
JOURNAL OF
C O M P O S I T E
M AT E R I A L SArticle

Strength and fracture toughness of earth-
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Abstract

This paper presents the results of a combined experimental and theoretical study of the strength, fracture toughness, and

resistance-curve behavior of natural fiber-reinforced earth-based composite materials. The composites, which consist of

mixtures of laterite, clay, and straw, are stabilized with controlled levels of Ordinary Portland cement. The compositional

dependence of compressive, flexural/bend strength, and fracture toughness are explored for different proportions of the

constituent materials using composites and crack-tip shielding models. The underlying crack-microstructure interactions

associated with resistance-curve behavior were also studied using in situ/ex situ optical microscopy. This revealed

evidence of crack bridging by the straw fibers. The measured resistance-curve behavior is also shown to be consistent

with predictions from small- and large-scale bridging models. The implications of the results are then discussed for

potential applications in the design of robust earth-based building materials for sustainable eco-friendly homes.
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Introduction

Although the choice of building materials is influenced
by the cost and availability of robust materials,1 most
developing countries have focused largely on the appli-
cation of relatively expensive cementitious building
materials that have been associated with �5% of the
global carbon dioxide emissions.2 This has made it rela-
tively difficult for poor people to afford durable homes
in most developing countries. However, in most of
these countries, there are large deposits of industrial,
agricultural, and human wastes that can be recycled
into robust building materials that could make homes
more affordable for a significant fraction of the world’s
rural and urban poor.3

In the case of industrial wastes, such as blast furnace
slag, Savastano et al.4 have shown that wastes can be
mixed with cements to produce robust materials that
reduce the amount of cement that is needed to ensure
adequate strength and fracture toughness in building
materials. Similarly, natural fibers, such as sisal, euca-
lyptus fiber, bamboo fiber, coconut fiber, and banana
fiber have been incorporated into cementitious matrices
to produce durable composites that are resistant to
crack growth and fracture.5 Such composites are now

being used in eco-friendly housing that includes: roof-
ing elements6 and building blocks7 that reduce the cost
of building materials.

Recently, composite building materials have under-
gone various forms of optimization, with most atten-
tion being focused on the introduction of different types
of reinforcements. A report reference8 suggests that
most developed countries have adopted wood fiber-
reinforced cement products for buildings. Hence, in
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an attempt to provide an alternative for low cost build-
ing materials, Agopyan and John9 reported the use of
natural fiber-reinforced cement-based materials.

Savastano et al.10 also studied the possibility of using
Brazilian agricultural waste as fibers for reinforcement
in cement-based composites. In their work, they used
different types of Brazilian fibrous residues to reinforce
cementitious matrices. These include: banana pseudo-
stem fibers, waste Eucalyptus grandis pulp, and sisal
field by-products. Using specimens with fiber mass per-
centages from 4 to 12%, they studied the dependence of
strength and fracture toughness of these materials after
28 days of exposure to the laboratory air with a relative
humidity of �80%. Their results showed that compos-
ites reinforced with �8% fiber had strengths that were
�65% greater than those of the unreinforced matrix
materials. In a related study, Banthia and Sheng11 pre-
dicted the effects of polymer fiber used as reinforce-
ments in cement-based matrix using resistance-curve
approaches. At about 3% by volume of fibers, they
were able to improve the matrix fracture toughness to
levels of �1.9MPa

ffiffiffiffi
m
p

.
Most recently, there was a study of the mechanical

fracture and fatigue behavior of natural fiber-rein-
forced cement-based materials.12 Their results showed
that the reinforced composites had fracture toughness
values between 1.6 and 1.9MPa

ffiffiffiffi
m
p

. This is signifi-
cantly greater than values reported for unreinforced
plain matrix (0.2–0.3MPa

ffiffiffiffi
m
p

). They also showed
that the fracture toughness is enhanced in natural
fiber-reinforced composites via crack-bridging that
results from the crack growth process.12,13

