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Abstract: Strain-Hardening Cementitious Composites (SHCC) are distinct from normal mortar (NM) in that it
has the ability to control crack width and exhibits ductile tensile strain-hardening behavior. The effectiveness of
NM and SHCC as a strengthening jacket for concrete beams with shear deficiencies was assessed in the current
study. Nine simply supported concrete beams are prepared; three of them were control specimens without web
reinforcement in the studied region, whereas the others were either SHCC jackets or NM jackets. The key
parameters comprised of the shear span-to-depth ratios (a/d = 1.50, 2.25, and 3.00), as well as SHCC or NM as
the matrix of the strengthening jacket. The test results showed that the shear behavior of SHCC-strengthened
beams is much superior to that of NM jackets. Particularly, the shear capacity, initial stiffness, and energy
absorption capacity of SHCC-strengthened beams were found to be considerably higher than those of the
comparable NM jackets by an average of 30%, 35%, and 47%, respectively. Moreover, the SHCC jackets were
capable of providing a significant reduction in the developed major shear crack width. On average, the crack
width of SHCC-strengthened beams was approximately 44% smaller than it was in the NM-strengthened beams.
Finally, it can be advised to use SHCC jackets instead of NM jackets for shear strengthening of concrete beams
due to the superior properties of SHCC material in comparison to traditional NM.
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I.  Introduction

Several existing reinforced concrete structures constructed in the 19th and 20th centuries are deficient in
shear, mostly due to the implementation of insufficient codes. So, these structures need to be rebuilt or
strengthened to keep them functional; otherwise, catastrophic failures might occur. As a practical response to
several difficulties, including economic and environmental constraints, strengthening reinforced concrete
structures has recently grown in popularity in the construction fields relative to new construction. Different
strengthening systems, such as concrete jacketing, steel jacketing, and external pre-stressing, have been suggested
to improve the shear performance capacity of reinforced concrete structures. The material utilized is one of the
most essential aspects influencing the success of the strengthening system. The compatibility of the substrate and
the strengthening material is an important consideration in the selection of the strengthening material.

The use of externally bonded fiber-reinforced polymers (EB-FRP) in the shear strengthening of
reinforced concrete beams has become increasingly common over the past two decades. However, as was
mentioned in previous studies [1-10], the EB-FRP strengthening system has a few limitations that are primarily
related to the use of epoxy resins. These limitations include poor performance at high temperatures and difficulties
in application on wet surfaces. On contrast, jacketing is a widely used method for the retrofitting of reinforced
concrete beams. This is primarily because, in addition to its capability of effectively improving the mechanical
performance of structural members, it also possesses several other advantages over externally bonded fiber-
reinforced polymers (EB-FRP) and externally bonded steel plates. These advantages include a simple construction
technique, high durability, and adequate fire and corrosion resistance [11-16].

Currently, strain-hardening cementitious composites (SHCC), also called engineered cementitious
composites (ECC), has been shown to be a good material for repairing and strengthening concrete structures in
general. This is due to the SHCC's obvious benefits, which include high tensile strain capacity accompanied by
the formation of fine multiple cracks, which is an important main criterion of a durable material in order to
eliminate premature failures [17-21]. These benefits motivate scientists to investigate whether SHCC is practical
at the structural level [22-28].
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The shear transformation that occurs between the strengthening jacket and the substrate concrete is
considered to be an essential aspect in the practice of external shear strengthening. Researchers [29-32] searched
at how SHCC bonds to concrete and how concrete bonds to concrete, and they concluded that SHCC bonds to
concrete were superior in comparison with concrete bonds to concrete. Regarding strengthening applications in
literature, the shear behavior of SHCC-strengthened reinforced concrete beams was explored by Kim et al. [33],
Wang et al. [34], and Hassan et al. [35]. The results of their experimental study demonstrated that using SHCC as
an external strengthening layer was able to increase the ductility and shear capacity of the tested specimens. In
addition, it was concluded that the SHCC layer was successful in improving the cracking behavior. Studies were
carried out by Baghi et al. [36], Afefy et al. [37], Baraghith et al. [38,39], and Khalil et al. [40] to assess whether
or not the use of precast SHCC plates as an external strengthening method for deficient concrete beams was
effective. They demonstrated that the utilization of precast SHCC plates was a smart strategy for enhancing the
shear capacity and arresting the crack propagation.

