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HIGHLIGHTS

« NSE/EB pioneer FRCM systems were examined for shear strengthening of RC beams.
« Thirteen beams under three-point loading have been tested.

« Carbon-FRCM showed the highest increase in the load carrying capacity of 83%.

« PBO-FRCM showed the least increase in the load carrying capacity of 62%.

« Near surface embedding of FRCM mitigate deboning.
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ABSTRACT

The externally bonded (EB) fabric reinforced cementitious matrix (FRCM) has successfully been used as a
structural strengthening for various applications including flexural and shear strengthening of reinforced
concrete (RC) beams, flexural strengthening of RC slabs and column confinement. However, the EB-FRCM
system is characterized by poor FRCM/concrete bond leading to premature debonding of FRCM off the
concrete substrate, particularly for thicker FRCM. The present paper reports on an experimental study
on the efficacy of a pioneer form of hybrid near surface embedded and externally bonded technique using
FRCM composites (NSEEB-FRCM) for shear strengthening of RC beams. With such a technique, higher
thickness of FRCM composites can be applied with less likelihood of debonding that is normally experi-
enced when using the EB-FRCM system. Thirteen shear-deficient medium-scale RC beams were con-
structed, strengthened in shear and tested under three-point bending test. The test parameters were:
(a) FRCM type (polyparaphenylene benzobisoxazole, carbon, and glass), (b) strengthening configuration
(full versus intermittent strips), and (c) number of fabric layers.

The percentage enhancement in the shear capacity of the beams ranged from 43% to 114% indicating
the successful implementation of the strengthening methods provided. An average enhancement in shear
capacity of 83%, 72% and 62% were observed in carbon FRCM, glass FRCM and PBO-FRCM, respectively.
The failure mode of the strengthened specimens was sensitive to the type and configuration of FRCM
in addition to the number of FRCM layers. The strengthening systems also resulted in higher deflection
at failure and energy absorption value of the strengthened beams with an average of 94% and 204% rel-
ative to the reference specimen, respectively.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

remedy through the structural strengthening. Other factors caus-
ing structural deterioration include the increase in service loads

Retrofitting of deteriorated or deficient structures has become
one of the main concern in the construction industry. The corrosion
of steel bars is a major cause of deterioration that requires a
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caused by change in occupancy, deficiencies in design and/or con-
struction, severe environmental conditions like hurricane and seis-
mic events, and the lack of proper maintenance. A considerable
amount of research has been carried out for developing strength-
ening systems that increase the load carrying capacity and ductility
of the deteriorated structures; hence, extend their life span. In
recent years, the development of fabric reinforced cementitious
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matrix (FRCM) composites is receiving popularity as a viable alter-
native strengthening materials that overcome the problems associ-
ated with the use of fiber reinforced polymer (FRP) composites [1-
3]. FRP composites are incompatible with the concrete substrate
usually leading to debonding [4]. Moreover, these composites are
susceptible to failure at high-temperatures and are also problem-
atic to apply on wet surfaces [4,5]. The replacement of epoxy with
cement based matrix in FRCM composites, on the other hand,
reduces the chance of debonding attributed to its’ compatibility
with the concrete substrate. FRCM composites possess good resis-
tance to fire and elevated temperature [6,7] and can also be applied
at a temperature as low as 0 °c [3].

Existing literature revealed effective uses of FRCM techniques
for the structural strengthening of a variety of applications; e.g.,
including column confinement [8-10], flexural strengthening of
RC beams [11-14], shear strengthening of RC beams [15-19], and
flexural strengthening of RC slab [20]. FRCM composites can also
be used to increase the ductility of the strengthened members
[18,19,21]. In some cases, the application of FRCM strengthening
systems changed the brittle shear failure into ductile flexural fail-
ure due to the large increase in the shear resistance of the strength-
ened beams [4]. Different techniques of FRP application have been
developed through time among which the externally bonded (EB)
[22-25], near surface mounted (NSM) [26-33], mechanically fas-
tened [34], hybrid externally bonded and mechanically fastened
[35,36] were commonly reported. The research work on FRCM sys-
tems; however, focused mainly on the use of externally bonded
FRCM systems with anchorage [17,37] or without anchorage
[2,5,18,21,38,39].

The efficacy of FRCM for the strengthening of shear-deficient RC
beams is influenced by various factors including the number of fab-
ric layers or FRCM thickness [4,5,16-18,39-42], wrapping scheme
[4,16,38,43], internal shear reinforcement [39], geometric configu-
ration [19,41,44], presence of end anchorage [2,17,37,42], fabric
orientation [5], and fabric type [7,40,45]. With regard to the fabric
type, the majority of the research work has focused on the use of a
single fabric type; namely, carbon [4,16,39,40,42,46], glass [37],
PBO [2,18,19], or basalt [5]. There is very few literature available
on the comparison of the efficacy among different types of FRCM
techniques for shear strengthening of RC beams [45]. A comparison
between two FRCM types; namely, carbon FRCM and glass FRCM,
was conducted for the shear strengthening of RC beams [17,38].
A comparison was also made among the PBO, carbon, and glass
FRCM techniques, for the shear strengthening of RC beams [21,45].