Eissa and Batson14 have studied the resistance-
curve behavior of steel fiber-reinforced concrete
with hooked-end and crumped fibers with fiber
volume percentages between 1.0 and 1.5%. Their stu-
dies showed that the crimped fibers result in higher
toughening than equivalent volume percentages of
hooked-end fibers. Similar studies of resistance-
curve behavior have been carried out by Savastano
et al.12 on cementitious composites with natural
fibers.15 These studies, which were carried out on
composites with matrices produced from recycled
blast furnace slag and Ordinary Portland cement,
have been used to explore the role of small-scale brid-
ging (SSB) and large-scale bridging (LSB) on the
toughening of natural fiber-reinforced composites
reinforced with pulped fibers of sisal, banana fibers,
and bleached eucalyptus pulp.

There has been considerable progress in our under-
standing of ecomaterials for sustainable buildings;
much of the effort has focused on the study of
cement-based composite materials.16–18 In contrast,
earth-based materials of laterite and clay have not
been modeled using the mechanistic models that have

been applied to the study of cementitious matrix com-
posites. Also, the continued use of conventional cemen-
titious matrices in prior work by Savastano et al.12,19

has limited the extent to which the cost of building
blocks can be reduced in natural fiber-reinforced com-
posites that contain reinforcement volume percentages
of �10–30 vol.% and matrix volume percentages
between �70 and 90 vol.%. There is, therefore, a
need to develop novel building blocks with lower cost
and sustainable matrices.

This paper presents the results of a combined
experimental and theoretical study of the strength,
fracture toughness, and resistance-curve behavior of
affordable earth-based composites with a cement-sta-
bilized laterite matrix and straw fibers. It explores the
strength and fracture toughness of earth-based matri-
ces produced from laterite and clay mixtures. The
effects of straw reinforcement are also elucidated
using composites rule of mixtures (ROM) and crack-
tip shielding fracture mechanics models. The toughen-
ing and resistance-curve behavior of the matrix and
composite materials are also studied using resistance-
curve experiments and SSB/LSB models. The mea-
sured and predicted strengths are compared with
those of control samples obtained from fired clay
bricks. The implications of the results are then dis-
cussed for the design of robust, affordable, and sus-
tainable building materials.

Materials

Introduction

The earth-based materials used in this work were
obtained directly from their deposition sites in
Abeokuta, Ogun State, South-West Nigeria. One of
which is laterite (lateritis),20 a soil type that is rich in
iron and aluminum. The name originate from the Latin
word ‘‘Later (brick).’’21 Laterites in moist state can be
cut without difficulty and reshaped but it gradually
hardens when exposed to air.22 Clay obtained from
Abeokuta, Ogun State, Nigeria, was used as a stabil-
izer. The elemental composition of laterite used in this
study is provided in ‘‘Materials and microstructure’’
section. The fine-grained, clay (consisting primarily of
hydrated silicates of aluminum with traces of iron
oxide) also serves as a binder in the predominantly lat-
eritic matrix.23 Straw (Andropogon virginicus)24 was
used as a reinforcing agent. Straw is a dry stalk of
cereal plants. It is an agricultural by-product obtained
after the grain and chaff have been removed. Lastly,
Type I Ordinary Portland cement was procured from
Lafarge cement factory, Ewekoro, Ogun state, Nigeria.
The Ordinary Portland cement complements the fine-
grained clay as a binder.
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Processing

Chemical and physical characterizations of the raw
materials used were carried out. The former is achieved
via energy dispersive X-ray spectroscopy (EDS) ana-
lysis and the later via particle size distribution measure-
ment. Laterite, clay, and Ordinary Portland cement of
maximum particle sizes of 250, 150, and 74 mm, respect-
ively, were used in this study. These particle sizes were
obtained by measuring and converting mesh sizes of the
sieves to microns. Straw of average diameter of
1.85mm was cut into whiskers of average length
10mm. This was used as reinforcement (randomly ori-
ented) in the predominant earth-based matrix.

