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Abstract: This study investigates the possibility of replacing the minimum web reinforcement in deep
beams with discrete fibers. Additionally, the equivalent dosage of fibers required to obtain similar
performance of the deep beam with minimum web reinforcement is investigated. Deep beams made
of plain concrete with no fibers, beams with minimum web reinforcement as per AASHTO LFRD
recommendations (0.3% in both horizontal and vertical), and with a 0.5% volume fraction of steel,
macro-synthetic and hybrid fibers are tested at a shear span to height ratio (a/h) of one. Test results
show that the presence of 0.3% web reinforcement in horizontal and vertical directions increased the
peak load by 25% compared to the plain concrete beams. However, it did not significantly change the
first diagonal crack load. With the addition of 0.5% of steel, macro-synthetic and hybrid fibers, the
peak load increased by 49%, 42%, and 63%, respectively, compared to the plain concrete specimen.
The addition of steel fibers significantly improved the first cracking load. In contrast, macro-synthetic
fibers did not affect the first cracking load but improved the ductility with higher deflections at peak.
Hybridization of steel and macro synthetic fibers showed improved performance compared to the
individual fibers of the same volume in peak load and ductility. Test results showed that a 0.5%
volume fraction of discrete macro steel or synthetic or hybrid fibers can be used to completely replace
the minimum web reinforcement (0.3% in both directions).

Keywords: deep beams; steel fibers; macro-synthetic fibers; minimum shear reinforcement;
web reinforcement

1. Introduction

Reinforced concrete (RC) deep beams are commonly used in tall buildings, bridges,
and marine structures. Deep beams used as transfer girder in framed structure is shown
in Figure 1. Deep beams have significantly higher shear capacity than slender RC beams
due to their small shear span-to-effective depth ratio (a/d ≤ 2.0), where a is shear span
of the beam and d is the effective depth. Higher strength in deep beams is possible due
to the arching action, which leads to high-stress concentrations and non-linear strain
distribution. Therefore, Bernoulli’s hypothesis of linear strain distribution is no longer
valid [1,2] in the analysis of RC deep beams. Hence, the disturbed region of the deep beam
is designed based on empirical methods or thumb rules. The strut and tie method (STM)
is an alternative method to the empirical methods [3–5]. Similarly, the STM method is
included in international code provisions like American code (ACI-318-19) [6], Canadian
code (CSA-A23.3-14) [7], Australian code (AS 5100.5) [8] and Eurocode (EC2:2004) [9].
The STM assumes that the load is transferred to supports by inclined struts. The shear force
is transferred by inclined concrete strut rather than the shearing force, hence significantly
increasing the shear strength of the beam.

Generally, the shear strength of deep beams depends on the strength of the diagonal
concrete strut if local failures in the nodes are prevented. This is due to transverse tensile
strain induced by the strain within the longitudinal steel reinforcement as stated by the
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modified compression field theory. The presence of transverse tensile strain significantly
reduces the effective compressive strength of the inclined strut due to the softening effect,
and the same is illustrated in Figure 2. Due to this, the codes always suggest some
minimum web reinforcement in the strut region to reduce compressive strength due to
transverse tension.
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Figure 2. Softening behavior of concrete.

1.1. Minimum Web Reinforcement

In deep beams, the minimum web shear reinforcement requirement depends on the
design specification and procedure followed by the designer. In a few code provisions, the
guidelines for the minimum web shear reinforcement are not clearly stated. Similarly, it is
not clear whether the minimum web reinforcement provision is to achieve higher ultimate
capacity by resisting the transverse tension developed in the diagonal strut region or to
ensure the serviceability requirement such as the crack widths being within the acceptable
limits. In AASHTO LRFD 2012 [10], for deep beam design, two different requirements exist
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for minimum web reinforcement. The first one is in the strut-and-tie model section of the
specification: an orthogonal grid of reinforcement of 0.3% concrete area is required at each
face. The second one is in the commentary section of the specification: the minimum web
reinforcement is to ensure the ductility and to control the crack width by redistributing
the internal stresses. Based on these statements, it is clearly understood that both strength
and serviceability conditions were considered for minimum web shear reinforcement
provision. Similarly, according to both the Canadian Building code (CSA A23.3-04) [7] and
Eurocode (BS EN1992-1-1) [9] provisions, the minimum orthogonal grid of reinforcement
of 0.2% gross concrete area needs to be provided at each face in deep beams.

