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ABSTRACT

Shear strength of concrete is a vital consideration in the analysis and design of struc-
tures, as its failure occurs abruptly and can result in catastrophic consequences. In the current
study, two different grades of reinforced concrete beams were examined, each with three
shear span-to-depth ratios (a/d) of 1, 2, and 3. The beams were both cast and experimentally
tested. Additionally, numerical simulations of the beams were conducted using the ATENA
software to model and analyze their performance. In ATENA, the material for concrete was
assigned using the cementitious2 and cementitious2-user models. The cementitious2 model
includes the Euro-Code and Model-Code as default models, both of which were utilized in
the study to determine the shear strength of reinforced concrete beams. For the Cementi-
tious2user material model, the compressive stress-strain model can be user-defined. In this
study, the GRK stress-strain model and Mander’s stress-strain model were used as input to
calculate the shear strength of the reinforced concrete beams. The results showed that the
shear strength of the test specimens increased with the concrete strength for all a/d ratios.
However, as the a/d ratio increased from 1 to 3, the shear strength decreased by approxi-
mately 60%. The shear strength values obtained using ATENA with various models were
compared with the experimental results, and it was found that the shear strength behavior
from the numerical simulations closely matched the experimental results.

Keywords: High strength concrete; Numerical modelling; Reinforced concrete; Shear
strength
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1. Introduction

The evaluation of shear strength
in High Strength Reinforced Concrete
(HSRC) beams with the stirrups is cru-
cial for ensuring the structural integrity and
performance of concrete structures. Vari-
ous studies have identified multiple factors,
such as spacing of stirrups, dimensions of
beams, and properties of materials, which
significantly influence shear strength.

Recently, numerical analysis, partic-
ularly the use of finite element software like
ATENA, has been playing a pivotal role in
simulating the behavior of Reinforced Con-
crete (RC) beams under shear loading.

The experiments on the shear be-
havior of Ultra High Performance Con-
crete (UHPC) beams highlighted the lim-
ited scope of numerical research, which in-
dicates the need for comprehensive stud-
ies [1]. UHPC beams can be compared to
HSRC beams due to similarities in mechan-
ical properties. These advanced model-
ing techniques not only assist in predicting
shear strength but also aid in refining design
methodologies. The research on changes in
behaviour of deep beams which were rein-
forced with Glass Fiber Reinforced Poly-
mer (GFRP) bars, illustrated the importance
of selection of material on shear perfor-
mance [2].

Studies on machine learning have
demonstrated the uses of Support Vec-
tor Regression (SVR) in predicting shear
strength based on different geometric and
parameters of material, and reaffirming the
complexity of deriving shear strength [3].
This innovative methodology suggests that
numerical models can be enhanced with
data-driven techniques, potentially increas-
ing prediction accuracy for HSRC beams
reinforced with stirrups. Moreover, empiri-
cal investigations have provided data on the
shear strength of recycled self-compacted

245

concrete deep beams, demonstrating how
the stirrups significantly affect the shear be-
haviour[4]. The findings of experimental
evaluations on the shear behaviour of con-
crete deep beams reinforced with CFRP,
GFRP, provides insight into how various
materials and reinforcement configurations
influence performance [5].

The performance of HSRC beams,
particularly under varying loading condi-
tions and shear span-to-depth ratios (a/d
ratios), is critical. The shear behaviour
in beams with hybrid fiber reinforcement
shows that the increase in reinforcement
can improve shear capacities [6]. The
above findings align with a developed shear
strength model which effectively predicts
the shear strength of reinforced concrete
(RC) beams with stirrups [7]. RC beam
shear strength depends on some crucial
parameters such as concrete compressive
strength, longitudinal reinforcement ratio
and size of stirrup.

Overall it can be said that the numeri-
cal and experimental studies highlighted the
significance of a multi-factorial approach
in evaluating the shear strength of HSRC
beams with stirrups. Implementing the ad-
vanced numerical modelling, supported by
machine learning techniques and experi-
mental validation, offers a comprehensive
approach for engineers who are aiming to
optimize shear design in Reinforced Con-
crete (RC) structures.

