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Abstract

Mineral admixtures generally lead to a densification of the concrete internal structure. In this sense, the failure mechanism could be
modified so that the concrete exhibits a more brittle behaviour. This paper discusses the effects of rice-husk ash (RHA) additions to
concrete, based on analyses of the mechanical behaviour of normal and high-strength concrete. The stress–strain response in compression
and load vs. CMOD (or deflection) in bending were analysed. It appears that the incorporation of RHA in concrete increases the
strength, particularly for lower water/binder ratio concretes. The analysis of the failure mechanism indicates a tendency for more brittle
failure behaviour in RHA concretes. For the same strength level, however, the energy of fracture was reduced no more than 10%, which
is much smaller than the variations that may be produced by a change in the type or size of coarse aggregate.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Concretes with compressive strength higher than 50 MPa
are usually defined as high-strength concrete (HSC),
according ACI Committee 363 [1]. The potential advanta-
ges of HSC extend beyond strength to include improve-
ments in durability and service life of concrete structures.

High-strength concretes (HSC) are characterized by a
low porosity and show an internal structure more uniform
at the matrix–aggregate interface than normal strength
concretes (NSC). Strong interfaces enhance the strength
and stiffness, although such concrete usually shows more
brittle behaviour [2–5]. The effects of strength level and
aggregate type on the failure mechanism of NSC and
HSC have been previously discussed [6–11].

Over the past years, there has been an increase in the use
of industrial, agricultural and thermoelectric plant residues
in the production of concrete. Different materials with poz-
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zolanic properties such as fly ash, condensed silica fume,
blast-furnace slag and rice-husk ash have played an impor-
tant part in the production of high-performance concrete.
Thousands of tonnes of these residues and industrial by-
products are produced every year; therefore, the study of
their characteristics and possible applications becomes a
priority as their use brings benefits in technical, economic,
power and environmental terms [12].

Among the different existing residues and by-products,
the possibility of using rice-husk ash (RHA) has attracted
more attention of cement researchers than other crop resi-
dues. First, due to the overabundance of this residue, 100
million tonnes of husk are obtained from an annual world
production of 500 million tonnes of rice, a huge quantity of
residue that can only be consumed by the cement and
concrete industries that use a wide range of by-products
according Mehta [13]. Secondly, rice-husk is not appropri-
ate as feed for animals due to its few nutritional properties
and its irregular abrasive surface is resistant to natural deg-
radation, which poses serious accumulation problems.
When it is incinerated, it produces a great quantity of

mailto:gemma@fing.edu.uy


Table 1
Physical properties and chemical analyses of the cement and RHA used

Cement RHA

Physical tests

Specific gravity 3.14 2.06

Fineness
Specific surface, Blaine, m2/kg 340.5 –
Nitrogen adsorption, m2/kg – 28.800

Setting time, min
Initial 150 –
Final 230 –

Compressive strength, MPa
1-day 18.8 –
3-day 48.7 –
7-day 55.4 –
28-day 58.5 –

Chemical analyses, (%)

Silicon dioxide (SiO2) 21.02 87.20
Aluminium oxide (Al2O3) 3.64 0.15
Ferric oxide (Fe2O3) 3.49 0.16
Calcium oxide (CaO) 64.59 0.55
Magnesium oxide (MgO) 0.74 0.35
Sodium oxide (Na2O) 0.13 1.12
Potassium oxide (K2O) 1.05 3.60
Loss on ignition 2.22 6.55

Activity index

ASTM C311-98b 100 101
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ash. On average, each tonne of rice-husks, on complete
combustion, produce 200 kg of RHA. No other crop resi-
due generates a greater quantity of ash when it is burnt
[13]. Thirdly, the use of RHA as a supplementary cement-
ing material is of great interest to many developing coun-
tries where portland cement is in short supply but rice
production is in abundance.

Fly ash, iron blast-furnace slag, condensed silica fume
and RHA were identified for the 73-SBC RILEM Commit-
tee [14] as the principal by-products that possess pozzolanic
and/or cementitious properties. It has been recognized that
pozzolanic additions lead to important changes in fresh and
hardened concrete, which depend on the mineral admixture
type and content as well as on other mix components. A tre-
mendous amount of literature is available on concrete con-
taining pozzolanic materials [12], and different materials
with pozzolanic properties such as fly ash, condensed silica
fume and blast-furnace slag have played an important part
in the production of high-performance concrete [15–18].