According to the information that was provided in the preceding section, the majority of the earlier
research was carried out to evaluate the structural performance of SHCC materials when used to strengthen RC
beams with a shear span-to-depth ratio that was close to 3.00. So, the purpose of this paper is to investigate the
shear capacity, stiffness, energy absorption capacity, and failure mechanisms of reinforced concrete beams that
have been strengthened with normal mortar (NM) and strain-hardening cementitious composites (SHCC) jackets.
Moreover, the shear behavior of strengthened reinforced concrete beams using NM and SHCC jackets with varied
shear span-to-depth ratios (1.50, 2.25, and 3.00) were experimentally studied.

Il.  Experimental Program

2.1 Materials

Every test specimen was simultaneously cast in plywood formworks and cured with wet burlap. Ready-
mixed concrete was utilized for the construction of the concrete substrate. The coarse aggregates had a weight of
919 kg/m?® and consisted of crushed limestone with a maximum nominal size of 20mm. Moreover, the mix
contained 843 kg/m? of natural sand, 294 kg/m® of Ordinary Portland Cement (OPC-type 1), and 185 kg/m? of
water. Casting of three standard cylinders, each measuring 300 millimeters in height and 150 millimeters in
diameter, took place on the same day as the specimens. After a total of 28 days, the compressive strength of the
substrate concrete, on average, was 25.2 MPa according to ASTM standard [40]. Mixing the strain-hardening
cementitious composites (SHCC) required the use of ingredients that were already well-combined, such as quartz
sand, Ordinary Portland Cement (OPC-type | 52.5R), and fine silica fume with an average diameter of 0.2
millimeters. For the purpose of ensuring that the SHCC mixture is easy to work with, the Sika viscocrete
superplasticizer (SP) was used in conjunction with a water-to-binder ratio that was kept relatively low at 0.20. As
internal reinforcement, the Sika Company's 12 mm diameter by 0.012 mm wide polypropylene (PP) discrete fiber
was used. On the other hand, without the inclusion of any additional additives, the normal mortar (NM) mixture
was made up of fine aggregates (sand), Ordinary Portland Cement (OPC-type | 52.5R), and a water/cement ratio
of 0.50. Table 1 lists the materials' design proportions for substrate concrete, normal mortar (NM), and strain-
hardening cementitious composites (SHCC).

Table 1 Mix proportions of substrate concrete, normal mortar, and SHCC materials (kg/m?3).

Mix W/B* Cement Sand Coarse Water Silica Super- BE
aggregates fume plasticizer Fiber
(12
mm)
Substrate concrete 0.63 294 843 919 185
Normal mortar 0.50 294 1762  --- 147
SHCC 020 1243 149 - 292 223 14.9 14.6

* W/B is the water/ binder ratio, B = cement + silica fume.

In order to determine the compressive strengths of SHCC and NM in accordance with the requirements
of ASTM standard [41], three standard cylinders, each measuring 100 millimeters in diameter and 200 millimeters
in height, were cast during the production processes of SHCC and NM. In addition, the uniaxial tensile testing
method developed by Elnagar et al. [42] (see Fig. 1) was used to obtain the tensile stress-strain relationship of the
NM and SHCC materials using six prisms, one of which was 50 millimeters in thickness, 150 millimeters in width,
and 500 millimeters in height. The average values of NM's compressive strength and tensile strength were
determined to be 28.0 and 3.44 MPa, whereas the corresponding values for SHCC materials were 80.0 and 7.23
MPa. Additionally, in order to quantify the cracking behavior of both NM and SHCC materials, Fig. 2 depicts the
crack mapping that was performed following complete tensile failure for both types of materials. It can be clearly
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concluded that the cracks appeared in a finely dispersed pattern across the SHCC prism and that the number of
cracks was significantly higher in the SHCC prism than it was in the NM prism.
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(a) Dimension of test specimens. (b) Test setup and instrumentation.

Fig. 1. Uniaxial tensile testing of prism-shaped NM and SHCC specimens (All dimensions in mm).
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Fig. 2. Tensile behaviour responses of NM versus SHCC.