According to ACI 318-19 [6] provision, the minimum web shear reinforcement is con-
sidered in STM by efficiency factor βs. A βs of 0.75 is used if 0.25% of the orthogonal grid or
0.25% net effective reinforcement ratio normal to the strut axis exist. Suppose the designer
chose not to provide any web reinforcement, reduction in the strut capacity and brittle fail-
ure is accounted for by using a low-efficiency factor (βs) of 0.45. Some researchers [11–13]
have observed that inclined strut regions without web reinforcement in the deep beams
should not be permitted regardless of the efficiency factor. Additionally, they suggested
that minimum web reinforcement is also used to compensate for the effects of temperature,
restrained shrinkage, and others which may not be explicitly considered. Though there
is no consensus in the design codes [6–9] or the literature [12–14], the minimum web
reinforcement seems essential.

1.2. Discrete Fibers in Concrete

The popularity of fiber reinforced concrete (FRC) construction is increasing day by
day. Previous studies on FRC highlighted the beneficial effects of fibers on improving
the performance of concrete at both materials [15–19] and member level [20–24]. Many
researchers [20,25–30] observed significant improvement in shear capacity due to the addi-
tion of steel fibers by delaying the crack widening and propagation through bridging action.
Synthetic fibers such as polyolefin-based macro-synthetic fibers can also improve the struc-
tural performance of concrete, addressing the adverse effects of steel fibers, such as reduced
workability and durability issues due to corrosion [29,31–33]. Past studies [16,34–39] have
shown that synthetic fiber reinforced concrete (SynFRC) effectively improves tensile behav-
ior, especially in the post-peak. With improved fracture behavior and crack control due to
the addition of discrete fibers, web reinforcement requirements in the deep beams may be
reduced or completely replaced with discrete fibers in the concrete.

Several researchers studied the effect of adding discrete steel fibers to the concrete
in deep beams and found that ultimate shear capacity is significantly improved [40–42].
Beshara et al. [43] studied the effect of different parameters of steel fibers on response
characteristics of deep beams having web reinforcements. They found that increase in the
fiber volume content or fiber aspect ratio leads to an increase in the ultimate load, first
diagonal cracking load, and displacement ductility of the deep beams. Kaize Ma et al. [44]
studied the shear behavior of deep beams with a hybrid combination of macro and micro
steel fibers and different amounts of web reinforcements. Few studies in the past [42,45–48]
have focused on completely replacing the minimum web reinforcement in deep beams
using steel fibers. Additionally, the effect of macro synthetic fibers on the behavior of deep
beams at a low a/d ratio has not been studied in the past. Therefore, the possibility of
replacing minimum web reinforcement in the deep beams with discrete steel or macro-
synthetic or hybrid fibers, at a very low a/h ratio of one, is explored in this study. A
minimum web reinforcement suggested by AASHTO LRFD [10] specifications (orthogonal
grid of 0.3% web area) is considered in this study for comparison with FRC deep beams.

2. Research Significance and Objectives

The focus of this study is to evaluate the possibility of replacing minimum web rein-
forcement in deep beams with randomly distributed macro fibers for similar or improved
performance. The specific objectives of this study are to evaluate the following:
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1. To evaluate the effect of minimum web reinforcement on the shear behavior of
deep beams.

2. To understand the effect of steel, macro-synthetic and hybrid fibers on the shear
behavior of deep beams.

3. To evaluate the possibility of completely replacing minimum web reinforcement with
discrete fibers in concrete.

4. To compare the change in the shear failure modes of deep beams reinforced with differ-
ent fibers and minimum web shear reinforcement using the digital image correlation
technique (DIC).

RC deep beams are tested at a shear span to depth (a/h) ratio equal to one. The vari-
ables considered are the 0.5% volume fractions of macro hooked-ended steel fibers (SF),
macro synthetic fibers (MSF), and hybrid fibers (0.25%SF + 0.25%MSF). To compare the
performance, deep beams with conventional web reinforcement of 0.3% in both directions
(as per AASHTO LRFD) and plain concrete beams without web reinforcement are tested.