Increasing the number of fabric layers of FRCM results in an
increase in its thickness. Strengthening with larger number of fab-
ric layers is associated with debonding of EB-FRCM off the concrete
substrate; thus, decreasing the utilization of FRCM strengthening
material [16,18,47]. The NSE-FRCM strengthening system is
believed to prevent or reduce the premature debonding failure.
However, the NSE technique is limited to a certain number of fabric
layers that can be embedded within the concrete cover. As a solu-
tion to such an issue, the authors have developed a pioneer utiliza-
tion of the hybrid form of NSE and EB technique called NSEEB-
FRCM as will be referred to in this paper. This new form of the
NSEEB-FRCM utilized two layers of fabrics in constituting the near
surface embedded FRCM part and additional two layers of fabrics
for the EB-FRCM part with different FRCM configurations, resulting
in a total of four layers of fabrics in the FRCM system.

In light of the aforementioned gaps, the present study; there-
fore, aims at introducing a new form of NSEEB-FRCM system for
the shear strengthening of RC beams using three commercially
available FRCM systems; namely, PBO-, carbon-, and glass-FRCM.
For this purpose, experimental tests have been carried out on thir-
teen (13) medium-scale RC beams. To avoid long sentences in this
paper, FRCM layers will refer to the number of fabrics used inside

the FRCM. In addition, specimens strengthened using FRCM system
will be referred to as FRCM specimens.

2. Testing program
2.1. Materials

2.1.1. Reinforced concrete

The specimens were cast using ready-mixed concrete of the
same batch. The concrete mix comprised 800 kg of fine aggregate,
1100 kg of course aggregate, 371 kg of ordinary Portland cement,
and 168 kg of water, for each cubic meter of concrete. The concrete
characteristic compressive strength was obtained by testing stan-
dard concrete cylinders with dimensions of 150 mm in diameter
and 300 mm in height according to ASTM C39/C39M [48]. The test
results showed an average 28-day cylindrical compressive strength
of 30 + 1.65 MPa.

The reinforcement involved 16 mm diameter bars (used as ten-
sile reinforcement) and 8 mm diameter bars (used as compressive
reinforcement and shear link) with an average yield stress of 594
MPa and 536 MPa, respectively. Table 1 summarizes the results of
the average mechanical properties of the reinforcement bars based
on tested samples at the laboratory.

2.1.2. Fabric-reinforced cementitious matrix

Three commercially available fabric types were utilized in this
study with their producer-recommended associated mortars to
form three FRCM systems; namely, carbon (C)-FRCM [49], PBO-
FRCM [50] and glass (G)-FRCM [51]. Table 2 summarizes the geo-
metric and mechanical characteristics of each fabric type along
with the corresponding mortar strength as provided by the manu-
facturers. Moreover, the geometry of the fabric is shown in
Fig. 1a through c for carbon, glass and PBO fabrics, respectively.
The center to center stitch spacing in glass fabric was 18 x 14
mm while it was 10 x 10 mm and 10 x 17 mm for carbon and
PBO fabrics, respectively.

2.2. Specimens and test matrix

The construction of the test specimens involved a total of thir-
teen (13) medium-scale RC rectangular beams of dimensions 150
mm in width, 330 mm in depth and 2100 mm in length. Fig. 2a
shows the longitudinal section of the beams. A constant value of
34 mm of concrete cover was provided, yielding a typical beam
effective depth of 280 mm. The specimens were tested under
three-point loading as simply supported with a clear span of 1.9
m between the supports. One specimen was un-strengthened to
act as a benchmark, while the remaining twelve specimens were
strengthened for shear using FRCM systems. Nine of the strength-
ened specimens used NSEEB-FRCM system while the other three
specimens were strengthened using NSE-FRCM counterpart for
the purpose of comparison. Fig. 2b and c¢ show the cross-
sectional details for the NSE-FRCM and NSEEB-FRCM strengthened
specimens, respectively. The NSEEB-FRCM involved two layers of
near surface embedded FRCM and two more layers of EB-FRCM
with different configurations, resulting in a total of 4 layers of
FRCM, while the NSE-FRCM utilized two layers of fabric applied
in the prepared groove with its’ associated mortar.

The experimental test matrix is provided in Table 3. The speci-
men designation follows two key parameters, namely; fabric type
and FRCM configuration for both near surface embedded and EB-
FRCM system. For NSEEB-FRCM system, the specimen designation
is labelled using “A-B-D” format as shown in Table 3. “A” denotes
the fabric type (C- for carbon, P- for PBO, and G- for glass); “B” and
“D” denotes the strengthening configuration (“I”-represent inter-
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Table 1
Steel reinforcement properties (average).
Rebar Diameter (mm) Yield stress (MPa) COV (%) Yield strain gy (%) COV (%) Ultimate strain (%) COV (%) Elastic modulus (GPa)
8 535 0.033 0.258 0.012 12.47 0.158 207
16 595 0.035 0.266 0.018 9.12 0.194 224
Table 2
Properties of fabric and associated mortars for the FRCM systems adopted.
Fabric c/c spacing warp x  Agrwarp Ap-weft Elastic Tensile Ultimate 28-day compressive strength  Tensile strength of
type weft (mm) (mm?/mm) (mm?/mm)  modulus strength strain (%) of mortar (MPa) mortar (MPa)
(GPa) (GPa)
Carbon 10 x 10 0.047 0.047 240 4.8 1.8 20 35
Glass 18 x 14 0.047 0.066 80 2.6 3.25 40 8.3
PBO 10 x 17 0.0455 0.0155 270 5.8 2.15 30 4.0

