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ARTICLE INFO ABSTRACT

Keywords:

This study investigates Steel-Reinforced Grout (SRG) jackets’ efficiency in enhancing the shear strength in

Beam Reinforced Concrete (RC) beams with various shear span-to-depth (a/d) ratios, comparing them with Carbon

Mortar-based Composites
Shear Strengthening
FRCM

SRG

Shear Span-to-Depth Ratio

Fabric Reinforced Cementitious Mortars (CFRCM) and Steel Reinforced Polymer (SRP) jackets. Seventeen beams
underwent monotonic loading to assess the impact of the textile layer number and jacket configuration for a/
d= 2.0 and 3.5. The results demonstrated that SRG, CFRCM, and SRP systems increased the shear strength by up
to 124 %, 174 %, and 176 % for deep beams (a/d = 2.0) and 170 %, 215 %, and 221 % for slender beams (a/d =

3.5), respectively. Fully wrapped SRG and SRP systems shifted failure from brittle to ductile. An analytical model
is proposed for predicting SRG strengthened beam shear capacity, accounting for the influence of a/d, with a
correlation coefficient (R%) of 95.84 %.

1. Introduction

The performance of existing reinforced concrete (RC) structures can
be significantly affected by various factors, including material ageing (e.
g., steel corrosion), poor construction quality, and most importantly,
inadequate reinforcement detailing, such as widely spaced stirrups
[1-3]. The latter significantly influences the provided level of passive
confinement, directly impacting the ductility of existing RC columns and
beams as well as their shear resistance [4,5]. These inherent deficiencies
become particularly pronounced during seismic events, potentially
leading to shear failure - a frequent cause of abrupt, catastrophic col-
lapses endangering both lives and structures [2,6].

With advancements in material technology, Fiber Reinforced Poly-
mers (FRP) have been widely utilized in concrete structures as internal
reinforcement [7-11]. Moreover, FRPs are also extensively employed as
externally bonded reinforcement for flexural and shear strengthening,
due to its ease of application, fast implementation, light weight, and
non-invasiveness. However, the epoxy resin matrix in FRP systems en-
counters performance challenges at high temperatures, is costly, cannot
be applied to wet surfaces, and lacks compatibility with concrete. To
overcome these issues, a new generation of composite materials has
emerged, the Fabric Reinforced Cementitious Mortars (FRCMs), where
the resin has been substituted by mortar [12,13]. The most popular
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systems are the Textile Reinforced Mortar (TRM) with continuous car-
bon, basalt, or glass fibre (B-, C-, GFRCM) [14-26], and the Polipar-
afenilen Benzobisoxazole (PBO)-FRCM using PBO net [14-17, 27-30].
The fibres and textiles used in TRM and PBO-FRCM composites are
relatively expensive, which has prompted the development of a new,
economically efficient composite material, the Steel-Reinforced Grout
(SRG) as an alternative [31,32]. In SRG, Ultra-High Tensile Strength
Steel (UHTSS) are embedded into the mortar.

Recently, Liu and Thermou [33] conducted a review of the current
state of research on shear strengthening of RC beams retrofitted using
mortar-based composites. FRCM jacketing has shown the potential to
significantly increase shear capacity by up to 196 % compared to control
beams. This enhancement comes with various potential failure modes,
including FRCM detachment, fibre fracture, and slippage through the
mortar interface. The effectiveness of shear strengthening was found to
be influenced by several key parameters, such as the strengthening
configuration, the ratio of matrix-to-concrete strength, and the stiffness
of the fibres used. Furthermore, it was demonstrated that current
research focuses mainly on Carbon FRCM (CFRCM). Research investi-
gating the use of SRG jacketing is limited in the existing literature on this
subject.

Thermou et al. [12] investigated the impact of various configurations
of SRG jacketing (U-shaped, fully wrapped), textile densities (1.57 and
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4.72 cords/cm), the use or no of mechanical anchorage of the textile,
and textile layers (one and two) on rectangular beams with a shear span
ratio (a/d) equal to 2. The results showed that SRG jacketing effectively
improved the shear capacity (up to 160 %), and for the fully wrapped
beams the mode of failure changed from shear to flexural. Wakjira and
Ebead [31] conducted experimental studies on 11 RC T-section beams
with a/d = 2.8, reinforced with 1.57 and 3.14 cords/cm UHTSS density
SRG jackets. Their test results confirmed the effectiveness of the SRG
system, with strengthened beams exhibiting a maximum capacity in-
crease of up to 71 % compared to control beams. They also developed an
analytical model based on Simplified Modified Compression Field The-
ory (SMCFT) to predict the shear capacity of SRG-strengthened beams.
However, research in this area is still in its early stages [34]. Existing
studies on shear properties of SRG strengthened beams remain limited,
particularly regarding comprehensive comparisons with other
strengthening systems such as CFRCM and SRP. Additionally, the impact
of SRG on failure mode transitions and energy dissipation has not been
extensively investigated, leaving significant gaps in understanding its
full potential and limitations.

The influence of shear span-to-depth ratio (a/d) on the shear
response of reinforced concrete (RC) beams is well-documented by
dictating the dominant shear transfer mechanism [35]. At lower a/d
ratios (deep beams), shear forces are primarily resisted through arch
action, where compressive struts directly transfer forces to the supports.
Conversely, as a/d increases (slender beams), the primary load transfer
mechanism transitions to truss-like response involving tensile forces in
the stirrups and the concrete’s tensile strength. This transition pro-
foundly influences the ductility, failure mode, and ultimate shear ca-
pacity of the beam. Research [36-38] has shown that lower a/d ratios
generally lead to greater shear capacity due to the predominance of arch
action, whereas slender beams with higher a/d ratios tend to exhibit
reduced shear resistance and increased vulnerability to shear cracking.
Moreover, a/d ratios also affect crack propagation patterns, load dis-
tribution, and the effectiveness of internal reinforcement, as emphasized
in studies [39,40].

For externally strengthened RC beams, current research has
demonstrated the impact of a/d on the shear improvement of FRP ret-
rofitted beams [41,42]. Nevertheless, limited and inconclusive studies
regarding the influence of a/d on FRCM jacketed beams exist, with only
two studies offering conflicting conclusions [16,27]. Tetta et al. [21]
compared the shear enhancement effects of different textile (glass, car-
bon, basalt) in TRM beams across a/d ratios of 1.6, 2.6, and 3.6. Their
findings supported the conclusion that changes in a/d ratio do not in-
fluence the shear strength provided by TRM jackets. Wakjira and Ebead
[32] studied the shear performance of U-shaped SRG-jacketed beams
across different a/d ratios (1.6, 2.1, 2.6, and 3.1). Their three-point
bending tests confirmed that a/d significantly enhances the shear
strengthening effect of SRG in deep beams (a/d<2.5) but deteriorates in
slender beams (a/d > 2.5). Given the critical role of the a/d ratio in
influencing shear transfer mechanisms, failure modes, and retrofitting
efficiency, along with the limited and conflicting findings in existing
literature, this study aims to address the gap in understanding the
interaction between a/d ratios and the performance of SRG jacketing
systems.

