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Abstract - Self-Compacting Concrete (SCC) is a highly flowable material that achieves full compaction without external
vibration, making it particularly suitable for heavily reinforced structural members where conventional compaction is difficult.
Since shear failure is typically sudden and brittle, understanding the shear response of SCC members is essential for ensuring
structural safety. Although extensive research has been conducted on SCC, the shear behaviour of high-strength SCC produced
with manufactured sand remains insufficiently explored. The novelty of this study lies in the experimental investigation of the
shear performance of M70-grade SCC incorporating manufactured sand and the evaluation of its behaviour against multiple
design models and analytical approaches. Six reinforced concrete beams are cast with a constant longitudinal reinforcement
ratio (pt) and varying shear reinforcement ratios (ps). Experimental observations include cracking load, ultimate load, crack
width, midspan deflection, and one-third span deflection. The obtained results are analysed using codal provisions, established
shear strength equations, and numerical predictions from Response 2000 software. The experimental results show that flexural
cracks develop initially, followed by shear cracks within the shear span as loading increases. Beams failing in flexure exhibit
widening tension cracks and compression-zone spalling, whereas beams failing in shear display rapid propagation of diagonal
cracks toward the supports and loading points, resulting in brittle failure. Comparisons between experimental and predicted
shear strengths indicate that most analytical models underestimate the measured capacity. Among the evaluated approaches, AS
3600 provides the closest agreement with experimental results, yielding a mean prediction ratio of 0.783 and a coefficient of
variation of 23.72%.

Keywords - Concrete beams, Manufactured sand, Self-compacting concrete, Shear behavior, Web-reinforcement.

1. Introduction consequences  associated  with  excessive  extraction.

The use of Self-Compacting Concrete (SCC) has
provided an effective solution for concreting structural
members in which conventional vibration is difficult because
of closely spaced reinforcement or restricted access. Unlike
conventionally placed concrete, SCC is designed to flow
under its own weight, pass through reinforcement without
blockage and occupy the formwork without mechanical
compaction. These characteristics can improve the quality of
concrete placement while reducing the dependence on labour-
intensive vibration. The required combination of filling
ability, passing ability and resistance to segregation is
primarily controlled by the proportions and interaction of
cementitious materials, fine aggregate, water and
superplasticizer.  Consequently, the  selection and
characteristics of fine aggregate have an important role in
determining the fresh and hardened performance of SCC.

The increasing demand for natural river sand has raised
concerns regarding its availability and the environmental

OSOE)

Manufactured sand (M-sand), obtained by crushing and
processing hard rock such as granite or basalt, is therefore
being increasingly considered as an alternative fine aggregate.
Unlike naturally occurring river sand, M-sand can be
produced with controlled particle size distribution through
successive crushing and screening operations. Its particle
angularity, surface texture and grading characteristics can
influence particle packing, paste demand and the overall
behaviour of concrete. These characteristics become
particularly relevant in SCC, where the balance between
flowability and stability is essential. The use of M-sand in
High-Strength Self-Compacting Concrete (HSSCC) can
therefore provide both a structural and environmental
advantage; however, its influence should also be assessed at
the structural-member level rather than being limited to
material properties.

Among the different structural responses that require
attention, the shear behaviour of reinforced concrete beams is
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particularly important. Shear failure is generally sudden and
brittle, leaving considerably less warning than flexural failure.
The resistance of a reinforced concrete beam to shear does not
depend on a single material or geometric parameter. It results
from the combined action of several mechanisms, including
the tensile contribution of concrete, aggregate interlock, dowel
action of longitudinal reinforcement, contribution of
transverse reinforcement, bond between concrete and
reinforcement, and the geometry of the beam. The relative
contribution of these mechanisms can change with concrete
strength, reinforcement ratio, shear span-to-effective-depth
ratio (a/d), aggregate characteristics and beam size. These
interactions make the prediction of shear capacity
considerably more complex than that of flexural capacity.

The difficulty is further increased when high-strength
concrete is combined with self-compacting characteristics. An
increase in compressive strength does not necessarily produce
a proportional increase in shear resistance, and high-strength
concrete may exhibit comparatively brittle behaviour after
cracking. At the same time, the aggregate characteristics of M-
sand can influence crack development and aggregate
interlock, which are important components of shear resistance.
Hence, the shear response of HSSCC containing M-sand
cannot necessarily be inferred directly from the established
behaviour of conventional reinforced concrete beams.
Experimental investigation is therefore necessary to establish
the structural response of such members and to examine
whether existing shear-strength  formulations remain
appropriate.

Considerable research has been undertaken to understand
the parameters governing the shear strength of reinforced
concrete beams. Kani [10], Rajagopalan and Ferguson [11],
and Zsutty [5] related the shear capacity of singly reinforced
beams to concrete compressive strength. However, the
experimental evidence reported by several researchers has
indicated that the relationship between concrete strength and
shear resistance is not adequately represented by a simple
strength-based relationship. The ACI 318 provisions [12], for
example, express the concrete contribution to shear resistance
in terms of the square root of the characteristic compressive
strength, Vf'c. Zsutty [5] and Diaz de Cassio et al. [13] reported
that the effects of longitudinal reinforcement ratio and a/d
ratio were not adequately represented in the ACI approach.
Mathey and Watstein [14] examined the influence of concrete
tensile strength and a/d ratio and reported that the tensile
properties of longitudinal reinforcement did not significantly
affect the shear failure load of the beams investigated.

The role of reinforcement arrangement and beam
geometry has also been examined in several investigations.
Boris and Scordelis [15] investigated beams with different
transverse reinforcement arrangements and a/d ratios and
reported an increase in shear resistance when multilayer
longitudinal tensile reinforcement was used. Krefeld and
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Thurston [16] examined the influence of compressive
strength, steel ratio, span and loading conditions in members
with and without transverse reinforcement and demonstrated
that additional resistance could develop beyond the nominal
shear-failure level depending on the a/d ratio. Zsutty [17]
further reported that support and loading conditions
influenced the shear response of reinforced concrete beams,
although the proposed equation did not explicitly incorporate
these parameters. Mattock et al. [18] investigated reinforced
concrete beams subjected to axial forces and observed that the
provisions of ACI Committee 318 [19] and ACI-ASCE 426
[20] could underestimate the shear capacity of members
subjected to axial loading.

Beam dimensions and aggregate-related parameters
constitute another important group of variables affecting shear
resistance. Bazant et al. [21] demonstrated the significance of
beam size and developed empirical relationships that
produced lower variability than several earlier approaches.
Bazant and Sun [22] subsequently incorporated aggregate size
and transverse reinforcement into a model for predicting shear
failure. Bentz [33] also proposed an expression for shear
capacity that considers aggregate size, longitudinal tensile
reinforcement and beam geometry. These investigations
collectively indicate that shear resistance is controlled by the
interaction of material, reinforcement and geometric
parameters rather than by concrete compressive strength
alone.