Bricks of different material compositions (matrices and
reinforcements) were produced from the materials
acquired. Macro-mechanical characterizations of the spe-
cimens were carried out to obtain compressive strength,
flexural strength, fracture toughness, and resistance-curve
measurement. The cementitious materials were dry mixed
manually with the aid of a hand trowel for about 2min
for homogenization. Samples were prepared in varying
dimensions in a mold using a hydraulic press at a pressure
of 2MPa for 5min. This pressure was chosen after opti-
mization. The samples were cured for 28 days in air at
average temperature of 23�C with average relative humid-
ity of 80%. Fired clay (control samples) was also obtained
by firing of molded clay at �800�C for 6h in a kiln.
Samples of dimensions 25� 12:5� 100mm3 were used
for compression and flexural strength test while
12:5� 25� 100mm3 specimens were for single-edged
notched bending (SENB) to study their fracture tough-
ness and resistance-curve behavior.

Different matrix compositions (Tables 1 and 2) were
produced to serve as the control samples. The matrices
were prepared by direct mixing of dry constituent mater-
ial(s) followed by addition of water at approximate
water–cement ratio of 0.5. The mixtures were then
molded to the required sample shapes. The material
composition in the matrix preparation was based on per-
centage composition by volume of laterite, clay, and
cement. The matrix compositions were 100% laterite,
fired clay, laterite–cement, and laterite–clay–cement.

Natural fiber (straw)-reinforced composites were
produced with volume percentages of fiber ranging
from 5 to 20%. These volume fractions used were deter-
mined based on the volume ratios of the initial solid
raw materials. Two matrix compositions were con-
sidered in this study. The first matrix contained 80%
of laterite and 20% of cement, while the second con-
tained 70% laterite, 10% of clay, and 20% of cement.
These proportions of the constituent materials were
chosen based on the results obtained from preliminary
tests. In both cases, the samples were prepared with
composite (matrix and fiber) compositions as shown
in Table 3.

Experimental methods

Strength and fracture toughness experiment

An Instron 3360 series (Norwood, MA, USA) with a
50 kN load cell was used for the determination of
strengths and fracture toughness of earth-based com-
posites. The samples were tested at room temperature
with average relative humidity of 65%. In the determin-
ation of compressive strength, the compression speci-
mens were deformed at a loading rate of 3.3N/s until
fracture occurred by separation of specimens into two
or more pieces. A curve of compressive load (kN)
versus compressive displacement (mm) was used to esti-
mate the peak load, FA. The compressive strength was
then estimated using the following equation

� ¼ FA=Ao ð1Þ

where FA is the peak load at the onset of fracture and
Ao is the initial cross-sectional area. A total of five com-
pression tests were conducted for each condition.

Table 1. Percentage composition by volume of laterite and

cement in the matrix samples.

Samples

Volume percentage

of laterite used (%)

Volume percentage

of cement used (%)

M1 80 20

M2 90 10

M3 95 5

Table 2. Percentage composition by volume of laterite, clay,

and cement in the matrix samples.

Samples

Volume

percentage

of laterite

used (%)

Volume

percentage

of clay

used (%)

Volume

percentage

of cement

used (%)

M4 70 10 20

M5 60 20 20

M6 50 30 20

Table 3. Percentage composition by volume of matrix and fiber

in the composite samples.

