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Abstract
Concrete with a compressive strength under 30 MPa is widely used to construct road-side
barriers. However, its poor performance-to-weight ratio and the lack of material durability
require continued search for alternative materials with improved shock absorption and
acceptable resistance against severe environmental conditions. This paper reports a study on
the impact resistance of lightweight steel fibre reinforced concrete. Along with an expanded
shale lightweight coarse aggregate, crumb rubber was introduced as a replacement to fine
aggregates at up to 75% by volume. All mixes had hooked end steel fibres at 1% volume
fraction. The three mixes were designed varying in density between 1760 - 2130 kg/m3. They
were examined first under compression to establish reference constitutive response. Notched
prismatic specimens were tested in flexure to evaluate the flexural strength and fracture
toughness in Mode-I. Along with standard quasi-static flexural tests, a drop-weight impact
tester with 1000 J capacity was used to generate stress rates in bending up to 10 8 kPa/s. The
paper reports the stress rate sensitivity for both flexural strength and Mode I fracture toughness
and highlights the effect of lightweight inclusions.
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1.0 Introduction
Accidents to motor vehicles on highways are a source of much loss to life and economic resources
in Canadian society. Improving the crash cushioning capacity of road-side barriers can play a
major role in minimizing these losses. Concrete road barriers have been in popular use over
several decades. However, much remains to be improved including its impact resistance and
energy absorption. At the same time, a key consideration in their manufacture and transport is their
performance-to-weight ratio. In this study, a lightweight concrete mix was developed using an
expanded shale aggregate and crumb rubber. The purpose was two-fold namely, to achieve
efficient material composition for shock absorption and at the same time to promote the disposal
and reuse of scrap tires across Canada.
According to ASTM C 825-06 [2006], the concrete usually used in road barriers should possess
compressive strength less than 30 MPa. Lightweight aggregate concrete road barriers have been
shown to be more durable against freeze-thaw, alkali-silica reaction and sulphate attack than
conventional normal weight concrete [Burke, 2002; Holm and Ries, 2006]. Prior research has
shown that recycled rubber from scrap tires can be used both as a fine aggregate and as a coarse
aggregate to produce workable concrete [Eldin and Senouci, 1993; Khatib and Bayomy, 1999;
Zheng et al. 2008]. Topcu [1995] found that the use of rubber as aggregate in concrete leads to
higher amounts of energy absorption under both compressive and tensile loading. Topcu and
Avcular [1997] showed that the impact resistance of concrete increases when rubber is used as the
aggregate in concrete. However, the use of rubber is seen to cause a reduction in both compressive
and tensile strength of concrete [Eldin and Senouci, 1993; Khatib and Bayomy, 1999]. Studies
[Banthia et al. 1998; Bindiganavile and Banthia, 2005] show that using short fibres as discrete
reinforcement largely improves the impact resistance and dynamic fracture toughness of
conventional concrete. This study illustrates the response of steel fibre reinforced concrete
containing manufactured and recycled lightweight aggregates under quasi-static and impact
loading. The mixes were characterized first in quasi-static compression followed by a dynamic
crack growth analysis in flexure. The dynamic responses were compared with existing CEB-FIP
models [Comité Euro-International du Béton, 1990] to assess their stress rate sensitivity.

2.0 Experimental Program
The following parameters were examined to characterize their influence on the dynamic response
of lightweight concrete containing crumb rubber:
Crumb rubber as aggregate replacement: varied at 25% and 75% by volume of total fine
aggregates;
Rate of loading: quasi-static loading and impact from drop-height of 250 mm, 500 mm &
750 mm.
2.1 Materials
The cement used was a CSA A3001-08 [2008] Type GU ordinary Portland cement (OPC). A 10
mm downgraded expanded shale aggregate was used as the coarse aggregate. A locally available
river sand and crumb rubber were variously used as the fine aggregate. The crumb rubber

aggregate were obtained in 3 size ranges (0.85 mm to 3.35 mm) and blended together in equal
amount. From the distribution as shown in Figure 1, it is observed that the coarse aggregates are
uniformly graded whereas sand and crumb rubber are fairly well graded. This blended aggregate
was used at 25% and 75% volume replacement of total fine aggregates. The crumb rubber was
manufactured from recycled motor vehicle tires and purchased from a local recycling company.
Hooked-end steel fibres, 35 mm in length, aspect ratio of 65 and yield strength of 1100 MPa were
employed at 1% volume fraction in all the mixes.