Within the framework of the experimental program, smooth bars with diameters of 6 and 8 millimeters
were used as shear reinforcement, while ribbed bars with diameters of 16 and 22 millimeters were used for flexural
reinforcement. Uniaxial tensile tests on reinforcing bars were carried out in accordance with the requirements of
the ASTM standard [43] to obtain the stress-strain characteristics of the reinforcements. The yield strengths of the
bars having a diameter of 6, 8, 16, and 22 mm were 285, 248, 452, and 431 MPa, respectively, whereas their
ultimate strengths were 399, 382, 619, and 605 MPa, respectively. Table 2 summarizes the results of the tested
bars, and it can be seen that the ultimate strain was somewhere in the range of 19000-24000 ue, whereas the
yielding strain was anywhere from 1240 to 2260 ue.

Table 2 Properties of the steel reinforcement using uniaxial tensile test.

Diameter Yielding strength Ultimate strength Yielding strain Ultimate strain
® (mm) fy (MPa) fu (MPa) gy (ue) ey (ue)
6 285 399 1425 24000
8 248 382 1240 22000
16 452 619 2260 21000
22 431 605 2155 19000
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2.2 Specimens and experimental parameters

The tests were conducted on nine full-scale, rectangular reinforced concrete beams that were simply
supported. The tested beams' overall length was 2700 millimeters, while their effective length was 2400
millimeters. The cross-sectional dimensions of the concrete were 150 millimeters in width and 350 millimeters in
total height; the effective depth (d) equals 300 millimeters. The shear span (a) ranged from 450 to 900 millimeters,
resulting in three distinct shear span-to-depth ratios, denoted by the notation a/d = 1.50, 2.25, and 3.00,
respectively. To make sure shear failure occurred before flexural failure, three lower longitudinal steel bars with
a diameter of 22 millimeters were used as tensile reinforcement. In addition, two upper longitudinal steel bars
with a diameter of 16 millimeters were used as compressive reinforcements. Moreover, each of the tested
specimens was designed with a shear deficiency in one of the two shear spans. As a result, the left shear span (the
studied zone) was devoid of stirrups, while the other shear span had stirrups with an 8 mm diameter and a 75 mm
spacing as recommended by ACI 318-19 [44]. The geometry and arrangement of the internal steel rebars for the
tested specimens are shown in Fig. 3.

To enhance the shear behavior of reinforced concrete beams, a 20 mm-thick jacket of either normal
mortar (NM) or strain-hardening cementitious composites (SHCC) was applied to the sides of shear-deficient
zone. The key parameters in this research are (a) the type of material used in the strengthening jacket (NM or
SHCC) and (b) the shear span-to-depth ratio (a/d). As shown in Table 3, the un-strengthened specimens were
defected in the shear zone with shear span-to-depth ratios equal to 1.50, 2.25, and 3.00. While the remaining six
specimens were strengthened using normal mortar or SHCC jackets. The strengthened jacket with a thickness of
20 mm is reinforced with vertical shear reinforcement of 6 mm diameter at a spacing of 150 mm (see Fig. 4). The
notation of the specimens is XY-Z, where "X" denotes a beam, "Y" denotes a control or strengthened specimen
("C" for control specimens without any strengthening, "N" for strengthened specimens using normal mortar jacket,
and "S" for strengthened specimens using SHCC jacket), and "Z" denotes the value of the shear span-to-depth
ratio (1.50, 2.25, or 3.00).

Table 3 Details of the test matrix.

Specimen  Characteristics Shear a/d  Mortar
span (a) type
BC-1.50 Control specimen with shear span to depth ratio of 1.50 450 1.50 --
BN-1.50 Strengthened specimen using normal mortar jacket with shear span 450 1.50 Normal
to depth ratio of 1.50 mortar
BS-1.50 Strengthened specimen using SHCC jacket with shear span to depth 450 1.50 SHCC
ratio of 1.50
BC-2.25 Control specimen with shear span to depth ratio of 2.25 675 2.25 --
BN-2.25  Strengthened specimen using normal mortar jacket with shear span 675 2.25 Normal
to depth ratio of 2.25 mortar
BS-2.25 Strengthened specimen using SHCC jacket with shear span to depth 675 2.25 SHCC
ratio of 2.25
BC-3.00 Control specimen with shear span to depth ratio of 3.00 900 3.00 --
BN-3.00  Strengthened specimen using normal mortar jacket with shear span 900 3.00 Normal
to depth ratio of 3.00 mortar
BS-3.00 Strengthened specimen using SHCC jacket with shear span to depth 900 3.00 SHCC
ratio of 3.00
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(c) Specimens with shear span to depth ratio (a/d = 3.00)

Fig. 3. Geometry and internal steel reinforcements of the tested specimens (All dimensions in mm).