Samples Volume of matrix (%) Volume of fiber (%)

C1 95 5

C2 90 10

C3 80 20
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A three-point bend loading configuration was used
to estimate the flexural/bend strengths and fracture
toughness values of the samples. A loading span of
80mm was used for the entire three-point bend test.
The mechanical properties were measured 28 days
after the fabrication of the specimens. The specimens
were loaded monotonically at a loading rate of 3.3N/s.
For each matrix and composite formulation, five speci-
mens were tested. The flexural/bend strength, �f, was
obtained from

�f ¼ 3FL=2BH2 ð2Þ

where F is the maximum load, L is the loading span, B
and H are the specimen breadth and height, respect-
ively. Fracture toughness, Kc, was estimated using a
SENB test approach. This was appropriate for earth
samples, in the same way that it applies to other cer-
amic matrix composite materials. However, the speci-
men sizes were chosen to be sufficient to enable the
crack-tip fields to sample the heterogeneous microstruc-
tures of earth-based materials. The fracture toughness
was obtained from25

Kc ¼ F a=wð Þ�f
ffiffiffiffiffiffi
�a
p

ð3Þ

where F a=wð Þ is a compliance function, �f is the flexural
stress at the peak load, and a is the crack length. The
compliance function for the SENB specimen can be
obtained in the ASTM E399-9026

f
a

W

� �
¼

3 a
W

� �1
2
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� �3
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� 1:99�
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W

� �
1�

a

W

� �h
2:15� 3:93

a

W
þ 2:7

a2

W2

� �	
ð4Þ

The morphology of the matrix and composite sam-
ples was observed using a Carl Zeiss MA-10 Scanning
Electron Microscope (SEM) equipped with an Oxford
Energy Dispersive Spectroscopy (EDS) system for
elemental analysis.

Resistance-curve experiment

Samples with dimensions of 25� 25� 100mm3 were
molded by pressing mixtures of laterite, clay, cement,
and straw fibers to produce composites with compos-
itions summarized in Table 3. This was achieved by the
use of a hydraulic press at a pressure of 2MPa for 5min.
Matrices used consist of 70% laterite, 10% clay, and
20% Ordinary Portland cement. SENB specimens were
produced by creating notch (with notch length-to-width
ratios of 0.40–0.45) into the samples. After molding, the
SENB specimens were air dried at room temperature

Figure 1. Schematic representation of a large-scale bridging

model.30

Table 4. Summary of Fett and Munz34 parameters for SENB

specimen.

�
�

0 1 2 3 4

0 0.4980 2.4463 0.0700 1.3187 –3.067

1 0.5416 –5.0806 24.3447 –32.7208 18.1214

2 –0.19277 2.55863 –12.6415 19.7630 –10.986

Table 5. Bridging toughness and parameters used in the toughening model.

Volume percentages

of

reinforcement Vb L mmð Þ �
�Kb MPa

ffiffiffiffi
m
p� �

models

�Kb MPa
ffiffiffiffi
m
p� �

experiments

5 vol% Fiber 0.050 4.5 3 0.25 0.24

10 vol% Fiber 0.075 4.5 3 0.38 0.30

20 vol% Fiber 0.100 4.5 3 0.50 0.42

L: length of the bridge zone; Vb: fiber volume fraction in the bridge zone; �: triaxiality factor; �Kb: bridging toughness.
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(�25�C) with average relative humidity of 80% for 28
days. The samples were then tested in a dual column
universal testing system (Instron 3360 series 50 kN,
Norwood, MA, USA) that was operated under load
control at a loading rate of 2N/s.

The resistance-curve measurements were obtained
by loading in incremental steps until stable crack
growth was initiated. The crack extensions were then
measured using an in situ optical microscope (model
AY11336, manufactured by BARSKA, United
States). The underlying crack/microstructure inter-
actions were also elucidated via optical microscopy.
The resistance-curve experiments were continued until
steady-state conditions were achieved. The stress inten-
sity factors in the resistance curve were obtained from

equation (3). Under three-point bend loading, the
remote stress �f was taking as the flexural strength
and obtained from equation (2).

Models

ROM

For a two-phase whisker/fiber-reinforced composite,
the strength may be estimated from ROM. The con-
stant strain ROM assumes that the applied load is par-
allel to the fiber direction. This gives25

�c ¼ Vm�m þ Vf�f�f�o ð5Þ

Figure 2. SEM micrograph of: (a) lateriteþ clayþ cement (Mag. 500 x) and (b) matrix (L–C)þ fiber (Mag. 100 x).