Figure 1: Grain Size Distribution of Coarse Aggregate, Fine Aggregate and Crumb Rubber
Table 1: Mix Proportions
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The mix proportions were based on a prior study to ensure a minimum strength of 15 MPa in
compression [Wong & Ting, 2009]. This target minimum compressive strength is suitable for
structural applications without exceeding the suggested upper limit for road barriers. In order to
achieve a lower density than reported by Wong and Ting [2009], the present authors used a light
weight expanded shale aggregate. The water-cementitious material ratio (w/cm) was 0.40 for all
mixes. A high range water reducing admixture and an air entraining admixture were used to
achieve adequate workability (100mm to 200mm slump) and air content (5% to 13%) respectively.
The air content was deemed high enough to achieve adequate freeze-thaw resistance in the Alberta
climate. The detail mix proportions for the resulting 3 mixes are given in Table 1.
2.2 Specimen Preparation
All specimens were prepared in accordance with ASTM C192 [2007] using a drum mixer of 75

litre capacity. From each mix, twelve 400 mm x 100 mm x 100 mm prisms were prepared to be
tested in flexure. Three cylinders, 100 mm diameter and 200 mm height were also produced to be
tested in compression. The specimens were demolded 24 hours after casting and then cured in a
moist room under controlled humidity (> 99%) and temperature (22 oC) until testing. A 4 mm
wide notch was sawn into each flexural specimen to a height of approximately 10 mm. This notch
was intended to facilitate crack growth analysis under Mode-I fracture.
2.3 Test Setup
2.3.1 Compression Test
The compression tests were performed in accordance with ASTM C469 [2002] to evaluate the
modulus of elasticity and establish the compressive stress-strain response. A displacementcontrolled servo-hydraulic Materials Testing System with 2600 kN capacity was used to test the
cylinders. Three longitudinal Linear Variable Displacement Transducers (LVDT) were placed at
120º separation about the longitudinal axis together with two LVDTs in the transverse direction to
measure axial and radial displacements respectively. The test arrangement is shown in Figure 2(a).
The data was collected through a continuous-record data acquisition system at 10 Hz. The crossarm displacement rate was set to 1.25 mm/min as recommended by ASTM C469, [2002]. The
cylinders were sulphur capped to ensure plane surfaces conforming to ASTM C617 [2009].

Longitudinal
LVDT (3#s)

LVDT (2#s)

Yoke

a) Compression Test Set-up
b) Quasi-Static Flexural Test Set-up
Figure 2. Figure 2: Test Setup for Quasi-Static Testing
2.3.2 Flexural Test
2.3.2.1 Quasi-Static Test
From each mix, three prisms were tested in third-point bending according to ASTM C1609 [2010].
A Material Testing System of 1000 kN capacity was used for this purpose. The load was applied
by setting the cross-arm displacement rate to 0.15 mm/min which conformed to ASTM C1609
[2010]. As shown in Figure 2(b), a yoke was installed around the specimens to attach two LVDTs,
one on either side. This yoke ensured that the displacement measured was that of the neutral axis

and eliminated any errors due to support settlement. The load and displacement readings were
sampled at 10 Hz.

a) Drop Weight Impact Machine

b) Schematic of the Trigger Mechanism [Islam, 2010]

