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Abstract Impact resistance of a material is of utmost
significance in many essential structural applications. But,
concrete is weak in withstanding impact/collision/blast
loads. Addition of crumb rubber as a replacement of
mineral aggregates has yielded a material which has high
impact resistance and is termed as rubcrete. It has been
observed that 0-20% replacement of fine aggregates with
crumb rubber produces rubcrete with high energy absorp-
tion capacity. But, rubcrete is usually associated with a
reduction in strength. Pretreatment of crumb rubber parti-
cles and grading them in the same proportion as that of the
fine aggregates will help to mitigate the reduction in
strength. Addition of steel and polypropylene fibres aids in
maintaining the strength characteristics of rubcrete and
facilitates control in the generation and propagation of
cracks. Improved energy absorption characteristics were
observed for steel and polypropylene fibre contents up to
1% and 0.3%, respectively. In order to determine the
optimum proportions of crumb rubber, steel fibres and
polypropylene fibres, the energy absorption capacity of
prisms of size 100 x 100 x 500 mm was evaluated.
Results show that 15% of crumb rubber, 0.75% of steel
fibres and 0.2% of polypropylene fibres were the ideal
proportions of crumb rubber, steel fibres and polypropylene
fibres, respectively, to attain maximum energy
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absorption/cost ratio. This paper presents the results of
numerical and experimental studies conducted on the
impact behaviour of M 40 and M 60 grade ordinary con-
cretes, rubcrete and fibre-reinforced rubcrete beams of
dimensions 100 x 150 x 1200 mm. Durability studies
were also carried out on fibre-reinforced rubcrete mixes to
ascertain their behaviour in extreme environments. From
the durability studies, it was noticed that when exposed to
severe environments, fibre-reinforced rubcrete specimen
had comparable properties with that of ordinary concrete.
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Introduction

Structures are subjected to impact loads when any collision
occurs in their vicinity [1, 2]. Pedersen et al. and Blok et al.
had discussed impact loads caused due to the collision of
ships on offshore structures [3, 4]. Some structures like
crash barriers are subjected to impact forces due to colli-
sion from vehicles [5]. Blasts from various sources have
different effects on structural elements. As such, sources of
impact could vary from vehicular impact or any form of
blast loads. Technological advancements have ensured
more powerful automobiles and vessels occupy our roads
and waterways to ferry greater loads in a single trip [6, 7].
Momentary lapses in concentrations of operators, excess
speed, adverse weather, etc., during transport of these
transport machines can lead to accidents, at least some of
which result in damage to nearby by structural elements
[8-11]. The blast loads may be generated by accidents or
are purposely implanted. Blast accidents may occur in
chemical plants, oil refineries, gas chambers, etc. Purposely
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planted blasts include blasts from bomb blasts implanted
by security forces or antisocial elements and blasts gener-
ated for controlled demolition of buildings. The intensity of
explosives has been on the rise. The effects of blast loads
on structures were discussed by Ngo et al. [12]. The
smaller projectiles generated during blasts create the
impact loads during the blasts. Hence, it is essential to
improve the energy absorption capacity of the structures,
which are more likely to be subjected to blasts of impact
loads. Since concrete is the most favoured material in terms
of consumption across the globe, many of the structures
erected are composed of concrete structural elements [13].
The concrete structures which are likely to be subjected to
collision or blast would require concrete to absorb a sig-
nificant amount of energy before failure.

So, attempts to improve the energy absorption capacity
of concrete have been undertaken by various researchers.
One of the methods to improve the energy absorption
capacity of concrete is by replacing aggregates with rubber.
When powdered or shredded rubber is used in the place of
mineral aggregates, both fine and coarse, the material
developed has the ability to absorb more energy. Such a
concrete in which powdered or shredded rubber takes the
place of mineral aggregates is generally termed as rubcrete
[14, 15]. Ozbay et al. [16] had reported an increase in
energy absorption capacity with an increase in replacement
of fine aggregates with crumb rubber. Atahan and Yiicel
[17] had also reported an increase in energy absorption
capacity of concrete with an increase in crumb rubber
content. But, both Ozbay and Atahan had also reported a
decrease in strength properties of concrete with an increase
in crumb rubber content. One of the methods to reduce the
decrease in strength properties of concrete is by pretreating
the crumb rubber particles. The pretreatment of crumb
rubber particles removes the unwanted materials from their
surface and improves the adhesion of crumb rubber with
other ingredients of the concrete matrix. Ganesan et al. and
Wang et al. [18, 19] had reported an improvement in the
strength characteristics of rubcrete due to the pretreatment
of crumb rubber particles using polyvinyl alcohol.

Studies have also shown that adding fibres to rubcrete
assists in mitigating the reduction in the strength properties
of rubcrete. Carrol et al. [20] have reported an improve-
ment in strength properties of steel fibre-reinforced rub-
crete when compared to the strength properties of rubcrete.
Steel fibres in concrete also regulate the propagation of
macrocracks in concrete [21]. Raj et al. [22] have reported
a significant improvement in the energy absorption
capacity of steel fibre-reinforced rubcrete when compared
to that of conventional concrete. Polypropylene fibres hold
together various constituents of concrete and assist in
delaying the generation of initial cracks. However, once the
cracking has started, polypropylene fibres are rendered
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ineffective [23]. More importantly, there is evidence of
improvement in the energy absorption capacity of
polypropylene fibre-reinforced rubcrete when compared to
the energy absorption capacity of conventional concrete
[24].

Important structures have to withstand the loads acting
on them effectively for a longer duration of time. Hence,
assessment of the performance of concrete when subjected
to an extreme environment is of paramount importance, to
provide confidence to the user of the material about its
enhanced performance and lower life cycle costs. Water
absorption and sorptivity studies on specimen indicate the
degree of permeability of concrete [25, 26]. Massazza [27]
has presented sorption as a phenomenon induced due to the
action of capillary forces acting on concrete surfaces which
are subjected to repeated wetting and drying. Mackechnie
had noted that the exposure of concrete to marine envi-
ronment significantly affects the durability characteristics
of concrete [28]. Marine environment adversely affects
concrete and may abet the corrosion of reinforcements
within concrete [29]. So, it is essential to understand the
behaviour of concrete subjected to the marine environment.
The resistance of concrete to the acidic environment and
sulphate attack has not been effective [30, 31]. When the
components of concrete that are soluble in acid get exposed
to the acidic environment, they get degraded and increase
the capillary porosity of concrete. The acid attack also
results in loss of cohesiveness within the concrete and
consequently results in a decrease in strength characteris-
tics [32]. Exposure of concrete to sulphate attack causes the
formation of products with larger molar volume and results
in the cracking of concrete. Excessive deformation of
concrete resulting in cracks is a sign of concrete subjected
to sulphate attack [32]. So, in order to analyse the beha-
viour of constituents of concrete subjected to acidic and
sulphate environment, it is essential to subject them to acid
attack and sulphate attack.