Therefore, this paper aims to investigate the efficiency of SRG jack-
eting in enhancing the shear strength of deficient deep (a/d = 2) and
slender (a/d = 3.5) RC beams. Additionally, the performance of Steel-
Reinforced Polymer (SRP) and CFRCM jacketing systems is assessed
for comparison. The impact of the number of textile layers (1-3 layers)
and the jacket configuration (U-shaped, fully wrapped) is experimen-
tally investigated on 17 asymmetrically three-point loaded beams. The
effectiveness of SRG jacketing in enhancing the shear strength of defi-
cient RC beams is explored and compared with that of other composite
systems. This study seeks to extend the understanding of SRG jacketing
beyond its shear capacity enhancement by examining its effects on
ductility, energy dissipation, and failure mode transitions. Unlike
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existing research, this work also provides a comparative analysis of SRG
systems against other advanced composites such as CFRCM and SRP,
offering a holistic perspective on the efficiency of SRG in diverse con-
figurations and scenarios. By proposing an analytical model tailored to
SRG-strengthened beams, this study aims to address the lack of predic-
tive tools specific to SRG systems, particularly under varying a/d ratios.

2. Experimental programme
2.1. Specimen details

The experiments included 17 rectangular RC beams tested under
three-point bending monotonic loading using a simply supported
configuration. The total length is 1677 mm (660 in.), the effective span
is 1100 mm, and the breadth x height is 102 mm x 203 mm (40 in. x
80 in.). Two different shear span ratios (a/d) of 2.0 and 3.5 were
investigated (Beam series A and B, respectively). Beams with a/d<2.5
fall into the classification of deep beams, whereas those exceeding 2.5
are categorized as slender beams [43-45]. To directly evaluate the
effectiveness of the SRG and other jacketing systems (such as SRP and
CFRCM) considered in this study, no internal transverse reinforcement
was included in the critical span (=350 mm for Series A and a=620 mm
for Series B). The remaining span contained 8 mm diameter stirrups
spaced at 140 mm and 40 mm for Series A and Series B beams, respec-
tively (Fig. 1(a)). All beams had tensile and compressive longitudinal
reinforcements equal to 2 @16 and 2 @10, respectively (Fig. 1(b)).

The key parameters of this study include the: (a) shear span-to-depth
ratios (2.0 and 3.5), (ii) composite strengthening systems, namely SRG,
SRP, CFRCM, (iii) density of ultra-high tensile strength steel (UHTSS)
textiles, 1.57 and 3.14 cords/in (low density and high density, respec-
tively), (iv) number of textile layers (1-3 layers), and (v) strengthening
configuration (fully wrapped and U-wrapped jackets) (Fig. 1(c)).

The details of the beams tested are shown in Table 1. The code name
given to the specimens corresponds to X-YZ-Qi, where "X" is equal to A or
B corresponding to the beam with a/d = 2 or 3.5, respectively. ‘Y’ in-
dicates the material used for the beam jacketing with N corresponding to
non-strengthening, ‘G’ to SRG jacketing, ‘P’ to SRP jacketing, and ‘C’ to
CFRCM jacketing. In case of SRP and SRG jacketing, ‘Z’ is equal to ‘L’ or
‘H’ which corresponds to the low- (1.57 cords/cm) or high-density (3.14
cords/cm) UHTSS textiles, respectively. ‘Q’ refers to the jacket config-
uration (‘U” and ‘W’ for U-shaped and fully wrapped jackets, respec-
tively) and ‘in’ to the number of layers (‘1°, 2°, and ‘3’ for 1, 2 and 3
layers, respectively). For example, B-GH-U2 is a beam with a/d = 3.5
strengthened with two-layered U-shaped SRG jackets of 3.14 cords/cm
density textile.

The comparison of shear strengthening performance among different
systems can rely on their axial stiffness which is defined as [12,13,33,
46-49]:

Sy = sy M

where p; (= 2ntswy/bysy) is the fibre reinforcement ratio; n is the number
of textile layers applied; t; is the thickness of the textile; wy is the width
of FRCM strips; and s¢is the longitudinal distance of FRCM strips; b, is
the width of the cross-section; and Ey is the elastic modulus of the textile.

As shown in Table 1, all SRG and SRP systems, whether high or low
density UHTSS textiles were used, had almost identical axial stiffness,
allowing direct comparison between them. In addition, the two-layered
CFRCM exhibited lower Sy than SRGs, whereas in case of the three-
layered CFRCM is higher.

2.2. Material properties

The specimens were all cast using the same concrete grade. To
determine the concrete compressive strength, three 150 mm concrete
cubes were tested on the day of beam testing, and the average value was
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Fig. 1. (a) Layout of the reinforcement; (b) Cross section; (c) Jacket configurations.
Table 1

Specimen details.

Specimens fe (MPa) Strengthening System Strengthening Configuration n P (%o) E{GPa) S = psEf (MPa)
Series A (a/d = 2.0)

A-N 26.4 Control beam - - - - -
A-GL-U2 26.7 SRG 0] 2 3.29 190 625.10
A-GL-W2 26.6 SRG w 2 3.29 190 625.10
A-GH-U1 28.5 SRG 9] 1 3.31 190 628.90
A-GH-W1 27.3 SRG W 1 3.31 190 628.90
A-PH-U1 28.2 SRP 0] 1 3.31 190 628.90
A-PH-W1 25.7 SRP W 1 3.31 190 628.90
A-C-U2 29.4 CFRCM 9] 2 1.88 252 473.76
A-C-W2 30.5 CFRCM W 2 1.88 252 473.76
A-C-U3 33.3 CFRCM U 3 2.82 252 710.64
A-C-W3 32.0 CFRCM W 3 2.82 252 710.64
Series B (a/d = 3.5)

B-N 24.2 Control beam - - - - -
B-GL-U2 24.7 SRG 9] 2 3.29 190 625.10
B-GH-U1 26.3 SRG 8) 1 3.31 190 628.90
B-PH-U1 25.0 SRP U 1 3.31 190 628.90
B-C-U2 26.0 CFRCM U 2 1.88 252 473.76
B-C-U3 25.9 CFRCM 9] 3 2.82 252 710.64

Note: f, = concrete compressive strength on the test day; n = number of textile layers; p; = fibre reinforcement ratio, 2nt;wy /bysy; ty = textile thickness; wy is the width
of FRCM strips; ssis the longitudinal distance of FRCM strips; E; = elastic modulus of bare fibres; p/E; = axial stiffness of strengthening systems.

taken. The concrete compressive strength testing was conducted in
accordance with BS EN 12390-3:2019 [50]. Table 1 presents the con-
crete compression strength for each specimen. In the beams, the yield
stresses for the 16 mm- and 10 mm-diameter longitudinal bars were
538 MPa and 527 MPa, respectively. Additionally, the yield stress of the
8 mm-diameter stirrups was measured at 340 MPa. The tensile strength
of the steel reinforcement was determined based on ISO 15630-1:2019
[51] and ISO 6892-1:2019 [52].