Figure 3: Instrumented Drop-Weight Impact Tester
3.4.2.2 Impact tests
Dynamic flexural tests were conducted in an instrumented drop weight impact machine shown in
Figure 3. A 62 kg hammer was released from three different drop heights of 250mm, 500mm and
750mm to achieve increasing stress rates in the samples. Three prisms were tested from each drop
height. A piezoelectric accelerometer was attached underneath the test specimen next to the notch
at mid span in order to capture the acceleration time history. The total impacting load (including
the inertial load) was recorded by using a bridge loading device (tup) attached to the striking knife
edge. Two high speed cameras were also installed to obtain a stereoscopic record of the impact
test. The accelerometer and load cell recorded data at 100,000 Hz while the two cameras captured
images at a frequency of 10,000 frames per second. A trigger mechanism was installed so that all
four sets of data (i.e. from the accelerometer, the load cell and the two high speed cameras) were
synchronized to the same time-stamp. Later, the images were analyzed using image processing
software to measure the crack mouth opening displacement (CMOD) and vertical displacement for
each individual specimen. From the image analysis, the values of mid span deflection and CMOD
were plotted and a best fit straight line passing through the origin is drawn to get a linear
relationship between them. The relationship between CMOD and displacement was used to
determine the stress intensity factor of the specimen based on the formulation by Guinea et. al.
[1998] from which the crack growth resistance curve and fracture toughness were calculated. The
inertial component of the applied load was accounted for as described by Banthia et. al. [1989].
Assuming a linear acceleration distribution along the span and using the virtual work principle, the
generalized inertial load can be calculated using Equation 1.

=

[1]

where, S = span, l = overhang, A = cross-sectional areal; = mass density and, (t) = acceleration at
mid span at any time t. The effective bending load was computed by subtracting the inertial load
from the recorded total load captured by the bridge loading tup. Further analyses were carried out
to compute the displacement time history,
, at the location of the accelerometer from the
acceleration history,
, as described by Equation 2.
[2]

3.0 Results and Discussion
3.1 Compressive Response
The stress-strain response of different mixes under compression is shown in Figure 4. The
compressive strength and modulus of elasticity are listed in Table 2. The modulus of elasticity was
calculated as per ASTM C469. In CSA A23.3-04 [2004], the modulus of elasticity of plain
concrete is calculated from the compressive strength using Equation 3,
Ec = (3300√f’c+6900)(γc/2300)1.5

[3]

where, γc = Unit weight of concrete and f’c = Compressive strength in MPa. It is noted that an
increase in rubber content from 25% to 75% by volume replacement of sand causes the
compressive strength to drop to one-third of its value. In this same regime, the modulus of
elasticity decreased by 33%. The suggested value of modulus of elasticity derived from Equation 3
is compared with the experimental values in Table 2. For lower rubber content the variation in
theoretical and experimental modulus of elasticity was lower than that with higher rubber content.
3.2 Flexural Response
3.2.1 Quasi-Static Response
The load-deflection response under third-point bending is shown in Figures 4b-d. Since a notch
was introduced, the modulus of rupture, f’ R was calculated using the effective cross sectional
dimensions after accounting for the notch. The post peak energy dissipation was evaluated as per
ASTM 1609 [2010] for fibre reinforced concrete. This method introduces an equivalent flexural
strength ratio (RDT,150) as calculated by using Equation 4.
RDT,150 = 150*TD150/(f1*b*d2)
[4]
where, TD150= toughness up to a net deflection of L/150,
f1 = first Peak Strength,

b = average width of the specimen at fracture,
d = average depth of the specimen at fracture.
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Figure 4: a) Compressive Response; b) Flexural Response for Mix Containing no Crumb Rubber;
c) Flexural Response for Mix Containing 25% Crumb Rubber Substitution; d) Flexural Response
for Mix Containing 75% Crumb Rubber Substitution
Table 2: Summary of quasi-static compression and flexure response
Mix Description

f ‘c

Ec

Ec (Test)/ Ec

f ‘R

RDT,150 (Quasi-

(MPa)

(MPa)