It can be noted that the ability of concrete to withstand
impact loads is limited. This limitation makes concrete
structures that are likely to be subjected to impact or blast
loads vulnerable. So, improving the impact resistance of
concrete assumes significance. Addition of rubber as
replacement of fine aggregates provides us with concrete
having better energy absorption characteristics. But,
reduced strength characteristics of rubber concrete hinder
the widespread use of rubcrete. The reduction in the
strength characteristics can be controlled by adding steel
fibres and polypropylene fibres. The initial cracking in
rubcrete can be controlled by adding polypropylene fibres.
They assist in regulating the microcracks. The energy
absorption capacity of polypropylene fibre-reinforced rub-
crete is also higher than that of conventional concrete. Steel
fibres, when added to concrete, can help in controlling the
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development and propagation of macrocracks in concrete.
Apart from controlling the macrocracks, the steel fibre-
reinforced rubcrete possesses significantly larger energy
absorption capacity when compared to the conventional
concrete. Thus, the use of fibre-reinforced rubcrete in
structures subjected to impact loads helps to improve the
energy absorption capacity of those structures. But, before
implementing the material in actual structures, a consid-
erable amount of studies have to be carried out to verify the
utility of the material in such structures. But, only limited
studies have been carried out in this direction. Hence, the
present study focuses on the impact resistance of rubcrete,
steel and polypropylene fibre-reinforced rubcrete beams.
The fine aggregates in the concrete matrix were replaced
with crumb rubber in the range of 0-20% by volume.
Grading of crumb rubber was undertaken such that the
particle size distribution curve of fine aggregate rubber
matrix was similar to that of fine aggregates. Graded crumb
rubber particles were pretreated with a polyvinyl alcohol
solution. Steel and polypropylene fibre contents were var-
ied in the ranges of 0.25-1% and 0.1-0.3%, respectively.
The optimum proportion of replacement of fine aggregates
with crumb rubber, steel fibre content and polypropylene
fibre content was found out by conducting a drop-weight
impact test on rubcrete prisms of dimension 100 mm x
100 mm x 500 mm. For maximum energy absorption, the
optimum content of rubber was 15%, and those of steel and
polypropylene fibres were found to be 0.75% and 0.2%,
respectively. In many structures which are subjected to
impact loads such as crash barriers, railway sleepers, etc.,
M 40 and M 60 grade concretes have been used as per the
standards (RDSO-T-39-85 for railway sleepers, IRC-6 for
crash barriers) [33, 34]. M 40 and M 60 grade concretes are
generally brittle when compared to concrete grades up to M
30. Improvement in ductility of concrete is one of the main
advantages obtained by using rubcrete. Addition of steel
fibres and polypropylene fibres in M 40 and M 60 grade
rubcretes further improves the ductility of concrete. Hence,
in this study, M 40 and M 60 grade concretes were studied.
The energy absorption capacity of M 40 and M 60 grade
reinforced concrete beams was determined by conducting a
drop-weight test on beams of dimension 100 mm x 150
mm x 1200 mm. Rubcrete beams (crumb rubber 15%),
steel fibre-reinforced rubcrete beams (steel fibre 0.75% and
crumb rubber 15%) and polypropylene fibre-reinforced
rubcrete beams (polypropylene fibre 0.2% and crumb
rubber 15%) were cast and tested. Numerical investigations
were also carried out to assess the behaviour of rubcrete
and fibre-reinforced rubcrete beams subjected to impact
loads. Results of experimental and numerical investigations
were compared, and benefit-to-cost ratio of beams was
calculated. This paper also highlights the results of dura-
bility studies, viz. water absorption, sorptivity, marine

water attack, acid attack and sulphate attack, carried out on
M 40, and M 60 grade concrete, rubcrete and fibre-rein-
forced rubcrete specimens.

Investigations on Beams Subjected to Impact
Loads

This section deals with the materials and methods, exper-
imental and numerical studies on the energy absorption
characteristics of concrete, rubcrete and fibre-reinforced
rubcrete prisms of dimension 100 x 100 x 500 mm and
reinforced concrete, rubcrete and fibre-reinforced rubcrete
beams of dimension 100 x 150 x 1200 mm.

Materials and Methods

Ordinary portland cement of 53 grade was used for the
study. Ding et al. had reported that using metakaolin to
concrete improves the strength characteristics of concrete.
Using metakaolin in concrete also reduces the shrinkage
cracks in concrete. Hence, metakaolin was used as addi-
tional cementitious material for M 60 grade concrete.
Locally available manufactured sand and 12 mm crushed
stones were used as aggregates. Powdered crumb rubber of
specific gravity 0.65 was procured from tyre retreading
centres. Manufactured sand used for casting concrete
conformed to Zone II of IS-383: 2016 [35]. Special care
was taken to grade the rubber particles in such a manner
that the rubber and aggregate mix also conformed to Zone
II of 1S-383:2016. Polycarboxylic ether-based high-range
water reducer and sulphonated naphthalene polymer-based
superplasticizer were used to attain workable combinations
of M 60 and M 40 grade concrete, respectively. Crimped
steel and polypropylene fibres of aspect ratios 60 and 600
were used in the study. Crumb rubber particles were pre-
treated by immersing them in 2% polyvinyl alcohol solu-
tion and mixed in 20% of the total water used for mixing
the concrete for half an hour. Water-to-binder ratios used
were 0.4 and 0.33 for M 40 and M 60 grade concrete,
respectively. Extensive trials were carried out to arrive at
suitable mix proportions for M 40 and M 60 grade con-
crete. While adding fibres, care was taken to ensure uni-
form mixing. Table 1 shows the mix designations and
constituent proportions used in the paper. Tables 2 and 3
show the mix proportions of the mixes. The workability of
mixes is presented in Fig. 1 [36, 37].