2.3Strengthening procedure

Compatibility between the substrate concrete and the jacket surfaces is a key aspect of the success of the
strengthening techniques. So, one of the most typical failure scenarios is the separation of the strengthening jacket
from the substrate concrete; in other words, this failure is known as debonding failure. In order to prevent this
failure, as shown in Fig. 5(a), the surface of the substrate concrete was roughened with a chisel to remove the
cement slurry around coarse aggregates. Thereafter, an air blower was used to clean the concrete surface. Prior to
casting the strengthening jacket, Kemapoxy 104 epoxy resin, locally produced by CMB Company, was first
prepared and applied on the surface of substrate concrete to improve the bond mechanism between the
strengthening jacket and substrate concrete (Fig. 5(b)). Then, the jacket reinforcement was fixed as shown in Fig.
5(c). In the final step, the jacket was cast with a thickness of 20 mm using a wooden shuttering as shown in Fig.
5(d). Before being tested, the NM- and SHCC-strengthened concrete beams were cured for 28 days with wet
burlap at room temperature.
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Fig. 4. Scheme of the strengthened specimens (All dimensions in mm).

(c) Fixation of the jacket reinforcement (d) Final jacket after casting

Fig. 5. Strengthening application process.

2.4Loading and test scheme

Every specimen was tested through monotonic loading using a four-point loading methodology, which
is depicted in Fig. 6. The tested specimen rested on two supports, the right one being a hinge and the left one being
a roller. The load was gradually applied using a load cell that has a capacity of 850 kN. Four linear variable
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differential transformers (LVDTSs) were utilized to quantify vertical deflections at different loading stages. A pair
of LVDTSs were installed under the span's midpoint and loading point, and a pair more were installed above the
supporting points to get the net deflection of the tested specimen. Moreover, two 45-degree LVDTSs (Rosette) [45]
were installed in the center of the shear span to record the diagonal crack width as well as the associated shear
stresses. Electrical strain gauges (6.0 mm-long) were attached to the tensile reinforcement in the mid-span zone
and the jacket reinforcement to measure the axial strain that had been generated in the bars. Furthermore, an
electrical Pi-gauge was used to estimate the maximum compressive strain in the concrete at the mid-flexural
region. During testing of each specimen, a data collecting device recorded all experimental measurements,
including loads, deflections, and strains.
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Fig. 6. Test setup and instrumentation (All dimensions in mm).

I1l.  Test results and discussion
3.1Failure patterns

The failure modes of the test specimens are shown in Fig. 7. In general, the propagation of diagonal shear
cracks within the investigated region resulted in shear failure patterns in both the control (un-strengthened) and
strengthened specimens. At the beginning of loading, flexural cracks first appeared in all of the specimens in the
constant moment zone, which is the middle of the span. Then, the main diagonal shear crack started at the mid-
height of the specimen and extended along the diagonal line between the loading and support points. By increasing
the load up to failure, secondary diagonal cracks appeared, and the width of these cracks gradually grew wider.

Concerning to a shear span-to-depth ratio (a/d) of 1.5, inclined cracks propagated rapidly from the applied
load in the compression zone towards the flexural reinforcement. Near to failure, no new inclined cracks were
developed, and the established cracks stabilized without further propagation, although their widths grew. The
main reason that contributed to the final failure of the specimen was the rapid growth of the critical diagonal crack
into the compression zone close to the load point. This was induced by a uniaxial stress condition at the crack’s
tip: compression parallel to the crack. Conventionally, this type of failure is known as a shear compression failure.
On the other hand, for the specimens with a/d values of 2.25 and 3.50, the critical failure stress was diagonal
tension perpendicular to the crack. This mode of failure is conventionally called shear tension failure.

