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Article Info Abstract

Article History: To attain sustainable development there is an increasing need of appropriate
substitute materials of concrete ingredients such as coarse aggregates. The main
aspiration of this effort is to produce the concrete using recycled concrete
Accepted 05 Dec 2024 aggregates derived from construction and demolition (C&D) waste. As such, the
use of recycled aggregate concrete (RAC) in structural elements becomes
absolutely essential. A series of solid and hollow RAC beams were tested
experimentally and simulated under torsional load to compared with natural
aggregate concrete (NAC) beams. All tested solid and hollow beams of size, 150
mm wide x 250 mm depth x 1800 mm length with 50 mm x 150 mm opening for
hollow beam, which composed of recycled concrete aggregate with replacement
; ratios of 0%, 50%, and 100%. The torsional capacity of hollow beams was found
SOI'd_ Beam; only lower by 5.49 %, 6.69 % and 8.67 % than the experimental solid beams in test
Torsion results. The simulation results yielded similar trends, with reductions of 7.52%,
7.90%, and 8.26% in the torsional capacity of hollow beams compared to solid
beams. The observed torsional parameter of beams such as crack pattern,
torsional ability and twisting angle were found comparable with FE analysis. The
findings of this study reveal that RAC beams, whether solid or hollow, possess
sufficient torsional capacity and structural integrity, as good as to that of NAC
beams. This suggests that RAC can be effectively utilized in structural applications
subjected to torsional loads.
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1. Introduction

Torsion is the one main structural action in ultimate limit state method and it is the subject of
scientific research studies since long time. In 21st century many engineering structures are
subjected to torsion because of structural geometry and unbalance loading. Eccentric box girders,
curved beams and spiral staircases are some different structures subjected to torsion and the
behaviour of these structures dominate due to torsion. Till date, pure torsion is an active research
area on traditional reinforced concrete material with recycled concrete aggregate concretes. In
accordance with its mix-proportion and cement content, the RAC might have an excellent
compressive and tensile strength. There is a compelling need for the civil engineering profession
to concentrate on the research, development, and application of innovative materials for modern
infrastructure [1-3]. RAC is becoming crucial in structural applications. [4-5]. The RAC attracted a
lot of researchers in the last two decades to investigate its performance under different load action
such as shear and flexural loading. Fatifazl et al. [6] and Kang et al. [7] found that existing flexural
theory applies to reinforced recycled concrete beams, with minimal changes in flexural behavior.
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A similar tendency was found when recycled concrete compared with conventional concrete in
service, yielding and ultimate state results in flexure [8]. The substitution of recycled concrete
aggregate in structural concrete has a minor change on the shear parameter [9-10]. Infrequent
research work on hollow recycled concrete aggregate concrete beam in torsion has been found in
the literature. Some important investigations exist on the failure pattern as well as overall torsional
behaviour of hollow beams with NAC and other type of concretes. Hollow concrete sections are
gaining popularity in the construction of offshore structures, towers, buildings, and bridges,
particularly for accommodating mechanical pipelines and electrical services. The hollow concrete
beams reduce structure weight, which affects transport, handling, and erection costs [11]. The
hollow beam crack at lower torque than solid beam and ultimate strengths were same for both
beams with same strength, size, and reinforcement [12-13]. Torsion causes solid and hollow beams
to collapse with 10 % below design loads [14]. Torsional shear stress flows around the section's
periphery, peaking at the outside fiber and decreasing away from the surface [15]. The solid and
hollow beams responded similarly in shear and torsion [16]. The comparison of experimental
results with various code provisions was done and found that the ACI 318-02 code was gave good
predictions for the ultimate torsion of hollow beams in pure torsion [17]. The solid and hollow
beams of equal size and reinforcement collapse under the equal stress in pure torsion [18-19]. The
torsional ductility gets more challenging with increasing concrete strength in hollow beams [20-
21]. The hollow RC member cracking torque values are lower than solid member values [22]. The
opening size affects the hollow beam capacity under torsion, flexure, and cyclic loading in the EFM
analysis [23]. Recent studies have explored the torsional behavior of solid RAC beams, revealing
satisfactory torsional performance comparable to NAC solid beams [24-27]. These findings suggest
the potential suitability of RAC for structural concrete applications. Untreated coarse recycled
concrete aggregate is limited to 40% in concrete grades up to M30, while treated coarse recycled
concrete aggregate can be used as a full replacement. This was ascribed to the enhancement in the
interfacial transition zone (ITZ) [28]. Self-sensing concrete made from recycled aggregate is more
effective at stress-sensing than existing structural health monitoring approaches. This novel
material could revolutionize SHM by monitoring structures in real time, improving safety and
maintenance [29]. Sustainable construction relies on waste materials in concrete to conserve the
environment and improve concrete qualities. To obtain required concrete characteristics and
performance, coarse aggregate replacement percentage must be carefully considered [30-33]. The
economic feasibility of new civil engineering material as compared to available material is very
important in the view of future demand [34]. In order to evaluate whether RAC can be useful for
structural use or not, many civil engineers and the researchers has been extensively studied the
types of loading tests of solid RAC beams. To the author's knowledge, there is a noticeable lack of
experimental and numerical investigations in the existing literature on the structural behavior of
hollow RAC beams under torsion. In an effort to address this gap the objective were finalized; the
investigation of various properties of recycled aggregate concrete, assess code provisions for
torsion, and validate through beam tests and FEA simulation. This study aims to promote the safe
and effective use of recycled concrete aggregate in concrete beams.