Compressive strength of rubcrete was determined based
on IS 516-1959 (reaffirmed in 2004) [38]. Figure 2 presents
the results of the compressive strength of rubcrete. It can be
noticed that for the rubcrete mix with 20% replacement of
fine aggregates with crumb rubber, the decrease in com-
pressive strength was more than 30%. Hence, further works
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Table 1 Proportions of the constituents

Mix ID Grade of Rubber Steel fibre  Polypropylene
concrete  content content (%) fibre content (%)
(%)

M60R1 60 0 0
M60R2 60 5 0 0
M60R3 60 10 0 0
M60R4 60 15 0 0
MG60RS5 60 20 0 0
M60R1SF1 60 0 0.25 0
M60R1SF2 60 0 0.5 0
M60R1SF3 60 0 0.75 0
M60R1SF4 60 0 1 0
M60R4SF3 60 15 0.75 0
M60R1PP1 60 0 0 0.1
M60R1PP2 60 0 0 0.2
M60R1PP3 60 0 0 0.3
M60R4PP2 60 15 0 0.2
M40R1 40 0 0
M40R2 40 5 0 0
M40R3 40 10 0 0
M40R4 40 15 0 0
M40R5 40 20 0 0
M40R1SF1 40 0 0.25 0
M40R1SF2 40 0 0.5 0
M40R1SF3 40 0 0.75 0
M40R1SF4 40 0 1 0
M40R1PP1 40 0 0 0.1
M40R1PP2 40 0 0 0.2
M40R1PP3 40 0 0 0.3
M40R4SF3 40 15 0.75 0
M40R4PP2 40 15 0 0.2

R stands for rubber. The number that follows R denotes the notation
for the percentage of replacement of fine aggregates. SF and PP
indicate steel fibres and polypropylene fibres, respectively. The
number that succeeds SF and PP represents the percentage of fibres
used in the study

Table 2 Mix proportions for M 40 grade mixes in (kg/m®)

on rubcrete mixes were limited to 15% replacement of
crumb rubber.

Optimum Proportions of Rubber, Steel Fibre
and Polypropylene Fibre

The process for determination of energy absorption
capacity of concrete by conducting a drop-weight impact
test on a concrete cylinder, the bottom surface of which is
fully supported, is governed by ACI-544 [39]. But, for
obtaining reliable results using fully supported cylinders, a
very large sample size has to be tested [40]. Mamun and
Bindiganavile, Zang et al. and Raj et al. [36, 37, 41, 42]
have conducted drop-weight tests on simply supported
beams and prisms to determine the energy absorption
capacity of concrete. Hence, to obtain comparative results
for establishing optimum proportions, energy absorption
capacities of concrete, rubcrete, and fibre-reinforced rub-
crete mixes were determined using simply supported
prisms of dimension 100 x 100 x 500 mm [36, 37]. The
energy absorption capacity of prisms was calculated by
subjecting them to multiple impacts until failure by a
3.5 kg impactor from a height of 100 mm. Three speci-
mens per mix were tested. The energy absorption capacity
of prisms at the time of failure was determined by using
Eq. 1. Figure 3 shows the schematic diagram of a drop-
weight impact test on prisms.

U = Nmgh (1)

where N stands for the number blows taken for the
development of cracks on the prism. m in kg represents the
mass of the impactor, & denotes the height of fall of the
impactor in m and g stands for the acceleration due to
gravity.

The results of the impact tests on the prisms are given in
Figs. 4, 5 and 6 [36, 37]. Rubcrete specimen showed an
increase in energy absorption capacity with an increase in
crumb rubber content. The maximum energy absorbed/cost
ratio was obtained for rubcrete specimen with 15% crumb
rubber. Increase in the quantity of fibres improves the
energy absorption capability of concrete. Maximum energy

Mix ID Cement FA CA Water Steel fibres Polypropylene fibres Superplasticizer Rubber
M40R1 448 832.46 995.44 179.2 0 0 29 0
M40R4 448 723.85 995.44 179.2 0 0 29 31.1
M40R1SF3 444.64 826.21 987.98 177.86 58.88 0 29 0
M40R4SF3 444.64 718.42 987.98 177.86 58.88 0 29 30.86
MA40R1PP2 447.10 830.79 993.45 178.84 0 1.82 29 0
MA40R4PP2 447.10 722.41 993.45 178.84 0 1.82 29 31.04

FA fine aggregates, CA coarse aggregates

@ Springer



J. Inst. Eng. India Ser. A (December 2020) 101(4):597-617

601

Table 3 Mix proportions for M 60 grade mixes (kg/m®)

Mix ID Cement FA CA Water Steel fibres  Polypropylene fibres HRWR  VMA  Metakaolin  Rubber
M60R1 438 670 1192.01  161.7 0 0 44 1.8 40.6 0
M60R4 438 569.47 1192.01  161.7 0 0 44 1.8 40.6 24.46
M60RISF3  437.69 664.94 1183.07  160.49 58.88 0 44 1.8 40.27 0
M60R4SF3  437.69 565.195 1183.07 160.49 58.88 0 44 1.8 40.27 24.28
MO60OR1PP2  440.19 668.62 1189.63 161.377 0 1.82 4.4 1.8 40.49 0
MO60R4PP2  440.19 568.33 1189.63 161.377 0 1.82 4.4 1.8 40.49 24.42
FA fine aggregates, CA coarse aggregates, HRWR high-range water reducer, VMA viscosity-modifying agent
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Fig. 1 Workability of mixes

absorbed/cost ratio for steel fibre-reinforced concrete
specimen was observed for the steel fibre content of 0.75%.
In the case of polypropylene fibre-reinforced concrete
specimen, 0.2% polypropylene fibre content provided the
maximum energy absorption capacity/cost ratio. So, further
studies in concrete were carried out with crumb rubber
replacing 15% volume of fine aggregate, steel fibre content
of 0.75% and polypropylene fibre content of 0.2%.