The same inorganic binder was used in both SRG and FRCM systems

which comprised an eco-friendly mineral geo-mortar with a crystalline
reaction geo-binder base that only needs to be mixed with water (water-
cement ratio 1:5) for use. Its 28-day average bending strength,
compressive strength, and bond strength measured according to EN
196-1 [53], EN 12190 [50], and EN 1542 [54], respectively, were re-
ported by the manufacturer to be 8 MPa, 5 MPa, and 2 MPa.
Galvanised unidirectional Ultra-high-tensile-strength steel (UHTSS)
textiles were used which comprised high strength steel 3 x 2 cords
attached to a fibreglass micromesh for easy installation. The fibreglass

Fig. 2. The three types of textiles used in this study: (a) low-density UHTSS textile; (b) high-density UHTSS textile; (c) carbon textile.
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micromesh held the cords in place without adding strength to the
composite system [12]. Each cord was made by five twisted wires,
among which two filaments wrapped three straight filaments at a high
twist angle (see Fig. 2). The geometric and mechanical properties of a
single cord are shown in Table 2 as provided by the manufacturer. This
experimental study explored two different densities of 1.57 and 3.14
cords/cm, and the equivalent thicknesses per unit width of a single-layer
steel fabric, tr, were 0.084 mm and 0.169 mm respectively (see Table 2).
The spacing between successive cords (i.e. density of the textile) is
considered a key design parameter for the successful application of the
SRG system, since it controls the flow of the cementitious grout through
the steel textile and thus determines the quality of the bond between the
textile and the matrix. The density should be such as to allow uninhib-
ited flow of the cementitious grout through the steel textile. In case of
the SRP systems, the matrix used was a high wettability epoxy mineral
adhesive, consisting of two parts mixed in a ratio of 1:3. (Table 3). The
carbon textile used in the CFRCM system was a square grid made of
high-strength carbon fibre with a mesh size of 10 x 10 mm and an
equivalent thickness of 0.048 mm. The mechanical properties of the
carbon textile utilised are presented in Table 2. According to the
manufacturer, the compressive strength of the mortar was tested based
on EN 12190 [55], and the tensile properties of the fabric were tested
based on EN 2561 [56].

2.3. Strengthening procedure

Except for the control beams, the rest of the beams were strength-
ened in the shear critical region (Fig. 1a). Fig. 3 presents the basic steps
of the SRG jacketing application. The application procedure for the SRP
and SRG/FRCM jacketing systems was similar, except for the critical
region preparation step. In the case of SRG/FRCM application, the
critical region was roughened before jacket installation, whereas this
step was not required for SRP jacketing. U-shaped and fully wrapped
jackets were applied, whereas the number of textile layers varied from 1
to 3 layers. It should be noted that in the fully wrapped jacket, the fabric
was continuous; while in the U-shaped jacket, each layer was applied
individually. As shown in Fig. 3(a), UHTSS textiles due to their high
stiffness were pre-bent to facilitate the application. The edges of the
beam’s cross section were not rounded; hence the textile was bent at
right angles [12]. Regarding the FRCM system, the surface of the beam
was roughened, cleaned, and saturated with water prior to mortar
application (Fig. 3b). The mortar matrix was applied manually with a
trowel directly onto the lateral surface of the specimens. Then, the
textile was placed immediately after the application of the mortar. The
mortar was squeezed out between the steel fibres by applying pressure
manually. After applying the first layer of textile, the next layers were
applied following the same procedure. To strengthen the beams, each
layer of mortar was applied with a thickness of 3-5mm, while the resin
layer was applied with a thickness of approximately 1 mm. In case of
FRCM and SRG applications, the strengthened area was wrapped with
plastic film for curing.

2.4. Test setup & experimental methodology

All beams were subjected to monotonic three-point loading using a
stiff steel reaction frame. As shown in Fig. 4, the rectangular beams

Table 2
Properties of the textiles.
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Table 3
Properties of the mortars and resin.
Mixture Density (kg/ fem fr fo Ef
cm®) (MPa) (MPa) (MPa) (GPa)
Mortar 2050 50 8 2 22
Resin 1600 - - 14 5.3

fem = compressive strength (28 d); f; = flexural strength (28 d); f, = bond
strength (28 d).

employed a vertically positioned servo-hydraulic actuator with a ca-
pacity of 500 kN, and the load was applied at a displacement rate of 0.02
mm/s. The beams were placed on two steel supports secured to a solid
floor with threaded rods, which were subjected to monotonically
increasing external loads until failure. An external LVDT (Linear Vari-
able Differential Transducer) was used to measure the vertical
displacement of the beam at the load application position. The
remaining two LVDTs were employed to monitor the settlement at the
supports. Additionally, Digital Image Correlation (DIC) technology was
used to capture the strain contours of the tested beams. The shear critical
region of each beam was painted with a speckle pattern using a special
brush and black ink. A high-performance camera was placed on a distant
tripod to collect the displacement changes of the relevant area at the rate
of one photo every two seconds. Finally, a DIC software was used to post
process the high-resolution speckle images.

3. Experimental results and discussion

Table 4 summarizes the test results such as the peak load (Ppax) and
the corresponding displacement (Smax); the strength increase of the
retrofitted beams (APpay = Prer — Pcon; Where Prpr and Pcoy are the
peak load of the retrofitted and the corresponding control beam); the
ultimate load P,= (80 %Pn.x) and the corresponding displacement &;;
the shear strength of the critical shear span (V; for the control specimen
itisequal to  Vgop; for the retrofitted specimens it is equal to Vggr); the
shear strength provided by the strengthening system Vjac(= Vrer —
Vcon; where Vrgr and Vioy are the shear strength of the retrofitted and
the corresponding control beam); energy absorption, ¥; and the failure
mode. When a descending branch in the load-deflection curve is not
present, the ultimate deflection is the last point on the curve, denoted as
S