3. Experimental Program

The study comprised testing of five self-compacting reinforced concrete (RC) deep
beam specimens with a/h of 1.0 under simply supported support conditions with a central
point load as shown in Figure 3. As the size of the beam specimens is near full scale, one
beam is tested in each type as has been done by several researchers in the past [44,49–52].
For each type of mix, six cubes of 150 mm were cast and tested at the same age of beam.
The average compressive strength of the cubes is summarized in Table 1, and the same is
used in the analysis of beam results. All instrumentation and measurements were mounted
on one side of the beam where failure was forced by strengthening the other side with
stirrups. The failure zone in the beam is mentioned as a study region in this paper.
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Table 1. Compressive strength properties of concrete.

Specimen ID Vf (%) Avg. Cube Strength
fcm (MPa)

Standard
Deviation (SD) (MPa)

Avg. Bulk
Density (kg/m3)

DB-F-0 0.0 55.6 2.01 2256
DB-SF-50 0.5 52.5 2.37 2279

DB-MSF-50 0.5 52.1 2.40 2267
DB-HB-50 0.5 60.2 2.17 2284
DB-S-0.3 0.0 52.9 1.90 2247

3.1. Test Specimen Details

Deep beams with different types of fibers and web reinforcement were cast and tested
under concentric load. The test specimens were designed using the Strut and Tie method
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(STM). The first specimen was made of plain concrete with no web reinforcement. The
second, third and fourth specimens had a 0.5% volume fraction of steel fibers (SF), macro-
synthetic fibers (MSF), and hybrid fibers (0.25% steel and 0.25% MSF), respectively, with no
web reinforcement. The fifth one had standard minimum web reinforcement (0.3%) in the
orthogonal directions as per AASHTO LRFD. The reinforcement layout is schematically
shown in Figure 4 for plain concrete, web reinforcement, and fiber-reinforced specimens.
Table 2 provides the test matrix. The deep beams are designated using the notation DB-X-Y,
where ‘X’ is the type of fiber (F—no fiber, SF—steel fiber, MSF—macro synthetic fiber, HB—
hybrid fiber) and ‘Y’ is fiber content (50 denotes a 0.5%volume fraction). For the beam with
web reinforcement, the notation DB-S-0.3 is used, where S denotes steel and 0.3 denotes the
percentage of web reinforcement. The fiber distribution in all FRC beams is considered to
be uniform. All beams had a rectangular cross-section of 180 mm in width and 500 mm in
depth. The length of the beam was 1300 mm with an effective span of 1000 mm. The beams
were reinforced with four numbers of 20 mm diameter bars as longitudinal reinforcement
on the tension side and two 12 mm diameter rebar on the compression side. The effective
concrete cover to the tension reinforcement was 57.5 mm, rendering an effective depth of
d = 442.5 mm. Steel plates of 200 mm wide and 100 mm wide were used at the loading
point and support. The non-study region of the deep beam is strengthened by providing
the shear reinforcement of 0.5% [53–57] as shown in Figure 4. One side of the beam was
reinforced with stirrups to ensure that the failure of the beam occurs in the study region so
that detailed instrumentation including DIC could be focused on that region.

Table 2. Test matrix.

Beam ID Fiber Volume
Fraction (%)

Vertical Web
Reinforcement (%)

Horizontal Web
Reinforcement (%)