Pozzolanic additions reduce the porosity of concrete
especially at the interfaces between cement paste and aggre-
gates, which are the weakest zones of the material. The
improvements produced by the mineral additions can mod-
ify the failure mechanism in concrete.

Recently, a study on the fracture characteristics of high-
performance concrete was performed concluding that there
is a reduction in the fracture energy due to the addition of fly
ash and slag, attributed to the presence of unhydrated par-
ticles of size larger than that of normal flaws in concrete
[19]. However, in this case mineral additions were included
replacing 25% or 50% of the cement, and then a reduction
in strength was also measured. That is not necessarily the sit-
uation when highly effective mineral additions such as silica
fume replace part of the cement (usually no more than 10%).

The development and use of rice-husk ash (RHA) is not
new [13]. Rice-husk ash is a mineral admixture for concrete
[13,14], and much data has been published concerning its
influence on the behaviour of concrete. Results for concretes
with a 10% substitution of portland cement by RHA indi-
cate excellent performance when compared to control con-
cretes [20–26]. However, none of these studies investigated
the effects of RHA on the failure mechanism of normal
and high-strength concrete, including its influence on
strength, stiffness, and fracture energy. As RHA is not com-
monly used in the production of HSC, this study is a contri-
bution toward that goal. Specimens produced from several
RHA concretes of differing water/binder ratios are tested in
flexure and uniaxial compression. Analyses are made of the
specimens response to these load conditions, with particular
interest in the fracture properties of the material.

2. Experimental program

2.1. Materials and testing program

Four series of concretes with water/binder ratios (w/b)
of 0.50, 0.40, 0.32 and 0.28 were made. Each series includes
a concrete with 10% RHA as a cement replacement and a
control concrete without RHA for comparison, according
literature on concretes containing RHA [23,24]. Eight
cylinders of 100 · 200 mm, four cylinders of 150 ·
300 mm and eight beams of 105 · 75 · 430 mm were cast
in order to study the mechanical behaviour of each
concrete.

Concretes were prepared using the following materials:
natural siliceous river sand (fineness modulus of 2.43 and
specific gravity of 2.63) as fine aggregate, crushed granite
(maximum nominal size 20 mm and specific gravity of
2.65) as coarse aggregate, ordinary Portland cement,
and rice-husk ash (RHA) dry-milled the necessary time
to obtain a median particle size of 8 lm [22]. Table 1
shows the physical properties, chemical analysis, and
activity index of the cement and the RHA. Strength mea-
surements were performed on mortars, using prismatic
specimens according UNIT 525 (similar to EN 196-
1:1994).

A sulfonated naphthalene formaldehyde condensate-
based superplasticizer (solids content 42%, specific gravity
1.20) was used, with the exception of NSC (w/b = 0.50).

The mixture proportions and the properties of fresh
concrete are given in Table 2. NSC were designed to obtain
a plastic consistency while in HSC the superplasticizer con-
tent was corrected to obtain a fluid concrete. The speci-
mens were compacted by external vibration, varying the
vibration time according to its consistency. They were kept
protected after casting to avoid water evaporation, after



Table 2
Details of concrete mix proportions

Concrete w/(c + RHA) RHA
(%)

Cement
(kg/m3)

RHA
(kg/m3)

Fine aggregate
(kg/m3)

Coarse aggregate
(kg/m3)

Superplastizicer
(%)

Slump (mm)

C-28 0.28 0 513 – 720 1005 2.00 170
RHA-28 10 468 34 730 1020 2.05 170

C-32 0.32 0 448 – 765 1005 1.20 180
RHA-32 10 401 29 765 1000 1.88 170

C-40 0.40 0 393 – 785 975 0.90 130
RHA-40 10 358 26 795 980 0.91 140

C-50 0.50 0 339 – 845 990 – 90
RHA-50 10 322 23 775 1045 – 80
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24 h they were demoulded and stored in a moist room
(21 ± 2 �C, 90–95% relative humidity) until testing age
was achieved.
2.2. Test methods