Fig. 1. Geometry of fabrics: (a) carbon fabric, (b) glass fabric and (c) PBO fabric.

mittent strips configuration, and “F’-represents full configuration)
for near surface embedded and EB-FRCM system, respectively.
Accordingly, C-I-I denotes a test specimen strengthened with car-
bon NSEEB-FRCM system in which both the near surface embedded
and the externally bonded parts are intermittent as shown in
Fig. 2e. In the case of NSE-FRCM system, only full configuration
with two layers of FRCM system has been used. Thus, only the first
two letters were used for NSE-FRCM designation; namely, “A” for

the fabric type and “B” for the NSE-FRCM configuration which is
full configuration. Thus, G-F denotes a test specimen strengthened
with two layers of glass NSE-FRCM applied in full FRCM
configuration.

The test parameters were as follows:

i. Type of FRCM system: three different FRCM systems were
used; namely, PBO-FRCM, carbon-FRCM, and glass-FRCM.
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(b)

(d) Full configuration EB and intermittent NSE.

(f) Full strengthening configuraiton for both EB

and NSE

(@)

(©)

(e) Intermittent configuration for both EB and
NSE

(g) NSE-FRCM with full strengthening
configuraiton

Fig. 2. Specimen details: (a) longitudinal details, (b) cross-section detail in the shear span for NSE-FRCM, (c) cross-section detail in the shear span for NSEEB-FRCM, (d)

through (g) top views for all configurations.

ii. Strengthening configuration: full versus intermittent strips
of NSEEB-FRCM system. The NSEEB-FRCM utilized two
FRCM layers inserted in the prepared groove and two EB-
FRCM layers in either full or intermittent FRCM configura-
tion as shown in Fig. 2d through f. The intermittent FRCM
configuration utilized strips of 120 mm in width and a spac-
ing of 95 mm along the critical shear span as depicted in
Fig. 2d and e. For NSE-FRCM system, only the “full” config-
uration of FRCM has been used as shown in Fig. 2g. The con-
figurations were designed using preliminary calculations
that assure different contributions when different spacing
were provided.

iii. The effect of additional two layers of EB-FRCM system on the
NSE-FRCM system.

2.3. Strengthening procedures

Fig. 3a through e summarize the preparation of the specimens
and the strengthening procedure is also described herein. Firstly,
grooves of 15 mm deep were created at both sides of a concrete
beam using HILTI DC-SE20 slitting machine based on the FRCM
configuration, as shown in Fig. 3a and b. The grooves were then
sandblasted and cleaned from dust and fine particles. The concrete
surface of the grooves was saturated with water for a minimum of
30 min prior to applying the FRCM to avoid water transfer from the
newly applied mortar to the concrete substrate. Once the concrete
surface has been saturated, a first layer of mortar was applied by
means of a trowel followed by the installation of the first layer of
fabric. The fabrics were installed by aligning the stronger fabric



168 T.G. Wakjira, U. Ebead / Construction and Building Materials 164 (2018) 164-177

Table 3

Test matrix.
Beam ID Fabric type Strengthening scheme Number of FRCM layers

NSE EB NSE EB
Reference - - - - -
C-F-F Carbon Full/continuous Full/continuous 2 2
C-I-F Carbon Intermittent Full/continuous 2 2
C-I-1 Carbon Intermittent Intermittent 2 2
C-F Carbon Full/continuous - 2 -
P-F-F PBO Full/continuous Full/continuous 2 2
P-I-F PBO Intermittent Full/continuous 2 2
P-I-1 PBO Intermittent Intermittent 2 2
P-F PBO Full/continuous - 2 -
G-F-F Glass Full/continuous Full/continuous 2 2
G-I-F Glass Intermittent Full/continuous 2 2
G-I-1 Glass Intermittent Intermittent 2 2
G-F Glass Full/continuous - 2 -
a) Cutting groove with slitting machine. b) Removal of concrete between the
grooves.
¢) Installation and full impregnation of first d) Surface finishing.

layer of fabric (full configuration).

e) Finished surface (full configuration of
both NSE and EB part)

Fig. 3. Strengthening preparation and procedure.
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tows along the beam height. Average of 5 mm thick mortar was
used between the fabric layers. Following the fiber orientation,
the fabric net was embedded into the matrix with light pressure
using a trowel to ensure proper impregnation of fabrics into the
matrix as shown in Fig. 3c. The second layer of mortar was then
applied to completely cover the fabrics. Following the same proce-
dure, the strengthening was done until the required number of
FRCM layers was obtained which was 2 and 4 layers for NSE-
FRCM and NSEEB-FRCM, respectively. Finally, the surface was fin-
ished using a trowel as shown in Fig. 3d. Fig. 3e shows the finished
surface that involved full configuration for both NSE and EB FRCM
parts. The specimens were sealed with heissen cloth and allowed
to cure for a minimum of 28 days prior to testing.