Regarding the type of jacket's material, the failure mode of the strengthened specimens with normal
mortar jackets (BN-1.50, BN-2.25, and BN-3.00) was sudden and brittle, with a single large crack. On the other
hand, the mode of failure for all strengthened specimens with SHCC jackets was more ductile and accompanied
by multiple narrower diagonal cracks. It was evidently attributable to the bridging effect of the discontinuous
polypropylene fibers present inside SHCC components. It's worth noting the shear reinforcement contained inside
the strengthening jacket reached to the yielding strain, and there was no evidence of separation between the
substrate concrete and the jacket.
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(g) BC-3.00 (h) BN-3.00 (i) BS-3.00
Fig. 7. Failure mode for all tested specimens.

3.2Cracking and ultimate loads

Table 4 shows a summary of the results of the experiments. It shows the diagonal cracking load (Pcr), the
ultimate load (Py), and the gain capacity due to the proposed strengthening technique. Concerning the results of
the cracking loads, the increases in cracking capacity for strengthened specimens with SHCC jackets are
significant compared to NM jackets (23.4% average). These results confirm that the SHCC jacket is more effective
than the NM one due to the superior tensile properties of the SHCC material compared to the normal mortar (NM),
as concluded before from Fig. 2(a).

To talk about how the efficiency of the proposed SHCC strengthening jacket compares to the NM jacket,
the gains in ultimate loads for the strengthened specimens are calculated with respect to their counterpart un-
strengthened specimens and listed in Table 4. It can be concluded that the overall respective gains in ultimate load
capacity for SHCC-strengthened specimens were a minimum of 57.7% for a/d = 3.00 and a maximum of 85.7 %
for a/d = 1.50 relative to the un-strengthened specimens. Also, using SHCC jackets as a strengthening system
instead of NM jackets generally had a significant enhancement in the ultimate load of the strengthened specimens.
In particular, the ultimate shear capacities of SHCC-strengthened specimens BS-1.50, BS-2.25, and BS-3.00
represented a 30%, 28%, and 32% increase over the NM-strengthened specimens BN-1.50, BN-2.25, and BN-
3.00, respectively.
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Table 4 Experimental results.

Specimen  Loads Deflections Stiffness Energy Crack width Maximum strain

(kN) (mm) (KN/mm) absorption (mm) (ne)

(kN.mm)
Per Py Capacity* Aer Amax ki Gain* E. Gain* Wer Reduction* &s Esw &
gain % % % %

BC-1.50 1783 2143 355 458 44.7 247 0.74 1068 1235 1714
BN-1.50 259.8 306.1 4238 482 6.57 56.0 25.3 543 119.8 0.62 16.2 1473 1309 2277
BS-1.50 3282 3979 857 427 719 792 772 761 208.0 0.39 473 1645 1872 2519
BC-2.25 1184 151.0 389 5.76 33.0 234 1.05 1167 2135 1984
BN-2.25 1572 2014 333 454 6.34 36.8 115 348 48.7 0.85 19.0 1419 2406 2195
BS-2.25 196.1 2585 711 3.95 8.07 52.2 582 461 97.0 051 514 1598 2765 2456
BC-3.00 87.5 111.7 352 5.67 249 180 142 1132 2605 1863
BN-3.00 99.7 1338 19.8 331 6.15 30.1 209 246 36.7 110 225 1346 2816 2044
BS-3.00 1189 1762 57.7 3.28 863 36.3 458 411 1283 0.50 65.8 1506 3125 2401

* Calculated relative to their counterpart un-strengthened specimens
Per = first shear cracking load; Pu = ultimate load; Acr = deflection corresponding to the first shear cracking load; Amax =deflection

corresponding to the 0.85 Py after the peak point; ki = initial stiffness; Ey = energy absorption; wer = crack width corresponding to

the 0.85 Py before the peak point ; & is the maximum tensile strain of main reinforcement at mid-span section; &w is the maximum
developed tensile strain in the reinforcement embedded inside the jacket; €c is the maximum compressive strain in concrete at mid

span-section.