Uniaxial compression tests were performed on cylinders
of 150 · 300 mm and 100 · 200 mm. The 150 · 300 mm
cylinders were made with the purpose of studying failure
process under compressive loading through the analysis
of the stress–strain curves. The axial and lateral deforma-
tions were monitored with LVDTs. Three loading–unload-
ing cycles, up to 40% of the maximum stress, were applied
to determine the modulus of elasticity and Poisson’s ratio
(ASTM C 469). After the third cycle the load was increased
monotonically up to failure. Based on the stress–strain
curves, the initiation (finit) and critical (fcrit) stresses can
be obtained, representing the starting of matrix crack
growth and the onset of unstable propagation of cracks
in the matrix of concrete [27,7]. The 100 · 200 mm cylin-
ders were used to measure the compressive strength and
modulus of elasticity, at 28 and 90 days.

Three-point bending tests of middle notched specimens
were performed to study the stress–strain behaviour in ten-
sion, using beams of 105 mm height and 75 mm width. The
notch was cut up to a depth equal to half of the beam’s
height and performed 1 day before testing using a diamond
saw. A controlled closed loop system was used, the beams
were loaded over a span of 400 mm and the tests were con-
trolled by the average of the central deflection with a rate
of 0.02 mm/min. In addition the crack mouth opening dis-
placement at the notch (CMOD) was measured through a
clip gage.

From the load–deflection curves, the net bending stress
at maximum load (fnet), and the energy of fracture (GF)
from work-of fracture, were obtained following the general
guidelines of the RILEM 50-FMC Committee [28]. The
energy of fracture was calculated as (W0 + mgd0)/Alig

where W0 is the work-of fracture (equal to the area below
the load–deflection plot), mg the contribution of the weight
of the beam, d0 the displacement at the final fracture of the
beam, and Alig is the cross-sectional area of the ligament
before the test. The net bending stress at maximum load
was calculated as fnet = 6 (Fmax + (mg/2))l/4bh2 where b is
the width of the beam, h the depth of the ligament region
above the prenotch, l the span and Fmax is the maximum
load. Finally, the characteristic length was calculated as
lch ¼ EGF=f 2

s using the values of the modulus of elasticity
obtained from 100 · 200 mm cylinder tests and the splitting
tensile strength (fs) estimated as 0.6fnet [29,8]. Each result is
the mean of four tests, both in the case of flexural or com-
pressive tests.
3. Analysis of the results

3.1. Mechanical properties and failure mechanism in

compression

Compression tests were performed at the age of 28 and
90 days on 100 · 200 mm cylinders to evaluate the evolu-
tion in compressive strength ðf 0cÞ and modulus of elasticity
(E) (see Table 3). Comparing control and RHA concretes,
it can be clearly seen that f 0c increases in the later case, par-
ticularly for the lower w/b ratios. The relative compressive
strength of RHA concretes increase to near 9 and 7% at 28
and 90 days, respectively. On the contrary, no significant
changes in stiffness were observed (Fig. 1).

Table 3 also includes the results of compressive strength
and modulus of elasticity obtained at 28 days on
150 · 300 mm specimens, which are consistent with those
obtained on the smaller cylinders. Mean increments of the
f 0c of RHA concretes were near 5% while the increase in
modulus of elasticity was only 1% (see Fig. 2). It was also
found that Poisson’s ratio remains practically unaffected
by RHA incorporation, although there is a slight increase.
Comparing compressive strength of 100 · 200 mm and
150 · 300 mm cylinders, there is a mean increase of 9%,
which is in accordance with general experience.

The failure mechanism of concrete in compression
involves the growth and propagation of cracks, mainly
through interfaces and matrix, and this process is reflected
on the shape of the stress–strain curves of concrete [27].

More recently the same procedure was applied to ana-
lyse the failure mechanisms that take place in HSC [7].
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Fig. 1. Compressive strength (a) and modulus of elasticity (b) measured
on 100 · 200 mm cylinders.
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Fig. 2. Compressive strength and modulus of elasticity measured on
150 · 300 mm cylinders.