2.4. Test setup and instrumentation

The details of the test setup are depicted in Fig. 4a and b that
show a beam placed in the loading frame and a view of a beam
with measuring devices and gauges, respectively. Displacement-
controlled loading was applied monotonically under three-point
loading at a rate of 0.25 mm/min until failure using Instron 1500
HDX Static Hydraulic Universal Testing Machine. Each specimen
was instrumented with two linear variable displacement transduc-
ers (LVDTs) placed directly under the loading point to monitor the
displacement at each load step as shown in Fig. 4a and b. Strain
gauges were used to monitor the strains in the concrete, longitudi-
nal reinforcement and FRCM. The concrete strain gauge (60 mm
length and 2% maximum strain limit) was fixed on the surface of
concrete beams in the compression side just below the loading
point, while other two steel strain gauges (5 mm length and 5%
maximum strain limit) were installed on the tensile reinforcement
bars at locations directly below the loading point. Stacked type
0°/45°/90° 3-element rosette strain gauges (30 mm gauge length
and 2% maximum strain limit) were installed in the middle of all
intermittent FRCM strips for obtaining the highest strain along a
strip. These locations were also used in the full FRCM configura-

Fig. 4. Test setup: (a) specimen mounted on the loading frame; (b) a view of a
specimen with measuring the measuring devices and gauges.

tion. All strain gauge had 120 Q resistance were installed using
epoxy, CN-E, adhesive, as recommended by the manufacturer. A
clip-type displacement transducer with 5 mm capacity and 100
mm gauge length was placed at the intersection between the 45-
degree line extending from the loading point to the bottom of
the beam and the mid-height of the cross-section to monitor the
crack width as depicted in Fig. 4b. Moreover, 25 mm thick steel
plate was used at the support locations in order to avoid stress
concentration as shown in Fig. 4a. All data were recorded using
data acquisition system at a frequency of 1 Hz.

3. Test results and discussions

The experimental test results are summarized in Table 4 and
discussed in the following sections. The comparison between the
three types of FRCM composites was made based on their equiva-
lent axial stiffness, K, given by Eq. (1).

Ky = psEy (M

where E; is the cracked modulus of elasticity of the composite and
py is given by Eq. (2) below.

nAs,
=4 @)

where n is the number of fabric layers in the FRCM composite, Ar, is
the equivalent area per unit width of the fabric effective in shear
and dy is the effective depth of the fabric (280 mm). For intermittent
strengthening configuration, Eq. (2) above is multiplied by a factor
that represents the ratio of the shear span strengthened with the
FRCM strengthening system to the total shear span length (360
mm/550 mm = 0.654).

Normalization of Ky was done with respect to Ky value for Spec-
imen P-F. Column 3, 4 and 5 of Table 4 list the values of p, Ky and
normalized K of strengthened specimens, respectively.

3.1. Load carrying capacity

The ultimate load carrying capacity, P, and the gain in the ulti-
mate load of strengthened specimens compared to the reference
specimen are summarized in Columns 2 and 3 of Table 4, respec-
tively. The FRCM strengthening, NSE-FRCM and NSEEB-FRCM, sig-
nificantly enhanced the load carrying capacity, P,, of the
specimens. The respective average overall gain in P, for NSE-
FRCM and NSEEB-FRCM specimens were 69.1% and 72.1%, which
demonstrate a successful implementation of the FRCM strengthen-
ing system for shear critical RC beams.

With regard to the FRCM type, reference was made to Fig. 5a
that shows the effect of the FRCM type on the shear capacity
increase of the strengthened beams. C-FRCM showed higher
enhancement in P, than PBO- and G-FRCM counterparts (as shown
in Fig. 5a) apparently due to higher axial stiffness of C-FRCM com-
posite than that of the other two types of FRCM counterparts. Fig. 6
illustrates the relationship between equivalent axial stiffness of
FRCM composite and the percentage of enhancement in shear
capacity for specimens strengthened with NSEEB-FRCM system.
From this figure, it can be observed that the gain in shear capacity
is proportionality to the equivalent axial stiffness, K. The highest
gain in P, was recorded for specimen C-F-F (114%) corresponding
to the highest K value as shown in Fig. 6 and Table 4. Moreover,
the enhancement in P, in the case of G-FRCM was higher than that
in PBO-FRCM because glass utilizes stiffness in both the warp and
weft directions almost equally. The PBO has a very small weft stiff-
ness compared to that in the warp directions. The differences in
these areas are reflected in the values of the equivalent axial stiff-
ness, K, in Fig. 6 and Table 4, that shows higher for glass than that
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Table 4