The compressive strength of High
Strength Concrete (HSC) typically ranges
from 50 MPa to 100 MPa. Compared
to Normal Strength Concrete (NSC), HSC
has advantages in terms of compressive
strength, stiffness, and durability. These
advantages have lead to its increased use
over the past few decades [8-9]. HSC also
improves the shear strength of concrete [ 10-
12]. However, in HSC, the paste strength
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is higher than that of aggregates, so, when
a concrete member fails in shear, cracks
propagate through the aggregates, leading
to smoother failure surfaces [13, 14].

The shear strength of structural mem-
bers is primarily determined by the bal-
ance between the compression field and the
contribution of shear reinforcement, such
as stirrups or alternative lateral confine-
ment systems. Present design codes of
concrete define shear strength contributions
for members with and without shear rein-
forcement. Research studies on the shear
strength of plain concrete members typi-
cally focus on beams with strong compres-
sion zones, subjected to high bending mo-
ments and shear loads. While

these studies have significantly ad-
vanced our understanding of shear strength
in plain members, they offer limited in-
sights into the direct shear contribution of
concrete, since these failures often involve
the action of combined stress conditions.

A critical review of research on RC
beams highlights the importance of exper-
imental investigations in quantifying the
shear strength provided by the concrete por-
tion alone. Research conducted in the 1980s
found that an increase in beam size led to a
decrease in the “ratio of inner stirrup tensile
strain to yield strain” [15]. Research was
also carried out on the influence of the shear
span-to-depth ratio (a/d) on failure modes of
concrete beams [16, 17]. Beams with an a/d
ratio below 1.0 exhibit deep beam failure,
while those with an a/d ratio between 1.0
and 2.5 undergo shear compression failure.
Beams with an a/d ratio between 2.5 and
6.0 experience shear tension failure, and
those with an a/d ratio above 6.0 typically
fail in flexure [18-19]. In reinforced con-
crete beams subjected to four-point load-
ing, when the loading point is near the sup-
port, the failure was shear failure, whereas
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flexural failure becomes predominant as the
loading point moves toward the mid-span
[20, 21].

Additionally, research on the spac-
ing of stirrups and shear reinforcement has
shown that shear strength increases as spac-
ing of stirrups decreases [22, 23]. However,
despite the increased compressive strength
of HSC, its ability to resist shear failure is
limited due to increased brittleness caused
by a strengthened paste phase. Studies on
the shear strength of HSC beams have con-
sidered factors such as size effects, the pres-
ence of web reinforcement, and the percent-
age of longitudinal reinforcement [24-25].

In the present study, the shear
strength of HSC reinforced concrete beams
is investigated, considering size effects and
the influence of web reinforcement. Addi-
tionally, numerical analyses of the experi-
mental beams are conducted using ATENA
software. The GRK model [26] and Man-
der’s model [27] are used for compression
modelling. Default models available in
ATENA, such as the Eurocode (EC) and
Model Code (MC), are also considered to
evaluate the shear strength of HSC rein-
forced concrete beams.

2. Experimental Work

The experimental investigation con-
sists of casting and testing two series of
beams, D and F. Each series consists of
three beams. All beams had rectangu-
lar cross-sections of overall dimensions of
100mm wide, 200mm deep and 2000mm
long. The dimensions and details of beams
are shown in Figs. 1-2. The compression
steel in the six beams was 2no.s 8mm diam-
eter, and tension steel was 2no.s 12 mm di-
ameter for Series-D and 2no.s 16mm diam-
eter for Series-F. The shear reinforcement
was designed for these beams. The shear re-
inforcement provided was halved to ensure
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that the beam fails in shear mode.
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Fig. 1. Cross-section details for specimens
Dadl, Dad2 and Dad3.
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Fig. 2. Cross-section details for specimens
Fadl, Fad2, and Fad3.