2. Experimental Materials and Test Setup
2.1. Materials

This investigation utilized OPC 53-grade cement had specific gravity 3.14, fineness 3080 cm?/g, and
55.5 MPa compressive strength that adhered to the specifications outlined in 1S:12269 [35]. Fine
Aggregates (FA) of nominal maximum size 4.75mm, fineness modulus = 2.80, water absorption
3.50%, specific gravity 2.65, and Natural Coarse Aggregates (NCA) fineness modulus = 6.70,
maximum nominal size 20 mm, specific gravity 2.65, Impact test value 18.18% and crushing value
21.21% meeting the requirements of IS: 383 [36] were used in this study. In compliance with IS:
456 [37], for concreting and curing purposes tap water was used. A chemical admixture meeting
the requirements of IS: 9103 [38] was employed to attain the required workability of the concrete.
TMT deformed steel bars having average yield strength 515 MPa were used as beam reinforcement
and tested as per the practice suggested in IS: 1608 [39]. Concrete cylinders (150 mm x 300 mm)
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were prepared using steel molds for the purpose of conducting tensile and compressive strength
tests.

2.2. Recycled Concrete Aggregates

Rapid urbanization and infrastructural development are consuming natural resources rapidly.
Reusing and recycling recycled concrete aggregate was necessary because to rising demand for
natural aggregates [40-41]. Construction waste from building and demolition processes must be
reduced. In this study, recycled concrete aggregate was sourced from waste concrete panels
obtained from demolished reinforced concrete structures [42-43]. Fig.1 showed flow chart of the
C&D waste process plant, because the actual photography of plant was not permitted.

Step 1- Feed System- Step 2 - Scrubbing- Step 3 - Lightweight trash

Remove Oversize for — Clay/Cement adhering to fmlf removal- with these impurities.

Recrushing. the surface is removed. producthas limited applicability
and thus low value.

Step 6 - Water U

Recycling- Non- -
polluting green 4 Step 5 - Recycled sand <= Step 4 - Washing and
technol o:cr; N and aggregates. Sizing - Organic and high

fines content is removed.

Step 7 — Sludge Management —
Soil recovered for making product.

Fig. 1. Flowchart of Processing plant

Fig. 2a showed the concrete panels at the C&D waste center to crush in to required range using a
processing plant machine shown in Fig. 2b. After the complete processing on waste concrete lumps,
recycled concrete aggregate were transported to working lab for further testing and use shown in
Fig.2 (c) and grinding machine shown in Fig. 2 (d) was also used to converts concrete waste into
aggregates. The recycled concrete aggregates were categorized into four size fractions (16-20 mm,
12.5-16 mm, 10-12.5 mm, 4.75-10 mm) and stored separately. The recycled coarse aggregate
fractions were manually blended to match the grading curve of natural coarse aggregate,
conforming to the specifications outlined in IS 383 [36].