Experimental Test Result Summary.
1 2 3 4 5 6 7 8 9 10 11 12
Specimen ID Py (KN) Gain in P, (%) Ps K¢ Normalized K¢ Sy (mm) Su/Our esu(ue) Ecul(le) ¥ (kN.mm) errem,u (HE)
Reference 104.000 - - - - 3.25 - 1425 - 238 -
C-F-F 222423 113.87 0.00134 181 3.98 k 7.96 245 - - 1189 -
C-I-F 205.569 97.66 0.00111 150 3.29k 6.21 2.05 1837 1615 761 345
C-I-1 149.186 43.45 0.00088 119 2.6k 5.45 1.68 1768 1584 485 1299
C-F 184.216 77.13 0.00067 91 1.99 k 6.48 1.99 2711 2036 753 163
P-F-F 183.307 76.26 0.00081 91 2k 6.41 1.97 2471 1779 760 166
P-I-F 169.938 63.40 0.00067 75 1.65k 6.30 1.94 1884 1329 653 348
P-I-1 150.480 44.69 0.00053 60 131k 5.38 1.66 2203 1396 497 300
P-F 169.461 62.94 0.00041 46 k 5.93 1.82 2457 1153 632 517
G-F-F 186.828 79.64 0.00161 97 2.12 k 7.44 2.29 2565 1581 932 1840
G-I-F 185.371 78.24 0.00134 80 1.76 k 6.24 1.92 2057 1251 717 387
G-I-1 167.756 61.30 0.00106 63 139k 5.71 1.76 2228 2035 600 853
G-F 173.828 67.14 0.00081 48 1.06 k 5.98 1.84 2426 1891 694 300

(a) Effect of FRCM type on the shear capacity increase of the

strengthened beams.

(b) Effect of the strengthening configuration on the shear
capacity increase of the strenghtened beams

Fig. 5. The effect of testing parameters on the shear capacity increase of the strengthened specimens.

for PBO-FRCM. The G- and PBO-FRCM counterparts of the same
configuration, G-F-F and P-F-F, show a gain in P, of 79.6% and
76.2%, respectively as listed in Table 4.

As for the FRCM configuration, reference was made to Fig. 5b
that shows the effect of the strengthening configuration on the
increase in the shear capacity of the strengthened specimens. Full

FRCM configuration for both NSE and EB FRCM system (Fig. 2f),
showed better performance than all other FRCM configurations.
Moreover, the specimens strengthened with full configuration of
EB and intermittent strips of NSE (Fig. 2d) showed a significantly
higher enhancement in P, compared to the specimens strength-
ened with intermittent NSEEB-FRCM which involve intermittent
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Fig. 6. Plot of equivalent axial stiffness factor versus percentage gain in shear
capacity.

configuration for both NSE and EB-FRCM system (Fig. 2e). For
instance, Specimen P-F-F failed at an ultimate load of 183 kN which
yields 76.3% gain in shear capacity. Replacing full configuration of
near surface embedded FRCM with intermittent strips (P-I-F) low-
ered the gain in P, to 63.4%. Furthermore, in the specimen with
intermittent strips for both NSE and EB FRCM, P-I-I, the gain in
P, was 44.7% which was 18.7% lower than the value recorded for
specimen involving full FRCM configuration of EB-FRCM part and
intermittent configuration of NSE-FRCM part, P-I-F as listed in
Table 4. This trend was valid for both C- and G-FRCM system.

With regard to the number of FRCM layers, the addition of two
layers of EB-FRCM system increased the shear capacity of the
strengthened specimen compared to those of the specimens
strengthened with only two layers of NSE-FRCM system of the
same configuration. Specimen C-F-F, with four layers of FRCM,
reached a higher load of 222 kN with respect to Specimen C-F
(184 kN), owing to the contribution of the additional two layers
of EB-FRCM as listed in Table 4. In PBO- and G-FRCM, specimens
strengthened with four layers of FRCM, P-F-F (76.3%) and G-F-F
(79.6%), showed higher gain in P, compared with their two layers
counterparts, P-F (62.9%) and G-F (67.1%). Although additional two
layers of EB-FRCM increased the shear capacity, the gain in P, was
not proportional to the number of FRCM layers. This disproportion-
ality was due to the initiation of debonding failure of the additional
two layers of EB-FRCM system. Generally, no debonding failure
was observed in the case of two layers of NSE-FRCM system.

3.2. Deformational characteristics

The load-deflection plots are depicted in Fig. 7a, b, and c for C-,
PBO- and G-FRCM strengthened specimens, respectively. From
these figures, it is evident that no yield zone has been observed
in all specimens indicating that the steel reinforcement did not
reach the yielding point. This result confirmed the shear failure
in all specimens provided that the concrete in the compression
zone did not crush. As shown in Fig. 7a through c, different kinds
of post-peak behavior have been observed for the strengthened
specimens. The specimen with full configuration of EB and inter-
mittent strips of near surface embedded PBO-FRCM, P-I-F, as an
example of the NSEEB-FRCM specimens, showed softening behav-
ior during the post-peak zone representing traces of resistance
attributed to the strengthening system.

The NSE-FRCM strengthened specimens generally exhibited a
softer post-peak behavior compared to that shown by the NSEEB-
FRCM counterparts. The behavior of the latter was associated with
a sudden load drop due to the observed FRCM/concrete debonding.
This observation indicates that additional two layers of EB-FRCM to
the NSE-FRCM system reduced the ductility of the strengthened

Fig. 7. Load-displacement diagrams for (a) C-FRCM strengthened specimens, (b)
PBO-FRCM strengthened specimens, and (c) G-FRCM strengthened specimens.

specimens due to the susceptibility of the EB component to
debonding. With regard to the FRCM type, C-FRCM strengthened
specimens were more ductile than the PBO-FRCM counterparts.
However, no significant difference was observed in terms of the
ductility behavior between C-FRCM and G-FRCM specimens.