The applicability of established design provisions to high-
strength and shear-critical beams has also been questioned.
Roller and Russell [23] investigated high-strength shear-
critical beams with web reinforcement and reported that the
ACI Committee 318 provisions [12] could overestimate the
shear capacity. Kim et al. [24] similarly observed limitations
in the ACI approach for larger beams and reported
comparatively better predictions using the CEB-FIP Model
Code [25]. Their findings also indicated that beam size affects
the shear strength of both normal-strength and high-strength
concrete beams. Ahmad et al. [26] observed a reduction in
ductility with increasing concrete compressive strength in
shear-critical beams. Watanabe and Lee [27] developed a
truss-mechanism-based approach for predicting failure mode
and ultimate strength and reported satisfactory agreement with
previously available results. Yoon, Cook and Mitchell [28]
examined the minimum shear reinforcement requirements for
different concrete strength levels and reported that the CSA
provisions [29] provided an adequate reserve of strength
compared with the ACI criteria.

Further work has attempted to improve the prediction of
shear capacity through modified analytical and empirical
approaches. Angelakos et al. [30] reported that weakly
reinforced, shear-controlled beams may not possess adequate
safety margins under existing provisions and questioned the
adequacy of the ACI 318 [1] approach for contemporary
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concrete construction. Cladera and Mari [31] performed a
detailed investigation of shear strength and developed an
Artificial Neural Network (ANN) approach for predicting
beam shear capacity together with alternative design
expressions. Cladera and Mari [32] proposed a variable-angle
truss-based procedure incorporating concepts from modified
compression field theory for beams provided with stirrups.
Lee et al. [34] examined beams containing high-strength
transverse reinforcement and observed an inverse relationship
between crack width and the ratio of transverse steel strength
to concrete strength. Mansour and Tayeh [35] proposed shear-
strength equations for normal and fibre-reinforced concrete
beams while accounting for the a/d ratio and highlighted
limitations in the treatment of this parameter in EC2 and ACI
provisions. Sogiit [36] reported that an increase in the
longitudinal tension reinforcement ratio enhanced shear
capacity, while concrete compressive strength and beam size
also had significant effects on shear stress and capacity.

The development of the ACI provisions reflects the
continuing difficulty in obtaining a generally applicable
expression for shear resistance. ACI 318 [1] introduced an
equation for evaluating the shear strength of beam sections
without web reinforcement. Subsequent experimental studies,
however, indicated limitations in the ACI 318-14 formulation
[2], particularly for larger beams having minimum
reinforcement and no shear reinforcement. A revised one-way
shear design expression was subsequently incorporated in ACI
318-19 [3]. Earlier investigations [4-9] also identified
limitations associated with beam size, arch action and other
mechanisms contributing to shear resistance. Since several
established design relationships were developed largely from
experimental databases involving conventional concrete, their
suitability for high-strength self-compacting concrete
containing manufactured sand requires specific examination.

1.1. Research Gap and Obijective of the Present Study

The preceding studies demonstrate that the shear response
of reinforced concrete beams is influenced by concrete
strength, beam size, a/d ratio, longitudinal and transverse
reinforcement, aggregate characteristics and loading
conditions. Nevertheless, the available research does not
provide sufficient experimental evidence on the combined
behaviour of high-strength self-compacting concrete beams
incorporating  manufactured sand and  transverse
reinforcement. Much of the established shear research has
been based on conventional vibrated concrete, while
investigations dealing with SCC have more commonly
concentrated on its fresh, mechanical or durability
characteristics rather than the shear response of structural
members. Consequently, the applicability of existing shear-
strength relationships to HSSCC containing M-sand remains
insufficiently established.

A further issue concerns the interaction between the
material characteristics of HSSCC and the mechanisms
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responsible for shear transfer. The use of manufactured sand
changes the aggregate characteristics of the concrete, while
the high-strength matrix and self-compacting nature of the
concrete can influence cracking, aggregate interlock and the
interaction between concrete and reinforcement. The resulting
shear response may therefore differ from that represented by
empirical relationships developed using conventional
concrete. In addition, the influence of transverse
reinforcement on the shear response of M-sand-based HSSCC
beams and the ability of existing design equations to
reproduce the experimentally observed capacity require
further assessment.

Accordingly, the present investigation focuses on the
experimental assessment of the shear behaviour of reinforced
HSSCC beams produced using manufactured sand as fine
aggregate. Six reinforced concrete beams having dimensions
of 125 x 250 x 2000 mm were cast, cured and tested under a
loading frame. The specimen dimensions were selected
considering the available testing facility and an appropriate
span-to-effective-depth ratio so that the specimens did not fall
within the deep-beam category. The experimental programme
incorporates continuous longitudinal reinforcement and
different levels of transverse reinforcement to examine their
influence on the shear response of the HSSCC beams. The
investigation considers the observed cracking behaviour,
failure mode and ultimate load of the tested beams. The
experimentally obtained shear capacities are subsequently
examined against selected analytical and codal predictions to
assess the applicability of existing shear-strength approaches
to the investigated HSSCC system. The principal contribution
of the study is therefore the experimental characterization and
analytical assessment of the shear response of M-sand-based
HSSCC beams with transverse reinforcement, an area for
which comparatively limited structural-level evidence is
available. The results provide a basis for assessing the
adequacy of existing shear-strength provisions and for
identifying the parameters that require consideration when
evaluating HSSCC beams containing manufactured sand.

1.2. Recent Developments in Shear Reinforcement of
HSSCC and SCC Beams

Recent research on the shear behaviour of self-
compacting and high-strength concrete beams has considered
both conventional transverse reinforcement and alternative or
supplementary shear-resisting systems. Conventional stirrups
continue to be an important parameter in HSSCC beams
because the shear response is governed by the interaction of
concrete strength, aggregate characteristics, beam geometry
and reinforcement. Zende et al. [39] experimentally
investigated HSSCC slender beams with different concrete
strengths and stirrup spacings. Their study examined the
influence of varying stirrup spacing on the shear behaviour of
HSSCC and also assessed the applicability of different design
provisions. The findings confirmed the importance of
transverse reinforcement in the shear response of HSSCC
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beams and highlighted the need for careful assessment of
code-based shear predictions for high-strength self-
compacting concrete.