2.1 Material properties & Mix propor-
tions

In the current project, Portland Poz-
zolana Cement (PPC) of grade 53, comply-
ing with IS 1489:1991 (Reaffirmed 2005)
[28], was utilised. Fine aggregate sourced
from local river sand, conforming to Zone
II as per IS 383-2016 [29], was used in this
investigation. Crushed granite stone, ob-
tained from a nearby crusher, was employed
as the coarse aggregate, with

sizes ranging from 20 mm to 4.75
mm, and conforming to IS 383-2016 [29].
The specific gravity of the cement was 3.15,
while the specific gravity of the fine aggre-
gate was 2.56, and that of the coarse aggre-
gate was 2.80. Concrete mix proportions
for seven different strengths were designed
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using the IS 10262-2019 [30] method of
mix design. The final mix proportions were
determined based on trial mixes conducted
in the laboratory. A Poly Carboxylic Ether
(PCE) based chemical admixture, branded
as CHRYSO OPTIMA K9313, was used to
enhance the workability of concrete with
compressive strengths of 50 MPa and 70
MPa. After casting, the specimens were
kept under moist conditions and immersed
in a curing pond after 24 hours. The
samples remained in the pond for 28 days
for curing. Following the curing regime,
the samples were removed from the pond
and stored indoors before testing. Table 1
presents the concrete mix proportions for
series D and F.

Table 1. Materials specifications.

Materials Series-D Series-F
Mix Proportions 1:1.22:2.27 1:0.55:1.1
Cement in kg/m? 457 836.7
Coarse aggregate in kg/m? 1234 920.4
Fine aggregate in kg/m?® 558 460.2
Water in L/m3 196.51 225.9
Super-plasticizer in L/m? E— 12.55
Water cement ratio 0.43 0.27
Air Content (%) 1.69 1.17
Slump value mm 85 77
Cube compressive strength (MPa) 53.86 72.17
Standard Deviation 0.48 0.35

2.1.1 Torsteel

Torsteel bars of 8mm, 12mm and
16mm nominal diameters are used. Three
samples of 450mm for each diameter were
taken for tension tests. These were tested
on U.T.M of 20 tones capacity. A Tinius-
Olsen extensometer of 200mm gauge length
with a least count of 0.002mm was used
to measure elongations. The stresses and
corresponding strains were plotted for all
three samples of each bar on one sheet
and the average yield stress value was con-
sidered. The yield stress values for three
bars (8, 12 and 16mm bars) are 450N/mm?,
494N/mm? and 470N/mm?, respectively.
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2.1.2 Mild steel

Mild steel of 6mm diameter was used
for ties. Three samples were tested for me-
chanical properties; the yield stress of 6mm
diameter mild steel bar was 254 N/mm?2.
The stress-strain curves of various diame-
ters of steel were placed in Appendix A for
reference.

Table 2. Spacing and percentage web reinforce-
ment of two series of beams Specimen Label
Compressive strength of concrete (f.).

Compressive

Specimen strength of a/d ratio ftgglllr? S

Label concrete (f;) Pw spacing
(MPa) (mm)
Dadl 53.86 1 1.34 300
Dad2 56.98 2 1.34 300
Dad3 53.86 3 1.34 300
Fadl 72.67 1 241 300
Fad2 71.67 2 241 300
Fad3 72.34 3 2.41 300

2.2 Preparation of test specimens

The reinforcement cage consists of
2-8mm diameter for compression and 2-
12mm diameter; 2-16mm diameter bars as
tension reinforcement for series D and F,
respectively. Steel bars of required length
were cut and straightened. 6mm diame-
ter mils steel bars were cut to the required
length and bent to form stirrups. The stir-
rups were tied to the longitudinal bars such
that the hooks are staggered on either side.

In order to provide the necessary
cover, the reinforcing cages were inserted
in the steel moulds. The cage was posi-
tioned on cover blocks to achieve this. Be-
fore insertion of the cage into position, a
lubricant was applied to the steel moulds.
Three layers of concrete were poured in the
mould and each layer was compacted using
a 25 mm diameter electrically powered nee-
dle vibrator running at a speed of 2850 rpm.
The concrete was mixed in separate batches
in an electrically powered mixer. To level
the top surface, a plate vibrator was used
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to vibrate the top layer of concrete. Mould
bulging was prevented by the application of
clamps.

