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Abstract: Polyethylene (PE) waste often piles up in the environment for up to 30 to 50 years, without complete degradation. This paper
describes how PE waste can be used as a reinforcement in laterite bricks for sustainable building materials. The bricks are produced with
different volume percentages (0–30 vol. %) of PE. The flexural/compressive strengths and fracture toughness values of the composite blocks
are compared with those of mortar (produced from river sand and cement). The composite containing 20 vol. % of PE is shown to have the
best combination of flexural/compressive strength and fracture toughness. The flexural/compressive strengths and fracture toughness values
increase with increasing volume percentage of PE up to 20 vol. %, before decreasing to minimum values for composites with 30 vol. % of PE.
The trends in the measured strengths and fracture toughness values are explained using composite and crack bridging models. DOI: 10.1061/
(ASCE)MT.1943-5533.0001385. © 2015 American Society of Civil Engineers.
Author keywords: Polyethylene-reinforcement; Laterite; Compressive strength; Flexural strength; Fracture toughness; Crack bridging
models.

Introduction
Plastics are synthetic organic hetero-atomic polymers that are
often synthesized in large quantities from oil, coal, and natural
gas (Seymour 1989). They are generally nonbiodegradable in the
presence of enzymes or microbes (Mueller 2006). This has led to
environmental concerns, since almost 30% of plastics produced
worldwide are found in food packaging, detergents, and chemical
substances, with this sector of the global economy growing at
an annual rate of 12% (Orhan et al. 2000). The most commonly
used plastics include polyethylene (PE), polypropylene (PP),
polystyrene (PS), and polyethylene terephthalate (PET).
1
Ph.D. Candidate, Dept. of Materials Science and Engineering, African
Univ. of Science and Technology, Km 10 Airport Rd., P.M.B 681, Garki,
Abuja, Nigeria; and Lecturer II, Dept. of Civil Engineering, Nigerian
Turkish Nile Univ., Abuja, Nigeria. E-mail: azekoism@yahoo.com
2
Ph.D. Candidate, Dept. of Materials Science and Engineering, African
Univ. of Science and Technology, Km 10 Airport Rd., P.M.B 681, Garki,
Abuja, Nigeria; and Assistant Lecturer, Dept. of Materials Science and
Engineering, Kwara State Univ., Ilorin, Nigeria. E-mail: mustkabir@
gmail.com
3
Ph.D. Candidate, Dept. of Materials Science and Engineering, African
Univ. of Science and Technology, Km 10 Airport Rd., P.M.B 681, Garki,
Abuja, Nigeria; and Assistant Lecturer, Univ. of Ghana, Accra, Ghana.
E-mail: eannan@ug.edu.gh
4
Deputy Director, Biotechnology and Genetic Engineering Advanced
Laboratory, Sheda Science and Technology Complex, Km 32 AbujaLokoja Expressway, P.M.B 186, Garki, Abuja, Nigeria. E-mail: shola2@
hotmail.com
5
Professor, Dept. of Mechanical and Aerospace Engineering, Princeton
Univ., 1 Olden St., Princeton, NJ 08544; and Professor, Dept. of Materials
Science and Engineering, African Univ. of Science and Technology,
Km 10 Airport Rd., P.M.B 681, Garki, Abuja, Nigeria (corresponding
author). E-mail: Soboyejo@princeton.edu
Note. This manuscript was submitted on December 2, 2014; approved
on May 19, 2015; published online on July 14, 2015. Discussion period
open until December 14, 2015; separate discussions must be submitted
for individual papers. This paper is part of the Journal of Materials in Civil
Engineering, © ASCE, ISSN 0899-1561/04015104(10)/$25.00.