The use of steel fibres has also been investigated as an
alternative or supplementary mechanism for resisting shear.
Sagi et al. [40] experimentally studied self-compacting
concrete deep beams containing macro steel fibres at different
volume fractions and compared their behaviour with beams
incorporating web reinforcement. The study showed that steel
fibres enhanced the shear response and that an appropriate
fibre content could provide a contribution comparable with a
specified level of web reinforcement. However, the
investigation was conducted on deep beams with a low shear-
span-to-depth ratio, and therefore, its findings cannot be
directly transferred to slender HSSCC beams. Savaris and
Laufer [41] evaluated the shear strength of steel-fibre self-
compacting concrete beams using a database of 113
experimental results. Their assessment showed that increasing
fibre volume generally increased shear strength within the
range investigated and also demonstrated differences between
the performance of code-based and empirical shear-strength
equations for fibre-reinforced SCC.

Hybrid fibre systems have subsequently been considered
to combine the different crack-control mechanisms provided
by steel and synthetic fibres. Alkhattat and Al-Ramahee [42]
experimentally investigated lightweight self-compacting
concrete beams incorporating steel fibres and hybrid steel—
polypropylene fibres. The study reported changes in shear
performance associated with fibre incorporation, although the
concrete system involved lightweight aggregate and therefore
differs from the normal-weight HSSCC considered in the
present investigation. Silva et al. [43] further examined self-
compacting concrete beams without stirrups containing steel
and synthetic fibres. Both steel-fibre and hybrid-fibre
mixtures provided higher shear strength before shear cracking
than the reference concrete, while the principal benefit of fibre
incorporation was observed in the residual post-cracking
response. These findings demonstrate the potential of
distributed fibres to contribute to shear resistance, but they
also represent a different reinforcement mechanism from
conventional transverse reinforcement.

Research on high-strength concrete has also examined the
combined use of different fibre types and conventional
reinforcement. Awad et al. [44] investigated high-strength
concrete beams incorporating hybrid steel and polypropylene
fibres and considered the effects of parameters including
transverse reinforcement and shear-span-to-depth ratio. The
study combined experimental investigation with numerical
modelling and comparison with ACI provisions. Such work
indicates that the contribution of distributed fibres is
influenced by their interaction with the existing reinforcement
and beam geometry rather than acting as an independent
replacement for conventional shear reinforcement in all cases.
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Alternative reinforcement materials have also been
examined in self-compacting concrete members. Abbas et al.
[45] investigated high-strength self-compacting concrete deep
beams reinforced using combinations of steel and GFRP bars
and considered different steel-fibre contents. Their results
showed that steel fibres increased the shear capacity of the
investigated deep beams, while the study also examined the
contribution of GFRP reinforcement to shear resistance
through dowel action.

The authors reported that the dowel contribution
associated with GFRP bars was comparable with that of steel
bars having the same reinforcement area. However, the
specimens were deep beams and incorporated hybrid
longitudinal reinforcement, making the configuration
different from the slender beams considered in the present
study.

More recent work has explored combinations of fibre
reinforcement and prestressing as a shear-strengthening
strategy. Choi et al. [46] investigated self-compacting
lightweight concrete beams incorporating steel fibres and
unbonded prestressing bars, while varying prestressing force
and transverse reinforcement ratio. Steel fibres substantially
increased the normalized shear capacity, and the combined use
of fibres and prestressing changed the observed failure mode
from shear to flexure in the investigated specimens. The study
demonstrates the potential of combining different shear-
resisting mechanisms, although the use of lightweight
aggregate and prestressing distinguishes the specimens from
the M-sand-based HSSCC beams investigated herein.

The recent literature therefore demonstrates that shear
resistance in SCC and HSSCC members can be enhanced
through conventional stirrups, distributed fibres, hybrid fibre
systems, FRP reinforcement and combinations of
reinforcement mechanisms. Nevertheless, these studies differ
considerably in concrete composition, aggregate type, beam
geometry, reinforcement arrangement and loading
configuration. In particular, studies on HSSCC with
conventional transverse reinforcement have not generally
addressed the combined influence of manufactured sand and
transverse reinforcement in slender beams.

The present study is therefore positioned within this
research area by experimentally investigating the shear
behaviour of HSSCC beams produced using manufactured
sand as fine aggregate and provided with transverse
reinforcement. The study further evaluates the experimentally
obtained shear response against selected analytical and codal
approaches. The contribution of the present investigation is
consequently not the introduction of a new type of shear
reinforcement, but the structural-level assessment of M-sand-
based HSSCC with transverse reinforcement and the
evaluation of existing shear-strength approaches for this
particular material and reinforcement combination.
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2. Materials and Experimental Methodology
2.1. Materials

A High-Strength Self-Compacting Concrete (HSSCC) of
nominal grade M70 was used for the fabrication of all beam
specimens. Birla Super Cement of 53 grade conforming to IS
269:2015 was used as the principal cementitious material. The
specific gravity of the cement was 3.07. Class-F fly ash
obtained from Raichur Thermal Power Plant was incorporated
as a supplementary cementitious material, replacing 20% of
the cement, and had a specific gravity of 2.40.

Air-Classified Manufactured Sand (AGMS) was used as
the fine aggregate in all the concrete mixtures. The specific
gravity of the manufactured sand was 2.56. Crushed granite
was used as coarse aggregate. The coarse aggregate had a
specific gravity of 2.65 and a nominal size within the range of
4.75-12.5 mm. The use of manufactured sand was maintained
throughout the experimental programme so that the influence

of the transverse reinforcement could be examined without
introducing variation in the type of fine aggregate.

Potable water free from harmful impurities and salts was
used for mixing and curing, while maintaining a water binder
ratio of 0.33. Master Glenium SKY 8233, a carboxylic-ether-
polymer-based superplasticizer, was used to obtain the
flowability required for self-compacting concrete. The relative
density of the superplasticizer was 1.09 + 0.01, and the
product complies with 1S 9103:2003 and ASTM C494 Types
A and F. Glenium Stream-2 was used as a chloride-free
viscosity-modifying agent to improve the stability of the
concrete mixture.

The mix proportions adopted for the M70 HSSCC are
presented in Table 1. Maintaining a common concrete mixture
for all beam specimens ensured that the principal material
characteristics remained constant while the transverse
reinforcement parameters were varied.

Table 1. The summarized mix proportioning of HSSCC - M70

Ingredient CA FA Cement

Fly ash Water Super Plasticizer VMA

768.88 834.40 400.00

Quantity (kg/m?)

142.64 179.35 9.22 1.08

2.2. Fresh Properties of SCC

Table 2 represents the fresh value properties of M70
HSSCC used in this study. It was observed that the mix
satisfied the flow property requirements as recommended by
EFNARC.