Table 3
Compression tests

Specimens Cylinders 100 · 200 mm Cylinders 150 · 300 mm

Testing age 28 days 90 days 28 days

Concrete RHA (%) f 0c (MPa) E (GPa) f 0c (MPa) E (GPa) f 0c (MPa) fcrit (%) finit (%) E (GPa) Poisson’s ratio

C-28 0 69.5 40.5 74.3 43.8 63.1 98 96 40.9 0.199
RHA-28 10 74.9 42.4 82.1 42.9 63.6 >98 97 41.0 0.208

C-32 0 57.8 37.6 66.7 45.4 54.6 96 85 38.0 0.179
RHA-32 10 66.0 39.5 72.2 44.7 56.6 97 89 38.7 0.179

C-40 0 51.2 36.9 56.7 41.0 46.2 94 88 35.2 0.169
RHA-40 10 52.0 39.0 57.3 42.0 49.7 95 90 35.2 0.187

C-50 0 37.0 33.1 43.9 38.4 36.4 93 80 33.3 0.160
RHA-50 10 40.7 33.6 44.7 37.8 38.4 96 88 34.1 0.167
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Stress vs. axial, lateral and volumetric strain curves of con-
cretes were measured in tests performed at 28 days on
150 · 300 mm cylinders. As was mentioned above, two
parameters can be obtained from the stress–strain curves,
the initiation (finit) and the critical (fcrit) stresses, which rep-
resent, respectively, the starting of matrix crack growth and
the onset of unstable propagation of cracks in the matrix of
concrete. Critical stress is defined as the stress correspond-
ing to the minimum peak of strains in the volumetric strain
curve, while the initiation stress is obtained from stress vs.
lateral/axial strain ratio curves as the stress at which this
strain ratio clearly begins to increase.

Stress–strain curves are presented in Fig. 3. The results
of initiation (finit) and critical (fcrit) stresses, as a percentage
of the compressive strength, are included in Table 3. As can
be observed there were not significant differences in the
shape of the curves corresponding to control and RHA
concretes. Nevertheless, it must be noted that both finit

and fcrit increase in RHA concretes, indicating that the
periods of stable and unstable crack propagation through
the mortar matrix are reduced, showing a tendency to a
more brittle failure mechanism. This fact is more evident
when comparing the results in absolute values, as they
are presented in Fig. 4. It appears that mortar cracks start
growing at higher stresses and that the period of stable
crack propagation (fcrit–finit) tends to be reduced in RHA.
However, it must be mentioned that the effect of RHA
incorporation in the compressive failure mechanism of con-
crete is much smaller than that produced by a change in
aggregate size [30] or the presence of cracks or other type
of defects [31,32].
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Fig. 3. Stress vs. axial, lateral and volumetric strain curves in compression (left). Stress vs. lateral/axial strain ratio curves (right).
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3.2. Mechanical properties and failure mechanism

in tension

Fracture tests are of special interest in the study of con-
crete failure mechanisms. Based on them, the effect of RHA
incorporation on the flexural strength and the energy of
fracture and the size of the fracture zone will be analysed.

Fig. 5 shows the typical load–deflection and load–
CMOD curves, corresponding to RHA and control con-
cretes with water/binder ratio 0.28 and 0.50. They were
obtained from tests on centre-point loaded notched beams
performed at the age of 90 days.
Table 4 presents the results of the net bending stress
(fnet), the maximum deflection (d0) the energy of fracture
(GF), and the characteristic length (lch) obtained from the
load–displacement curves at the ages of 28 and 90 days.

The response of concretes prepared with the same water/
binder ratio and aggregate content, with and without
RHA, was similar. The differences in the softening behav-
iour of concrete and then, the energy involved in the pro-
cess of fracture, produced by the incorporation of RHA
was smaller than those found changing the aggregate type
and size and the relative strength levels between matrix and
aggregates [6,8]. However, it was noted that in RHA
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Table 4
Flexural tests

Concrete RHA (%) Testing age

28 days

fnet (MPa) d0 (mm) GF (N/m)

C-28 0 7.6 1.3 180
RHA-28 10 7.6 1.4 180

C-32 0 5.8 1.9 185
RHA-32 10 6.1 1.4 165

C-40 0 5.1 1.8 175
RHA-40 10 5.0 1.5 155

C-50 0 4.0 1.7 140
RHA-50 10 4.5 1.3 125
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concretes the softening branch of the curves were steeper
and the maximum deflection were smaller than in control
concretes.