Material Properties

Compressive strength of concrete cubes of 150 mm
diameter was determined as per IS 516-1959 (reaffirmed in
2004) in a compression testing machine of capacity 3000
kN. Flexure strength of concrete prisms of dimension
100 x 100 x 500 mm was determined based on IS
516-1959 (reaffirmed in 2004) using a universal testing
machine of capacity 400 kN. Tension tests on rebars were

Mix Designation

carried out in a universal testing machine of capacity 400
kN. Cylinders of 150 mm diameter and 300 mm height
were used to assess the modulus of elasticity of mixes. The
experiment for the determination of modulus of elasticity
was done on a displacement-controlled universal testing
machine of capacity 1000 kN. A displacement-controlled
universal testing machine of capacity 10 kN was used to
determine the fracture energy of 100 x 60 x 500 mm
prisms with a central notch of 30 mm based on Rilem TC-
50 FMC [43] as presented in [22, 44]. Figure 7 presents the
load versus deflection plots of fracture energy studies.
Table 4 and Figs. 8 and 9 provide the details of the
material properties of the mixes. When compared to the
flexure strength of M 40 and M 60 grade concrete prisms,
the flexure strength of M 40 and M 60 grade rubcrete
prisms was lower by 14%. Flexure strength of M 40 grade
polypropylene fibre-reinforced rubcrete prism was 9%
lower than that of ordinary M 40 grade concrete prism. For
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Fig. 2 Compressive strength of rubcrete mixes

.— 3.5kg impactor

.

100mm

l

400mmj

Fig. 3 Schematic diagram of the impact test on prisms
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M 60 grade polypropylene fibre-reinforced rubcrete prisms,
5% reduction in the flexure strength was noticed in com-
parison with the flexure strength of M 60 grade concrete
prisms. M 40 and M 60 grade steel fibre-reinforced rub-
crete prisms had 2% and 5% more flexure strength when
compared to the flexure strength of ordinary concrete
prisms of M 40 and M 60 grade. In the case of rubcrete
cylinders, the stress—strain curves had lower peaks than the
ordinary concrete cylinders. Increase in strain corre-
sponding to peak stress was observed for the stress—strain
curve of rubcrete cylinders when compared to that of
ordinary concrete cylinders. Ultimate strains of fibre-
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reinforced rubcrete cylinders had increased in comparison
with the ultimate strains of ordinary concrete cylinders.

Impact Test on Beams

This section deals with the experimental studies on the
impact behaviour of a typical under-reinforced beam of
dimension 100 mm x 150 mm x 1200 mm. Figures 10
and 11 show the cross section of the beam used for the
study and the schematic diagram for the impact testing of
beams. Table 5 provides the details of the beams cast.

Drop-weight impact test set-up was fabricated to carry
out the experimental investigations on beams. An electri-
cally controlled motor was used to control the height of the
drop of the impactor. The motor has the capacity to lift
weights ranging from 3 to 50 kg. Drop height could be
varied from 0 to 1200 mm. Figure 12 presents the testing
arrangement for the drop test on beams. Multiple drops
were carried out until the development of cracks at the
bottom of the beams to mark the failure.

Numerical Investigations on Impact Tests
on Beams

Numerical studies on the impact characteristics of beams
were carried out using finite element software ANSYS.
Three-dimensional modelling was done in the ANSYS
workbench design module. Since the application of load on
the structure exists for only a short duration, explicit
dynamics solver was utilized for the analysis. For con-
ducting impact testing of concrete elements, usually, the
RHT model has been used. But the defect in the in-built
RHT model in ANSYS workbench is that the default
parameters are available only for 35 MPa and 140 MPa
concrete. So, in this paper, numerical studies were carried
out using a combination of multilinear isotropic hardening
behaviour of concrete and crack softening model in
ANSYS workbench. Engineering data for the analysis were
derived from the conduct of experiments. Tables 6, 7 and 8
and Figs. 8, 9 and 13 (“Material Properties” section) pre-
sent the data used to create the material models. Modelling
of geometry was carried out in the geometry module of
ANSYS workbench design modeller. The cross section of
the beam was modelled and extruded to develop the beam
geometry. Separate section planes were used to model the
longitudinal and transverse reinforcement. Figures 14 and
15 deal with the modelling of the beam.

The concrete, steel reinforcement and impactor models
were modelled in the geometric modeller, and the proper-
ties were assigned to them. The impactor was provided
with the in-built structural steel material property available
in ANSYS workbench. The contact between the concrete
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Fig. 4 Energy absorption characteristics of rubcrete prisms

surface and the impactor was taken as frictionless. The
connection between the rebars and the surrounding con-
crete was provided as fully bonded. The base of the sup-
ports was fixed and was provided with zero displacements
in all directions. Mesh size of 15 mm was used based on
the mesh sensitivity analysis. Hexahedral meshing of the
model was undertaken, resulting in the generation of 11903
nodes and 9087 elements after meshing. Principal stress
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failure criterion was adopted for the failure of the materi-
als. The velocity of the impactor was varied at an incre-
ment of 100 mm/s until the appearance of cracks at the
bottom of the beam. Figure 16 presents the meshed model.
Figure 17 shows the direction of velocity on the impactor.
The energy absorbed by the beams was found out using
Eq. 2.

U=05xmx v (2)
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Fig. 5 Energy absorption characteristics of steel fibre-reinforced concrete prisms
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Table 4 Material properties

Mix ID Compressive  Flexure Modulus  Fracture
strength (N/  strength (N/ of energy
mm?) [36, 37] mm?) elasticity  (Nm/m?)
[36, 37] (N/'mm?)  [22, 44]
M40R1 48 44 25,300 127
M40R4 41 3.8 11,250 143
M40R4PP2 43 4 14,200 172
M40RA4SF3 47 4.6 25,700 222
M60R 1 69 5.8 33,000 175
M60R4 62 5 32,700 198
MG6OR4PP2 63 5.5 31,500 225
M60R4SF3 68 59 32,400 278

Table 5 Details of beams cast

Specimen ID Number of beams cast

M40R1
M40R4
M40R4PP2
M40R4SF3
MG60R1
MO60R4
MG60R4PP2
MO60R4SF3

LW W W W W W W W

where U is the energy absorbed in Nm, m is the mass of the
impactor in kg and v is the velocity in m/s.