Table 2. Values for fresh property tests

Test Expt. Value EFNARC Range
Slump Flow 740 650 — 800 mm
Diameter
T500 Time 2.6 2 — 5 seconds
V-Funnel Time 6.5 6 — 12 seconds
L-Box (H2/H1 0.95 > 0.8 (preferably >
Ratio) ' 0.9)

2.3. Experimental Programme and Specimen Design

The experimental programme comprised six reinforced
concrete beams cast using the same M70 HSSCC mixture. The
principal experimental variable was the transverse
reinforcement, which was varied in terms of stirrup diameter
and spacing. The longitudinal reinforcement was kept
constant for all specimens. This arrangement was adopted to
isolate the influence of transverse reinforcement on the shear
response of the beams.

Each beam had a rectangular cross-section of 125 mm x
250 mm, a total length of 2000 mm and an effective span of
1800 mm. The selected dimensions were governed by the
available loading facility and by the requirement to obtain a
beam configuration representative of a slender member rather
than a deep beam. The specimens, therefore, provided an
appropriate configuration for examining the development of
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diagonal shear cracking and the contribution of transverse
reinforcement to shear resistance.

Six reinforcement configurations were investigated.
Beams AC1, AC2 and AC3 contained 6 mm diameter stirrups
at spacings of 250, 200 and 150 mm, respectively. Beams
AC4, AC5 and AC6 contained 8 mm diameter stirrups at
spacings of 200, 150 and 100 mm, respectively. The
longitudinal reinforcement ratio was maintained at 2.413% for
all six beams. The corresponding shear reinforcement ratios
ranged from 0.181% to 0.805%.

The experimental matrix is summarized in Table 3. The
measured concrete compressive strengths at the time of beam
testing ranged from 68.43 to 74.86 MPa, confirming the high-
strength nature of the concrete used in the experimental
programme.

Table 3. Beam dimensions with specifications

Beam She:_;\r
Designation p (%) fek pw (%0) Spacing
(2L @ clc)
AC1/6¢250 | 2.413 | 72.19 | 0.18103 | 6b@250
AC2/6p200 | 2.413 | 73.77 | 0.22629 | 6b@200
AC3/6¢150 | 2.413 | 68.43 | 0.30171 | 6d@150
AC4/8¢4200 | 2.413 | 71.38 | 0.40229 | 8d@200
AC5/8¢4150 | 2.413 | 72.78 | 0.53638 | 8d@150
AC6/8¢100 | 2.413 | 74.86 | 0.80457 | 8d@100

2.4. Rationale for Selection of Experimental Variables
The experimental programme was designed to examine
the effect of transverse reinforcement while minimizing the
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influence of other variables. Accordingly, the concrete
mixture, beam cross-section, span, longitudinal reinforcement
ratio and curing period were kept constant. Variation was
introduced through two parameters of the transverse
reinforcement: bar diameter and spacing.

The selected combinations provided a progressive
increase in the shear reinforcement ratio. For the 6 mm
stirrups, reducing the spacing from 250 to 150 mm increased
the reinforcement ratio from 0.181% to 0.302%. For the 8 mm
stirrups, the spacing was varied from 200 to 100 mm, resulting
in reinforcement ratios between 0.402% and 0.805%. This
arrangement permitted examination of the response over a
range of transverse reinforcement levels rather than relying on
a single reinforcement configuration.

The use of six specimens was therefore associated with

the two-reinforcement series adopted in the experimental
programme: three specimens with 6 mm stirrups and three
specimens with 8 mm stirrups. The resulting matrix allowed
the effects of both stirrup diameter and spacing to be examined
within the available experimental facility while keeping the
principal material and geometric parameters unchanged.
It should be noted that the experimental programme was not
designed as a large statistical population study. The six
specimens were selected to provide a controlled experimental
comparison of the specified reinforcement configurations.
Consequently, the statistical interpretation of the results is
restricted to the observed experimental trends and
relationships within the investigated range.

2.5. Beam Fabrication and Curing

The six-beam specimens were cast using the M70 HSSCC
mixture described in Section 2.1. The reinforcement cages
were prepared according to the respective configurations
listed in Table 3, with continuous longitudinal reinforcement
and stirrups provided throughout the beam length.

Following casting, the specimens were cured for 28 days
under normal temperature. Also, the companion strength
specimens were cured under the same curing conditions for a
period of 28 days before testing. After completion of curing,
the external surfaces of the beams were whitewashed to
provide a contrasting background for visual identification and
measurement of cracks during loading. This preparation
facilitated the observation of crack initiation, propagation and
changes in crack width throughout the test.

2.6. Test Setup and Loading Procedure

After 28 days of curing, each beam was positioned in the
loading frame with the supports and loading arrangement
corresponding to the experimental configuration. The beam
was instrumented to measure the applied load and vertical
deflection at selected locations. Deflection measurements
were obtained at the midspan and at the one-third-span
locations.

289

The beams were loaded incrementally using a hydraulic
jack. The load was increased in increments of 4 kN, and the
corresponding deflection readings were recorded at each
loading stage. The load corresponding to the first visible crack
was identified and recorded as the cracking load (P_{cr}).
Crack development was monitored throughout the test, and
crack widths were measured using a handheld microscope.

Loading was continued beyond crack initiation until the
specimen reached its ultimate load and subsequently failed.
The ultimate load, crack development, deflection response and
final failure mode were recorded for each specimen. This
procedure enabled the relationship between applied load,
deformation, cracking and ultimate shear response to be
established for each reinforcement configuration.

2.7. Instrumentation and Measurements

The experimental measurements comprised applied load,
vertical deflection and crack width. Deflection was monitored
at the midspan and one-third-span locations, allowing both the
overall deformation response and the development of the
deflected beam profile to be assessed. Crack widths were
measured at the critical stages of loading using a handheld
microscope.

The applied load was monitored through the proving-
ring/loading arrangement associated with the hydraulic
loading system. The manuscript records the load at every 4 kN
increment, while the corresponding deflection measurements
were recorded at the specified gauge locations. The same
measurement procedure was followed for all six specimens to
maintain consistency between tests.

The present manuscript does not contain the
manufacturer's accuracy, least count or formal calibration
records for the load and displacement measuring devices.
Accordingly, no numerical measurement uncertainty has been
introduced into the present analysis. These details should be
added if the original laboratory test records contain the
relevant calibration certificates or instrument specifications.

2.8. Recorded Response Parameters

The experimental observations were organized around
four principal response parameters: cracking load, crack
width, deflection and ultimate load. The cracking load was
used to identify the onset of visible cracking, while crack-
width measurements provided an indication of crack
development with increasing load. Load-deflection data
obtained at the midspan and one-third-span locations were
used to assess the deformation response of the specimens.

The ultimate load was taken as the maximum load
sustained by the beam before failure. The observed crack
pattern and final failure mode were also recorded. These
measurements formed the basis for subsequent comparison of
the six beam configurations and for evaluating their shear
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capacities against the selected codal
approaches.

and analytical

3. Results and Discussions

The data recorded during the testing of beams were
analysed and the crack propagation and the failure mode were
studied in detail. Tables and figures illustrating the results
have been given and discussed in the following sections.