DB-F-0 0 0 0
DB-E-0.3W 0 0.3 0.3
DB-SF-50 0.5 0 0

DB-MSF-50 0.5 0 0
DB-HB-50 0.5 0 0

3.2. Materials

Concrete mix designs were developed for self-compacted concrete based on EFNARC
guidelines [58]. For a target mean strength of 45 MPa, the water and powder contents were
215 L/m3 and 500 kg/m3, respectively. Table 3 shows the mix proportions of SCC used in
this study. Ordinary Portland cement of grade 43 and Class-F Fly ash is used. The coarse
aggregates were crushed gravel with a nominal particle size of 10 mm. Manufactured sand
is used as fine aggregate. Polycarboxylate type superplasticizer used as an admixture to
obtain the flow of concrete. Hooked-end steel and macro synthetic fibers are used in the
study and are shown in Figure 5. Mechanical properties of the used fibers are summarized
in Table 4. The SCC mix was thoroughly mixed using a drum mixer. The SCC was placed
in the moulds in three lifts. The concrete was placed at one end of the moulds in each lift
and allowed to flow along the length under its weight. No vibration was used in the entire
casting process. Specimens were finished with light troweling. All the specimens were
demoulded after 24 h of casting and water cured for a minimum of 28 days. The details of
the compressive strength and density of the cubes for different fiber proportions are shown
in Table 1. Thermomechanically treated (TMT) steel rebars of Fe 500 grade of different
diameters of 20 mm, 12mm, and 8 mm were used as steel reinforcement.
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Table 3. Mix proportions of SCC (kg/m3).

Cement Fly Ash Water Fine
Aggregate

Coarse
Aggregate SP a W/B b

340 160 215 827 790 1.75 0.43

Note: a superplasticizer, b water to binder ratio (binder = cement + fly ash).
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Table 4. Mechanical properties of fibers.

Specification Hooked End Steel Fibers Macro-Synthetic Fibers

Specific gravity 7.85 0.91
Length (mm) 30 50

Diameter (mm) 0.6 0.5
Tensile strength (MPa) 1000 618

Modulus of Elasticity (GPa) 200 10
Aspect ratio 50 100

3.3. Test Setup and Instrumentation

The deep beams were tested in simply supported conditions with a central point load
using a 2000 kN universal testing machine (UTM). Figure 6 illustrates the test setup and
instrumentation used while testing. Figure 6a presents the overall test setup, Figure 6b
includes the details of specimen dimensions, details of UTM and Figure 6c includes the
details of LVDT for measuring principal strains in strut region. The displacement rate in
UTM was kept at 2 mm/min. Deflections at various locations are measured using linear
variable differential transducers (LVDTs) throughout the loading history. A rosette with five
LVDTs is arranged to obtain the principal strains in the critical bottle-shaped strut location.
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the test set-up, (1. fixed head, 2. loading plate, 3. connecting posts, 4. test specimens, 5. support plate, 6. movable head,
7. hydraulic cylinder). (c) Instrumentation on the rear face of deep beam.
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3.4. Digital Image Correlation (DIC)

DIC is an optical-based technique used to measure the evolving full-field 2D or 3D
coordinates on the surface of the specimen throughout the test. Displacements, strains,
strain rates, etc. can be calculated from the measured coordinate fields. The procedure
involved in using the DIC technique is (i) specimen preparation and capturing of images,
(ii) analysis of Images using VIC-2D (image correlation), (iii) post-processing (extracting the
required data from the analyzed images). All the specimen’s surface were painted by using
acrylic-based white paint and speckling is performed manually using a marker pen. Care
was taken to ensure the equal intensity of light on the test zone to capture high-resolution
images with quality. Before application of the load, a calibration (with scale) and reference
images (undeformed shape) were captured for analysis purposes. To validate the DIC
results, the strains measured using LVDT and DIC at the beam center and along the strut
axis are plotted for the DB-SF-50 beam and shown in Figure 7a for the same gauge length,
and they are in good agreement. The locations of strain measurements using DIC and
LVDT are shown in Figure 7b, Figure 7c, respectively.
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4. Results and Discussion

All the tested specimens failed by forming a diagonal crack joining the inner edge of
the support plate and the outer edge of the loading plate, which is typically mentioned
in this paper as a critical crack. The load-carrying capacity of the tested deep beams
depends on the propagation of critical crack initiated near the support plate and extends
to the loading plate. The performance of the tested deep beam specimens was evaluated
based on the load-deflection response, cracking load, strain measurements, crack patterns,
and failure modes. As the DIC technique was employed in the study region of the beam
with five images per second, the onset of the first crack and its corresponding load were
observed by visible observation.