After casting, the moulds were taken
out the next day. The curing tank was filled
with named beams and supporting speci-
mens. The beam specimens were allowed
to cure for up to 28 days after which they
were white washed to make it easier to see
cracking patterns during testing and stored
in a cool, dry area until they were tested.

2.3 Experimental testing procedure

Using the Tinius-Olsen testing ma-
chine, all those beams were investigated.
With a minimum count of 100 Ibs. and 1000
Ibs., the machine has two loading ranges of
60,000 1bs. and 400 000 lbs. A steel I-
section beam, as illustrated in Fig. 3, was
used to apply a two-point symmetrical load.
On the machine cross heads, the test beams
were positioned such that they were cen-
tred over the supports. On the experimen-
tal beams, load points have been marked
with the required a/d ratios. A two-point
load test was performed on the beams. At
the span’s centre and the two load points
that had previously been marked, deflection
gauges with a minimum count of 0.01mm
and a range of 50mm were fixed. The cross-
head of the machine was lifted until the
fixed head of the machine just touched the
roller located in the middle of the loading
beam.

/_Lnad.i.ng Beam
[

T TEST SPECIMEN
200 mm|
J_ 000
& Support Block
Delection Govges = J_‘
Cross Head

Fig. 3. Experimental setup.
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2.4 ATENA modelling & testing proce-
dure

There were many material models
present in ATENA to assign material prop-
erties such as solid elastic, solid steel,
solid concrete, 1D reinforcement, etc. The
solid concrete was further classified into
various categories cementitious2, cementi-
tious2user, cementitious2 SHCC HPFRC,
cementitious2 variable, cementitious3, Re-
inforced concrete, SBETA material, etc.
In ATENA, concrete was modeled using
the Cementitious2, which is a nonlinear
fracture—plastic constitutive model. The
Eurocode (EC) and Model Code (MC) are
built-in formulations available within the
Cementitious2 framework. These two were
adopted to estimate shear strength param-
eters. In addition, the Cementitious2-User
option was also employed to incorporate
user-defined compressive stress—strain re-
lationships based on the GRK model [26]
and Mander’s model [27]. This is done to
enable a comparative assessment of con-
fined concrete behavior in reinforced con-
crete beams. Although the GRK and Man-
der models were originally developed for
confined concrete in columns, they were
employed in the present study to examine
whether their compressive stress—strain for-
mulations could realistically represent con-
crete behavior in shear-critical beam ele-
ments. Their use does not imply direct ap-
plicability to beams but enables a compara-
tive numerical evaluation.

The reinforcement was modelled as
1D reinforcement in ATENA and the prop-
erties of the reinforcement were taken as
the yield strength values for three bars (8,
12 and 16mm bars) was 500 MPa and 6
mm stirrup was 250 MPa. The loading
plate and support plate was given as Solid
Elastic material with an elastic modulus of
2x105 MPa. The reinforced concrete beam
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modelled in ATENA software was a half
of beam cast and tested experimentally as
it is symmetric. The rollers at supports
and loading points are taken as rectangular
beams because rollers have a line contact
with the surface of the beam. In ATENA
there is a difficulty in fixing the contact sur-
face of loading roller and beam surface. The
fixed contact can be achieved between sur-
face to surface and the fixed contact can-
not be achieved in between line and sur-
face, therefore in place of rollers rectan-
gular beams of size 100 mm x 100 mm
X 50 mm are considered. Fig. 4 shows
the modelled beam in ATENA before con-
straints, after constraints, and after assign-
ing materials. A mesh sensitivity analysis
was first carried out, on a reinforced con-
crete beam of same size and similar grade
which acted as a representative beam, to
identify a mesh size that ensured numeri-
cal convergence with acceptable computa-
tional cost. Since all beam specimens had
identical geometry and reinforcement de-
tailing, the same finalized mesh size of 5
mm was adopted for all numerical models.
The convergence results of the mesh sensi-
tivity study are presented in Appendix B.