3.1. Load vs Deflection Pattern

The load-deflection responses of the six HSSCC beams
are presented in Figure 1. The experimental results
demonstrate a distinct change in structural response after
cracking, followed by nonlinear deformation until the ultimate
load was reached. The beams exhibited an approximately
linear response during the initial stage of loading, indicating
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predominantly elastic behaviour before significant cracking.
With further increase in load, the development and
propagation of flexural and shear cracks resulted in a
progressively nonlinear response.

Beam AC1 (6¢250) attained an experimental ultimate
load of approximately 225 kN, corresponding to an ultimate
shear force of 116 kN. Increasing the transverse reinforcement
by reducing the stirrup spacing from 250 to 200 mm in AC2
(64200) increased the ultimate load to approximately 235 kN,
while AC3 (6¢150) attained approximately 275 kN. The
corresponding experimental shear forces were 120 and 169
kN, respectively. Thus, within the 6 mm stirrup series,
reducing the spacing from 250 to 150 mm increased the
measured shear capacity by approximately 45.7%.
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Fig. 1 Load vs deflection plot for HSSCC beams AC1-AC6
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A similar trend was observed for the beams containing 8
mm diameter stirrups. AC4 (86200), AC5 (8¢150) and AC6
(8¢4100) developed experimental shear forces of 154, 170 and
170 kN, respectively. The corresponding load—deflection
curves show that the beams with the denser transverse
reinforcement generally sustained greater deformation before
reaching their ultimate response. The increase in capacity was
more pronounced when the 8 mm stirrups were introduced at
the higher reinforcement levels. However, the similar ultimate
shear forces of AC5 and AC6 indicate that increasing the
transverse reinforcement beyond the AC5 configuration did
not result in a proportional increase in the measured ultimate
shear force.

The observed behaviour indicates that transverse
reinforcement contributes to shear resistance by restraining
the development and widening of diagonal cracks and by
providing additional tensile resistance across the shear cracks.
Nevertheless, the results also indicate that the increase in shear
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capacity is not necessarily proportional to the increase in
transverse reinforcement. This observation is important when
interpreting the influence of reinforcement ratio because both
stirrup diameter and spacing were varied in the present
experimental programme.

The deformation response also indicates improved post-
cracking behaviour for the specimens containing the higher
transverse reinforcement configurations. The greater
deformation sustained by AC5 and AC6 before reaching their
maximum load suggests improved post-cracking resistance
compared with the beams containing the lower reinforcement
levels. However, because only one specimen was tested for
each reinforcement configuration, these observations should
be interpreted as experimental trends rather than statistically
established differences. The investigation clearly suggests that
reinforcement detailing, especially stirrup spacing and bar
diameter, plays an important role in enhancing the shear
performance of HSSCC with manufactured sand.
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Fig. 2 Load vs crack width for HSSCC AC1-AC6

291



Anitha Jet al. / IJCE, 13(9), 284-301, 2026

3.2. Cracking Behaviour

The load—crack-width responses of the six beams are
presented in Figure 2. The first visible cracking loads were
relatively close for all specimens, ranging from 36 to 44 kN.
This limited variation indicates that the initiation of the first
visible cracks was not strongly affected by the transverse
reinforcement configurations investigated. The relatively
similar cracking loads are also consistent with the fact that the
concrete  mixture, beam geometry and longitudinal
reinforcement were maintained constant for all specimens.

Initially, flexural cracks developed in the tension zone,
predominantly near the soffit region. With increasing load,
these cracks propagated upward. As the applied load increased
further, diagonal cracks developed within the shear spans. The
subsequent response depended on the reinforcement
configuration and the governing failure mechanism.

support regions, followed by rapid widening and loss of shear
resistance. In the beams governed by flexural failure, flexural
cracking became more pronounced and concrete spalling was
observed in the compression zone near the ultimate stage. The
change in failure mode with increasing transverse
reinforcement  indicates that the additional shear
reinforcement was effective in delaying or suppressing shear
failure, allowing flexural mechanisms to become more critical
in some specimens.

The crack-width response also indicates that transverse
reinforcement primarily influenced crack propagation after
cracking rather than the initiation of the first visible crack.
This distinction is important because the initial cracking load
is largely associated with the tensile cracking characteristics
of the concrete section, whereas the subsequent diagonal crack
development is strongly influenced by the interaction between

concrete, longitudinal reinforcement and transverse
For the beams exhibiting shear failure, the diagonal reinforcement.
cracks progressively extended towards the loading and
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Fig. 3 Deflection profile of HSSCC beams AC1-AC6
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3.3. Deflection Response of Beams

The deflection profiles obtained at the one-third-span and
two-third-span locations are presented in Figure 3. The
profiles were approximately symmetrical about the centre of
the beam, as expected for the loading and support arrangement
adopted in the experimental programme. At lower load levels,
the deflection increased approximately in proportion to the
applied load. After cracking, the rate of deformation increased
as the stiffness of the cracked section decreased.

The increase in deflection became more pronounced as
the specimens approached their ultimate load. The steeper
profiles observed at the final loading stage indicate the
transition from stable post-cracking behaviour towards the
governing failure mechanism. Beams containing greater
amounts of transverse reinforcement generally exhibited
improved resistance to deformation at comparable loading
stages, although the response also depended on the failure
mode.

The results, therefore, indicate that transverse
reinforcement influences not only the ultimate shear resistance
but also the post-cracking deformation behaviour.
Nevertheless, the present dataset is insufficient to establish a
statistically validated relationship between transverse
reinforcement and stiffness or ductility. The observed trends
should therefore be regarded as experimental evidence within
the investigated reinforcement range.

3.4. Influence of Transverse Reinforcement Ratio on Shear
Strength

The relationship between transverse reinforcement ratio
((\rho_w)) and experimental shear strength is presented in
Figure 4. The experimental results show an overall increase in
shear strength with increasing transverse reinforcement ratio.
The measured shear forces increased from 116 kN for AC1 to
169 kN for AC3 within the 6 mm stirrup series. For the 8 mm
stirrup series, the corresponding values increased from 154 kN
for AC4 to 170 kN for AC5 and remained approximately
unchanged for AC6.

The increase from AC1 to AC3 demonstrates the
beneficial effect of reducing stirrup spacing when the stirrup
diameter is maintained at 6 mm. However, the comparison
between AC4, AC5 and AC6 indicates that the relationship is
not linear over the complete reinforcement range. Although
ACS6 contained the highest transverse reinforcement ratio, its
experimental shear force was approximately the same as that
of AC5. This suggests that, within the range investigated,
increasing the reinforcement beyond a certain level did not
produce a proportional increase in ultimate shear resistance.