With the aim to analyse the effect of RHA incorporation,
Fig. 6. compares the results of the different series. It can be
seen that when RHA was incorporated, although the
flexural strength (fnet) tends to increase or remain equal
(Fig. 6a) the energy of fracture (GF) lightly decreases
(Fig. 6b). This decrease in the energy of fracture (GF) was
observed both in normal strength and in HSC. As was
expected, for the same concrete, the energy of fracture and
the flexural strength increases with the age. Finally, the
values of the characteristic length (lch) are compared in
Fig. 6c. It must be indicated that lch is representative of the
size of the fracture zone, and as lch decreases a more brittle
behaviour appears, which is the situation of RHA concretes.
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lch (mm) fnet (MPa) d0 (mm) GF (N/m) lch (mm)

350 8.0 2.0 205 390
365 7.6 1.9 185 380

575 6.8 2.0 215 580
485 7.2 1.7 200 475

690 5.8 2.2 205 695
670 5.3 1.6 165 685

805 5.1 2.0 180 740
585 5.2 2.2 175 680
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4. Discussion

From these experiences it appears that the replacement
of 10% of cement by RHA enhances the mechanical
strength (see Tables 3 and 4) with no significant effects
on the flexural/compressive strength ratio (see Fig. 7). This
was observed both in normal strength and in HSC, but it
was particularly evident for the lower water/binder ratio
concretes. Although peak loads are almost equal, flexural
tests indicate a more brittle behaviour in RHA concretes,
reflected by steeper softening curves than control concretes.
This observation is consistent with other authors who
found a decrease in the post-peak of the load–CMOD plot
in fly ash and slag concretes compared with concrete with-
out mineral additions [19]. The authors indicate that the
more brittle failure occurs as a consequence of the densifi-
cation of the concrete microstructure; however, in this case
the strength also decreased. It must be noted that with the
test geometry used both load–displacement and load–
CMOD curves are very similar.

Fig. 8 shows the variation of the energy of fracture (GF)
with the compressive and the net bending strengths. Test
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results obtained at 28 and 90 days are included. As it is
known, the energy of fracture increases as strength
increases even in HSC [9]. It can be clearly seen that for
a same strength level points corresponding to RHA con-
cretes are placed below those of the control concretes.
Then, it appears that a relatively lower energy of fracture
and a smaller increase in brittleness take place with the
incorporation of RHA. This fact can be attributed to an
improvement in the matrix–aggregate bond at interfaces
and a reduction of defects in the internal structure of
concrete. A similar behaviour has been observed in con-
cretes with the addition of silica fume [33,34]. Finally,
Fig. 9 presents the variation of the characteristic length
with the compressive strength, showing that although
RHA values tend to be placed slightly below the reference
concrete ones, all follow a same pattern governed by the
strength level.

It must be pointed that although there is a tendency to
increase brittleness in RHA concretes (the energy of frac-
ture was reduced to near 10%), this percentage is much
smaller than the variations that may be produced by a
change in the type [6,9] or size of coarse aggregate [29].
In most cases, it is likely that improvements in the durabil-
ity of concrete structures due to the reduction in porosity
and densification of the microstructure will be more signif-
icant than the observed effect of increasing the relative brit-
tleness of the concrete.
5. Conclusions

This paper analyses the failure behaviour in tension and
in compression of normal and high-strength concretes with
and without optimised rice-husk ash (RHA). The main
conclusions are as follows:

The incorporation of RHA in concretes produced
increases in compressive strength, particularly for the lower
water/binder ratio concretes, and no significant changes in
the modulus of elasticity and in the Poisson’s ratio. The
analysis of the failure mechanism in compression indicates
that the stresses at which cracks initiate and propagate are
higher in RHA concretes, so that there is a tendency for
more brittle failure mechanisms.

Flexural tests also make evident that the use of RHA
produced a small increase in brittleness. While the flexural
strength remained equal or increased, the energy of frac-
ture slightly decreased. Comparing concretes with and
without RHA a decrease in characteristic length also
appeared. This behaviour was observed both in normal
strength and in high-strength concrete. However, it must
be pointed that for the same strength level, the energy of
fracture was reduced no more than 10%, which is much
smaller than the variations that may be produced by a
change in the type or size of coarse aggregate.
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