The deflection at the ultimate load for the reference specimen
(64r) and for the strengthened specimen (§,) are listed in Column
7 of Table 4. Column 8 of Table 4 lists the ratio §,/5,s which may
be considered as a measure of ductility behavior for the strength-
ened specimens. The strengthening system resulted in higher val-
ues of §, with an average of 94% relative to the reference specimen,
which shows the effective implementation of FRCM shear
strengthening system in improving the ductility behavior of the
strengthened specimens.

With regard to the FRCM type, specimens of C-FRCM showed
higher deflections at the corresponding ultimate loads than those
of the G-FRCM counterparts with an exception of Specimen C-I-I.
The latter showed lower §, value than that of the Specimen G-I-I
which is due to the debonding failure observed in Specimen C-I-I.
On the other hand, G-FRCM has generally showed higher 4, value
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than that of the PBO-FRCM with an exception of G-I-F. For instance,
the deflection at the ultimate load was higher for Specimen C-F-F
(7.96 mm) than that for Specimen G-F-F (7.44 mm) which was in
turn higher than that for Specimen P-F-F (6.41 mm) as listed in
Table 4.

As far as the FRCM configuration is concerned, reference was
made to Fig. 2d through g. Full configuration for both NSE and
EB-FRCM, as in Fig. 2f, showed higher value of §, than those involv-
ing intermittent configuration for NSE part and full configuration
for EB-FRCM part (Fig. 2d). Furthermore, the specimens with inter-
mittent configuration for NSE part and full configuration for EB-
FRCM part (Fig. 2d) showed higher value of §, than those with
the intermittent configuration for both NSE and EB-FRCM system
(Fig. 2e). For instance, the specimen with full configuration for car-
bon NSEEB-FRCM, Specimen C-F-F (7.96 mm) showed higher
deflection at P, than Specimen C-I-F (6.65 mm) which was in turn
higher than that for Specimen C-I-I (5.45 mm) as given in Table 4.

With regard to the strain results, Column 9 and Column 10 of
Table 4 list the strain values at the ultimate load for tensile rein-
forcement (&s,) and concrete (&), respectively. Generally in all
cases, the longitudinal steel did not yield (&, < 2660u¢) and the
concrete in compression zone did not crush (&, < 3500u¢) sug-
gesting shear failure for the beams. The strain developed in longi-
tudinal steel has been increased for the strengthened specimens in
comparison to that of the benchmark specimen with an average
increase of 54.8% as given in Table 4.

Fig. 8a, b and c show the effect of the FRCM configuration and
number of FRCM layers on the load versus flexural strain plot for
C-, PBO-, and G-FRCM system, respectively. The specimen with full
NSEEB-FRCM configuration generally showed higher values of &,
than those involving intermittent configuration. For instance, the
value of &, was higher for Specimen G-F-F (2565 p€) than that
for Specimens G-I-F (2057 p€) and G-I-1 (2228 n€) (as can be seen
in Table 4 and Fig. 8c). This observation indicates the significance
of the number of the FRCM layers in increasing the strain in the
flexural steel bar thereby enhancing the ductility of the strength-
ened specimen.

3.3. Energy absorption

The energy absorption (W) is the integration of the load-deflec-
tion (the area under the curve) up to the peak load [52]. The energy
absorption values have been significantly enhanced due to
strengthening as can be seen in Column 11 of Table 4. The maxi-
mum increase in the energy absorption was reported for Specimen
C-F-F (1189 kN.mm), which was about 5 times that of the bench-
mark specimen (W = 238 kN.mm).

Fig. 9 shows the relationship between equivalent axial stiffness
of FRCM composite and energy absorption of NSEEB-FRCM
strengthened specimens. It can be seen from this figure that the
energy absorption and equivalent axial stiffness has direct rela-
tionship. The C-FRCM systems, with higher axial stiffness than
other FRCM composites, generally exhibited a better improvement
in ¥ in comparison to that of G-FRCM counterparts which was in
turn better than the PBO-FRCM. For instance, ¥ was higher for
Specimen C-F-F (1189 kN.mm) than that for Specimen G-F-F (932
kN.mm) which was in turn higher than that for Specimen P-F-F
(760 kN.mm) as shown in Fig. 9 and Table 4. With regard to the
number of FRCM layers, the specimens with additional two layers
of EB-FRCM system significantly increased the energy absorption
values compared to those with only two layers of NSE-FRCM. Spec-
imens C-F, G-F and P-F showed respective values of 753 kN.mm,
694 kN.mm, and 632 kN.mm which were lower than those with
four layers of NSEEB-FRCM system counterparts (as can be seen
in Fig. 9 and Table 4).

Fig. 8. Load-flexural strain diagrams for (a) C-FRCM strengthened specimens, (b)
PBO-FRCM strengthened specimens, and (c) G-FRCM strengthened specimens.

Fig. 9. Plot of equivalent axial stiffness factor versus energy absorption.

With regard to the FRCM configuration, the strengthening
involving full configuration of FRCM showed better performance
than that involving the intermittent counterpart. For instance, for
Specimen P-F-F (760 kN.mm) changing the configuration of NSE-
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FRCM from full strip (P-F-F) to intermittent strips (P-I-F) lowered
the energy absorption value to 653 kN.mm. Moreover, replacing
the full EB-FRCM of Specimen P-F-F with intermittent strips of
Specimen P-I-I further reduced the value of ¥ to 497 kN.mm as
listed in Table 4.