3.3Load-deflection behaviors

The net load-deflection relationships of the control and strengthened specimens are shown in Figs. 8(a)
through 8(c). In general, both the NM and SHCC strengthening jackets are better than the control specimens in
how they respond to deflection, how stiff they are at first, and how much energy they can absorb. Up until the
diagonal cracking load, the relationship between the applied load and the net deflection is almost linear for all
tested specimens, with or without strengthening. As the load grows up until failure, deflection tends to rise quickly
and move away from a straight line. It's important to note that the post-peak behavior of the strengthened
specimens is different from that of the control specimen based on the experimental parameters.

Each specimen's displacement capacity (4max) was determined as the point at which a 15% drop in the
maximum sustained load was recorded; this degree of displacement would result in significant damage to the
specimen [46]. The corresponding displacement capacity values for each test specimen are listed in Table 4. It
can be observed that the displacement capacities (4max) Of the strengthened specimens using NM and SHCC
jackets are generally higher than those of the control specimens, with an average value of 21% and 50%,
respectively. Comparing the results obtained for specimens strengthened with SHCC jacket and NM jacket
indicates that specimens with SHCC jacket showed higher displacement capacity (4max) compared to those with
NM jacket by about 9%, 27%, and 40% for a/d ratios of 1.50, 2.25, and 3.00, respectively. This is due to the crack-
arresting effect offered by SHCC materials.

3.4 1nitial stiffness

The slope of the load-deflection curve before it cracked was used to figure out the initial stiffness (ki)
[47]. Table 4 demonstrates that the initial stiffness of all the strengthened specimens was higher than that of the
un-strengthened specimens with respect to the influence of the shear span-to-depth ratio. The initial stiffness of
the strengthened specimens with NM jackets was 25.3%, 11.5%, and 20.9% higher than that of the control
specimens with a/d = 1.50, 2.25, and 3.00. While these values were 77.2%, 58.2%, and 45.8% for strengthened
specimens with SHCC jackets, these results clarify that the initial stiffness was noticeably impacted by using
SHCC as opposed to NM. So, since SHCC material has superior properties than traditional NM, it may be better
to use SHCC jackets instead of NM jackets to strengthen shear- deficient concrete beams.

3.5Energy absorption

Energy absorption (E,) is one of the ductility indicators used to investigate how well strengthened
specimens can bear larger non-elastic deformations before failure, which is defined as the area under the load-
deflection curve from the initial point to the peak point [48]. In this manner, the un-strengthened specimen BC-
3.00 with an a/d ratio of 3.00 had the energy absorption value that was reported as having the lowest value (180
kN.mm). Whereas, using NM and SHCC jackets to strengthen this control specimen (BC-3.00) showed an increase
in energy absorption of about 36.7% and 128.3%, respectively. Additionally, using the SHCC jacket instead of
the NM jacket resulted in a significant increase in energy absorption. Compared to the strengthened specimens
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BN-1.5, BN-2.25, and BN-3.00, the strengthened specimens BS-1.5, BS-2.25, and BS-3.00 were able to absorb
1.40, 1.32, and 1.67 times more energy, respectively. Overall, it was evident, based on the listed values in Table
4 of the gain in energy absorption, that utilizing the SHCC jacket as a strengthening system resulted in a superior
improvement in the ductility behavior when compared to the un-strengthened specimens.
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Fig. 8. Load-deflection responses.

3.6 Load-crack width behavior

The shear load-crack width curves for each of the specimens that were tested are depicted in Fig. 9. In
terms of crack width reduction, SHCC-strengthened specimens were more effective than control specimens and
strengthened specimens with NM jackets across all loading levels. Owing to the phenomenon of strain-hardening
and the action of fiber-bridging, the SHCC inhibited crack propagation and reduced crack width. For instance, the
crack width was narrow for SHCC-strengthened specimen BS-1.50 (0.39 mm) than that of control specimen BC-
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1.50 (0.74 mm) at the same load level (0.85P,). Furthermore, regarding the type of strengthening material (NM
or SHCC), the shear crack widths obtained for specimens BN-1.50 (0.62 mm), BN-2.25 (0.85 mm), and BN-3.00
(1.10 mm) were all wider than those obtained for specimens BS-1.50 (0.39 mm), BS-2.25 (0.51 mm), and BS-
3.00 (0.50 mm), respectively. According to reduction percentage values of crack width listed in Table 4, it was
evident that the SHCC jacket strengthening method that had been used had kept crack widths under control up to
the maximum load. This is because the SHCC materials' crack-arresting properties modified how cracks
propagated and enhanced the serviceability of the strengthened specimens.