Two types of meshes were used in
this model: one was structured mesh and
the other was unstructured mesh. The struc-
tured mesh was considered for the concrete
beam and the mesh was taken in such a
way that the size of the mesh was equal to
Smm after mesh sensitivity analysis. The
unstructured mesh was considered for beam
elements, where the mesh is directly taken.
The elements such as Hexahedra and Tetra-
hedra, were present in the meshing op-
tions. The Hexahedra was given to struc-
tured mesh, and the Tetrahedra was given
to unstructured mesh types. This was sug-
gested by the ATENA software. The mesh
image of a beam is shown in Fig. 5
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Fig. 4. Beam modelling in ATENA (a) Beam
with constraints and monitor points (b) & (c)
Beam showing the assigned material for rein-
forcement for Dadl beam and Fadl beam re-
spectively (d) & (e) Dadl & Fadl beams as-
signed with concrete respectively.

L
Fig. 5. Beam with mesh size of 5 mm.
The loading was applied at the top

center of the loading plate and a monitor for
load was considered at the same point. The
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monitors for deflection were considered at
loading point and also at the center of the
beam.

3. Results and Discussions
Table 3 shows the results of the six
tests of beam specimens subjected to shear.

The load deflection curves at three
points, namely mid-span and two points un-
der the loads, for each were drawn on a
single sheet. In all beams, central deflec-
tions were greater than deflections at other
points, and deflection curves at load points
were nearly similar for all beams. The
higher deflections observed at mid-span are
attributed to the maximum bending moment
occurring at the beam center under symmet-
ric two-point loading. Deflections at the
load application points were comparatively
lower and exhibited similar trends across all
specimens due to identical loading configu-
rations and boundary conditions. The load
deflection curves for various beam speci-
mens are shown in Figs. 6(a)-(b).

There were no cracks in any of the
beam specimens until 20% to 25% of the
maximum load, when they all collapsed in
shear. Till tension cracks developed, all
beams behaved linearly. The bottom of the
beams witnessed the beginning of tension
cracks, which then grew vertically upward.
As the load increased, new cracks began
to form between the supports and the clos-
est load points around 40% to 50% of the
ultimate load. As the load climbed, these
cracks curved towards the point of loading
as shown in Figs. 7-8. Cracks began to ap-
pear in the pure moment zone during the
early stages. These cracks first spread up-
ward before the slanted crack began. Flex-
ure cracks stopped spreading when the in-
clined crack initially showed up, and the
inclined cracks began to move towards the
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Table 3. Cracking shear strength (V) and Ultimate shear strength (V) for beams.

Compressive a/d

Stirrup spacing

Specimen strength (f;) (MPa) ratio  FV (mm) Vu (MPa) - Ver (MPa) - Vu/Ver
Dadl 53.86 1 1.338 300 4.93 3.54 1.39
Dad2 56.98 2 1.338 300 3.12 2.30 1.35
Dad3 53.86 3 1.338 300 1.422 1.38 1.03
Fadl 72.67 1 2.408 300 10.73 4.54 2.36
Fad2 71.67 2 2.408 300 4.05 2.76 1.47
Fad3 72.34 3 2.408 300 2.96 1.84 1.61
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(b)
Fig. 6. (a) Load vs Deflection at loading point
for Series-D and Series-F (b) Load vs Deflec-
tion at centre point for Series-D and Series-F,
“O” indicates cracking load points.

12 14

top.

Fig. 7. Photographs of tested beams for Series-
D.

The diagonal tension fractures
started at or above the tension reinforce-
ment in every beam and had an inclined
orientation from where they began. The
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F.

diagonal stress fractures at both ends
continued to grow as the loads began to
rise. They often passed across the ends
of the tension fractures at one end as
they expanded towards the load point.
At the opposite end, they either stretched
along the tension reinforcement, causing
horizontal splitting as illustrated in Figs.
7-8, or crossed the reinforcement at an
angle between 30 and 60 degrees.