Table 1. Coarse Aggregates Properties

Moisture Bulk Water  Impact

Properties gli[;l:l(r?n l::g Content l;;zgﬁsz density S?:f,liilc absorption value ‘i;l:lseh(ltr)}g)
(%) (ke/m?) BV (%) ’

Natural

Coarse 20 0.55 6.66 1530 2.64 0.55 18.58 20.16

Aggregate

Recycled

Concrete 20 2.31 6.32 1420 243 3.59 20.88 22.72

Aggregate
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Fig. 2. (a) Waste concrete panels (b) Crushed concrete lumps (c) Recycled concrete aggregates
(d) Grinding machine

2.3. Details of Solid and Hollow Beam Specimens

Three pairs (two each) solid and hollow beams with 0%, 50%, and 100% recycled concrete
aggregate beams were cast and tested. The beams measured in length 1800 mm, width 150 mm,

and depth 250 mm, with standardized reinforcement, with longitudinal top and bottom
reinforcement of 3¢12 and 2¢10 respectively.

D| -
150, ) =
6.5 T
Blage CHdo] Al s@100
325 SRR 4 W i .
(i (T W1l FrF ITT T LT g -
— (LTI I N | TTTTTTl <
| TH.325
L 400 1000 — 400 A
1800 '
END  ZONE TEST END  ZONE 50 50 50
ZONE
ALL DIMENSION ARE IN MILLIMETER (MM)
(a) (b)
2#10 10 N
8@50c/c a2 3K = 12
100 clc 50c/c /3#
8 ” 50c/c
N 2 12 2410 |5
(LA (UL A [BLEeL% l.lﬂ.l._z_QL.l
Section A-A Section B-B Section C-C Section D-D
() (d)

Fig. 3. Reinforcement Detailing for Solid and Hollow Beams
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8mmg @100mm c/c closed stirrups was provided in the test zone. 250 mm x 150 mm Lever arm
was provided for applying torque with reinforcement shown in Fig.3 (a). Hollow beams featured a
50mm x 150mm core, surrounded by a 50mm peripheral wall thickness, as illustrated in Fig. 3(b).
To cast these beams, 150mm x 250mm end plates with 50mm x 150mm openings were employed.
Plywood sheets wrapped with cardboard were inserted to form openings along the beam's length.
After 24 hours, the hollow beams were demolded, and the plywood sheets were carefully removed
to maintain the wall thickness, which significantly affects the torque and twist values of the hollow
beams. The section A-A taken in the test region and section B-B taken in the end zone as shown in
the Fig. 3 (c). The section C-C and section D-D taken in the lever arm zone as shown in the Fig.3 (d).

2.4. Concrete Proportioning

A concrete mix design conforming to M30 grade was developed according to IS: 10262 [44],
employing the absolute volume method. Recycled concrete aggregate was in the SSD state to
maintain constant free water and workability. The volume replacement method was employed,
considering the specific gravity difference between natural coarse aggregate and recycled concrete
aggregate. Three series of mixtures were prepared as mention in Table 2. The concrete mixtures
were named as follows: "M" indicated the mixture, and "R" represented the alternate % of natural
coarse aggregate with recycled concrete aggregate.

Table 2. Concrete mix proportion (1 m3) in Kg

Natural Coarse Recycled

Mix Cement Water Sand A ¢ Concrete

ggregate Aggregate
M-R0O0 380 180 680 1160 000
M-R50 380 180 675 567 552
M-R100 380 180 620 000 1130

2.5. Batching, Mixing and Casting of Concrete Beams

Concrete mixing was performed in the lab in a tilting-drum mixer. Weighed and bagged materials
were mixed in a specific sequence. The mixing process involved moistening coarse aggregates with
1/3 of the entire water, followed by addition of 1/3 of the cement. The residual fine aggregates,
cement and water, were added, and the mixture was blended thoroughly. The mixed concrete was
then transported, poured into molds, compacted, and finished before the initial setting time. The
interior surfaces of the molds were coated with shutter oil. For hollow beam casting, 150 x 250 mm
end plates with 50 x 150 mm openings and 50 mm peripheral wall thickness were used. Plywood
plates wrapped with cardboard were inserted to create openings along the beam's length shown in
Fig. 4a. After 24 hours, the plywood plates were carefully removed shown in Fig. 4b, and the
cardboard was removed by sprinkling water. The concrete was compacted using a needle vibrator
as shown in Fig. 4c. The beam specimens were demolded after 24 hours, then wrapped in gunny
bags and cured on a clean, level laboratory floor.
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Fig. 4. Casting of beams

2.6. Instrumentation and Test Setup

A custom setup for test was planned to apply torsion to the beam specimen. As revealed in Fig. 5,
the beam was placed on roller supports, allowing its ends to rotate, extend, and contract freely.
The strategic placement of roller supports at both ends prevented longitudinal compression,
ensuring that the beam was subjected to torsion only.