3.4. Crack pattern and failure modes

The crack patterns and failure modes of the strengthened spec-
imens are illustrated in Fig. 10a through m. The reference specimen
failed by typical diagonal shear failure as shown in Fig. 10a.

The major failure modes observed for the strengthened speci-
mens are summarized below.

i. Diagonal shear crack: Major diagonal shear cracks have been

observed on the surface of the FRCM for all specimens
strengthened with intermittent configuration for near sur-
face embedded FRCM and either full or intermittent config-
uration for EB-FRCM system as shown in Fig. 10b through g.
However, the specimens strengthened with full configura-
tion of NSEEB-FRCM system did not show a major crack on
the surface of the FRCM as shown in Fig. 10h, i and j for C-
F-F, P-F-F, and G-F-F, respectively. Following the completion
of the test, the FRCM material was removed to expose the
concrete surface to look at the actual crack patterns of the
specimens. In fact, after exposing the FRCM layers, it was
found that there was always a major diagonal shear crack

Fig. 10. Crack patterns (all values in kN) (a) reference beam, (b) C-I-1, (¢) P-I-I, (c) G-I-1, (d) C-I-F, (e) P-I-F, (f) G-I-F, (g) C-F-F, (h) P-F-F, (i) G-F-F, (k) C-F, (1) P-F and (m) G-F.
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on the concrete surface for all specimens as shown in
Fig. 11a and b for Specimen P-F-F before and after removal
of the FRCM composite, respectively.

Delamination within the FRCM: In all the specimens
strengthened with intermittent configuration for both NSE
and EB-FRCM system, delamination of FRCM at the interface
between the near surface embedded and EB-FRCM has been
observed (Fig. 10b through d). The delamination of the EB-

FRCM part from the NSE-FRCM part was observed only for
the first strip located directly under the loading point as
shown in Fig. 10b through d for Specimens C-I-I, P-I-I and
G-I-I, respectively. The delamination of EB-FRCM part is
due to the enhanced bond between the concrete substrate
and NSE-FRCM part embedded in unlike the EB-FRCM as
shown in Fig. 11c and d for Specimen G-I-I.

(a) P-F-F

(c) G-I-1

() G-F-F

(g) G-F

(b) P-F-F (FRCM composite removed)

(d) G-I-I (top view)

(f) G-F-F (bottom view)

(h) G-F (top view)

Fig. 11. Modes of failure.
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iii. FRCM debonding at the interface between the concrete sub-
strate and the FRCM system: All specimens strengthened
with NSEEB-FRCM involving full configuration of EB-FRCM
system failed due to the debonding of FRCM off the concrete
substrate.

Case-1: In the specimens strengthened with full NSEEB-FRCM,
for both NSE and EB-FRCM schemes, longitudinal debonding of
the FRCM at locations near the bottom and top of the beam has
been observed with an exception of specimen G-F-F (as can be seen
in Fig. 10 h through j). For instance, a clear debonding of FRCM off
the concrete substrate was observed on top of the beam for Spec-
imen P-F-F as shown in Fig. 11a. In Specimen G-F-F, there was not
any sign of debonding near the top of the beam; however, there
was a clear debonding near the bottom surface of the beam as
shown in Fig. 10j in addition to Fig. 11e and f.

Case-2: Specimens strengthened with intermittent configura-
tion for NSE scheme and full configuration for EB-FRCM scheme
showed vertical debonding of the first strip directly under the load-
ing point along beam depth and longitudinal debonding of the
FRCM near the bottom of the beam with an exception of specimen
G-I-F as shown in Fig. 10e through g. In Specimen G-I-F, FRCM,
debonding was observed only near the top of the beam for the first
strip directly under the loading point as shown in Fig. 10g.

iv. Fabric rupture: In all the specimens strengthened with two
layers of NSE-FRCM system, the failure was generally char-
acterized by fabric rupture without any signs of debonding
with an exception of C-F that failed due to the major crack
developed at the FRCM and concrete interface near the bot-
tom of the beam as shown in Fig. 10k through m. For
instance, there was not any sign of debonding observed in
Specimen G-F as shown in Fig. 11g and h. This result
revealed that NSE-FRCM system could be used to reduce or
prevent debonding failure, usually observed in the conven-
tional externally bonded FRCM system, by enhancing the
FRCM/concrete bond. This enhancement in FRCM/concrete
bond is due to the fact that the FRCM attachment provided
in three side of the groove. Adding of two layers of EB-
FRCM on top of the NSE-FRCM system altered the failure
mode from fabric rupture to debonding of FRCM off the con-
crete substrate.

Generally, with an exception of full FRCM configuration with
NSE-FRCM part, no FRCM/concrete debonding was observed. This
observation illustrates that NSEEB-FRCM system and NSE-FRCM
system have reduced the debonding of FRCM off the concrete sub-
strate due to improved FRCM/concrete bond. This improvement in
FRCM/concrete bond was attributed to the attachment of FRCM
composite in the prepared groove from three sides of the groove.

The failure modes have been shown to depend on the type of
fabric in addition to the FRCM configuration. G-FRCM showed bet-
ter concrete/FRCM bond characteristics, resulting in higher shear
capacities compared to those of the PBO-FRCM counterparts.