The beginning of the diagonal ten-
sion fracture was closer to the support in
some of the beams (Dadl, Dad2). Ta-
ble 3 provides the V. values for beam
specimens’ first diagonal tension cracking
stresses. The failure of specimens with
a/d value of 1 in both series (Dadl, Fadl)
was identical. In these specimens, multi-
ple inclined cracks developed at the point of
loading, and with additional loading, these
cracks came together and eventually, the
concrete spalled off in that area. On each
shear span for specimen Dad3, only one sig-
nificant inclined crack formed.
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3.1 Behaviour after formation of diago-
nal cracks

Table 3 displays the ratio of the ulti-
mate load to the cracking load. For spec-
imen Dad3, which failed suddenly, the
cracking and ultimate loads were nearly
equal, whereas for the remaining beams in
both series, the ultimate load was greater
than the cracking load. It is clear that, with
the exception of specimen Dad3, all other
specimens were able to withstand loads that
were far greater than those responsible for
the initial diagonal tension cracking. This
error may be due to the defects of casting of
the beam.

In most of the beams, a second ma-
jor diagonal crack was formed parallel to
the first crack either before or at failure.
Between the two major cracks in beams
Dadl and Fadl, additional cracks were
seen, causing a diagonal band of fractured
concrete to extend from the support to the
closest loading block. A second crack did
not occur in beams Dad3 and Fad3.

Prior to failure, a residual compres-
sion zone of uncracked concrete existed be-
tween the diagonal crack tip and the com-
pression face, allowing the continued trans-
fer of compressive stresses. At ultimate
load, crushing and spalling of concrete oc-
curred in this compression zone which led
to sudden loss of load-carrying capacity.
This compression-controlled shear failure
was clearly observed in beams Dadl and
Dad2.

3.2 Effect of concrete strength and a/d
ratio on shear strength

3.2.1 Effect of concrete strength

In the present study, the shear
strength of a beam was defined as the load
corresponding to the formation of the first
diagonal crack crossing the mid-depth of
the beam. This is a criterion commonly
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adopted by several earlier researchers. The
results indicate that, for all a/d ratios, shear
strength increased with increasing concrete
compressive strength, as shown in Fig.
8. This enhancement can be attributed
to improved aggregate interlock, increased
dowel action of longitudinal reinforcement,
and higher load-carrying capacity of the
compression zone in higher-strength con-
crete. The observed trend is in good agree-
ment with findings reported in previous ex-
perimental investigations.

3.2.2 Effect of a/d ratio

Shear strength was reduced in each
of the series as the a/d ratio increased. The
impact of the a/d ratio on shear strength is
shown in Fig. 8. The highest shear strength
was observed in the beams having a/d ratio
of 1, compared to other beams. The shear
strength decreased by around 60% in both
series when the a/d ratio changed from 1 to
3. Literature analysis reveals that the size
impact was more apparent in HSC [30].

4. Validation of Numerical shear
strength values with experimental
results

Figs. 9-14 show the shear force
(kN) vs Deflection (mm) of beams Dadl,
Dad2, Dad3, Fadl, Fad2, Fad3 at both load-
ing points and also at the centre point of
the beam (Mid-span of beam), respectively.
The Numerical results are obtained by us-
ing the Displacement control for all mod-
els. It can be observed from Figs. 9-14
that almost all the models used in Numer-
ical based software ATENA were in line
with the experimental results. Also, it was
clearly observed that the deflections at the
centre point of the beam were higher when
compared with the loading point. It was
clear from the figures that the shear forces
are higher for beams with less shear span to
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depth ratio in both series of beams D and
F. The shear forces are higher for series F
beams for various shear span to depth ratios
when compared with series D beams, as se-
ries F beams had more compressive strength
and improved percentage tension reinforce-
ment than series D beams. With the in-
crease in a/d ratio from 1 to 3, the shear
strength was found to reduce by about 60%.
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Fig. 9. Shear Force (kN) vs Deflection (mm) for

Dadl beam (a) at Loading Point (b) at Centre
Point.