In general, the experimental results demonstrated that the SRG, SRP
and CFRCM systems can improve the shear capacity of RC beams.
Additionally, as a/d increased, the shear strength of the jacketed beams
(Vger) decreased but the shear strength provided by the strengthening
system across all strengthening systems (Vjac/Vger) Was increased. The
reduction in Vjsc can be attributed to three factors. As the beam tran-
sitions from deep to slender, the carrying mechanism shifts from arch
action to a truss-like system, inherently decreasing the absolute shear
resistance [21,32]. In addition, the larger shear span increases the
likelihood of shear damage, impairing the bond between the jacket and
substrate, facilitating detachment [27]. The higher a/d ratio induces
pronounced shear concentration around beam ends [57,58], contrib-
uting to premature failure of the strengthening system and diminished
shear enhancement, as evidenced by the DIC strain fields of Series B

ty (mm) Weight (g/mz) A (mm?) Density (Cords/cm) fru (MPa) Ef (GPa) & (%)
Steel-High density (3.14 cords/cm) 0.084 670 0.538 1.57 3000 190 1.5
Steel-Low density (1.57 cords/cm) 0.169 1200 0.538 3.14 3000 190 1.5
Carbon (10mmx10 mm) 0.048 170 - - 252 2.0

A = cord area; f, = tensile strength; 5, = fibre’s strain to failure.
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Fig. 3. Steps of the SRG jacketing application: (a) pre-bending the textile; (b) roughening and cleaning the surface in the shear critical zone; (c) applying the first
matrix layer; (d) placing the textile; (e) repeating application process until complete; (f) curing the strengthened area.

DICArea
Shear Span = 350 or 620 mm

Fig. 4. Test setup, configuration of the DIC at the shear-critical span, and LVDTs positions.

beams in Fig. 8.

The failure modes are also presented in Table 4, where S is the failure
caused by diagonal tension, fibre rupture; S-D stands for shear-
detachment failure, that is, shear failure occurs when detachment oc-
curs either between the composite and the beam substrate or within the
mortar layer; S-F indicates shear-flexural failure, in which the beam
exhibits some signs of flexural failure, but eventually shear failure oc-
curs due to sudden detachment of the jacket; and F-R represents flexural-
rupture failure where concrete fracture follows the longitudinal steel bar
yielding with fibre rupture.

3.1. Failure modes

Series A beams: Fig. 5 illustrates the condition of the A-series beams
at the end of testing. The control beam, A-N, experienced diagonal
tension failure as shown in Fig. 5(a). A single inclined crack appeared
initially, expanding with increasing load, leading to brittle shear failure.

The U-shaped SRG and SRP jacketed beams failed due to shear-

detachment prior to flexural yielding (Fig. 5(b, d, f)). As the load
increased, vertical cracks appeared at the bottom of the beam, followed
by rapid deflection and eventual sudden detachment of the jacket,
resulting in failure. Various failure modes were observed; A-GL-U2
experienced jacket detachment and slippage of the textile fibres, while
A-GH-U1 displayed poor adhesion, leading to detachment between the
textile and mortar. In contrast, the resin matrix in A-PH-U1 exhibited
better adhesion, leading to the peeling of the concrete cover layer. This
is because the mortar as a coarse matrix cannot penetrate the overly fine
gaps of high-density fabrics, while the resin as a finer matrix can more
effectively pass through these gaps and bond with the textile.

The fully wrapped SRG and SRP beams (A-GL-W2, A-GH-W1, A-PH-
W1, Fig. 5(c, e, g)) displayed a ductile behaviour compared to the U-
shaped jacketed beams. Flexural cracks formed, gradually widening
until reaching the yielding point, with the SRG or SRP system allowing
ongoing deformation. Specifically, A-GL-W2 and A-PH-W1 failed by
fibre rupture after yielding of steel, while A-GH-W1 experienced sudden
detachment of the jacket leading to shear failure.
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Table 4

Summary of test results.
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Series Beam Prax AP ax P, Smax Su V= Vggr Viac Viac/Vrer V= Y¥Yrer Failure Mode
(kN) (%) (kN) (mm) (mm) (kN) (kN) (%) (kN-mm)

A A-N 51.3 - 41.1 2.50 3.96 35.0% - - 87.1% * S
A-GL-U2 109.8 114 87.9 3.53 5.33 74.9 39.9 53.3 214.5 S-D
A-GH-U1 97.5 90 78.0 3.15 3.95 66.5 315 47.4 172.3 S-D
A-GL-W2 114.8 124 108.7 24.32 30.8 78.3 43.3 55.3 2636.9 F-R
A-GH-W1 107.7 110 85.6 9.51 9.73 73.4 38.5 52.5 773.7 S-F
A-PH-U1 112.5 119 90.0 3.89 4.33 76.7 41.7 54.4 250.6 S-D
A-PH-W1 141.5 176 113.2 17.70 31.6 96.5 61.5 63.7 3831.0 F-R
A-C-U2 106.7 107 85.3 3.96 4.42 72.8 37.8 51.9 268.1 S-D
A-C-U3 120.2 134 96.1 4.42 4.87 82.0 47.0 57.3 323.6 S-D
A-C-W2 133.8 161 107.1 5.76 6.41 91.2 56.3 61.7 471.6 S-D
A-C-W3 140.6 174 112.5 7.30 7.41 95.9 60.9 63.5 561.2 S-D

B B-N 38.8 - 31.1 1.41 1.50 16.9* - - 31.5% * S
B-GL-U2 102.6 164 82.1 4.70 7.30 44.8 27.8 62.1 272.7 S-D
B-GH-U1 105.0 170 84.0 5.17 6.74 45.8 28.9 63.1 309.8 S-D
B-PH-U1 1209 211 96.7 5.98 6.23 52.8 35.8 67.8 403.2 S-D
B-C-U2 117.9 204 94.3 5.82 6.70 51.4 345 67.1 385.0 S-D
B-C-U3 122.4 215 97.9 5.62 6.36 53.4 36.5 68.4 373.0 S-D

* V=Vcon for the control specimen

" ¥= Yoy for the control specimen.

For CFRCM-strengthened beams, both U-shaped and fully wrapped
configurations exhibited shear-detachment failure, as depicted in Fig. 5
(h-k). In the case of the two-layered systems (A-C-U2 and A-C-W2),
cracks developed near the support and at the load application location as
the load increased. Subsequently, the cracks progressed into a diagonal
crack that that extended across the entire shear-critical region. The
detachment of both the mortar and textile in the crack area ultimately
resulted in the failure of the beam. In addition, a three-layer carbon fibre
textile was employed to further increase the beam’s stiffness and alter
the stress transfer mechanism of A-C-U3 and A-C-W3, which eliminated
the occurrence of cracks penetrating the entire surface. After detach-
ment failure, the textile remained undamaged upon removing the
mortar from the cracks. Interestingly, there was a slight variation in
CFRCM system’s failure modes when the U-shaped configuration was
replaced with the fully wrapped configuration for the same number of
layers.