3.5. Crack width analysis

The NSEEB-FRCM strengthening has noticeably reduced the
crack widths of the strengthened specimens relative to those of
the benchmark as can be seen in Fig. 12a and b that show the plots
of the load-crack width for representative specimens. For instance,
the reference specimen had a crack width of 0.809 mm at the ulti-
mate load (P, = 104.0kN). At the same load (104.0 kN), the crack
width measured for Specimens G-F-F, G-I-I, P-I-I, and C-I-I were

Fig. 12. Plots of crack width vs. applied load for (a) specimens strengthened with
different FRCM types of intermittent NSE and intermittent EB configurations, (b) G-
FRCM strengthened specimens.

0.346 mm, 0.527 mm, 0.411 mm, and 0.158 mm, respectively as
shown in Fig. 12a and b.

With regard to FRCM type, the specimens strengthened with C-
FRCM exhibited lower crack width values than those for PBO- and
G-FRCM counterparts owing to the closely spaced fabric strands in
the case of carbon FRCM as shown in Fig. 12a. Fig. 12b shows the
effect of FRCM configuration on the load-crack width profiles. Full
configuration for both NSE and EB-FRCM system (Fig. 2f) showed
lower crack width value than those for intermittent NSE and full
EB-FRCM system. Moreover, the specimens with the intermittent
configuration of NSE and full configuration of EB-FRCM (Fig. 2d)
showed lower crack width values than the intermittent configura-
tion for both NSE and EB-FRCM systems (Fig. 2e). For instance, the
crack width at the ultimate load for Specimen G-F-F (1.840 mm)
was lower than that for Specimens G-I-F (1.971 mm) and G-I-I
(2.000 mm).

3.6. Strain in FRCM system

Generally, the strain gauge located in the middle of the shear
span exhibited the maximum FRCM strain. The maximum FRCM
tensile strain values, &gy y, are listed in Column 12 of Table 4.
The &y vValues were very low as the major shear crack did not
intersect with the strain gauge locations. For NSEEB-FRCM
strengthening system, G-FRCM strengthened specimens showed
higher FRCM strain values compared to those of the PBO-FRCM
counterparts attributed to better FRCM/concrete bond in the for-
mer as listed in Table 4. For instance, the strain in Specimens G-
F-F (1840pue¢), G-I-F (387 ue), and G-I-I (853 pe) were higher than
those for PBO-FRCM counterparts; namely, P-F-F (166 ue), P-I-F
(348 pe) and P-1-1 (300 pe), respectively.
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4. Conclusion

The following conclusions have been drawn on the basis of the
experimental results.

e The NSEEB-FRCM strengthening system has substantially
improved the shear capacity of the strengthened specimens.
The enhancement in the ultimate load of up to 114% relative
to the reference specimen has been achieved. Equivalent axial
stiffness factor was used to compare the efficacy of the three
FRCM composites. The maximum enhancement in the load car-
rying capacity corresponds to the highest axial stiffness. C-
FRCM has generally performed better than PBO- and G-FRCM
counterparts. Moreover, G-FRCM has shown to be more effec-
tive than PBO-FRCM apparently due to the higher axial stiffness
in the former case. The average enhancement in P, for C-FRCM
specimens was 83.0% while it was 61.8% and 71.6% for PBO- and
G-FRCM, respectively. Regarding the NSEEB-FRCM strengthen-
ing configurations, the full strengthening configuration has
shown to be more effective than those involving intermittent
configuration. With regard to the number of FRCM layers, pro-
vision of additional two layers of EB-FRCM system increased
the ultimate load carrying capacity of the strengthened speci-
men relative to those using only the two layers of NSE-FRCM
system. However, the increase in the shear capacity was not
proportional to the number of FRCM layers. This disproportion-
ality was caused by debonding of FRCM initiated by the addi-
tional two layers of EB-FRCM system.

The FRCM strengthening system has generally improved the
deformational characteristics of the strengthened specimens.
Specimens strengthened with C-FRCM generally showed better
ductile behavior than that of the PBO- and G-FRCM counter-
parts. In addition, G-FRCM strengthened specimens were more
ductile than the PBO-FRCM counterparts. C-, G- and PBO-
FRCM strengthening system resulted in higher deflection at fail-
ure with an average of 101%, 95.0% and 85.0% relative to the ref-
erence specimen, respectively. The strengthening system has
also improved the energy absorption and the strains in the flex-
ural bars of the strengthened specimens relative to the bench-
mark specimen. The average increase in energy absorption
was 235%, 209% and 167% of that of the reference beam for
C-, G, and PBO-FRCM strengthened specimens, respectively.
The energy absorption of the strengthened specimen was found
to have a direct relationship with equivalent axial stiffness of
the FRCM composite.

The failures in the NSEEB-FRCM strengthened specimens were
characterized by delamination of the FRCM within the FRCM
system (for intermittent configuration for both NSE-FRCM and
EB-FRCM part) and debonding of FCRCM system at the interface
between the concrete and the matrix (for full configuration of
EB-FRCM part and either intermittent or full configuration for
NSE-FRCM part). Generally, no debonding of FRCM was
observed for NSE-FRCM strengthening system.
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