A second-degree polynomial was fitted to the
experimental data and produced an (R"2) value of 0.7746. The
fitted relationship indicates an overall positive but nonlinear
association between transverse reinforcement ratio and
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experimental shear strength. However, because the
relationship is based on only six experimental observations
and the reinforcement diameter and spacing were varied
simultaneously, it should be interpreted only as an empirical
representation of the trend observed in the present study. It
should not be considered a generalized predictive equation or
used for design outside the investigated range.

The observed trend is consistent with the role of
transverse reinforcement in controlling diagonal cracking and
contributing tensile resistance across the shear cracks. The
limited increase at higher reinforcement levels may be
associated with the fact that the ultimate response becomes
increasingly governed by other shear-resisting mechanisms
and, in some specimens, by flexural behaviour. Therefore,
simply increasing transverse reinforcement does not
necessarily result in a proportional increase in overall beam
capacity.

190.0
1800 11— T T

170.0
160.0

y =-290.78x* + 366.37x + 61.745
R?=0.7746

150.0

140.0
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120.0
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110.0

100.0
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Shear Reinforcement Ratio (p,)
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Fig. 4 Correlation between shear reinforcement ratio and experimental
shear

3.5. Failure Mode
Configuration

The experimental failure observations indicate that the
governing failure mechanism changed with the amount and
configuration of transverse reinforcement. Beams with lower
transverse reinforcement were more susceptible to diagonal
shear failure, whereas the beams with greater transverse
reinforcement showed a greater tendency towards flexural
failure.

and Effect of Reinforcement

The observed transition is significant because it
demonstrates that increasing transverse reinforcement can
shift the critical mechanism from shear towards flexure. This
is desirable from a structural safety perspective because
flexural failure generally provides greater deformation and
warning before collapse than a sudden shear failure. The
experimental observations, therefore, support the importance
of adequate transverse reinforcement detailing in HSSCC
beams.

At the same time, the results indicate that reinforcement
diameter and spacing should not be considered independently
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from the resulting reinforcement ratio. For example, AC5 and
AC6 contain the same 8 mm stirrup diameter but different
spacings, while their experimental ultimate shear forces were
both approximately 170 kN. This indicates that further
reduction in spacing beyond the AC5 configuration did not
produce a measurable increase in ultimate shear force in the
present tests.

3.6. Comparison with Codal and Analytical Predictions

3.6.5. Zsutty's Equation
3.6.2. Australian Code, AS 3600-2018

ase (fE N\ :
Vie= BBt (55)  budo 2 0.2f/bydy (5)

3.6.3. ACI 318-19 [3]

: : . h=V+V (6)
In order to study the behaviour of shear in beams, various
codal provisions & design approaches were reviewed along - Vyd -
with Response-2000 software and compared. The equations Ve = (0'158\/f—0 +17.24p; M_u) bpd = 0'3\/f_cbwd ™
given by different codes and researchers are listed below eq.
(1) to eq. (15), v, =% > 0.686,/fb,d (8)
3.6.1. Indian Code of Practice (IS 456:2000) 3.6.4. Japanese Code (JSCE Standards, 2008) [37]
0.85,/0.8f cx(/1+56-1)
¢ = :ﬁ (D Vya = Vea + Vsa + Vpea ©)
N1
p = 28fek > @) Vea = 0.94ByBn(£) /3 (10)
6.89 p¢
087/ Asyd ' For a member withou‘t vertical prestressing, V ped = 0, and
Vs = s, (3) with vertical stirrups, Viq is:
Vs =Vu—1cbd 4 — (Avfw) 2
T “ Via = (222) (11)
vu
( dy /3 a
2.1746 (f;p Z) toufy for, (3)=25
_ 1/ (12)
d , d\ '3 a
2.5 (E) 21746 (fcpa) +pof, for, 15< (E) <25
0.411,0.783,0.516, 0.401, 0.718, 0.559 and 0.437 for IS 456,
3.6.6. RILEM TC 162-TDF Approach AS 3600, ACI 318-19, JSCE, Zsutty, RILEM and Response-
2000, respectively.
VRraz = Ved + Vg +Via (13)
Among the approaches considered, AS 3600 produced the
V=0 highest mean (V_{cal}/V_{exp}) ratio of 0.783. Thus, on
average, the AS 3600 approach predicted approximately 78%
1 f the experimentally measured shear capacity and
Vea = (0.12k(100 0.150,, ) b,d (14 N P y pacity
¢ ( (100p1fer)> + JCZ’) wd - (14) underestimated the experimental strength by approximately
M 21.7%. Although this represents the closest prediction among
Vwa= % 0.9 d fywa (1 + cot go) sin a (15) the methods examined, the result should not be interpreted as

The experimentally determined shear capacities were
compared with the predictions obtained from IS 456:2000, AS
3600:2018, ACI 318-19, JSCE, Zsutty's equation, the RILEM
approach and Response-2000. The calculated values and their
ratios to the experimental shear capacities are presented in
Tables 4 and 5.

The results show that all the considered approaches, with
the exception of the AS 3600 prediction for AC6, produced
conservative estimates of the experimental shear capacity. The
mean ratios of calculated to experimental shear force were
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exact agreement.

Zsutty's equation provided the second-highest mean ratio
of 0.718, corresponding to an average underestimation of
approximately 28.2%. The ACI 318-19 and RILEM
approaches produced mean ratios of 0.516 and 0.559,
respectively, while the IS 456, JSCE and Response-2000
approaches produced lower mean ratios.

These results indicate that the degree of conservatism
differs considerably among the prediction approaches for the
HSSCC beams investigated.
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The coefficient of variation provides an additional
measure of consistency. Zsutty produced the lowest
coefficient of variation of 14.06%, indicating the smallest
scatter among the methods considered, although its mean
prediction was substantially lower than the experimental
strength. AS 3600 had a coefficient of variation of 23.72%,
indicating greater scatter despite producing the highest mean
prediction. Zsutty's approach showed a mean ratio of 0.718
with a coefficient of variation of 14.06%. These results
demonstrate that accuracy and consistency should be
considered separately when evaluating the suitability of a
prediction model.

Overall, the comparison indicates that the existing
approaches examined in this study generally underestimate the
measured shear resistance of the investigated M-sand-based
HSSCC beams. This may be associated with differences
between the concrete used to develop the original empirical
relationships and the HSSCC investigated in the present study,
including the high compressive strength, self-compacting
characteristics and manufactured-sand aggregate system.
However, the present experimental dataset is too limited to
establish a modified design equation. The results instead
provide an experimental basis for evaluating the conservatism
and relative performance of existing approaches for the
investigated beam configurations.