In Figs. 9-14; Dadl, Dad2, Dad3,
Fadl, Fad2, Fad3 represent the beams; with
D representing grade of concrete; ad the
shear span to depth ratios, and 1, 2 and 3
the value of shear span to depth ratio. Exp
represents experimental, G represents GRK
Model, EC represents Euro Code, MC rep-
resents Model code, M represents Mander’s
code and DC represents displacement con-
trol.

Table 4 shows the comparison of
shear strength values of experimental
beams with numerical values using various
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Fig. 10. Shear Force (kN) vs Deflection (mm)
for Dad2 beam (a) at Loading Point (b) at Cen-
tre.
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Fig. 11. Shear Force (kN) vs Deflection (mm)
for Dad3 beam (a) at Loading Point (b) at Centre
Point.

models. From the table, it is observed
that the numerical shear strength values
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Fig. 12. Shear Force (kN) vs Deflection (mm)
for Fadl beam (a) at Loading Point (b) at Centre
Point.
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Fig. 13. Shear Force (kN) vs Deflection (mm)
for Fad2 beam (a) at Loading Point (b) at Centre
Point.

predicted by various models of Dadl beam
are higher than the experimental values
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Fig. 14. Shear Force (kN) vs Deflection (mm)

for Fad3 beam (a) at Loading Point (b) at Centre
Point.

and lower than experimental for Fadl
beams. For other beams the prediction is
almost within 10%. This variation may
be due to some error in taking down the
experimental values. But by considering
all beams it can be clearly observed that
the averages of predicted shear strengths
of various models are similar to exper-
imental shear strengths. The difference
is 11% using Model code, within 5% for
Euro Code, and within 2% for Mander’s
Model and GRK Model. Tables 5-6 show
the comparison of deflection values of
experimental beams at loading point and
center point of beam with numerical values
using various models respectively. It can
be clearly observed from the table that
almost all the models predicted similar
deflections both at loading point and center
point of beam compared to experimental
deflections. So, from this observation it can
be concluded that the Numerical studies
can be further extended to predict the shear
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strength of HSC reinforced concrete beams
with various parameters such as change in
tension reinforcement, web reinforcement,
etc., without the experimental study which
saves material, man power and time.

Qﬁ |
L.
Fig. 15. Strains obtained using Numerical Anal-
ysis for Dadl beam.

|

o

Fig. 16. Strains obtained using Numerical Anal-
ysis for Dad2 beam.

[ﬁ ZaisneT

L.
Fig. 17. Strains obtained using Numerical Anal-
ysis for Dad3 beam.

T
L.
Fig. 18. Strains obtained using Numerical Anal-
ysis for Fadl beam.
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Fig. 19. Strains obtained using Numerical Anal-
ysis for Fad2 beam.

i

Fig. 20. Strains obtained using Numerical Anal-
ysis for Fad3 beam.

5. Conclusion

From the above experimental and nu-
merical studies on shear strength of rein-
forced high-strength concrete beams, it can
be concluded that:

1. In both the experimental and numer-
ical studies, the shear strength of the
test specimens increased as concrete
strength increased for all a/d ratio val-
ues. This conforms to the findings of
various other investigations.

. As the shear span-to-depth ratio in-
creased, the shear strength of the
beams decreased. Shear strength is
observed to decrease by around 60

. Beams of both series were found to
have an ultimate load that was signif-
icantly higher than the cracking load,
except for Dad3 beam, which failed
suddenly.

The Numerical shear strength values
of various high-strength reinforced
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Table 4. Comparison of shear strength (MPa) values of experiment with numerical.

Beam a/d Experimental ATENA shear strength results (MPa) Experimental/ ATENA results
shear strength  Model Euro Mander’s GRK  Model Euro Mander’s GRK
(MPa) code code  Model Model code code Model Model
Dadl 1 5.00 6.48  6.16 597 5.88 0.77  0.81 0.84 0.85
Dad2 2 3.10 332 329 3.20 3.20 093 094 0.97 0.97
Dad3 3 1.38 149 143 1.45 1.37 093 097 0.96 1.01
Fadl 1 10.66 10.86  9.95 8.78 8.78 098 1.07 1.21 1.22
Fad2 2 4.08 466 451 4.27 428 0.88 091 0.96 0.95
Fad3 3 2.96 343 285 3.19 3.16 0.86 1.04 0.93 0.94
Average 0.89  0.96 0.98 0.99

Table 5. Comparison of experimental displacement (mm) values at Loading Point corresponding to

peak load with numerical displacement (mm) values.