(CSA)

(Quasi-static)

static), %

(MPa)
(OPC, 0% Rubber)

45

19440

0.75

9.7

77

(OPC, 25% Rubber)

39

15300

0.88

7.0

84

(OPC, 75% Rubber)

12

7800

0.64

4.6

73

A summary of the quasi-static flexural properties is provided in Table 2. There was a significant
drop in f’R value as well as in case of the equivalent flexural strength with an increase in the
rubber content. Armelin and Banthia [1997] proposed that the mid span deflection of the beam, ∆,
and the crack mouth opening displacement, CMOD, are related according to the following
equation,

∆ = 0.75 * CMOD

[5]

Using this relation, the stress intensity factor was calculated from the load-deflection response as
propose by prior researchers [Guinea et al., 1998; Broek D, 1986]. The resulting crack growth
resistance curves are shown in Figure 5 and the fracture toughness K IC was determined for all
mixes, as listed in Table 3.
Table 3: Dynamic Response under Flexural Impact
Mix
Description
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(25% Rubber)
(75% Rubber)
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21.0
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Figure 5. Crack Growth Resistance (R-Curves), Showing Stress Intensity Factor
3.2.2 Dynamic Response
The results from the impact tests were analyzed to derive the load-deflection responses, which are
shown in Figures 4b-d. From these plots, the equivalent flexural strength ratio and modulus of
rupture were calculated and are summarized in Table 3. Using images from the stereoscopic high
speed imaging system, the CMOD and corresponding mid span deflection were recorded. A best
fit straight line similar to Equation [6] was drawn for those recorded values.
∆ = m * CMOD

[6]

where, ∆ = mid span deflection;
m = slope of the straight line;
CMOD = crack mouth opening displacement.
The slope, m, as obtained from the present study was almost similar (±10%) to that derived by
Armelin and Banthia [1997]. Thus, the crack growth resistance curves were derived as shown in
Figure 5, in a manner similar to the quasi-static analysis (Guinea et al., 1998; Broek D, 1986). The
dynamic fracture toughness is shown in Table 3.

3.2.3 Stress Rate Sensitivity
The stress rate sensitivity of flexural strength is shown in Figure 6, where the experimental values
are compared with the stress rate sensitivity model proposed by CEB-FIP. The results show that in
general the CEB-FIP model uniformly underestimates the stress-rate sensitivity of mixes
containing crumb rubber. Again, to describe the stress rate sensitivity, Nadeau et al. [1982] has
also proposed the following equation,
[7]
where,
σf = stress at final condition, σi = stress at initial condition
B, N = constant, = stress rate
The stress rate is dependent on the relative density of materials. As the specimens considered here
has different density, a plot of log strength versus log stress rate yields a line with a slope of
1/(N+1). The parameter N is dependent on material strength and stress-rate and a lower N-value
denotes higher stress rate sensitivity. It was observed that mixes with higher rubber content were
more sensitive to stress rate. Although there is no model available to predict the stress rate
sensitivity for fracture toughness, it was evident that the mixes with higher rubber content were
more sensitive to stress rate. Hence, adding crumb rubber to concrete is conducive to its use as a
sacrificial material to absorb shock during the impact loading. Again, due to lower density, these
mixes will provide better performance to weight ratio for this particular type of application.

4.0 Concluding Remarks
This study explored the dynamic performance of lightweight concrete that contains crumb rubber
as volume replacement of sand. There was a significant reduction in the compressive strength and
modulus of elasticity. While there was a drop in the modulus of rupture with an increase in rubber
content, the fracture toughness was similar regardless of the rubber content. As expected with
lighter composites, the modulus of rupture and fracture toughness were more sensitive to stress
rate for higher rubber content. Clearly, due to its lighter density, mixes with crumb rubber are
attractive as shock absorbing composites. However, as this study did not consider aspects of
durability, it is recommended that the lighter mixes be examined for air-void network and bond
with reinforcement.
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