Mustapha et al. 1149



where Vm and Vf are volume fractions of the matrix and
fiber, respectively while �m and �f are matrix and fiber
strengths, respectively. The parameters �f correspond
to a fiber length efficiency while �o corresponds to the
fiber orientation efficiency that will be discussed in the
next section.

Short fiber theory (SFT)

In the case of short fibers/whiskers, the average fiber
stresses are less than those associated with long fibers.
Under such condition, the average fiber stress is given
by27

��f ¼ 1=2ð Þ�f l=lcð Þ ð6Þ

where the term l=2lc is known as the fiber
efficiency factor ð�f Þ for short fibers, and lc is the

critical fiber length. The critical fiber length (lc) is
given by25

lc ¼ �fd=2� ð7Þ

where �f is the fiber strength, d is fiber diameter, and �
is the fiber-matrix bond strength. This expression for
the average fiber strength can be substituted into the
simple ROM theory for very short fiber lengths. Hence,
the average fiber strength for very short fibers is given
by

��f ¼ l=2lcð Þ�f ¼ �f�f ð8Þ

An additional parameter known as the orienta-
tion efficiency factor �oð Þ is needed to account
for the decrease in composite strength due to random
orientations of the fibers. When this is taken

Figure 3. EDS analysis of matrix samples: (a) Laterite (b) Clay (c) Ordinary Portland Cement (d) Laterite + Cement and (e) Laterite

+ Clay + Cement.
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into consideration, the average fiber strength is now
given by28

��f ¼ �o�f�f ð9Þ

where �o have values of 0.375 and 0.2 for random two-
dimensional and three-dimensional orientation,
respectively.27 The composite strengths are given by
equation (5).

Toughening due to crack bridging

The toughening due to crack bridging by the straw
fibers was modeled and added to the initiation fracture
toughness to predict the composite fracture toughness

and resistance-curve behavior.28 This was done for
SSB29 and LSB.30 A SSB model proposed by
Budiansky et al.29 was used for modeling the initial
stages of stable crack growth (bridge length< 0.5mm).

Under SSB conditions, the shielding due to crack
bridging �KSSB is given by

�KSSB ¼ �Vf

ffiffiffi
2

�

r ZL
0

�yffiffiffi
x
p dx ð10Þ

where � is the constraint/triaxiality factor (theoretically
between 1 and 3 and taken as �3 in this study),31 Vf is
the volume fraction of the reinforcement phase, L is the
bridging length (the distance from the crack tip to the
last unfractured reinforcement), �y is the uniaxial yield
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Figure 4. Compressive strengths obtained for: (a) stabilized laterite (matrix¼ 80% lateriteþ 20% cement) composites and

(b) stabilized laterite–clay (matrix¼ 70% lateriteþ 10% clayþ 20% cement) composites. F: fiber, L: laterite, M: matrix.
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stress, and x is the distance from the crack face behind
the crack tip as described by Savastano et al.32 For LSB
conditions, the contribution to composite toughness
due to crack bridging30,33 can be modeled. The model
uses a weighting function by Fett and Munz34 to esti-
mate the weighted distributions of bridging traction
across the reinforcements as shown schematically in
Figure 1. The shielding from LSB, �Klsb, is given by30