Series B beams: For the Series B beams (shear span-to-depth ratio of
3.5), the control beam B-N failed in a typical diagonal tension mode with
sudden shear cracking and formation of large diagonal cracks (Fig. 6(a)).
For the strengthened beams (Fig. 6(b-f)), shear failure occurred for all
cases with detachment of the jacket from the substrate (including part of
the concrete cover layer). The failure modes mirrored those of the cor-
responding specimens with a/d = 2.0. Among the SRG and SRP systems,
B-GH-U1 peeled off the least amount of cover layer at failure while B-
PH-U1 peeled off the most. This is because the epoxy resin provides
higher adhesion compared to the mortar matrix, resulting in larger
portions of the concrete cover being peeled off at failure. Regarding the
CFRCM systems, no peeling off of the mortar portion from the CFRCM
surface was observed for B-C-U3 at failure, while such partial phenom-
enon occurred for the two-layered CFRCM system (B-C-U2).

To summarise, the potential of closed SRG jackets to modify the
response of shear deficient beams from brittle to ductile was demon-
strated (i.e. A-GL-W2 and A-PH-W1). Irrespective of the jacketing sys-
tem applied herein (i.e. SRG, SRP, CFRCM) and the shear-to-span ratio
(a/d =2 and 3.5), all beams strengthened with U-shaped jackets failed
due to shear-detachment.

3.2. Evolution of damage based on digital image correlation

Series A beams: Fig. 7 shows the horizontal and vertical strain fields
of the Series A beams (excluding A-C-U2 due to a technical issue) at peak
load, as obtained by Digital Image Correlation (DIC). The control beam
A-N displayed pronounced diagonal cracking in both horizontal and

vertical directions, in addition to flexural cracks that were not fully
developed. All strengthened beams exhibited extensive strain distribu-
tion within the critical region compared to the control beam. Notably, A-
GL-W2 and A-GH-W1 which failed in flexure showed wider strain dis-
tribution, with the jacket preventing the formation of diagonal cracks.
However, oblique cracks still formed in U-shaped SRG and SRP jacketed
beams. Due to fact that UHTSS textiles comprise unidirectional cords,
SRP- and SRG-strengthened beams presented considerable strains only
in the horizontal direction, while CFRCM systems displayed larger ver-
tical strains.

Series B beams: Fig. 8 illustrates the horizontal and vertical strain
fields observed at peak load for the beams with a/d= 3.5, obtained using
DIC. The control beam, B-N, showed more incomplete vertical de-
formations than A-N at peak load. In contrast to Series A beams, Series B
strengthened beams exhibited larger areal deformations, primarily on
one side near the support. This can be attributed to the altered shear
force distribution near the beam ends due to the end restraint effect of
the supports. The higher shear span ratio in Series B led to more
concentrated shear forces near the supports, causing easier damage in
sections adjacent to them. For B-C-U2 and B-C-U3, it can be observed
that increasing the number of fabric layers further optimised the stress
distribution. The three-layered CFRCM jacketed beam showed smaller
deformations at peak load without any mortar peel-off at the surface.

3.3. Load-deflection curves

Fig. 9 depicts the load-deflection responses of the series A beams (a/
d = 2.0) strengthened by SRG, SRP, and CFRCM jackets. The control
beam failed in shear at a peak load of 51.3 kN (corresponding
displacement of 2.5 mm). All the U-shaped SRG jacketed beams failed in
shear with a strength increase in a range of 90-114 % (Fig. 9a).
Regarding the fully wrapped jacketed beams, A-GL-W2 (low-density
UHTSS fully wrapped jacketed beam) showed a small drop in strength at
75 kN, which indicated some degree of textile detachment, while the
SRG system still contributed to the shear resistance up to the peak load
(124 % higher than the control beam). However, A-GH-W1 (high-den-
sity UHTSS fully wrapped jacketed beam) failed due to detachment of
the jacket (shear-detachment) at a load 110 % higher than the control
beam. In case of the U-shaped CFRCM strengthened beams, which all
failed in shear, the strength increased by 58 % and 77 % for the two- and
three-layered U-wrapped beams (A-C-U2 and A-C-U3), respectively. The
fully wrapped A-C-W2 and A-C-W3 beams exhibited higher strength
increase of 130 % and 192 %, respectively. Meanwhile, Fig. 9(c) shows
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that the SRP reinforced beams A-PH-U1l and A-PH-W1 had different
results, with A-PH-U1 failing in shear due to jacket detachment, while
increasing strength by 119 %. The SRP fully wrapped beam, A-PH-W1,
showed a transition from brittle to ductile failure mode, with strength
and deflection increasing by 176 % and 608 %, respectively.

Fig. 10(a) and (b) depict the load-deflection responses of the
strengthened beams, using identical jacket configurations for a/d = 2.0
and 3.5, respectively. In beams with a/d= 2.0 (deep beams), the pre-
dominant mechanism governing the shear resistance is that of the arch
action, whereas for the beams with a/d= 3.5 (slender beams), the
dominant mechanism shifts towards beam action, resembling a truss
analogy mechanism. The peak loads of series B strengthened beams
(except B-GL-U2) demonstrated a slight increase compared to the Series
A beams. This increase is because the slender beams distribute a smaller
portion of shear force across the strengthened region under the same
load, thereby delaying shear failures to some extent. Furthermore, the
strengthened beams in Series B exhibited substantially larger deflections
and lower stiffness compared to Series A beams due to increased mo-
ments associated with the higher a/d [32] (Table 4).

failure modes of Series A beams.

3.4. Energy absorption

The energy absorption (¥) of the strengthened beams was defined as
the area under the load-displacement curve of the beam up to the point
of failure [14,17,59]. For beams that failed in shear, the ¥ value was
calculated up to the peak load, while for beams with ductile perfor-
mance (i.e. flexural failure), ¥ was calculated up to the ultimate point
(80 % of the peak load). The ¥ results for all tested beams are presented
in Table 4. Additionally, the relationship between the energy absorbed
by the jacket (¥;ac) (i-e. difference between the energy absorption of the
strengthened beam (¥ggr) and that of the control beam (¥ ¢on)), and the
beam’s textile axial stiffness (p7Ey) is presented in Fig. 11.

With an increase in the a/d ratio, the B series strengthening systems
exhibited greater energy absorption compared to the A series. Notably,
for beams failing in a ductile mode (such as A-GL-W2 and A-PH-W1), the
¥ ac values surpassed those associated with beams failing due to shear-
detachment. In comparison to the control A-N, the energy absorption of
these beams increased by up to 4298 %. This indicates that fully wrap-
ped SRG and SRP jackets can significantly enhance the resilience of
shear-deficient RC beams. Moreover, no significant differences were
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observed between the U-shaped SRP and SRG systems, irrespective of
whether they belonged to the A or B series. Additionally, the energy
absorption of CFRCM showed a proportional increase with the axial
stiffness of the fabric. Both fully wrapped and U-shaped configurations
displayed a consistent linear increase in slope, aligning with previous
findings [7]. In summary, the fully wrapped SRP and low-density SRG
systems, particularly SRP, exhibited remarkable ductility, suggesting
their potential effectiveness in reinforcing structures to withstand
seismic and other high-intensity loads in practical engineering
applications.