Beam a/d Experimental ATENA displacement (MPa) Experimental/ATENA results
displacement Model Euro Mander’s GRK  Model Euro Mander’s GRK
(mm) code code  Model Model code code Model Model
Dadl 1 3.7 3.7 3.74 3.79 3.79 1.00  0.99 0.98 0.98
Dad2 2 7.1 7.1 7.13 7.22 7.11 1.00  1.00 0.98 1.00
Dad3 3 3.95 4.03 4.03 4.03 4.03 098  0.98 0.98 0.98
Fadl 1 4.03 406 4.12 4.06 4.05 099  0.98 0.99 1.00
Fad2 2 5.87 594 594 59 59 099 099 0.99 0.99
Fad3 3 7.97 794  8.05 8.15 8.05 1.00  0.99 0.98 0.99
Average 099  0.99 0.98 0.99

Table 6. Comparison of Experimental Displacement (mm) values at Centre Point corresponding to

peak load with numerical displacement (mm) values.

Beam a/d Experimental ATENA displacement (MPa) Experimental/ ATENA results
displacement Model Euro Mander’s GRK  Model Euro Mander’s GRK
(mm) code code Model Model code code Model  Model
Dadl 1 7.1 7.13 7.3 7.26 7.26 1.00  1.02 0.99 1.00
Dad2 2 13.3 13.44  13.37 13.26 13.35 1.01  0.99 0.99 1.01
Dad3 3 4.12 413 412 4.14 4.18 1.00  1.00 1.00 1.01
Fadl 1 8.21 8.43 8.4 8.44 8.39 1.03  1.00 1.00 0.99
Fad2 2 7.8 787  7.86 7.92 7.84 1.01  1.00 1.01 0.99
Fad3 3 9.65 989  9.78 10.1 9.72 .02 0.99 1.03 0.96
Average 1.01  1.00 1.01 0.99

concrete beams using different mod-
els predict similar behaviour which
are on par with the experimental re-
sults.

. The strains observed in numerical

analysis using various models indi-
cate that the high-strength reinforced
concrete beams failed in shear, which
was in good agreement with experi-
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mental shear failure patterns.
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APPENDIX-A

The stress-Strain Curves of various
diameters of steel are shown in Figs. 21-24.
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Fig. 21. Stress-Strain curve of 6mm diameter
steel bar.
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Fig. 22. Stress-Strain curve of 6mm diameter
steel bar.
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Fig. 23. Stress-Strain curve of 12mm diameter
steel bar.
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Fig. 24. Strains obtained using Numerical Anal-
ysis for Fad3 beam.

APPENDIX-B

The mesh size versus maximum
shear force obtained on analyzing a plain
cement concrete beam of grade 50 MPa
were recorded in the Table A. The graph
was plotted between mesh size (mm) on Y-
axis and maximum shear force (kN) on X-
axis and shown in Fig. 25. It can be clearly
understood that as the mesh size becomes
finer the maximum shear force value in-
creased and becomes almost constant after
reaching a mesh size of 5 mm. So, from this
analysis of mesh sensitivity the mesh size
was considered as 5 mm. The mesh size is
not taken as 3 mm since computation time
is almost double that of the mesh size 5 mm
and result of maximum shear force (Peak
Load) is same.
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Table 8. Mesh size and corresponding Maxi-
mum Shear forces.

Mesh size (mm) Maximum Shear Force (kN)
200 12.32
100 16.24

50 19.791
10 20.82
5 22.82
3 22.83
225
200
175
£ 150

N
33

100

Mesh size (m

12 14 16 18 20

Shear Force (kN)

Fig. 25. Mesh size (mm) vs Shear Force (kN)
for a PCC beam of strength 50 MPa.
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