Durability Studies on M 40 and M 60 Grade
Concrete

Important public buildings have to be of service for at least
five decades. So, the material that is used in such structures
should be durable. Significance of durability studies lies in
understanding the behaviour of concrete when it is exposed
to severe conditions. Deterioration of severely exposed
concrete renders the steel reinforcement vulnerable to
corrosion and subsequent deterioration of the structure. In
this paper, results of water absorption and sorptivity of
concrete and 90-day durability of concrete exposed to
marine water attack, acid attack and sulphate attack are
presented. The details of the specimens cast for durability
tests are shown in Table 9.

@ Springer

Water Absorption

Penetration of water into concrete is a critical durability
factor that relates to the amount of pores in it. In real
structures, it is crucial because more water absorption
means more contact of embedded reinforcement with
water. Water absorption was determined as per IS 1124-
1974 (reaffirmed 2003) [45]. After 28 days of curing,
100 mm cubes were wiped dry and placed in an oven for
drying. After 24 h, the weight of the oven-dried sample
was taken. Then, the specimens were immersed in water
for 24 h. The wet weight of the specimen was taken after
wiping the moisture from the surface. The percentage of
water absorbed is presented as Eq. 3:

(W2 — Wl) x 100
wi

(3)

Percentage of water absorbed =
Sorptivity Test

Intrusion or ingress of water through the pores in the
vicinity of the surface of the concrete is critical in abetting
the corrosion of steel in concrete. Sorptivity provides a
measure of this infiltration of water through the pores. The
degree of moisture content in the pores of concrete varies
from a minimum at the exposed surface of a relative
maximum near to the core of the structure. During hot
seasons, the moisture content at the surface of the concrete
will be approximately zero. Rainy season brings saturation
of moisture at the surface concrete. Variation in seasons
thus brings about varying saturation levels of moisture
content from the surface to the interior of concrete. Cap-
illary suction forces act in empty cavities in concrete and
assist the movement of water into it. The intruding water
may have the presence of harmful ions which may accel-
erate the process of corrosion of embedded steel rein-
forcement. Hence, it is necessary to assess the quality of
surface concrete in terms of its sorptivity [46]. In this
paper, the sorptivity of specimens was determined by the
method prescribed by ASTM C1585-04 [47].

The peripheral surface of the cured and oven-dried
cylinders were wrapped with a non-absorbent filament. The
cylinders were then immersed in water in such a way the
depth of specimen underwater was at most 5 mm. At the
end of 30 min, the weight of the specimen was measured
within 30 s of lifting the specimen from water. Figures 18
and 19 show the wrapping of nonabsorbent filament over
the concrete cylinders and sorptivity testing of cylinders,
respectively. Equation 4 presents the formula to find out
the sorptivity:
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AW
I =———- 4
Ad “)
where S is sorptivity in mm and t is the elapsed time in
minutes. AW is the change in weight of cylinders. A is the
surface area of the specimen through which water pene-

trates. d is the density of water.

Marine Water Test

Effect of contents of marine water on the different con-
stituents of concrete is essential precisely because of the
faster deterioration of concrete components under the
marine environment. Composition of artificial marine
water was prepared in the laboratory as per ASTM D 1141
[48]. Table 10 shows the chemicals used to prepare the
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Fig. 7 Load versus deflection plots of fracture energy studies
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marine water solution. Figure 20 shows the immersion of
cubes in artificial marine water.

Acid Attack and Sulphate Attack Test

Susceptibility of concrete to attack by acids is high. Both
the external surface and internal composition of concrete
face a high risk of damage when exposed to acidic sur-
roundings, and sulphate ions in sulphuric acid aid deteri-
oration of concrete by assisting sulphate attack. Reduction
in strength characteristics and density of concrete is noticed
when concrete is exposed to a severe acidic environment.
The bonding between constituents of concrete becomes
weak due to chemical reactions when they come in contact
with sulphate ions over a long period of time. As a result,
spalling, cracking and degeneration of bonds in concrete

@ Springer

occur, resulting in weak performance of concrete. Fig-
ures 21 and 22 show the immersion of cubes in acid and
sulphate solution, respectively.

Hewayde et al. and Ghrici et al. had pointed out that 3%
H,SO, solution has to be used for the representation of the
severe acidic environment [49]. The effect of acid attack on
concrete, rubcrete and fibre-reinforced rubcrete of M 40
and M 60 grade concrete was studied by dipping the
specimen in 3% H,SO, solution for 90 days. For sulphate
attack test, 30 g/l of Na,SO, solution represents ten times
the exposure conditions available in the laboratory and
field as referred by Ikumi et al. and Chabrelie et al.
[50, 51]; 100 mm cubes of M 40 and M 60 grade concrete,
rubcrete and fibre-reinforced rubcrete were immersed in
sodium sulphate solution of 30 g of Na,So,/lit for 90 days
to assess the performance of concrete subjected to sulphate
attack.

Results and Discussion

This section deals with the results and discussions on the
experimental and numerical investigations carried out to
ascertain the impact behaviour of reinforced concrete
beams of M 40 and M 60 grade concrete, rubcrete and
fibre-reinforced rubcrete. Results of durability studies on M
40 and M 60 grade concrete, rubcrete and fibre-reinforced
rubcrete are also discussed in this section. Results and
discussions are presented under the following three
subsections.

Investigations on Beams Subjected to Impact Loads

Figures 23, 24, 25 and 26 present the results of studies on
the impact behaviour of beams. Rubber particles in rub-
crete participate in the absorption of energy imparted due
to the collision of the impactor much better than the other
constituents of concrete. Hence, the energy absorbed by
rubcrete specimens was enhanced by 6% and 12%,
respectively, for M 40 and M 60 grade concrete with
respect to the energy absorption of concrete beams. M 40
grade polypropylene fibre-reinforced rubcrete beam
exhibited 81% improvement in energy absorption capacity
when compared to the energy absorption capacity of con-
crete beams. Steel fibre-reinforced rubcrete beam of M 40
grade showed 175% improvement in its energy absorption
capacity when compared to the energy absorption capacity
of concrete beams. The energy absorption capacity of M 60
grade polypropylene fibre-reinforced rubcrete beams was
104% more than that of the reference M 60 grade beam.
Steel fibre-reinforced rubcrete beam of M 60 grade showed
an enhancement of 183% in its energy absorption capacity
when compared to the concrete beam. Hence, it can be
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Fig. 11 Schematic diagram of
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inferred that the use of steel fibre-reinforced rubcrete
beams instead of concrete beams provides the optimum
results with respect to the energy absorption characteristics.
The rubber particles in rubcrete beams absorb and dissipate
considerable energy in comparison with the other material
constituents of concrete. Hence, the energy absorbed by
rubcrete beams was noticed to be higher than that of the
concrete beams. In the case of polypropylene fibre-rein-
forced rubcrete beams, the polypropylene fibres bridge the
gaps present in the material matrix and assist in consider-
ably delaying the initial cracks. But once the initial cracks
widen, the role played by the polypropylene fibres is