Reaction
Frame

Y A—— ] | S Y
l Load Cell

Hydraulic
Jack

Spreader
Beam

Loading
Roller
3 . «—Lever Arm
Solid Specimens
Hollow Specimens

LVDT
Supporting
Rollers

Fig. 5. Solid and hollow beam torsion test setup

Torsion was applied to a 850 mm free span, within an effective range of 1000mm. Vertical
deformations were recorded by two LVDTs positioned beneath the soffit of two lever arms. The
load sensor and LVDT were connected to a data acquisition system. All the beams were subjected
to progressive loading at its center, using a 1000kN hydraulic jack, with incremental load
increments until failure.

3. Results and Discussion

3.1Fresh Concrete Slump

The inferior slump values of RAC mixes, compared to NAC mixes, can be attributed to the irregular
shape and lower specific gravity of recycled concrete aggregate relative to natural coarse aggregate.
The recycled concrete aggregate has an older recycled concrete aggregate-cement bond that is
different from the new cement bond. This makes it harder for RAC to flow. To get the right slump
for RAC, super plasticizer must be used in RAC, just like it is needed for recycled concrete aggregate,
which has an odd shape. So, adding super plasticizer to RAC made it similar to NAC in that it was
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easy to work with and compacted well. Consequently, the addition of super plasticizer to RAC
allowed RAC to attain comparable workability and compaction to that of NAC. All mixes were
planned to slump in the S3 slump class (100-150 mm).

3.2 Density of Concrete

The density of RAC decreased linearly with increasing replacement ratios of natural coarse
aggregate to recycled concrete aggregate, yielding lower densities compared to NAC. Table 3 shows
that RAC mixes containing 50% and 100% RCA had densities 1.92% and 3.75% lower, respectively,
than NAC. This trend is attributed to the direct relationship between concrete density and the
density of its constituent particles.

3.3. Mechanical Properties of Concrete

To evaluate the compressive and tensile strength of each mix, cylinders of 150 mm x 300 mm were
made according to IS: 516 [45] and IS: 5816 [46]. The beams were given the following names in
Table 3: (1) the solid and hollow beams marked by SB and HB. (2) R shows the % of replacement
of recycled concrete aggregate.

Table 3. Measured properties of concrete

Beam Id Density Compressive Strength Tensile Strength
(Kg/m3) (MPa) (MPa)
SB-R00 2400 37.55 411
HB-R00 2400 37.45 411
SB-R50 2354 36.85 3.98
HB-R50 2354 36.82 3.97
SB-R100 2310 32.33 3.15
HB-R100 2310 32.36 3.11

The types of failure did not show any significant variations. The NAC and RAC had approximately
equal ultimate compressive strength for each pair of beams as shown in Table 3. The 50% and 100
% recycled concrete aggregate mixes were lower than natural coarse aggregate i.e.1.6 % and 5.1 %
respectively. The equivalent strength of concrete mixes may be justified by the particle shape, their
adherence to the paste of cement and caliber of concrete. Compared to natural coarse aggregate
concrete, the tensile strength reductions of 3.41% and 14.63% were observed for 50% and 100%
recycled concrete aggregate concrete, respectively. The strong attachment between the cement
paste and recycled aggregate, facilitated by the aggregate's rough and porous texture, may
contribute to this reduction. The tensile strength was influenced more by the recycled concrete
aggregate’s quality rather of their amount [47]. It is abundantly evident that if the recycled
aggregates are employed in the SSD state, replacing natural aggregates by recycled aggregates at
whatever percentage leads only in a minor difference in concrete slump. The concrete mix achieved
the desired compressive strength (30 MPa) at 28-day. Although moisture conditions of the coarse
aggregates affected compressive strength, replacing natural aggregate with recycled aggregate
proved beneficial. Importantly, this substitution did not significantly impact the concrete's
workability, compressive strength, or tensile strength.

