19. Failure pattern of CFRP-strengthened specimen (image by the
authors)
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CFRP sheets in the beam region. Tearing of the CFRP sheet was
also observed in the beam region because of the fact that at higher
stages of loading, there was significant yielding in beam reinforcing
bars that allowed cracks to widen in the beam region, which in turn
ultimately tore the CFRP sheets (Fig. 19). In the case of GFRP
strengthening, debonding was not observed because the sheets
were prevented against debonding through a mechanical anchorage
system. Because of the prevention of debonding, at higher stages of
loading, tearing of GFRP sheets was observed (Fig. 20). The num-
ber of layers used in GFRP strengthening was two, whereas number
of layers in CFRP-strengthening was only one. It is for reason
that similar peak loads were observed with GFRP and CFRP
strengthening.

Hysteretic Behavior

The hysteretic behavior of exterior joints was examined in terms of
shear strength (measured in ultimate load) and deformation capac-
ity. The load-displacement relationships for control and strength-
ened specimens are shown as hysteretic curves in Figs. 21-25.
Figs. 21 and 22 show that for control specimens, deformability
is very poor as specimens reach to their ultimate load at a displace-
ment of 26 mm. On the other hand, CFRP strengthening provides
a higher load-carrying capacity than control, GFRP-strengthened,
and TRM-strengthened specimens. However, deformability of
CFRP strengthening is not as good as GFRP or TRM strengthening
(Figs. 23 and 24). This suggests that the use of TRM and GFRP is
preferable over CFRP strengthening under seismic excitations be-
cause of better deformability of GFRP- and TRM-strengthened
joints. Deformability and ductility are important requirements
for RC structural components to survive during seismic excitations.
The ultimate load for strengthened specimens is higher than control
specimens. This is primarily because of the increased confinement
of the joint, resulting from externally bonded FRP sheets or a TRM
textile system. Also, the hysteretic loops of specimens showed
considerable pinching and continuous stiffness degradation with
increasing displacement. The loss of stiffness was primarily

Fig. 20. Failure pattern of GFRP-strengthened specimen (image by the
authors)

Lateral load (kN)

Lateral displacement (mm)

Fig. 21. Load-displacement hysteretic curves for as-built control speci-
men (ECON1)

Lateral load (kN)
=
4
S
93
IS

Lateral displacement (mm)

Fig. 22. Load-displacement hysteretic curves for as-built control speci-
men (ECON2)

Lateral load (kN)

Lateral displacement (mm)

Fig. 23. Load-displacement hysteretic curves for CFRP-strengthened
specimen (ECFRP)
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Fig. 24. Load-displacement hysteretic curves for GFRP-strengthened
specimen (EGFRP)
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Fig. 25. Load-displacement hysteretic curves for TRM-strengthened
specimen (ETRM)

attributed to concrete deterioration in the beam-column joint re-
gion. The pinching of the hysteretic loops for cycles after the yield-
ing of the beam’s longitudinal reinforcement indicates that the
stiffness is fairly low near the zero displacement point in these
cycles because the cracks did not close.

Load-Displacement Envelope

To study the load-carrying capacity and ductility of control and
strengthened exterior joint specimens, envelopes of load-displacement
hysteretic curves were plotted (Fig. 26) and by using these envelopes
the peak load, ultimate displacements, ductility, joint shear strength,
and diagonal tension for the specimens were obtained and listed in
Table 4. The second column of Table 4 shows the average peak load
(i.e., average of peak push and pull values), and the third column
shows the displacement corresponding to the first yield of steel bars.
This displacement is required to calculate ductility of the specimens.
The estimated ductility, an important parameter for earthquake-
resistant members, is shown in the fourth column of Table 4. The
ductility is computed as the ratio of ultimate displacement to the dis-
placement at the first yield of internal steel. For computation, the
ultimate displacement was set at a displacement corresponding to
20% drops of the peak load (A,). Because there is no well-defined

an
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Fig. 26. Envelopes of hysteretic plots for as-built control and strength-
ened specimens

yield point for the RC beam-column joint specimens, the yield
displacement was found by drawing a line between the origin
and the 50% load capacity point of the load-displacement envelope.
This line was extended to intersect the 80% load capacity horizontal
line. The displacement corresponding to the intersection point was
assumed as the ultimate displacement.

The values of ductility clearly show that the application of FRP
sheets and TRM has improved the ductility of the strengthened
specimen significantly. The first column of Table 5 indicates that
the increase in strength attributed to CFRP strengthening is the
maximum and attributed to TRM, it is the minimum. GFRP sheets,
however, increase the strength more than TRM but less than CFRP
sheets. This trend is very well expected because fibers of carbon
are the strongest and textile-fibers are the weakest. The trend may
be altered by changing the governing parameters e.g., the number
of layers. The ductility is also substantially increased because of
strengthening, and it is the maximum for GFRP-strengthened
sheets.