3.7 Strains

As depicted in Fig. 6, strain gauges were used to measure the maximum compressive strain of concrete,
the tensile strain of flexural reinforcement, and the tensile strain of shear reinforcement, which was added inside
the NM or SHCC jackets. For the reader's information, if an electric strain gauge showed erratic behavior that
showed the reinforcement was coming loose before the specimen broke, the data points were taken away.

3.7.1 Compressive and tensile flexural strains

In Table 4, you can see the results of the tests on the maximum compressive strain (e.) of all tested
specimens. The maximum value was observed for BS-1.50 (e, = 2519 ue), which did not reach the ultimate
compressive strain in flexure (., = 3000 ue) according to ACI 318-19 [44]. This guaranteed that the failure
mechanisms of these specimens were governed by shear rather than flexural failure. Furthermore, the tensile
strains of flexural reinforcement (see Table 4) demonstrate the super-effectiveness of the suggested SHCC
strengthening system. In other words, the maximum tensile strains of flexural reinforcement measured at failure
for the strengthened specimens with SHCC jacket were almost more than 1.3 times those for the un-strengthened
specimens. This indicates that the SHCC strengthening system played a superior role in delaying the failure of the
non-ductile shear by letting the flexural steel move one step closer to the yield region.

3.7.2 Jacket reinforcement strains

The load-strain relationship for the jacket reinforcement of all strengthened specimens exhibited a bi-
linear trend, as shown in Fig. 10. A straight line starting at the origin point and continuing along the vertical axis
until the diagonal shear crack appears represents the first stage of the load-strain relationship. This means that the
jacket reinforcement didn't help the shear strength of the strengthened specimens until the first shear crack
appeared. Subsequent to the cracks' spread, the second stage was started by a sudden increase in the strains of
jacket reinforcement. Finally, the relationship prolonged up to the yielding strain of hanger stirrups (e, =
1200 ue) and continued to increase up to failure load. As a brief note, the values of the jacket reinforcement
strains at failure (esw) for the strengthened specimens with SHCC jacket were in the range of 1872-3125 peg;
however, these values were in the range of 1309-2816 pe for the strengthened specimen with NM jacket, as shown
in Table 4. In other words, this result confirms that the SHCC jacket is able to increase the shear capacity and
grant enhancements in the ductility performance of strengthened specimens compared to the NM jacket.
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Fig. 10. Load-jacket reinforcement strain behaviors.

IV. Summary and Conclusion
Four-point bending tests were conducted to investigate the shear behavior of deficient concrete beams that

were either strengthened with normal mortar (NM) or strain-hardening cementitious composites (SHCC) jackets.
Using the present study's discussions as a guide, the following conclusions were drawn:

In all ratios of shear span-to-depth (a/d), the ultimate load-carrying capacities of the SHCC-strengthened
specimens were found to be higher than those of the corresponding NM jackets. In particular, SHCC-
strengthened specimens BS-1.50, BS-2.25, and BS-3.00 had 30%, 28%, and 32% higher ultimate shear
capacities than NM-strengthened specimens BN-1.50, BN-2.25, and BN-3.00, respectively.

The load-carrying capabilities of the strengthened specimens decreased as the shear span-to-depth ratio
increased, as predicted. The load-carrying capacity of the strengthened specimens with NM jackets
decreased further when the a/d ratio was increased from 2.25 to 3.00.

It concluded that the choice of material for strengthening has a significant effect on the initial stiffness.
For all three a/d ratios, the initial stiffness of the NM jackets was found to be lower than that of the SHCC
jackets by an average of 38%.

At all a/d ratios, the ability of strengthened specimens with SHCC jackets to absorb energy was much
greater than that of NM. This increment was significantly more pronounced in the strengthened specimens
with a/d = 3.00.

Compared to the NM jacketed specimens, the SHCC jacketed specimens were better at cracking in terms
of load crack width response and shear-cracking load. For all strengthened specimens with SHCC jackets,
at the same a/d ratio, the measured crack width was almost 40% less than that measured for strengthened
specimens with NM jackets.
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