3.4. Effect of Recycled Concrete Aggregate on Cracking Behaviour of Solid and
Hollow Beams

This analysis included the examination of propagation with failure patterns of cracks. The test
revealed that the tensile cracking about all faces of the RAC and NAC beams. There were no visible
fractures in any of the beams as the torque was progressively increased at the start of the test. Fig.
6 illustrates the cracking and failure patterns of RAC beams with varying replacement ratios. The
results indicate a positive correlation between the replacement ratio and the number of cracks,
with an increase in cracks as the replacement ratio increased. Diagonal cracks appeared on both
wider and shorter faces, simultaneously. As torque increased, cracks on the larger faces shifted
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towards the shorter faces, at right angles to the longitudinal beam's axis. Identified cracks joined
with original 45-degree cracks on shorter faces, resulting in S-shaped curves. The results show that
recycled concrete aggregate in solid and hollow beams promotes numerous cracks and stress
redeployment subsequent to original cracking. Key findings include are (1) RAC beams developed
multiple diagonal cracks after the first crack. (2) Cracks and twist angles increased with torque. (3)
A notable diagonal break occurred at 45-48 degrees from the beam axis. (4)RCA increased the
diagonal crack angle in solid and hollow beams. (5) The test results showed that hollow beams
exhibited cracking and failure at marginally lower loads compared to solid beams. This suggests
that the concrete core in solid beams plays a beneficial role in enhancing the cracking load.

o

Fig. 6. Cracks pattern in test region of solid and hollow beams

3.5. Effect of Recycled Concrete Aggregate on Torque and Twist angle

The hollow RAC beams exhibited lower cracking resistance and maximum rotational force
compared to solid NAC beams, which showed minimal damage. Table 4 indicates that as the
proportion of recycled concrete aggregate in the beam increased, the torsional strength decreased,
while the angle of twist increased.

Table 4. Measured torque and twist angle

Cracking State Ultimate State
Beam ID T., O.r T, 0,
(kN.m) (rad/m) (kN.m) (rad/m)
SB-R00 3.68 0.003 11.10 0.027
HB-R0OO0 3.11 0.003 10.51 0.028
SB-R50 3.40 0.003 10.44 0.027
HB-R50 2.87 0.003 9.76 0.029
SB-R100 2.89 0.004 9.82 0.031
HB-R100 2.71 0.006 8.97 0.033

The torsional capacity of the beams was only reduced by 5.49% and angle of twist was increases
by 3.70% for HB-R0O0. The torsional capacity of the beams was only reduced by 6.69% and angle of
twist was increases by 6.89 % for HB-R50. The torsional capacity of the beams was only reduced
by 8.67% and angle of twist was increases by 9.09% for HB-R100 at ultimate state as compared to
that of SB-R00, SB-R50 and SB-R100 beams. Both beams had about the equivalent force resistance
capacity, but solid beams had a little more. The strength of hollow beams was identical to that found
in the solid beams. The concrete core's absence was the lone deviation. Both series points lie on the
same curve, indicating that similar reinforcing levels resulted in nearly equal torsion ultimate
strengths. The results suggest that the concrete core does not provide a significant contribution to
the ultimate torsional strength of a solid beam, and the torque was not caused by the concrete
core's resistance as is generally believed. It will help figure out what changes need to be made to
the current standards and how to use RAC solid and hollow beams for building structures. The
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lesser modulus of elasticity of RAC compare to NAC results in increased twist angles, especially
with higher recycled concrete aggregate ratios under different stress conditions. Nevertheless,
hollow RAC beams exhibit acceptable behavior, albeit slightly inferior, compared to solid RAC
beams at all loading stages in torsion.

3.6. Effect of Recycled Concrete Aggregate on Torque-Twist Relationship

It can be understood from Fig.7 the hollow beams perform nearly well with solid beams in test
results. The fact that both series points are on the same curve suggests that equivalent torsion
ultimate strengths were produced by comparable levels of reinforcing. As a result, it appears that
the concrete core did not increase a solid beam's final torsional strength, and contrary to popular
belief, the torque was not brought on by the resistance of the concrete core.