4.1. Load-Deflection Behavior

In the UTM used for testing the deep beams, the loading point was fixed, and the
supports were designed to move upwards at the specified loading rate. Therefore, the
stroke value given by the UTM is an average displacement of supports to the loading point,
and that is considered in plotting the load-deflection response of the beam. Even though
half of the beam is strengthened by providing steel stirrups to force the failure on one side,
the occurrence of the first crack in the beam can be on any side as the reinforcement will be
active only after the formation of cracks. Therefore, any first drop in the load-deformation
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curve need not be due to crack formation in the study region. The load-deflection response
of all the specimens is shown in Figure 8 in which the load is normalized by dividing
with fcm bd to negate the influence of concrete compressive strength variation. Individual
load-deflection responses are shown in Figure 9, along with points to indicate first crack,
peak, and failure loads. Failure load is taken at a displacement of 8 mm for comparison
and energy calculation as there is no change in load resistance after that.
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The initial stiffness of the control beam DB-F-0 and the beam with minimum web
reinforcement DB-S-0.3 is similar. However, the specimens DB-SF-50 and DB-HB-50 with
steel and hybrid fibers exhibited slightly higher stiffness. DB-MSF-50 reinforced with
macro synthetic fibers showed comparatively lower stiffness. After the first diagonal crack,
a slight drop in the load resistance and a change in the stiffness were observed in the
load–displacement curve. The control specimen DB-F-0 exhibited a load decay at the
onset of shear cracking followed by a significant change in slope of the deflection response
compared to the specimens with fibers or web reinforcement. After the formation of the
diagonal crack, all the specimens continued to resist the applied load until the critical
diagonal crack extended from the inner edges of the support plate at the bottom to the
outer edge of the loading plate at the top. A detailed description of the behavior of each
specimen is given below.

4.1.1. DB-F-0

The load-deflection response of the control beam (DB-F-0) with plain concrete in the
critical strut region is shown in Figure 9a. The first diagonal crack occurred at a load of
511.5 kN with a corresponding deflection of 2.24 mm. At this load, the transverse tension
in the bottle-shaped strut region exceeded the tensile strength of concrete. Even after the
formation of diagonal cracking, the load resistance increased up to 812.5 kN due to shear
resistance from uncracked concrete, dowel action of tie rebars, and aggregate interlock
at the cracked interface until the critical crack extended to the full depth of the beam.
The first diagonal crack is at around 63% of its ultimate capacity, indicating only 37%
reserve capacity between the first crack and ultimate load. After reaching the peak load, the
specimen failed due to widening and complete separation along the diagonal crack, which
is indicated by a sudden drop in the load resistance. Residual load resistance of 260 kN
after the load drop is due to the dowel action of the tensile reinforcement in the beam.
The beam failure can be classified as a diagonal splitting in the strut region. The failure
mode after peak load is very sudden, and energy absorption of 2863.8 kN-mm is observed.

4.1.2. DB-S-0.3

The DB-S-0.3 specimen was reinforced within the test zone with 0.3% web reinforce-
ment in both horizontal and vertical directions as per AASHTO-LRFD recommendations.
The load-deflection response of DB-S-0.3 is shown in Figure 9b. The first diagonal crack oc-
curred at a load of 524.7 kN, which is not significantly higher than the plain concrete beam
(DB-F-0). It is attributed to the fact that the reinforcement is effective only after the first
cracking. After the onset of diagonal cracking, web reinforcement, uncracked concrete por-
tion, and aggregate interlock continued to resist the load. Due to the improved resistance to
crack arrest by the web reinforcement, the beam could reach an ultimate load of 970.8 kN at
a deflection of 4.35 mm, which is 25% higher than DB-F-0. A higher residual load of 575 kN
after the load drop is observed in this specimen due to the yielding of web reinforcement
and from the dowel action of tensile reinforcement. The specimen DB-S-0.3 finally failed in
a diagonal splitting mode due to the rupture of the web reinforcement crossing the critical
shear crack.