3.5. Parameters affecting the performance of the strengthened beams

3.5.1. Effect of the shear span-to-depth ratio

Fig. 12 depicts the impact of a/d on the enhancement of shear
strength (Vjac/Vcon) for all jacketed beams. As observed, Vjac/Veon
increases as a/d increases. The strength increase in the B-PH-U1 sur-
passes that of A-PH-U1 by 102 %. The smallest increment is observed in
the two-layer low-density SRG system (B-GL-U2 vs A-GL-U2), albeit still
reaching 50 %. For Series A beams (a/d=2, deep beams), after the for-
mation of diagonal cracks, arch action predominates. The majority of the
load is directly transferred from the load application point to the support
through diagonal compressed struts, meaning the load is primarily
carried by diagonal compressed struts [32]. The influence of arch action
diminishes with the increase in the a/d ratio, reducing the concrete’s
contribution to shear strength. However, this is offset by an increase in
the contribution of the strengthening system acting as lateral rein-
forcement on the beam [32,60]. Moreover, for deep beams, inclined
cracks are oriented more obliquely relative to the fibre alignment
(vertical direction) of the fabrics. Hence, stresses along the fibre orien-
tation are less effective in impeding crack propagation and widening.
With increasing shear span-depth ratio, the angle between the fibres and
crack opening direction is reduced, decreasing the proportion of shear

force undertaken horizontally by the fabrics, which thereby elevates the
percentage of shear contribution provided by the strengthening system
[41].

3.5.2. UHTSS: effect of the textile density and the matrix type

The impact of the UHTSS density on Vjac/Vcon of beams strength-
ened with UHTSS textiles’ systems is shown in Fig. 13(a). In Series A
beams, the Vjac/Vcon of the low-density U-shaped SRG jacketed beam
(A-GL-U2) was 24 % higher than that of the high-density counterpart (A-
GH-U1), while the fully wrapped low-density SRG exhibited a 14 %
higher shear strength. These findings suggest that a UHTSS density of
3.14 cords/cm obstructed the passage of mortar, resulting in reduced
adhesion of the textile to the matrix and poor strengthening perfor-
mance. This low adhesion also caused debonding at the interface be-
tween the textile and matrix, as well as delamination of the internal
mortar layer, leading to decreased composite integrity and premature
detachment of jackets [31,32]. However, both B-GL-U2 and B-GH-U1
highlighted nearly identical shear strength enhancement. The deficient
performance of B-GL-U2 may be attributed to defects in the strength-
ening application. Hence, it can be concluded that in case of the SRG
strengthening system, the use of high-density (>3.14 cords/in) UHTSS
textiles results in poor adhesion. This is in agreement with previous
research where it was concluded that due to the small gaps between the
cords in case of the 4.72 cords/cm density UHTSS textiles imposed dif-
ficulties in the penetration of the mortar [7]. Thus, it is recommended to
use a UHTSS textile density of less than 3.14 cords/cm (4 cords/in) for
optimal results in the SRG system.

With respect to the matrix influence on high-density UHTSS systems
(Fig. 13b), the resin-based system (SRPs) showed greater shear strength
enhancement than the mortar-based system (SRGs), irrespective of the
series. This implies that the fine resin substrate could impregnate the
gaps in the high-density UHTSS textiles more effectively than the coarser
mortar, thereby providing superior adhesion.
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Fig. 7. Strain contours in the critical shear span for series A beams at peak load.

3.5.3. Effect of the fibre type and number of layers of textile

To assess the impact of different fibre types and the number of textile
layers, Fig. 14 illustrates the Vjac/Vcon of varied CFRCM and SRG in A
series, grouped based on distinct strengthening configurations. Among
the tested setups, A-C-W3 demonstrated the most significant improve-
ment in shear strength, reaching up to 174 %, while A-GH-U1 exhibited
the least favorable result at only 90 %. Despite the lower axial stiffness
of the two-layered CFRCM compared to SRG, it can still achieve similar
or even superior shear strength enhancement. However, Fig. 10(b) in-
dicates that the CFRCM system lacks the ability of the SRG jacket to
induce a ductile failure mode in the beam. Additionally, the three-layer
CFRCM, designed to mitigate shear failure, still manifested shear-
detachment failure. Concerning the impact of the number of layers,
two- and three-layered U-wrapped beams demonstrated strength in-
creases of 58 % and 77 %, respectively. In contrast, fully wrapped beams
with two- and three-layered CFRCM jackets exhibited even higher
strength increases, at 130 % and 192 %, respectively. Therefore, an in-
crease in the number of textile layers contributes to enhancing the shear
strengthening effectiveness of the FRCM system.

4. Prediction of the shear strength of SRG-jacketed beams

The shear span-to-depth ratio (a/d) has a significant impact on the
shear strength of RC beams. However, existing models rarely consider
the influence of shear span-to-depth ratio, especially in the case of SRG
jacketing. Wakjira and Ebead [32] developed a model to predict the
shear strength of U-shaped jacketed SRG beams considering the effect of
a/d. This model, however, does not account for side bonding, full
wrapping, and fibre rupture failure. Additionally, Wakjira and Ebead’s
model [32] requires the knowledge of the longitudinal reinforcement
strains, which may impose challenges in the implementation of the
model.

Therefore, a model is developed to predict the shear strength of SRG-
strengthened beams with no transverse reinforcement. This model could
also be applied in cases of sparsely spaced and corroded links, consid-
ering that the contribution of the internal transverse reinforcement is
negligible. To develop and validate the model, an experimental database
was compiled using experimental results from this study and existing
literature [12,31,32,34]. The strengthened beams included in the
database did not have any anchoring mechanisms anchoring
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mechanisms and transverse reinforcement, and all experienced shear
failure.

Table 1 presents the main mechanical properties, experimental re-
sults, and predicted results of 25 SRG-strengthened beams in the data-
base. The model uses Eurocode 2 to calculate the shear strength
provided by the concrete beam (V) and estimates the shear strength
provided by the SRG (Vjac) based on the model of Chen & Teng [19].
The shear span-to-depth impact factors R. and Ry for V. and Vjac,
respectively, were introduced through Wakjira and Ebead’s model [32].
This model eliminates the need for longitudinal steel strain in calcula-
tions, and incorporates side bonding, full wrapping, and fibre rupture
failure of SRG jackets. The shear strength of the strengthened beams (V)
can be calculated as:

V=RV +RsVjac (2)

10

According to [12,33,34], the shear strength contributed by the
concrete beam is typically calculated using the model in EC2 [61]:

VES = 0.18k(100p,,,,f.) *bud ®3)
where, f, is the compressive strength of concrete obtained from cylin-
ders; d is the depth of the cross-section; p,,, is the area ratio of the

tensile reinforcement; and k = 1+ /(200/d) < 2.0 (with d in mm) is a
factor that considers the size effect.