1000mm @

minimal. This action of polypropylene fibres and the nat-
ural energy absorption capability of crumb rubber particles
act together in polypropylene fibre-reinforced rubcrete
beams. Hence, the energy absorbed by polypropylene fibre-
reinforced rubcrete beam is more than that of concrete and
rubcrete beams. The energy that had to be spent to break
the bonds established by rigid crimped steel fibres was
considerably higher than the energy that had to be spent on
breaking the bonds created by polypropylene fibres. Cou-
pled with the natural absorption capacity of rubber parti-
cles, the combined action of steel fibres and crumb rubber
was responsible for the significantly higher energy
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Fig. 13 Stress—strain curve of M 60 grade concrete

absorption capacity of steel fibre-reinforced rubcrete
beams. The fracture energy of rubcrete and fibre-reinforced
rubcrete specimen presented by Raj et al. can be taken as
indicators of improvement in the energy absorption
capacity of rubcrete and fibre-reinforced rubcrete beams
[22, 44]. Hence, steel fibre-reinforced rubcrete beams of M
40 and M 60 grade concrete can find application in struc-
tures that require higher energy absorption capacity like
beams used in walls built near the walls, wheel stoppers in
parking lots and even on locations where the beams can be
found vulnerable to pounding. While carrying out numer-
ical investigations, the velocity of the impactor was varied,
starting from zero until the development of cracks at the
bottom. Failure pattern showed a similar pattern to those
observed in experimental studies. The energy absorbed by
rubcrete beam and fibre-reinforced rubcrete beams showed
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Beam
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Fig. 14 Geometry of the beam in ANSYS Workbench design
modeller

Fig. 15 Modelling of reinforcement of beams

Fig. 16 Meshing of the beam model

similar trends to that obtained during experimental
investigations.

Durability Studies

This section presents the results of water absorption tests,
sorptivity tests, acid attack test, marine water test and
sulphate attack tests on concrete, rubcrete and fibre-rein-
forced rubcrete specimens. Results of durability studies are
presented under the following five subsections.

Compressive Strength of 100 mm Cubes

Twenty-eighth-day compressive strength of 100 mm cubes
is presented in Fig. 27. Compressive strength of M 40
grade rubcrete cube was 18% lower than the compressive
strength of M 40 grade ordinary concrete cube. M 40 grade
polypropylene fibre-reinforced rubcrete cube had
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Fig. 17 Application of velocity on the impactor

Fig. 18 Specimen wrapped in nonabsorbent filament around concrete
cylinders

Fig. 19 Sorptivity testing on cylinders

Fig. 20 Specimens immersed in artificial marine water

compressive strength which was 14% lower than the
compressive strength of M 40 grade ordinary concrete
cube. Steel fibre-reinforced rubcrete cube of M 40 grade
concrete had 6% lower compressive strength in comparison
with M 40 grade ordinary concrete cube.

For M 60 grade rubcrete cubes, the compressive strength
was 15% lower than the compressive strength of M 60

Fig. 21 Specimens immersed in acid

Fig. 22 Specimens immersed in sulphate solution

Fig. 23 Cracking at the centre bottom of the beam (typical)

grade concrete cube. Reduction in compressive strength of
11% was observed for polypropylene fibre-reinforced
rubcrete cube of M 60 grade when compared to the com-
pressive strength of M 60 grade concrete cubes. The
compressive strength of steel fibre-reinforced rubcrete cube
of M 60 grade was at par with the compressive strength of
M 60 grade concrete cube.
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Fig. 24 Crushing at the top of the beam (typical)

Crushing at the top of the beam

Cracking at the bottom of the beam

Fig. 25 Failure of impact studies of beams in numerical analysis (typical)
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Percentage of water absorption of cubes of dimensions

100 mm is shown in Table 11. International Federation for
Structural Concrete describes concrete with early water
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absorptions of less than 3% as good [52]. Table 12 shows
the results of the sorptivity test. Sorptivity of the rubcrete
specimen was increased by 0.82 x 1072 mm/min®® and
0.68 x 1072 mm/min®? , respectively, for M 40 and M 60
grade rubcrete specimens. Increase in the sorptivity by
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0.62 x 107* mm/min®> and 0.79 x 10~% mm/min’~ was
noticed for polypropylene fibre-reinforced rubcrete speci-
men, respectively, of M 40 and M 60 grade of concrete.
Sorptivity of steel fibre-reinforced rubcrete specimen was
greater by 1.63 x 1072 mm/min®> and 1.36 x 1072 mm/
min®>. The sorptivity values of all specimens were in the
permissible range up to 9 x 1072 mm/min®>. From the
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results of sorptivity tests, it can be inferred that, though the
penetration of water into concrete increases with the
addition of rubber and fibres, the performance of all the
mixes, viz. concrete, rubcrete, steel fibre-reinforced rub-
crete and polypropylene fibre-reinforced rubcrete, is within
the permissible limit of 9 x 1072 mm/min®>. So, for both
M 40 and M 60 grade concrete, it can be safely noted that
steel fibre-reinforced rubcrete, which had significant
improvement in the energy absorption capacity, performs
satisfactorily with respect to sorptivity and water
absorption.