�Klsb ¼ Vf

Z
L

��yh a, xð Þdx ð11Þ

where � is the constraint/triaxiality factor (theoretically
between 1 and 3 and taken as �3 in this study),31 Vf is
the volume fraction of the reinforcement phase, L is the
bridging length, �y is the uniaxial yield stress, and x is
the distance from the last unfractured fiber to the crack
tip. Also, h a, xð Þ is the weighting function given by Fett
and Munz as34

h a, xð Þ ¼

ffiffiffiffiffiffi
2

�a

r
1ffiffiffiffiffiffiffiffiffiffi
1� x

a

p 1þ
X
�,�ð Þ

A�,�
a
W

� �
1� a

W

� � 1�
x

a

� ��þ1" #

ð12Þ
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Figure 5. Flexural strengths obtained for: (a) stabilized laterite (matrix¼ 80% lateriteþ 20% cement) composites and (b) stabilized

laterite–clay (matrix¼ 70% lateriteþ 10% clayþ 20% cement) composites. F: fiber, L: laterite, M: matrix.
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where ‘‘a’’ is the crack length and ‘‘w’’ is the specimen
width. The coefficients A�,�

� �
are given in Table 4 for

the SENB specimen. Hence, the expression for the esti-
mation of the composite fracture toughness/resistance-
curve behavior is given by equation (13)

KR ¼ Ki þ�KB ð13Þ

where KR is the composite fracture toughness charac-
terized by the resistance curve and �KB is the shielding
due to crack bridging. Note that �KB ¼ �KSSB for
SSB and �KB ¼ �KLSB for LSB. The R-curves can
therefore be predicted from the measured bridging par-
ameters and material properties in Table 5.

Results and discussion

Materials and microstructure

The SEM images of the matrix and composite samples
(Figure 2) show the surface morphologies of the speci-
mens. It also reveals the fiber morphologies in the com-
posite structures. The image of the composite sample
reveals that the straw fibers are all bonded to the matrix
materials. Such good bonding is consistent with the
relatively high strengths of the straw fiber compos-
ites with fiber volume percentages of 20%. The
bright region observed in Figure 2 resulted from elec-
tron charging effect due to nonconducting nature of
the samples.
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Figure 6. Fracture toughness obtained for: (a) stabilized laterite (matrix¼ 80% lateriteþ 20% cement) composites and (b) stabilized

laterite–clay (matrix¼ 70% lateriteþ 10% clayþ 20% cement) composites. F: fiber, L: laterite, M: matrix.

Mustapha et al. 1153



The EDS analysis shows the elemental composition of
the samples. For pure laterite samples (Figure 3(a)), the
EDS analysis revealed the presence of structures consist-
ing of Al, Si, O, Ti, and Fe. Further analysis revealed
additional Ca, Mg, and K precipitated by the cement–
laterite and cement–laterite–clay interactions (Figure
3(b) and (c)). These correspond to the products (calcium
silicate hydrate and calcium hydroxide) of hydration reac-
tions that result in the binding of laterite particles by
hydrated cement ligaments.35 Depending on the strengths
(compared to those of laterite ligaments), such ligaments
could affect the strength and fracture toughness levels of
the cement-stabilized laterite matrices. This will be dis-
cussed in the next section.

Compressive/flexural strength

The introduction of cement into the matrix resulted in
the presence of calcium to the composition (Figure 3(d)
and (e)). The resulting hydration reactions and the
increased bonding of laterite particles (by the cement)
are expected to increase the matrix strength and frac-
ture toughness of the laterite. However, this was not the
case in the current work in which the laterite matrix was
found to exhibit higher strengths than the cement-sta-
bilized laterite materials (Figures 4 and 5).

The results show that the compressive strengths of
composite samples are increased to a maximum at a
fiber volume fraction of 20 vol.%. For such high fiber
contents, the compressive strength was as high as

2.91MPa. The results also show that clay in the matri-
ces and the composites contributed to the enhancement
of strengths. This suggests that clay ligaments bind the
laterite particles together just as hydrated cement liga-
ments bind sand particles together in cement mortar
and blocks.