3.7. Response — 2000 Analysis [38]

Response-2000 was used to provide an additional
analytical assessment of the nonlinear response of the tested
beams. Figure 5 presents the predicted response for beam
AC6/8¢100. The software predicted a nonlinear load—

8 o= 7|
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deflection response and provided information on shear
capacity and crack development. For AC6, the Response-2000
analysis reported an ultimate shear capacity of 64.8 kN at a
deflection of approximately 5.3 mm, whereas the
experimental shear force was 170 kN. The predicted-to-
experimental ratio was therefore approximately 0.381. The
predicted result is substantially lower than the experimental
capacity, indicating that the software was conservative for this
specimen.

The Response-2000 crack pattern showed distributed
cracking along the member, with greater crack widths in
regions associated with high moment and shear. This
qualitative feature is consistent with the experimentally
observed development of flexural and shear cracks. However,
the substantial difference between predicted and experimental
shear capacity indicates that the analytical model did not
reproduce the full shear resistance observed in the tested M-
sand-based HSSCC beam.

It should be noted that the compressive strength values
used in the experimental and analytical investigations are
expressed on different specimen bases. For beam AC6, the
experimentally determined compressive strength was 74.86
MPa based on cube specimens, whereas the compressive
strength adopted as input in the Response-2000 analysis was
59.9 MPa, expressed in terms of cylindrical compressive
strength. The value of 59.9 MPa was therefore used as the
concrete compressive strength parameter in the Response-
2000 model to maintain consistency with the cylindrical-
strength basis of the analytical input.

250

All dimensions in millimetres
Clear cover to transverse reinforcement = 20 mm

ACE/8-100
% | Anitha J 2025/4/13

Member Crack Diagram

56

................. v stBkn

Fig. 5 Member response from Response-2000
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Table 4. Ratio of computed shear force to ultimate shear force ratio

Expt. Vu calculated/ Vu experimental
Beam Ultimate Response-
Designation Shear (kN) IS456 | AS3600 | ACI318 | JSCE86 | Zsutty RILEM 2000
AC1/69250 116 0.360 0.673 0.468 0.368 0.722 0.474 0.529
AC2/63200 120 0.383 0.721 0.494 0.387 0.741 0.510 0.530
AC3/6d150 169 0.311 0.585 0.391 0.306 0.563 0.416 0.382
AC4/83200 154 0.401 0.764 0.500 0.389 0.692 0.546 0.418
AC5/8d150 170 0.435 0.835 0.537 0.416 0.711 0.600 0.379
AC6/8d100 170 0.577 1.121 0.703 0.541 0.878 0.810 0.381
Mean 0.411 0.783 0.516 0.401 0.718 0.559 0.437
SD 0.09 0.19 0.10 0.08 0.10 0.14 0.07
(0)% 22.23 23.72 20.18 19.39 14.06 24.60 16.82
Mean Error (%) -58.9 -21.7 -48.5 -59.9 -28.2 -44.1 -56.3
Table 5. Computed shear and ultimate shear
Beam Vu expt Computed Shear (kN)
Designation | (kN) IS456 | AS3600 | ACI318 | JSCE86 | Zsutty | RILEM Re;‘(’)‘(’)‘(‘)se'
AC1/63250 116 41.79 78.05 54.29 42.73 83.79 55.00 61.4
AC2/63200 120 45.94 86.51 59.32 46.49 88.95 61.20 63.6
AC3/60150 169 52.52 98.92 66.02 51.69 95.16 70.38 64.6
AC4/8b200 154 61.72 117.62 77.07 59.97 106.49 84.09 64.3
AC5/8d150 170 73.88 142.00 91.27 70.67 120.82 101.99 64.5
AC6/8dp100 170 98.16 190.61 119.51 91.97 149.25 137.69 64.8
mVuexpt (kN)  ®mVu IS (kN) = Vu Aust (kN) Vu ACI (kN)
mVu JSCE (kN) mVu Zsutty (kN) ®Vu RILEM (kN) mVu Bentz (kN)
250
200
£ 150
>
>
100 -
0 i
AC1/6¢250 AC2/6¢200 AC3/6¢150 AC4/8$200 AC5/8150 AC6/8b100

Fig. 6 Comparison of shear forces
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The comparatively better performance of AS 3600 may
be associated with the formulation adopted for shear
resistance, which considers the concrete contribution and
transverse-reinforcement ~ contribution  together  and
incorporates parameters related to effective depth, transverse
reinforcement and the variable concrete contribution factor
(k_v). Such features are relevant to the present experimental
programme because the principal variable among the
specimens was the amount and configuration of transverse
reinforcement. The AS 3600 formulation also incorporates a
variable compression-strut angle, providing a mechanism-
based treatment of the contribution of shear reinforcement.
These characteristics may have contributed to its
comparatively closer prediction of the experimentally
measured shear capacities.

The substantial underestimation obtained from several
approaches may be related to differences between the material
and structural characteristics of the present specimens and the
experimental databases or assumptions underlying the
respective formulations. The present beams were produced
using M70 high-strength self-compacting concrete with
manufactured sand and contained relatively high-strength
concrete and varying transverse reinforcement. Contributions
from aggregate interlock, dowel action of longitudinal
reinforcement and the interaction between concrete and
transverse reinforcement may therefore differ from those
implicitly represented in the empirical formulations.

The present comparison should nevertheless be
interpreted within the limits of the six experimental
specimens. The results demonstrate the relative performance
of the selected prediction approaches for the particular M-
sand-based HSSCC beam configurations investigated, but
they do not establish the universal superiority of AS 3600 or
justify modification of any existing design equation. A larger
experimental database covering different concrete strengths,
beam sizes, shear-span-to-depth ratios and reinforcement
configurations would be required before a generalized
predictive relationship could be proposed.

3.8. Overall Discussion of Experimental Findings

The experimental results demonstrate that transverse
reinforcement has a clear influence on the shear response of
M-sand-based HSSCC beams. Increasing transverse
reinforcement generally improved ultimate shear resistance
and delayed the development of critical diagonal cracking.
The effect was particularly evident within the 6 mm stirrup
series, where reducing spacing from 250 to 150 mm increased
experimental shear force from 116 to 169 kN.

However, the results also demonstrate that the
relationship between transverse reinforcement and shear
capacity is not unlimited or linear. The 8 mm stirrup series
showed an increase from 154 kN for AC4 to approximately
170 kN for ACS5, while a further increase in reinforcement
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ratio in AC6 did not increase the experimental shear force.
This behaviour suggests that other shear-resisting mechanisms
become increasingly important at higher transverse
reinforcement levels.

The relatively similar first-cracking loads, combined with
the substantial differences in ultimate shear capacity, further
indicate that transverse reinforcement has a greater influence
on the post-cracking and ultimate response than on the
initiation of the first visible crack. This distinction is important
when interpreting the role of stirrups in HSSCC beams.