12,0
10,0
8,0

6,0

Torque (KN.m)

4,0 ——SB-R00 ——HB-R00
——SB-R100 HB-R100

0,0
0,00 0,01 0,02 0,03 0,04 0,05

Angle of twist (rad/m)

Fig. 7. Measured Torque-Twist curves for all tested beams

For the solid beam, the peak torsional moment was 11.10kN.m, for the hollow beam it was
10.51kN.m, and for the solid beam it was 9.76kN.m. The peak torsional moment for the solid beam
was 10.44kN.m. The measured twist angles for solid and hollow beams were 0.027rad/m,
0.027rad/m, 0.031 rad/m and 0.028rad/m, 0.029rad/m, 0.033rad/m, respectively for 0%, 50%,
and 100% replacement of recycled concrete aggregate. The final torque and angle of twist was not
affected to a great extent because of the replacement ratio of recycled concrete aggregate. However,
the consequence was not big adequate to stop using recycled concrete aggregate in RAC beams for
pure torsion in solid and hollow beams. Form the achieved results, the torsional behaviour, angle
of twist and crack pattern at every state loading with the failure mode of varying % of RAC in solid
and hollow beams it can be committed that the application of RAC in structural use under torsion
is feasible with prior care.

4. Validation of Laboratory Tested Beams by Finite Element Method

The increasing use of finite element analysis to simulate the complicated structural issues ABAQUS,
ATENA-3D, ANSYS, LS-Dyna and some other software are available. These FE software’s help to
analyses the structural concrete element under the variety of loading such as flexure, shear and
torsion. The accuracy of FE model based on compatibility of non-linear method and adopted
materials model. This study simulated hollow and solid beams with coarse RCA subjected to torsion
using ABAQUS FEA software. The simple object method was used to create geometry in ABAQUS.
The brittle-cracking model was adapted as a material model, which yield better results of concrete.
Simple Rankine yield criterion was employed to perceive accurate crack initiations and
propagations on the beams, which allows the crack closing and reopening. The top of the beam was
loaded via displacement-controlled method to match the spreader beam center deformation rate.
The rigid steel roller support was vertically constrained and modeled by a line of contact boundary
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condition. Monitoring stations were set at the spreader beam top and lever arm soffit to record load
and deformation.

4.1. Geometrical Definition and Meshing

A three-dimensional geometrical model of the beam specimens shown in Fig.(a) was developed in
ABAQUS utilizing the built-in modeling tools and element library. The Fig. 8 (b) shown longitudinal
and transverse directions reinforcement, modeled as truss elements (T3D2) based on experimental
details. The reinforcement consisted of 12 mm diameter for bottom steel, 10 mm diameter bars for
top reinforcement and 8 mm diameter bars for web reinforcement. Web reinforcement was spaced
100 mm apart to achieve the desired torsion response. ABAQUS effectively modeled curved parts,
such as steel rollers, using precise contact shown in Figs. 8 (a) and 8(c). The model employed 25
mm; eight-noded, hexahedral (brick) elements with incompatible modes (C3D8I) to prevent overly
rigid behavior under bending. The steel rebars were replicated using 10 mm-sized 3D linear truss
(T3D2) elements.

(c)

Fig. 8. Geometrical modelling and meshed beams

4.2. Material Models

For various materials and applications, ABAQUS provides a range of material models. ABAQUS also
allows users to create custom material models, a valuable feature when working with
unconventional materials. While predefined models suffice for standard concrete structures, they
cannot accurately simulate concretes containing alternative ingredients like silica fume, fly ash, or
recycled aggregates. To address this limitation, the constitutive model published by Suryawanshi
etal. [48] was employed to capture the non-linear performance of NAC and RAC. The simple stress-
strain relationship is defined by Eq. 1.

d=a(&)+b(e)?+c(8)+d(e)* (1)

10
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Fig.9. Input parameter - Stress-strain relations for concrete and reinforcement

Figure 9 (a) shows the window for user-defined material definition using stress-strain data of
compression test and inelastic strain damage factors. The Concrete Damage Plasticity model can be
characterized using tensile test stress-strain data in conjunction with the associated material
damage parameters. According to Earij et al. [49], ABAQUS has adopted appropriate values for
input parameters like dilation angle, eccentricity, and viscosity parameters from existing literature.
Concrete's compressive and tensile behaviors, as well as its elastic and plastic qualities, are
examples of additional material input characteristics. Concrete's non-linear stress-strain behavior
must be taken into account when predicting material damage using the damage coefficient.
ABAQUS also permits users to incorporate the actual nonlinear stress-strain behavior of steel,
thereby enabling more precise simulations compared to idealize elastic-plastic models. The
dialogue window appears in Fig.9 (b) after entering stress-strain values. Note that ABAQUS only
accepts inelastic strain and stress values. Differentiating total strain and elastic strain yields
inelastic strain.