Marine Water Test

When the specimens were exposed to the marine envi-
ronment for 90 days, it was observed that the weight and
compressive strength of the cubes were reduced in com-
parison with those of the unexposed cubes. While the
reduction in the weights of the exposed specimens was
nominal, a considerable decrease in the compressive
strengths of the exposed specimens was observed. Com-
pressive strengths of M 40 and M 60 grade concrete
specimen were lower by 20% and 15%, respectively. The
decreases in the compressive strengths of M 40 and M 60
grade rubcrete specimen were 10% and 8%, respectively.
After 90-day exposure to artificial marine water, the
compressive strengths of M 40 and M 60 grade
polypropylene fibre-reinforced rubcrete specimens were,
respectively, decreased by 12% and 10%. Reduction in
compressive strengths of steel fibre-reinforced rubcrete
specimen of M 40 and M 60 grade was 15% and 10%,
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Fig. 28 Reduction in weight and compressive strength of cubes exposed to marine water for 90 days
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Fig. 29 Reduction in weight and compressive strength of cubes exposed to acidic environment for 90 days
Table 6 Material model for M 40 concrete
Material M40R1 M40R4 M40R4PP2 M40R4SF3
Density (kg/m®) 2322 2277 2275 2482
Isotropic elasticity (N/mmz) 25,300 11,250 14,200 25,700
Poisson’s ratio 0.18 0.18 0.18 0.18
Maximum tensile stress (N/mm?) 4.4 3.8 4 4.6
Multilinear isotropic hardening As in stress—strain curve
Table 7 Material model for M 60 concrete
Material M60R1 MO60R4 M60R4PP2 MO60R4SF3
Density (kg/m?) 2696 2520 2500 2702
Isotropic elasticity (N/mm?) 33,000 32,700 31,500 32,400
Poisson’s ratio 0.18 0.18 0.18 0.18
Maximum tensile stress (N/mm?) 5.8 5 5.5 5.9
Multilinear isotropic hardening As in stress—strain curve
Table 8 Material model for rebar and impactor
Material Fe500 Impactor
Density (kg/m?) 7850 7850
Isotropic elasticity (N/mm?) 2.1 x 10° 2.1 x 10°
Poisson’s ratio 0.3 0.3
Maximum tensile stress (N/mm?) 545 -

Multilinear isotropic hardening

As in stress—strain curve
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Table 9 Details of specimens cast for durability tests

Table 11 Percentage of water absorption for specimens

Test Specimen Number of
specimens
Water 100 mm cubes 24
absorption
Marine water 100 mm cubes 24
test
Acid 100 mm cubes 24
resistance
Sorptivity 100-mm-diameter cylinder with 24
height 50 mm
Sulphate 100 mm cubes 24
attack

Table 10 Chemicals used to prepare the marine water solution

Composition Concentration(g/lit)
Sodium chloride 24.53

Magnesium chloride 52

Sodium sulphate 4.09

Calcium chloride 1.16

Potassium chloride 0.695

respectively. Figure 28 shows the reduction in weight and
compressive strength of cubes exposed to marine water for
90 days. The percentage reduction in weight and com-
pressive strength of steel fibre-reinforced rubcrete cubes
was lower than that of the concrete cubes. Thus, when the
performance of steel fibre-reinforced rubcrete is analysed
with respect to the susceptibility to degrade when marine
water, it performs better than the concrete mix.

Mix ID % of water absorption
M40R1 0.76
M40R4 1.53
M40R4PP2 1.64
M40R4SF3 1.85
MG60R1 0.67
MO60R4 1.17
MO60R4PP2 1.28
MO60R4SF3 1.57

Acid Attack Test

There was a significant reduction in weight and compres-
sive strength of the cubes subjected to the acidic environ-
ment for 90 days. The weights of concrete cubes were
reduced by 12% and 10% for M 40 and M 60 grade con-
crete, respectively. Rubcrete specimens showed a reduction
in weight of 7% and 6%, respectively, for M 40 and M 60
grade concrete. Exposure to 90 days of the acidic envi-
ronment resulted in a decrease in weight of 8% and 7%,
respectively, for polypropylene fibre-reinforced rubcrete
specimens of M 40 and M 60 grade. When steel fibre-
reinforced rubcrete specimens were subjected to acidic
surroundings, 11% and 9% reduction in weights of cubes
was observed for M 40 and M 60 grade cubes, respectively.

Compressive strengths of M 40 and M 60 grade concrete
cubes were, respectively, reduced by 28% and 23% when
they were exposed to an acidic environment. Reduction in
compressive strengths for rubcrete cubes was by 22% and
18%, respectively, for M 40 and M 60 grade rubcrete
cubes. When exposed to the acidic environment, the
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Table 12 Sorptivity of specimens

Mix ID Sorptivity value in 1072 mm/min®?
M40R1 1.16
M40R4 1.98
MA40R4PP2 1.78
M40R4SF3 2.79
MG60R1 0.82
MO60R4 1.50
MO60R4PP2 1.61
M60R4SF3 2.18

Table 13 Unit cost for materials

Material Cost/kg (Rs)
Cement 8.00
Metakaolin 95.56
Rubber 40.00
Sand 0.66
CA 0.63
Superplasticizer 115.00
High-range water reducer 250
VMA 350
Steel fibre 92.00
Polypropylene fibre 300.00
Steel reinforcement 60.00
Bar benders wage 800/day

Table 14 Energy absorption/cost ratio of beams

Specimen  Energy Cost per Energy absorbed/cost
ID absorbed (Nm) beam (Rs) ratio (Nm/Rs)
M40R1 1568 1108 1.42

M40R4 1666 1129 1.48

M40R4PP2 2842 1139 2.50

M40R4SF3 4312 1226 3.52

MG60R1 2352 1246 1.89

MO60R4 2646 1262 2.10

MO60R4PP2 4802 1302 3.69

MO60R4SF3 6664 1393 4.78

compressive strengths of polypropylene fibre-reinforced
rubcrete cubes were reduced by 24% and 19%, respec-
tively, for M 40 and M 60 grade cubes. In the case of steel
fibre-reinforced rubcrete cubes, 24% and 19% reductions in
compressive strengths were observed for M 40 and M 60
grade concrete cubes, respectively. Figure 29 shows a
decrease in weight and compressive strength of cubes
exposed to an acidic environment for 90 days.
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Sulphate Attack Test

Significant reduction in compressive strength was noticed
for cubes subjected to sulphate attack for 90 days.
Reduction in compressive strength of cubes was nominal
when they were exposed to sulphate attack. Reduction in
compressive strength of concrete cubes was 20%, and 18%,
respectively, for M 40 and M 60 grade concrete. The
decrease in compressive strength was 17% and 16% for M
40 and M 60 grade rubcrete cubes, respectively. For
polypropylene fibre-reinforced rubcrete cubes subjected to
sulphate attack for 90 days, the compressive strength was
reduced by 17% for M 40 and M 60 grade cubes. When
steel fibre-reinforced rubcrete cubes were exposed to sul-
phate attack for 90 days, 17% and 18% reductions in
compressive strength were observed for M 40 and M 60
grade cubes, respectively. Figure 30 presents the decrease
in weight and compressive strength of cubes exposed to
sulphate attack for 90 days.