The comparison with existing prediction methods
indicates that the tested beams developed greater shear
resistance than predicted by most of the evaluated approaches.
AS 3600 provided the highest average prediction relative to
the experimental results, while RILEM provided the lowest
scatter. Nevertheless, none of the investigated approaches
reproduced the complete experimental response with
sufficient accuracy to justify adoption as a specific predictive
model for M-sand-based HSSCC based solely on the present
six-beam dataset.

The results therefore support the need for further
experimental investigation involving a broader range of
concrete strengths, beam sizes, shear-span-to-effective-depth
ratios, aggregate characteristics and transverse reinforcement
ratios. Such an expanded database would be required before
developing or calibrating a generalized shear-strength
expression specifically for M-sand-based HSSCC.

4. Conclusion

Based on the experimental investigation of six reinforced
M70 high-strength  self-compacting concrete  beams
incorporating manufactured sand and different transverse
reinforcement configurations, the following conclusions are
drawn:
1. The experimental results demonstrate that transverse
reinforcement has a significant influence on the shear
response of M-sand-based HSSCC beams. Increasing the
amount of transverse reinforcement generally increased
the ultimate shear resistance and delayed the development
of critical diagonal cracking.
Within the 6 mm stirrup series, reducing the stirrup
spacing from 250 mm in AC1 to 150 mm in AC3
increased the experimental shear force from 116 kN to
169 kN, corresponding to an increase of approximately
45.7%. This confirms the beneficial contribution of closer
transverse reinforcement to the shear resistance of
HSSCC beams.
The 8 mm stirrup series showed a similar but non-linear
trend. The experimental shear force increased from 154
kN for AC4 to 170 kN for ACS5, whereas a further
increase in transverse reinforcement in AC6 did not
produce an additional increase in the measured ultimate
shear force. This indicates that the increase in shear
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capacity was not proportional to the increase in transverse
reinforcement over the complete range investigated.

The first visible cracking loads of the six beams were
relatively similar, ranging from 36 to 44 kN. This
indicates that the variation in transverse reinforcement
had a comparatively limited influence on the initiation of
the first visible cracks, while its influence became more
pronounced during subsequent crack propagation and the
ultimate loading stage.

The observed failure behaviour indicates a transition in
the governing response with changes in transverse
reinforcement.  Beams  with  lower transverse
reinforcement were more susceptible to shear-controlled
behaviour, whereas higher transverse reinforcement
configurations exhibited greater resistance to diagonal
cracking and, in some specimens, a shift towards flexural
behaviour. This demonstrates the importance of adequate
transverse reinforcement in reducing the likelihood of
brittle shear failure.

An overall positive relationship was observed between
the transverse reinforcement ratio ((\rho_w)) and
experimental shear strength. The second-degree
polynomial fitted to the six experimental observations
produced an (R"2) value of 0.7746. However, this
relationship represents only the trend observed within the
investigated experimental range and should not be
considered a generalized predictive or design equation
because of the limited number of specimens.
Comparison with existing codal and analytical
approaches showed that most of the evaluated methods
underestimated the experimentally measured shear
capacity. The mean (V_{cal}/V_{exp}) ratios were
0.411, 0.783, 0.516, 0.401, 0.718, 0.437 and 0.559 for IS
456, AS 3600, ACI 318-19, JSCE, Zsutty, RILEM and
Response-2000, respectively.

Among the evaluated approaches, AS 3600 provided the
closest ~mean  prediction, with an  average
(V_{cal}/V_{exp}) ratio of 0.783, corresponding to an
average underestimation of approximately 21.7%.
However, AS 3600 overestimated the capacity of AC6 by
approximately 12.1%. Therefore, the results demonstrate
comparatively better agreement of AS 3600 for the
present experimental dataset, but do not establish its
universal superiority for HSSCC beams.

Zsutty's equation provided the second-closest mean
prediction, with a (V_{cal}/V_{exp}) ratio of 0.718 and
an average underestimation of approximately 28.2%. In
terms of prediction scatter, Zsutty's equation produced the
lowest coefficient of variation among the evaluated
approaches, whereas AS 3600 provided the closest mean
prediction.

The Response-2000 analysis of AC6 predicted an
ultimate shear capacity of 64.8 kN compared with the
experimental value of 170 kN. Although the analytical
model reproduced the general nonlinear nature of the
beam response and distributed cracking behaviour, it
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substantially underestimated the experimentally observed
shear capacity for this specimen.

Overall, the experimental findings demonstrate that M70
HSSCC incorporating manufactured sand can develop
substantial shear resistance when adequate transverse
reinforcement is provided. The results also indicate that
the interaction between concrete strength, manufactured-
sand aggregate characteristics, longitudinal
reinforcement and transverse reinforcement contributes
to the observed shear response and should be considered
when assessing the applicability of existing shear-
strength prediction approaches.

The findings are limited to the six beam configurations,
M70 HSSCC mixture, beam dimensions and
reinforcement ranges investigated in the present study.
Further experimental studies involving additional beam
sizes, concrete strengths, shear-span-to-effective-depth
ratios, manufactured-sand characteristics and transverse
reinforcement levels are required to establish a broader
database and to develop or validate generalized shear-
strength prediction models for M-sand-based HSSCC.

Fig. 7 Crack pattern of HSSCC beams AC1-AC6
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Notations
b, by, bw = width of beam
d, do = effective depth of beam
| = effective span
a = shear span
Tc = design shear stress of concrete
B = reinforcement index
A = area of longitudinal steel
_ do
pr=11(16— 2)>1.1
B2 =1 (Where no axial load exists)
=1-— . Subjected to axial tension
3.544

X~ Subjected to axial compression
g

=1-
14A

B; = 2% < 2; Concentrated load
= 1/4; Uniformly Distributed Load

fy, fywa, fuy = Yield strength of the shear reinforcement
Asv, Ay = Area of shear reinforcement

fsv = Yield strength of stirrup reinforcement

s, Sy = Spacing of the stirrups

fa = Characteristic Compressive strength of concrete

100\ 74 o
Ba = (T) <15, disincm
B, = (100p)/3 < 1.5

M,
Bn=14+—<20 (N} = 0)
My

2M,
=1+=2>0 (N, <0)
My

= 1.0 (as M, = 0)

M, = design flexural moment

Mo = decompression moment that causes an extreme
bottom fiber stress of zero when combined with the axial
stress.

pv, pw = Shear reinforcement ratio

p, p1 = Tensile reinforcement ratio

fy = Characteristic strength of tensile steel

f; = Characteristic Cylindrical Compressive strength of
concrete

Nsq = axial force due to applied load,
Asw = Cross section area of the arms of the stirrups
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