4.1.3. DB-SF-50

The specimen DB-SF-50 contains 0.5% volume fraction of steel fibers. The load-
deflection response is shown in Figure 9c. DB-SF-50 had a higher first diagonal cracking
load of 677.7 kN, which is attributed to an increase in the tensile strength of concrete due
to the addition of steel fibers. Even after the formation of critical crack, steel fibers were
quite effective in controlling the crack propagation to the full depth of the beam which
enabled the beam to reach the higher ultimate load-carrying capacity of 1140 kN, which is
18% higher than DB-S-0.3. Though the total volume of reinforcement is almost the same
between 0.5% steel fiber and 0.3% conventional reinforcement in the web in the orthogonal
direction, the resistance offered by the steel reinforcement is concentrated at a few locations,
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whereas fibers resist tension at every location across the crack. After the peak, the load drop
is not sudden as in the case of DB-F-0, as the steel fibers did not allow the critical crack to
widen at a faster rate. This leads to a gradual loss of aggregate interlock resistance. Finally,
the specimen failed due to the rupture or pull out of steel fibers at the crack interface.
The residual capacity of the beam was maintained at 400 kN, due to the dowel action
of longitudinal tie reinforcement. Higher residual load resistance compared to DB-F-0 is
attributed to the improved bond strength due to fiber addition. The final failure mode of
the DB-SF-50 beam is observed as diagonal splitting along the critical shear crack.

4.1.4. DB-MSF-50

The specimen DB-MSF-50 contains 0.5% volume fraction of macro synthetic fibers
(MSF) in concrete. The load-deflection behavior is shown in Figure 9d. No significant
improvement in the first diagonal crack is observed due to MSF addition compared to
the plain concrete beam (DB-F-0) because the addition of MSF to the concrete will not
improve the maximum tensile strength of concrete [59]. Due to the low stiffness of macro
synthetic fibers, they could not help in the effective arresting of tensile stresses at small
crack widths [29,60]. After the onset of critical crack, synthetic fibers become more effective
and control the crack propagation, leading to a higher load-carrying capacity of 1078.5 kN,
which is 13% higher than DB-S-0.3. Reserve capacity of 60% of the ultimate load is observed
between the first crack and peak load. After the peak, reduction in the load is accompanied
by increased deflection due to the excellent bridging action of synthetic fibers at large crack
widths, unlike DB-S-0.3 and DB-SF-50. The residual capacity of the beam is observed to
be the same as that of the DB-SF-50 beam due to improved bond strength compared to
plain concrete. The beam finally failed due to the rupture of fibers at the crack interface in
diagonal splitting mode.

4.1.5. DB-HB-50

The specimen DB-HB-50 contains a combination of steel and synthetic fibers in 0.25%
volume fraction. The load-deflection behavior is shown in Figure 9e. First cracking is
observed at a load level of 544.2 kN, which lies between DB-SF-50 and DB-MSF-50. Hy-
bridization of steel and synthetic fibers results in higher ultimate load carrying capacity and
slows down the load resistance drop after the peak. Improved performance of DB-HB-50
is due to the synergy of both steel and synthetic fibers in different ranges of crack widths.

For all the tested specimens, first cracking load, peak load, deflections at peak, and
failure mode are summarized in Table 5. Due to variations in the compressive strength
of concrete of different specimens, the load-carrying capacities at cracking and ultimate
were normalized by dividing the load with fcm bd and plotted for comparison in Figure 10.
Similarly, the energy absorption capacity of all the deep beams was calculated by the area
under the load-deflection curve to compare the pseudo ductility of the different FRC beams
and plotted in Figure 11.

Table 5. Summary of test results.

Beam ID fcm
(MPa)

Pcr
(kN)

∆cr
(mm)

Pu
(kN)

∆u
(mm) Pcr/Pu

EAC
(kN-mm) Failure Mode

DB-F-0 55.6 511.5 2.24 812.5 3.48 0.63 2863.8 Diagonal Splitting
DB-SF-50 52.5 677.7 2.60 1140.3 4.65 0.59 4562.8 Diagonal Splitting

DB-MSF-50 52.1 432.9 2.07 1078.5 4.93 0.40 4344.1 Diagonal Splitting
DB-HB-50 60.2 544.2 1.93 1437.6 5.46 0.38 4991.4 Diagonal Splitting
DB-S-0.3 52.9 524.7 2.21 970.8 4.35 0.54 4666.2 Diagonal Splitting