© ASCE

Approximately 140 million tons of manmade polymers, including PE, are produced annually across the world, with a utility rate
of 12% (Albertsson 1980). This hinders the implementation of
an efficient disposal system. Also, although PE can be degraded
by chemical, thermal, photodegradation, and biodegradation techniques (Witt et al. 2001; Ghosh et al. 2013), there is a need to recycle it into other functional materials (Yang et al. 2007).
Before the colonization of Africa, most of the houses in Africa
were constructed from clay and silt (Aguwa 2009). However, the
shrinkage of clays and the effects of mechanical loads due to wind
loading can induce cracking in such structures (Liu et al. 2010).
Cracking can also be exacerbated by the effects of thermal cycling
and the environment (Robinet et al. 1996; Sultan et al. 2002). Similar
failure phenomena have been observed in cement-based structures
that have been used more recently across the world (Hoskova et al.
2001). However, cement production is associated with 5% of global
CO2 emissions (Worrell et al. 2001). There is, therefore, a need to
reduce the amount of cement that is used in building materials.
Alternatives to cement include laterite (Osula 1996; Aguwa
2009; Lemougna et al. 2011), recycled materials such as blast furnace slag (Savastano et al. 2001), and polyethylene (de Carvalho
et al. 2014). Laterites are products of the chemical weathering of
naturally occurring rocks (Lemougna et al. 2011). The weathering
process may take several of years before the soil (with high clay
content) is produced (Lemougna et al. 2011). The soil formed is
usually rusty-red or reddish brown due to the presence of iron
in the oxides. It is often found in tropical regions, especially in
wet and hot areas (Lemougna et al. 2011).
Laterites have been recommended for the construction of roads
and dams, as well as applications as fillers for soil reclamation
(Gidigasu 1976). The uniform distribution and availability of
well-graded particle sizes of laterites, as well as their compressibility, enable the molding of bricks with improved mechanical properties (Aguwa 2009). However, the use of laterites alone in bricks
does not provide the required strengths for load-bearing structures.
There is, therefore, a need to mix them with binders, especially
cement or lime, to enhance their mechanical properties (Osula
1996). However, such binders (cements) are relatively expensive
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(approximately 4 cents per pound), which increases the cost of
concrete buildings across the world.
Hence, in an effort to reduce the cost of building materials, significant efforts have been made to replace cement with industrial
and agricultural waste materials (Savastano et al. 2003). Industrial
waste materials include blast furnace slag (Savastano et al. 2001),
while agricultural waste materials include natural fibers from sisal
(Joseph et al. 1999; Yan et al. 2000; Zhong et al. 2007), banana
trunk (Sapuan et al. 2007), eucalyptus trees (Tonoli et al. 2010),
sugar cane bagasse (Monteiro et al. 1998; Ghazali et al. 2008;
Teixeira et al. 2012) and millet (Adegunwa et al. 2014). These have
all been shown to result in improved strengths (Pavithran et al.
1987, 1988; Maleque et al. 2007) and fracture toughness (Pavithran
et al. 1987, 1988; Maleque et al. 2007). Composite theories
and crack-tip shielding concepts (Ritchie 1988; Evans 1990) have
also been used, respectively, to explain the observed improvements
in strength and fracture toughness of the resulting composites
(Savastano et al. 2001, 2003).
In contrast, there have been relatively few efforts to incorporate
plastics into blocks, although plastics are often recycled into pipelines that are often used in buildings. Such recycling of plastics
could facilitate the reduction in the cost of building blocks that
are produced from laterite and concrete. They could also improve
the strength and fracture resistance of laterite and cement matrix
composites. In this work, low-density polyethylene bags are recycled into particles that are mixed with laterite and cement matrices to produce laterite/cement matrix composites.
This paper is divided into five sections. Following the introduction, composite strengthening models are presented along with ductile phase toughening concepts in “Modeling.” The experimental
procedures are then described in “Experimental Methods,” before
presenting the results obtained from the experiments and models in
“Results and Discussion.” Salient conclusions arising from this
work are then summarized in “Conclusions.”

Table 1. Compressive Strength Measurements
Samples
A
B
C
D
E
F

Composition

σmax (MPa)

100% L
100% M (80%L + 20%Ce)
90% M (L +Ce) + 10% PE
80% M (L +Ce) + 20% PE
70% M (L +Ce) + 30% PE
80% S + 20% Ce

1.2  01.01
2.4  0.02
2.8  0.04
4.1  0.03
1.9  0.03
1.6  0.02

Note: Ce = cement; L = laterite; M = matrix; PE = polyethylene; S =
river sand.