4.3. Cracking Behaviour of Solid and Hollow RAC Beams

In ABAQUS, the bands of principal tensile strain generated during the loading. Tensile strain bands
with precise color to represents definite magnitude of strain that can compare with actual crack
pattern observed during test. During loading, the crack pattern (principal tensile strain band) was
monitored in both beams. The first diagonal crack appeared at the same depth as observed
experimentally. As the load increased, the diagonal crack pattern propagated to other faces of the
beams, with additional crack bands forming. Figs. 9 and 10 shows that the crack patterns,
characterized by principal tensile strain, were comparable in both solid and hollow beams,
regardless of the recycled concrete aggregate content.
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Fig. 9. Comparative crack pattern of solid beams

— s

Fig. 10. Comparative crack pattern of Hollow beams

The development of tensile strain bands, characterized by distinct colors indicating particular
strain magnitudes, can be correlated with the actual crack patterns found in experimental settings.
Figure 9 and 10 illustrates the relationship of fracture pattern in beams with varying substitution
amounts of recycled concrete aggregate, alongside the primary tensile strain patterns simulated by
ABAQUS. Notably, the major tensile strains patterns produced by ABAQUS and experimental were
align with each other. Fig. 10 displays the identical cracking patterns produced by ABAQUS analysis
along with cracking patterns that were obtained from experiment. The cracking pattern in all solid
and hollow beams with varying percentages of recycled concrete aggregate was identical. All solid
beam specimens shown the first crack was almost at somewhat higher torsion than the hollow
beam. However, as the percentage of recycled aggregates replacing natural aggregates rise, the
peak load falls in both results for all beams. This suggests that RAC-beam and NAC-beam behave
similarly in both the tests. The beam containing recycled concrete aggregate 50% and 100% found
more cracks than NAC beam in both the test. Hollow beams showed wider crack than the solid beam
in experiment test and FEM analysis.

4.4. Torque-Twist Capacity RAC Beams at Ultimate State

All the solid and hollow beam were tested in load frame experimentally and the tested beam
validated through finite element software ABAQUS. The load and deformation data were recorded
continuously and transform into Torque-Twist form for more analysis. The twisting angle along
with torsional ability of all the beams at ultimate state was compared with ABAQUS analysis. Table
5 shows torsional capacity of solid beams somewhat more than hollow beam in both studies. As the
% of RCA increase torsional capacity decreases in both the methods.

Table 5. Observed and simulated torsional moment of RAC beam

Ultimate Torsional  Ultimate Torsional  Angle of twist Angle of twist

Beam Id Moment Measured Moment ABAQUS Measured ABAQUS

(kN.m) (kN.m) (rad/m) (rad/m)
SB-R00 11.10 11.70 0.027 0.028
HB-R00 10.51 10.82 0.028 0.031
SB-R50 10.44 10.75 0.027 0.030
HB-R50 9.76 9.90 0.029 0.033
SB-R100 9.82 9.92 0.031 0.032
HB-R100 8.97 9.10 0.033 0.035

The ultimate torsional capacity of experimentally tested solid beams SB-R00, SB-R50 and SB-R100
was decreased by 5.12%, 2.88% and 1% than the numerical torsional value. The ultimate torsional
capacity of experimentally tested hollow beam HB-R00, HB-R50 and HB-R100 was decreased by
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2.86%, 1.14% and 1% than the numerical torsional value. The torsional ability of hollow beams
was found lower by 7.52 %, 7.90 % and 8.26 % than the solid beams in simulation results. From
the test results in the both method it was seen that the torsional capacity of ABAQUS software was
found nearly close to experimental values at the definitive state for all the beams.

4.5. Torque-Twist Behaviour of RAC Beams

The experimental and numerical results showed similar behavior for hollow and solid beams
before and after the peak. However, the ABAQUS simulation yielded a slightly larger area under the
torque-twist curve compared to the experimental curve, as illustrated in Fig. 11. The ABAQUS
investigation shows a comparable trend of reduced resistance capability of torque and increasing
twisting angle at higher replacement levels. This could be due to a decrease concrete modulus of
elasticity, which corresponds to a greater extent of natural coarse aggregate substitution.
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Fig. 11. Comparative torque-twist performance of solid and hollow beam
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Fig. 11 displays the torque-twist relationships established by ABAQUS software. The specimens
responded virtually linearly after cracking until the tension bar yielded. Following this, each
specimen showed nonlinear behavior until reaching its failure load. Enough rotation of the plastic
hinge causes high stress in the specimens' compression zone, leading to crushing failure. The
experimental torque-twist curves for all solid and hollow beam specimens compared in Fig. 11.
Both analyses showed similar torque-twist tendencies. The presence of two interfacial transition
zones (ITZs) in RAC beams reduced their cracking stress and stiffness compared to natural NAC
beams, which have only one ITZ. This is attributed to the lower modulus of elasticity of RAC.