The 3.03MPa compressive strength of the 100% lat-
erite samples is fascinating. This is greater than the
strength of the straw fiber-reinforced cement-stabilized
matrix but below that of the fired clay (compressive
strength of 4.95MPa). However, for composites rein-
forced with natural fibers, the compressive and flexural
strengths increased with increasing fiber volume frac-
tion, for fiber volume fractions between 5 and 20 vol.%.
The observed effects of fiber volume fraction are com-
parable to the results from prior work by Savastano
and Agopyan36 on natural fiber-reinforced cementi-
tious composites.

The relatively high compressive strengths are due to
the combined effects of the high strength of the laterite
matrix and strengthening effects of the straw fibers. The
high strength of the laterite matrix is illustrated clearly
by the mechanical properties of the plain laterite
sample. Furthermore, the current results show that
the strengthening effects of the straw fibers improve
the composite strength with increasing fiber volume
fractions up to 20vol.%. However, the effects of defects
and voids (introduced during composite processing)
and fiber touching reduce the composite strengths for
fiber volume fractions above 20 vol.%.

Figure 7. Optical microscopy image showing crack bridging by fibers in stabilized laterite matrix showing bridging in the cracked

fracture.
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Fracture toughness

The results of the fracture toughness tests are presented
in Figure 6, revealing that fiber volume fraction results
in increased fracture toughness. Similar observations
have also been reported in prior work by

Agopyan and John,9 Savastano et al.,10 and
Savastano and Agopyan,36 whose studies used vege-
table fiber-reinforced cementitious matrices that
resulted in composite fracture toughness values
between 0.5 and 1.0MPa

ffiffiffiffi
m
p

. In the current work,
high fracture toughness values (between 1.0 and

Figure 8. Resistance-curve measurement of stabilized laterite–clay reinforced with (a) 5%, (b) 10%, and (c) 20% volume fractions of

straw with calculated curves from small- and large-scale bridging models (SSB and LSB, respectively).
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1.4MPa
ffiffiffiffi
m
p

) were obtained for the natural fiber (straw)
toughening of a matrix consisting of a mixture of clay,
cement, and laterite. The increase in fracture toughness
attained as a result of fiber reinforcement can be attrib-
uted to shielding of the remote loads by bridging
fibers29 as seen in Figure 7. This can be modeled
using the crack bridging model presented in
‘‘Toughening due to crack bridging’’ section.

Resistance-curve behavior

The resistance curve obtained for natural fiber (straw)
reinforced earth-based cementitious composites is pre-
sented in Figure 8. This was done for fiber volume frac-
tions of 5, 10, and 20%. Stable crack initiation occurred
in the composites at matrix toughness of
�1.0MPa

ffiffiffiffi
m
p

. The initial resistance curve was steep
during the early stages of crack growth
�x � � 0:5mmð Þ. A gradual transition to nearly
steady-state condition was observed during the final
stages of crack growth. The measured resistance curve
can be attributed to the interactions of the crack with
straw that bridged the crack faces (Figure 7). This sug-
gested that the measured resistance curve was largely
due to shielding effects of crack bridging.

Comparison of modeling and experimental results

The results obtained experimentally were compared
with mechanistic model for flexural strength and

fracture toughness. Figure 9 shows comparison
between experimental results and mechanistic model
(ROMs and SFT) of flexural strength measured.
The results are consistent, affirming the effects of fiber
and orientation efficiency factors. The results for
compressive strength were not considered because
the ROM theory failed in this case. This may be
attributed to the complex nature of composite
failure under compressive loading (i.e. via
shear and fiber buckling at an angle to the loading
direction).

Figure 10 shows comparison between experimental
results and toughening model (crack bridging) of frac-
ture toughness measured. In this case, the fracture
toughness is taken to correspond to point of instability
on the resistance curve, which is approximated by the
peak loads in the fracture toughness experiments. From
the plots, it is apparent that the source of improved
toughness in the fiber-reinforced specimens can be
attributed primarily to the crack-tip shielding that
result from crack bridging. The contribution to tough-
ness can be obtained from equation (13) as explained in
‘‘Toughening due to crack bridging’’ section. The
toughening was also modeled using resistance-curve
behavior involving the SSB and LSB models (equations
(10) and (11), respectively). The predicted resistance
curve is shown alongside the experimental measure-
ment in Figure 8. The bridging toughness and param-
eters used in the predictions are presented in Table 5.
Note that the predictions and the measured resistance

Figure 8. Continued.
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curves showed that the trend of improved toughness
was retained.