Fig. 26 shows that in the push direction, the contribution of GFRP
sheets to strength is more than CFRP sheets, whereas in the pull
direction CFRP sheets provide better strength than GFRP sheets.
This may be attributed to different stiffness of the strengthened spec-
imens in push and pull directions. The CFRP-strengthened specimen
had more stiffness than the GFRP-strengthened specimen in the
pull direction, whereas the two-layered GFRP-strengthened speci-
men had more stiffness in the push direction. It is for this reason
that Fig. 26 shows a higher peak load for GFRP-strengthened spec-
imens in the push direction than the CFRP-sheeted specimen. The
TRM-strengthened specimen shows lower peak loads than CFRP
or GFRP sheeted specimens in both directions (i.e., push and pull
directions).

The peak load and deformation capacity of FRP- or TRM-
strengthened specimens are very much dependent on the number
of layers used in the upgrading. It is possible to increase the
strength of strengthened specimens further with the use of more
numbers of layers. However, before increasing the number of layers
it is essential to make sure that (1) change in the stiffness of the
system (attributed to the increased number of layers) does not ad-
versely affect the load sharing between the members and (2) does
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Table 4. Peak Test Load and Maximum Ductility

Peak load Displacement at first yield

Ultimate displacement after

Ductility Factor ~ Shear strength in ~ Diagonal tension

Specimen  (Average) kN of steel, A, (mm) 20% drop in peak load A,, (mm) JAVIYRAN y\/fT (MPa) (MPa)
ECNO1 47.1 15.7 26.6 1.69 0.78+/f% 2.43
ECNO2 45.81 13.91 25 1.82 0.79y/f% 2.46
ECFRP 61.82 12.44 35 2.89 1.04\/7. 3.69
EGFRP 59.71 12.11 41 3.36 INURY/A 3.56
ECTRM 50.88 11.54 33 2.84 0.85./1. 277
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Fig. 27. Stiffness degradation in as-built control and strengthened
specimens

not result in early debonding, if not prevented against debonding,
without development of FRP strength.

Stiffness Degradation

The beam-column joint stiffness was approximated as the slope
of the peak-to-peak line in each loop. Fig. 27 shows the stiffness
degradation with lateral displacement. This degradation may be
attributed to concrete nonlinear deformations, flexural and shear
cracking, distortion of the joint panel, slippage of reinforcement,
loss of cover, and debonding or delamination of FRP. A comparison
of the strengthened specimens curve with the corresponding control
specimen curve shows that the initial stiffness of the strengthened
specimens are significantly higher than that of their corresponding
control specimen. This higher initial stiffness for the strengthened
specimen may be attributed to the external bonding of FRP sheets
or TRM layers on beams, joint, and column regions. The use of
FRP or TRM shows that the degradation in the stiffness is slow
compared to control specimens. The slow degradation is a desirable
property in earthquake-like situations. It was observed in the past
earthquakes that most of the RC structures failed (or collapsed)
because of a sudden loss of stiffness of the structural joints with
increasing lateral movement of the structure.

Energy Dissipation

The area enclosed by a hysteretic loop at a given cycle represents
the energy dissipated by the specimen during this cycle. The
capability of a structure to dissipate energy has a strong influence
on its response to an earthquake loading. The total energy dissi-
pated by a structure consists of (1) energy dissipated by the steel

Displacement ductility

Fig. 28. Cumulative energy dissipation by the control and strengthened
specimens

reinforcement, (2) energy dissipated by friction along existing
cracks in concrete, and (3) energy dissipated during the formation
of new cracks (El-Amoury and Ghobarah 2002). Fig. 28 shows the
cumulative energy dissipated by the five specimens. The peak value
of each curve presents the cumulative values of full energy dissi-
pation for each tested specimen. Full energy dissipation is an
indication of the maximum capacity of the specimen to be stressed
until failure. For control specimens, the energy dissipation was
relatively low. This is clear from the small areas enclosed by the
hysteresis loops seen in previous hysteretic curves. The energy dis-
sipation for strengthened specimens was much larger than that for
reference specimens. This is obvious from the large areas enclosed
by the hysteresis loops seen in previous figures. Fig. 28 clearly
illustrates that the energy dissipation ability of strengthened spec-
imens are substantially higher than that of as-built beam-column
joint specimens. The curves also indicate that the energy dissipa-
tion ability of a TRM-strengthened specimen is comparable to that
of FRP-strengthened specimens.

Conclusions

In the present study, effectiveness of TRM in improving the load-

carrying capacity and ductility of a shear deficient exterior joint

was studied, and its performance was compared with specimens

strengthened by using FRP sheets. The following are the major

conclusions that can be drawn from the present experimental study:

* The TRM can effectively improve both the shear strength and
ductility of seismically deficient beam-column joints to that ex-
tent that is comparable to FRP-upgraded joints.
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* The increase in peak load and ductility by TRM upgrading is
very much dependent on the number of layers used in the
strengthening. It is possible for TRM-upgraded specimen to
achieve comparable FRP-upgraded beam-column joint ultimate
load values with the use of a sufficient number of layers.

* Before increasing the number of TRM or FRP layers it is essen-
tial to make sure that (1) change in the stiffness of the system
(because of increased number of layers) does not adversely
affect the load sharing between the members and (2) does
not result in early debonding if not prevented through mechan-
ical anchorages.

* The energy dissipation ability of the TRM-strengthened beam-
column joint is substantially higher than that of an as-built
beam-column joint and comparable to FRP-upgraded joints.
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