The torque-twist behavior of solid beam showed somewhat higher torque at cracking state and
same at the ultimate state than hollow beams. The experimentally tested 50% and 100% recycled
concrete aggregate hollow beam showed lower torque-twist behavior with the comparison of
simulation during ultimate to failure state as shown in Fig.11 (HB-R50 and HB-R100). Increasing
the replacement level of recycled concrete aggregate reduces the area under the torque-twist
curve. Furthermore, the incorporation of recycled concrete aggregate in concrete leads to a more
gradual post-peak decline in the torque-twist curves, highlighting the increased weakness of RAC
compared to NAC.

5. Conclusions

A numerical investigation was conducted to examine the impact of recycled concrete aggregate on
the torsional behavior of reinforced concrete beams, with validation provided by experimental
results. The primary findings are outlined below:

e To achieve satisfactory workability, the addition of super plasticizer was found suitable and
the concrete density of RAC beam was not affected considerably as compare to NAC.

e The tensile and compressive strength with 0% and 50% recycled concrete aggregate of
concrete were found decrease by 3.16% and 1.86% respectively. However, the RAC with 100%
recycled concrete aggregate of tensile and compressive strength w.r.t. NAC found decrease by
23.35% and 13.82%. Because of the breakdown of the aggregate-cement paste bond inferior
results of RAC was found as compare to NAC.

e Both experimental and numerical results showed similar crack initiation and propagation
patterns in solid and hollow beams. Upon reaching maximum torsion, a dominant crack in the
test zone expanded significantly, leading to tensile failure of the beams in both experimental
and numerical methods.

e Similar diagonal cracks were observed in hollow and solid beam and the beam containing
recycled concrete aggregate found more cracks than NAC beam in both the test. Hollow beams
showed wider crack than the solid beam in test and FEM analysis.

e The experimental torque of the all hollow beams was found decreased than solid beam by
5.31%, 6.51% and 8.05% at ultimate state with the increased twisting angle and % of recycled
concrete aggregate in comparison to solid beams. The twist angle of the beam was increased
for HB-R00 by 3.70%, for HB-R50 by 6.89% and for HB-R100 by 9.09% at ultimate state as
compare with SB-R00, SB-R50 and SB-R100 beams.

e Increasing the proportion of recycled concrete aggregate (RCA) reduces the area under the
torque-twist curve. Moreover, RCA inclusion leads to a more pronounced reduction in the post-
peak gradient of the torque-twist curve, indicating increased brittleness in RAC compared to
NAC.

e The inclusion of recycled concrete aggregate in structural concrete leads to a reduce in the
area under the torque-twist curve as the replacement level increases. Furthermore, the utilize
of recycled concrete aggregate reduces the post-peak gradients of the torque-twist curve,
highlighting the increased brittleness of RAC compare to NAC.

e The ultimate torsional capacity of experimentally tested solid beams SB-R00, SB-R50 and SB-
R100 was decreased by 5.12%, 2.88% and 1% than the numerical torque. The ultimate
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torsional capacity of experimentally tested hollow beam HB-R00, HB-R50 and HB-R100 was
decreased by 2.86%, 1.14% and 1% than the numerical torque. The torque-twist characteristic
revealed that, ABAQUS simulation results were significantly closer to experimental results at
all the parameters. This indicates that the significance of sound characterize material
definition in expressions of calculated stress-strain relation of yield of numerical simulation.

e The torque-twist behaviour of solid beam showed somewhat higher torque at cracking state
and same at the ultimate state than hollow beams. The experimentally tested 50% and 100%
recycled concrete aggregate hollow beam showed lower torque-twist behaviour with the
comparison of simulation during ultimate to failure state.

According to the findings, additional research is necessary in order to reach an agreement
regarding its torsional performance of RAC beams.
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