Note: fcm = compressive strength of concrete in MPa, Pcr = first diagonal crack load in kN, ∆cr = deflection at
the first diagonal crack in mm, Pu = ultimate load in kN, ∆u = deflection at ultimate load in mm, EAC= energy
absorption capacity in kN-mm.
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4.2. Strains in the Longitudinal Reinforcement

Strains in the longitudinal tensile reinforcement in the deep beams are measured
using strain gauges and their variation is plotted with the load in Figure 12. It is observed
that maximum strain in the rebar is not yielded at the peak load-carrying capacity for
all the specimens as the specimens fail in shear due to transverse tension. For specimen
DB-F-0 with only plain concrete in the strut region, the strain in the rebar is low compared
to the specimens with web reinforcement or fibers. This may be because of absence of
any resistance to the transverse strain in the strut region. The beam failed at a low load,
leading to less tensile force in the longitudinal reinforcement and thereby low strain at the
peak load.
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Figure 12. Strains in longitudinal tension reinforcement at mid-span.

4.3. Global Cracking Behavior of the Tested Beams

As mentioned in Section 4, the final failure of all the tested specimens is along the
critical crack. For specimens, DB-MSF-50 and DB-S-0.3, only one diagonal crack is (critical
crack) formed up to the peak load. For the remaining specimens, another diagonal crack is
formed parallel and before the critical crack referred to in this study as a non-critical crack.
The formation of non-critical cracks in some specimens may be due to any weak link in
concrete in the strut region due to its heterogeneous nature. Occurrence of non-critical crack
delays the critical crack. A non-critical crack tends to close or remains at the same width
and length as the critical crack starts progressing. The load resistance continues to increase
until the critical crack extends to the full depth of the beam. The load resistance drops
after the complete separation of the specimen along the critical crack. Longitudinal tension
reinforcement continues to resist some load even after the separation of the concrete portion,
which can be observed in the Load-deformation response in Figures 8 and 9. The presence
of web reinforcement did not alter the instance of the first crack but effectively controlled
the crack widening and propagation. The presence of discrete fibers was also found to be
effective as conventional web reinforcement in arresting the critical crack through bridging
action and helps to achieve higher load-carrying capacity. The cracking process at different
load levels in the study area is shown in Figure 13, which is a variation of principal tensile
strain measured using the DIC technique. The final failure of the specimens is shown in
Figure 14.
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Figure 14. Final failure modes of deep beams: (a) DB-F-0, (b) DB-S-0.3, (c) DB-SF-50, (d) DB-MSF-50, (e) DB-HB-50.

4.4. Transverse Strain Variation at First Crack

In deep beams at a low shear span to depth ratio (a/h), crack occurrence and propa-
gation are faster. Strain in concrete at the instance of first crack load, peak load, and its
variation with an increase in load gives good insight into the cracking process and failure
of the beam. The use of DIC allowed observation of the strains on the concrete surface,
crack occurrence, crack propagation very accurately with 0.2 s time interval. To find the
strain normal to crack, a virtual extensometer is placed normally in relation to the crack
and extracted the strain value throughout the loading history for every 0.2 s. As mentioned
in Section 4.2, the first crack could be critical or non-critical. Transverse strain across the
first crack is plotted against the load and shown in Figure 15. A point is shown in the
graph, which indicates the instance of a visible crack on the specimen.
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In specimens DB-F-0, DB-SF-50, and DB-HB-50, transverse strain is plotted for the
non-critical crack, and for specimens DB-MSF-50 and DB-S-0.3, transverse strain is plotted
for the critical crack.