The shear strength of SRG jackets (V4¢) is calculated by the model
proposed by Chen & Teng [62,63]. This model initially developed for
FRP systems, but existing research [32,64,65] has demonstrated its
applicability to FRCM systems. The Vj4¢ can be calculated as:
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Fig. 11. Energy absorption vs axial stiffness for the strengthened beams.

effective FRCM; d, is the distance from the compression face to the top

W, .
Viac = 2ntfbwhfes_fffed(cot051na + cosa) “@ edge of the FRCM; and dj; is the distance from the compression face to
d the lower edge of the jacket.
wherea is the angle between the fibres and the beam axis perpendicular The effective stress of SRG is given by [62,63,65]:
to the shear force, taken as 90°; ¢ is the angle of the critical shear cracks fred = Defedmax < fiu 5)

to x-axis, taken as 45°. frq is the effective stress of SRG at failure; hy, is
effective hight of SRG, =2, — 2; 2, = 0.9d — (h —dﬂ,); z = dg, in where Dy is the stress distribution coefficient; and framax is the
which 2, and z; are the co-ordinates of the top and bottom ends of the maximum design stress of the jackets.
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Regarding the SRG strengthened beams with detachment failure
[63], the maximum design stress of the SRG is calculated as:

-~

Tltf (6)

ffed.max = 0427ﬂ[ﬁw

The effective bond length and the concrete width ratio of the jacket,

p; and g, are given as
1,4>1
= 7
b sin(ﬂ),l<1 @
2
2 —wy/(s¢sina
Bu=/2 f/(f' ) ®
+ wy/ (sysina)
where 1 is the maximum bond length parameter, given by:
A= Lmax / Le (9)

where L,y and L, are the available bond length and the effective bond
length, respectively, given by the following:

Lmax:{

h¢/sina, for U — shaped jackets

hy/2sina, for side bonding jackets an

12

L= |2 an
N2

The expression of the stress distribution coefficient (Dy) for side
bonding and U-shaped jackets is:

A
9 1 —cos (7>

12)

According to [62], the expression of the stress distribution coefficient
(Dy) for fully wrapped jackets is:

- 1 -‘rZ[/Zb
T2

Regarding the SRG strengthened beam with fibre rupture failure, the
maximum design stress of the SRG is calculated as:

Dy 13)

ffed,max = ffug‘ac a4
where ff, jac is the ultimate stress of jackets. It is worth noting that Eq.
(14) was originally proposed for only fully wrapped jackets exhibiting
the fibre rupture failure mode [66]. However, recent studies [33,65]
have reported the possibility for U-shaped jackets also experiencing this
failure mode. Therefore, this study endeavours to extend its applicability
to both fully wrapped and U-shaped jackets. Considering the limitation
of the data, further validation is necessary to confirm its effectiveness.
According to [67,68], the strength of FRCM can be calculated by the
following formula when jacket debonding failure does not occur:

fruaac = Erefejac < frus (15)

where ¢, jo. represents the effective strain of FRCM, considering only the
fibres distributed along the main direction of the textile (Vertical); and
ffus is ultimate stress of fibres. According to the strengthening configu-
ration, &g j,c can be calculated as [67]:

s 0.65
0.035 <pc I > €ny, for fully wrapped jackets
ref
0.55

(16)

Efejac = ”

€ny, for U — shaped jackets
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InEq. (16), E; and f, are expressed in GPa and MPa, respectively. ¢,
is the ultimate strain of fibres.
Substituting Eq. (3) and Eq. (4) into Eq. (2), the final expression for
the shear strength of the strengthened beam is obtained:
1/3
V =R.V. +RVjuc = R:0.12k(100p,,,f.) " “bud + Re2ntibyhfra  (17)

Based on regression analysis of the data, the influence factors of a/
d on the beam and SRG jacket (R, and Ry) are:

[ (247/y)", a/d<25
R.= { 0.861'*,a/d > 2.5 (18)
_ [1.39\/R.,a/d<25
7 { 0.7R;** a/d > 2.5 (19)

Where y=a/d, n=2.5/y.

Table 5 presents the shear strength of SRG-strengthened beams ob-
tained using the proposed model, and the ratio of predicted to experi-
mental results (Vyreq/Vexp). A comparison between experimental and
predicted shear strengths is illustrated in Fig. 15. The results indicate
that the proposed model accurately predicts the shear capacity, and the
predicted values are conservative in most cases. The average and stan-
dard deviation (STD) of Vjeq/ Vexp are 0.99 and 0.15, respectively, with a
correlation coefficient (R?) between predicted and experimental shear
capacities of 95.84 %. Considering the limited number of existing sam-
ples, further validation is required to assess the performance of the
model. The equation Vjeqg = 0.9Veyp + 9.61 in Fig. 15 reflects the linear
regression between Vjr,q and Veyp,. The slope of 0.9 indicates that the
model’s predictions are slightly lower than the experimental values, and
the intercept of 9.61 represents the constant offset between predicted
and experimental shear strengths. This regression relationship provides
a measure of the model’s predictive accuracy. In addition, the predicted
shear strength values for the five beams tested in this study are consis-
tently lower than the experimental results, a trend that contrasts with
the more random distribution observed in beams collected from other
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Fig. 15. Comparison between predicted and experimental shear strength.

literature sources. This difference is attributed to the size effect, which is
captured by the use of coefficient K in Eurocode 2 model for the shear
strength of concrete (see Eq. (3)). However, coefficient K does not fully
capture the nonlinear scaling effects of smaller cross-sections as high-
lighted by Bazant and Planas [69]. Fracture energy plays a more sig-
nificant role in smaller beams, resulting in higher crack tip energy
release rates and enhanced arching action [69]. This shift can cause
prediction models to underestimate the shear capacity of small beams.