When crumb rubber replaces fine aggregates, additional
voids or pores are induced in concrete [53]. These voids
allow the ingress of water into concrete. Hence, the sorp-
tivity and water absorption in rubcrete specimen are more
than those of concrete specimen. The rubber particles
degrade at a slow rate when compared to the other con-
stituents in the concrete matrix resulting in fewer cracks in
rubcrete cubes when compared to the concrete cubes [54].
Hence, the reduction in compressive strength is lower than
the concrete cubes when exposed to acid attack, sulphate
attack and marine water ingress. The polypropylene fibres
deteriorate faster than rubber particles when exposed to a
severe environment. But, rubber particles in polypropylene
fibre-reinforced rubcrete deteriorate slowly in comparison
with the rate of deterioration of the other material con-
stituents. Hence, the weight loss of polypropylene fibre-
reinforced rubcrete cubes is greater than that of rubcrete
cubes. The ability of polypropylene fibres to bridge the gap
between the materials helps in controlling the reduction in
compressive strength when compared to rubcrete cubes
when subjected to durability tests. Steel fibres deteriorated
faster than the polypropylene fibres. This explains the
greater reduction in weight of cubes when compared to the
other mixes. But, the remaining steel fibre reinforcement in
the matrix acts to hold the widening cracks and helps in
improving the compressive strength of cubes. Thus, it can
be observed from the results of durability studies that for
both M 40 and M 60 grade concrete, steel fibre-reinforced
rubcrete performs better than or at par with concrete mix
with respect to its performance in withstanding sulphate
attack, acid attack and degradation due to exposure to the
marine environment. Though the water absorption and
sorptivity of steel fibre-reinforced rubcrete mix are greater
than those of normal concrete, their performance is within
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the specified permissible limits. Hence, it can be safely
concluded that when it comes to the energy absorption
capacity, for both M 40 and M 60 grade concretes, steel
fibre-reinforced rubcrete performs significantly better than
conventional concrete and it has the requisite durability to
be used in severe environments.

Benefit-to-Cost Ratio

Table 13 provides the details of the unit cost incurred for
the materials used in the study. 2 bar benders worked for
0.5 days to complete the bar bending of one beam.
Table 14 presents the benefit-to-cost ratio M 40 and M 60
grade beams. For M 60 grade reinforced rubcrete beams,
the benefit-to-cost ratio was 0.21 Nm/Rs more than the
concrete beam. Improvements in energy absorbed/cost
ratio of 1.08Nm/Rs and 2.1Nm/Rs, respectively, were
noticed for M 40 grade polypropylene fibre and steel fibre-
reinforced rubcrete beams. Enhancement in the energy
absorption/cost ratio was 0.21 Nm/Rs for M 60 grade
rubcrete beam. Increase in the energy absorption/cost ratio
of 1.8 Nm/Rs and 2.89 Nm/Rs was seen for M 60 grade
polypropylene fibre and steel fibre-reinforced rubcrete
beams, respectively. From the results of benefit-to-cost
ratio of M 40 and M 60 grade concrete, rubcrete and fibre-
reinforced rubcrete beams, it was observed that the maxi-
mum energy absorbed/cost ratio was obtained for steel
fibre-reinforced rubcrete beam with 0.75% steel fibres and
15% crumb rubber content.

Conclusions

To understand the behaviour of M 40 and M 60 grade
beams subjected to impact loads, experimental and
numerical studies were carried out on beams of size
100 x 150 x 1200 mm. Durability tests such as water
absorption, sorptivity, marine attack, acid resistance and
sulphate resistance were carried out on rubcrete and fibre-
reinforced rubcrete mixes to assess the durability properties
of rubcrete and fibre-reinforced rubcrete mixes when sub-
jected to extreme conditions. The major conclusions from
the above-mentioned studies are listed below.

(1) Numerical and experimental studies on fibre-rein-
forced rubcrete beams showed similar trends in
energy absorption capacities and failure pattern.

(2) The energy absorption capacity of M 40 grade
polypropylene fibre-reinforced rubcrete beam was
81% more than the energy absorption capacity of M
40 grade ordinary concrete beams. Improvement of
104% was noticed in the energy absorption capacity
for M 60 grade polypropylene fibre-reinforced

rubcrete when compared to the energy absorption
capacity of M 60 grade ordinary concrete beams.

(3) Steel fibre-reinforced rubcrete beams of M 40 grade
concrete showed 175% improvement in the energy
absorption capacity when compared to the energy
absorption capacity of ordinary concrete beams of M
40 grade. Enhancement of 183% in energy absorption
for M 60 grade steel fibre-reinforced rubcrete beams
was observed in comparison with the energy absorp-
tion capacity of ordinary concrete beams of M 60
grade.

(4) Maximum energy absorption/cost ratio was noticed
for steel fibre-reinforced rubcrete beams with 0.75%
steel fibres and 15% crumb rubber.

(5) Water absorption and sorptivity values for rubcrete
and fibre-reinforced rubcrete specimens were higher
than the reference specimen for both M 40 and M 60
grade concrete.

(6) When the specimens were exposed to 90 days of
marine water, acid and sulphate environments, reduc-
tion in compressive strengths for rubcrete and fibre-
reinforced rubcrete specimens was lesser than the
decrease in compressive strengths for reference
specimen.

The results presented in the studies indicate that among
the eight variants of concrete, rubcrete and fibre-reinforced
beams considered in the study, best energy absorption
capacity and benefit-to-cost ratio were obtained for steel
fibre-reinforced rubcrete beam in which 15% of the fine
aggregates were replaced with crumb rubber and 0.75% of
steel fibres. Hence, it can be effectively used for structures
which have to resist impact/collision loads.
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