The plain concrete was not able to offer any resistance after the onset of cracking.
Hence, a sudden strain increment can be observed at constant load in the specimens DB-F-0
and DB-S-0.3. In DB-S-0.3, the web reinforcement present in the strut region becomes
active after the first crack, and the strain has slowly increased until the peak load. In the
specimens DB-SF-50 and DB-MSF 50, the transverse strain increased gradually, unlike in
the case of plain concrete. This may be due to the resistance of fibers in concrete against
abrupt energy release in cracking. The strain at first cracking in DB-F-0 is observed as 0.003.
In the remaining specimens except for DB-MSF-50, the strain at cracking is around 0.005.
The specimen DB-MSF-50 with synthetic fibers showed an apparent tensile strain of 0.01
at first cracking, almost double that of the specimens with steel fiber, hybrid fiber, and
steel reinforcement. This shows that synthetic fibers in concrete make the concrete soft and
cause higher surface strains compared to steel fibers.

4.5. Stain Variation in Critical Crack

Strain across the critical crack is measured in all the specimens using the virtual ex-
tensometer using DIC and plotted against the load and shown in Figure 16. The sudden
increase in the strain at the onset of critical crack and strain of 0.0055 at the peak load is
observed in DB-F-0. This increase was due to the larger widening of the critical crack in
plain concrete due to a lack of resistance for the tensile strain. In DB-S-0.3, web reinforce-
ment present in the specimen resists the crack widening and leads to a lower strain of
0.0025 at peak load, almost half of that observed in DB-F-0. The addition of 0.5% steel
fibers also shows similar behavior as that of web reinforcement in terms of strain increment,
strain at the peak load, and observed higher peak load due to the distribution of resistance
across the crack length due to the fiber. The addition of synthetic fibers to the concrete
showed a slow increment in the strain and larger strain values than steel fibers. This may
be due to the effectiveness of synthetic fibers in bridging the crack at larger crack widths.
Hybridization of steel and synthetic fibers showed the combined improvement effect of
individual fibers, resulting in large strains at the peak and higher peak load resistance.
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5. Summary and Conclusions

The provision of web reinforcement or discrete fibers is essential in deep beams to im-
prove their performance. The addition of fibers resulted in increased load carrying capacity,
limited crack widths, higher reserve load after the first crack, and reduced brittleness in
failure mode. The possibility of replacing web shear reinforcement with discrete fibers was
evaluated by conducting experiments on RC deep beams. From the experimental results,
the following conclusions can be drawn:

1. The RC deep beams tested at an a/h ratio equal to one, primarily failed in the diagonal
splitting mode in the bottle-shaped strut region by forming a diagonal crack between
the inner edge of the support and the loading point. In plain concrete deep beams,
the critical diagonal crack progressed to the entire beam depth at a faster rate leading
to brittle failure. No resistance to the transverse tension led to low reserve capacity
between the first crack and ultimate load.

2. The addition of minimum web reinforcement in the deep beam effectively controlled
the progress of the critical crack. Provision of web reinforcement led to higher
reserve capacity after the first crack and higher peak load-carrying capacity. However,
no change in the first crack load was observed in beams with web reinforcement
compared to the plain concrete specimen.

3. The addition of discrete steel fibers or macro synthetic fibers serves the purpose of
arresting widening and propagation of the critical crack like conventional web rein-
forcement. Discrete fibers were more effective than conventional web reinforcement
as the former can arrest the crack at every location, unlike web reinforcement.

4. The addition of steel fibers in the concrete contributed to a higher first crack load
in the deep beams, increasing the concrete tensile strength by arresting the micro
cracks. Macro synthetic fibers were effective only at larger crack widths and could
not improve the first crack load.

5. The energy absorption capacity of the deep beams with 0.5% discrete fibers was on
par with 0.3% conventional web reinforcement in both directions.

6. Hybridization of steel and macro synthetic fibers resulted in higher ultimate load-
carrying capacity compared to specimens reinforced with only steel or macro synthetic
fibers. Hybridization also resulted in gradual load drop due to the effectiveness of
synthetic fibers at larger crack widths.

7. Limited test results from this study show that minimum web shear reinforcement of 0.3%
in the diagonal strut region of deep beams can be replaced with 0.5% of either macro
steel or macro synthetic or hybrid fibers. Fiber addition of 0.5% can provide similar or
higher ultimate load carrying capacity, reserve capacity, and energy absorption.

8. The provision of web reinforcement or discrete fibers in concrete did not change the
final failure mode of deep beams with a low a/d ratio. All the specimens failed in
diagonal splitting mode along the critical crack.
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