In this study, the influence of a/d is is incorporated through
correction factors R. and Ry, derived from regression analysis of exper-
imental data, as shown in Egs. (18) and (19). These factors capture the
distinct effects of a/d on beam shear capacity (arch or truss action) and
SRG jacketing contribution. While the current model effectively in-
corporates these influences, the role of a/d in other formulations re-
mains underexplored and warrants further investigation. Notably, the

Table 5
Experimental database of SRG strengthened RC beams and predicted shear strength.
b, (mm) d (mm) a/d f. (MPA) ty (mm) wy/ss ps (%) Ef (GPA) Efuf Vexp (kN) Vprea (kN) Vpred /Vexp

Present study
A-GL-U2 102 177 2.0 22.2 0.084 1.00 0.329 190 0.015 74.9 62.2 0.83
A-GH-U1 102 177 2.0 22.1 0.169 1.00 0.331 190 0.015 66.5 62.2 0.94
A-GH-W1 102 177 2.0 22.7 0.169 1.00 0.331 190 0.015 73.4 62.7 0.85
B-GL-U2 102 177 3.5 20.5 0.084 1.00 0.329 190 0.015 44.8 41.5 0.93
B-GH-U1 102 177 3.5 22.2 0.169 1.00 0.331 190 0.015 45.8 42.6 0.93
Thermou et al. [12]
BUL1 200 270 2.2 23.3 0.084 1.00 0.084 190 0.015 140.2 135.7 0.97
BUL2 200 270 2.2 23.3 0.084 1.00 0.168 190 0.015 136.6 160.2 1.17
BUML1 200 270 2.2 23.3 0.084 1.00 0.084 190 0.015 146.0 171.4 1.17
Wakjira & Ebead [32]
BS1-L 180 334 3.1 34.0 0.084 1.00 0.187 190 0.015 157.1 180.3 1.15
BS1-H 180 334 3.1 34.0 0.169 1.00 0.376 190 0.015 187.7 209.6 1.12
BS2-L 180 334 2.6 34.0 0.084 1.00 0.376 190 0.015 237.5 218.7 0.92
BS2-H 180 334 2.6 34.0 0.084 1.00 0.376 190 0.015 260.8 224.0 0.86
BS3-L 180 334 21 34.0 0.084 1.00 0.187 190 0.015 308.9 249.0 0.81
BS3-H 180 334 21 34.0 0.169 1.00 0.376 190 0.015 325.7 269.1 0.83
BS4-L 180 334 1.6 34.0 0.084 1.00 0.187 190 0.015 347.0 323.5 0.93
BS4-H 180 334 1.6 34.0 0.169 1.00 0.376 190 0.015 379.3 379.3 1.00
Wakjira & Ebead [31]
B1-U-L 180 335 2.8 34.0 0.084 1.00 0.187 190 0.015 207.9 176.2 0.85
B1-U-H 180 335 2.8 34.0 0.169 1.00 0.376 190 0.015 200.8 187.5 0.93
B1-S-L 180 335 2.8 34.0 0.084 1.00 0.187 190 0.015 182.3 186.3 1.02
B1-S-H 180 335 2.8 34.0 0.169 1.00 0.376 190 0.015 172.8 207.9 1.20
Ombres & Verre, [34]
BC-2L 200 263 3.4 14.4 0.084 1.00 0.168 197.0 0.020 91.8 105.0 1.14
BD-1L—-3S 200 263 3.4 14.4 0.084 0.29 0.024 197.0 0.020 53.7 59.1 1.10
BD-1L—4S 200 263 3.4 14.4 0.084 0.43 0.036 197.0 0.020 63.7 65.2 1.02
BD-2L-3S 200 263 3.4 14.4 0.084 0.29 0.048 197.0 0.020 77.8 63.4 0.81
BD-2L—4S 200 263 3.4 14.4 0.084 0.43 0.072 197.0 0.020 53.1 71.6 1.35

Note: V., = the experimental shear strength; Vj,.q = the predicted shear strength.
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model’s validity for low-strength concrete (below 17 MPa) should be
carefully evaluated, as empirical formulas may not fully represent its
behaviour [70]. Moreover, the high R? value observed between the
predicted and experimental results not only indicates the model’s ability
to accurately capture the key parameters influencing shear strength but
also reflects the limitations inherent to the dataset and assumptions.
Considering the limited dataset, further experiments are necessary to
expand the database and validate the model.

5. Conclusions

The study experimentally investigated the shear strengthening
effectiveness of RC beams with different a/d ratios through external
bonding of SRG. Through a comparison with the performance of CFRCM
and SRP-strengthened beams, the efficacy of the SRG system was ana-
lysed. Seventeen two-span RC beams were constructed, divided into two
groups based on different a/d ratios (2.0 and 3.5). Two beams served as
control samples, while the rest were reinforced with U-shaped wrapping,
full wrapping SRG, CFRCM and SRP jackets. In addition to a/d ratio and
strengthening configuration, parameters included UHTSS textile den-
sity, layers of carbon textile, and different matrices. A predictive model
was proposed, considering the impact of shear span ratio on the shear
strength of both the concrete beams and the strengthening systems, for
the shear capacity prediction of SRG-strengthened RC beams without
stirrups. The main conclusions drawn from this study are as follows:

e All systems effectively enhanced the strength capacity of shear
deficient RC beams. For beams with a/d= 2.0 (Series A beams), the
strength increased by 90-124 % and 119-176 % for SRG and SRP
systems, respectively. The shear strength increases in CFRCM
strengthened beams was 107-174 %. For beams a/d= 3.5 (Series B
beams), the strength increased by 164-170 % and 221 % for U-
shaped SRG and SRP systems, respectively, while the shear strength
increase in U-shaped CFRCM was 204-215 %.

As the shear span ratio increased, a decrease in the shear strength of
the strengthening system was observed, while the proportion of
shear contribution provided by the strengthening system increased.
This is related to the dominant shift in the load-carrying mechanism
of the beam from an arch effect to a truss effect when transitioning
from deep beams (Series A) to slender beams (Series B).

Regarding the SRG systems, the utilization of UHTSS with a density
of 3.14 cords/cm posed certain challenges in terms of the mortar’s
ability to penetrate the small gaps between successive cords. As a
result, it is advisable to opt for textiles with lower density for similar
applications. On the contrary, the implementation of UHTSS with a
density of 3.14 cords/cm proved to be highly effective in the SRP
jacketing application (i.e. resin matrix). In comparison, CFRCM and
SRP systems demonstrate an advantage in shear strength enhance-
ment, while the SRG system holds an advantage in improving
ductility.

All U-shaped jacketed beams exhibited shear-detachment failure
independently of the type of jacket (SRG, SRP, CFRCM). However, in
the case of SRP jacketing, detachment occurred by tearing off large
parts of the concrete cover and concrete core due to the high adhe-
sion offered by the resin matrix. The fully wrapped beams were able
to modify the failure mode from brittle to ductile and demonstrated a
high energy absorption capacity.

The proposed analytical model, accounting for the influence of a/d,
effectively predicts the shear capacity of SRG-strengthened, stirrup-
free RC beams in the database. The average and standard deviation
(STD) of Vpreq/Vexp are 0.99 and 0.15.

In general, the research findings suggest that jacketing systems such
as SRG, SRP, and CFRCM are effective techniques to strengthen shear-
deficient RC beams. However, further investigations are needed to un-
derstand the interaction between internally and externally
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reinforcement system and to prevent detachment as a mode of failure in
case of U-shaped jackets. Additionally, while the proposed model
effectively incorporates the influence of a/d ratios through correction
factors, its applicability to low-strength concrete (below 17 MPa) should
be approached with caution. Considering the limited dataset, further
experiments are necessary to expand the database and validate the
model.
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