Implications

The implications of the current research are very sig-
nificant for the design of composite materials for sus-
tainable and affordable housing. Most of the research
carried out recently has focused on the development of
natural fiber-reinforced cement-based composites for
affordable housing.3,5,7 This work has shown an
improvement in the mechanical properties of earth-
based matrices when they are reinforced with straw.
The mechanistic models revealed that the contribution

of fibers to the improvement of composite mechanical
properties is very important. This is evident in the
increased composite strengths as volume fractions of
fiber are increased considerably.

Toughening of the composites was enhanced via
crack bridging12,13 precipitated by fiber (straw)
reinforcement. The application of fracture toughness
testing to the materials used in this study is based on
the ceramic (brittle) matrix composite resulting from
the cementitious matrix formed. The fracture toughness
test measures material resistance to crack propagation
and is directly applicable to fracture control in describ-
ing the material property for crack growth resistance.
The results from the test procedures in this study can
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Figure 9. Plots showing comparisons of experimental results and predictions of flexural strength from mechanistic models (rule of

mixture and SFT) for: (a) stabilized laterite composites and (b) stabilized laterite–clay composites.

Mustapha et al. 1157



serve as a basis in micro-mechanical characterization,
performance evaluation, and quality assurance for sus-
tainable and affordable construction (building)
products.

This study presents motivation for further studies of
mechanical properties of earth-based composites. The
stability and degradation of earth-based composites
was not considered in the present study; future research
is needed to test the durability of earth-based compos-
ites under a range of weathering conditions. There is
also need to explore actual performance of earth-based
composites in sustainable building. Hence, sustainable
and low cost housing can be achieved using locally
sourced materials expounded in this work.
Finally, CO2 emissions associated with conventional

building materials can be reduced using earth-based
materials.

Summary and concluding remarks

1. Composites consisting of earth-based materials rein-
forced with natural fiber (straw), and plain matrices
were prepared. The mechanical properties of the
various compositions (in both matrices and compos-
ites) were determined. The results were compared to
measure the effects of reinforcement.

2. Fiber reinforcement resulted in an increase in com-
pressive strength from 2.57 to 2.91MPa at maximum
compressive strength. Interestingly, pure laterite had
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Figure 10. Plots showing comparisons of experimental results and predictions of fracture toughness from crack bridging models for:

(a) stabilized laterite composites and (b) stabilized laterite–clay composites.
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a compressive strength of 3.03MPa. This value was
the closest to that of fired clay (4.95MPa). Samples
reinforced with straw fibers had increased flexural
strengths and fracture toughness. Composites with
fiber volume percentage of 20% had the highest flex-
ural strengths and fracture toughness values of up to
8.99MPa and 1.41MPa

ffiffiffiffi
m
p

, respectively. These
values exceed the respective values obtained for the
matrix material (6.76MPa and 1.08MPa

ffiffiffiffi
m
p

).
3. The measured strengths and fracture toughness

levels are consistent with predictions from mechan-
istic models studied. The ROM and SFT strength
predictions account for the effects of whiskers and
random orientation to provide reasonable estimate
of flexural strength.

4. The modeling of crack shielding by crack bridging
provides adequate estimates of toughening in the
straw-reinforced earth-based composites that were
examined in this study. This is evident in the
trends of resistance-curve behavior obtained from
SSB and LSB models.

5. The results of the bridging models are in agreement
with the corresponding experimental measurements.
Specifically, the resistance curves showed that the
trend of improved toughness in the predicted and
the measured values were retained.
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