(Bloyer et al. 1998; Kung et al. 2001; Lou et al. 2002; Fett and
Munz 1994) mechanisms. In the case of SSB, the shielding due
to bridging ΔK SSB is given by
rﬃﬃﬃ Z
2 L σy
ð2Þ
α pﬃﬃﬃ dx
ΔK SSB ¼ V b
π 0
x
where V b = volume fraction of bridging phase that intercepts the
dominant crack; α = constraint/triaxiality parameter (Budiansky
et al. 1988; Kung et al. 2001; Lou et al. 2002); σy = yield strength;
x = horizontal distance along the crack; and L = bridge length,
which is the distance from the crack tip to the last unfractured ductile reinforcement. SSB generally applies to crack lengths that are
less than ∼0.5–1.0 mm (Soboyejo 2002), while in the case of
LSB, the bridge lengths are generally greater than ∼0.5–1.0 mm
(Soboyejo 2002). Under LSB conditions, the shielding due to
crack bridging (Soboyejo 2002) can be estimated from models that
account for the effective tractions across the bridged cracks, as
shown in Fig. 1. These give the shielding due to LSB to be
(Soboyejo 2002)
Z L
ΔK LSB ¼
ασðxÞhða; xÞdx
ð3Þ
0

Modeling
Strength
The compressive and flexural strengths of the composites can be
estimated from the simple rule-of-mixtures (ROM) (Soboyejo
2002). This gives
σc ¼ V m σm þ V f σf

ð1Þ

where σc = composite strength; σf = fiber strength; V f = fiber
volume fraction; σm = matrix strength; and V m = matrix volume
fraction. An example of the ROM compressive strength calculations for 10 vol. % of PE is as follows:
σc ¼ ð0.9 × 2.4 MPaÞ þ ð0.1 × 13.5 MPaÞ ¼ 3.51 MPa, where
V m ¼ 0.9, σm ¼ 2.4 MPa (Table 1), V f ¼ 0.1 and σf ¼
13.5 MPa.

where L = length of the bridging zone; α = constraint/triaxiality
factor; σðxÞ = traction function along the bridge zone; and
hða; xÞ = weight function, given by Fett and Munz (1994), to be
rﬃﬃﬃﬃﬃﬃ

 
X Avμ ð a Þ 
2
1
x vþ1
w
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ × 1 þ
hða; xÞ ¼
ð4Þ
1−
πa 1 − ax
a
ð1 − wa Þ
ðv;μÞ
where a = crack length; and W = specimen width. Hence, the stress
intensity factor associated with the resistance-curve behavior, K R ,
can be estimated from (Lou et al. 2002; Soboyejo 2002)

tracon funcon,
Y

Toughening due to Crack Bridging
Crack bridging models have been developed to quantify the
crack-tip shielding effects of brittle (Bloyer et al. 1996, 1998)
or ductile (Bloyer et al. 1996, 1998; Kung et al. 2001) reinforcements. Depending on their shapes (Bloyer et al. 1996; Soboyejo
2002) and the constrained nature of plasticity in ductile reinforcements, ductile reinforcements can promote the bridging of cracks
by plastically deformed reinforcements within a bridging zone.
This can result in small-scale bridging (SSB) (Bundiansky et al.
1988; Soboyejo et al. 1996) and large-scale bridging (LSB)
© ASCE
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L
Fig. 1. Schematic representation of a large-scale bridging model
(adapted from Bloyer et al. 1998, with permission)
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K R ¼ K i þ ΔK b

ð5Þ

where K i , = initiation toughness (Lou et al. 2002); and ΔK b =
shielding due to crack bridging. The latter may correspond to
ΔK SSB for SSB or ΔK LSB for LSB, depending on the lengths of the
bridging zones. The above models will be used to estimate the fracture toughness/resistance-curve behavior of laterite-polyethylene
composites in this paper.

Processing of Low-Density Polyethylene (LDPE)
Low-density polyethylene (LDPE) plastics that are often used
for the packaging of pure water in Africa were obtained from the
African University of Science and Technology (AUST) in Abuja,
Nigeria. The LDPE plastics were dissolved at 140°C using AGO
kerosene fuel obtained from the Niger Delta Development Commission (NDDC), Nigeria (AGO Fuel is a trademark of NDDC
of Nigeria). Prior to dissolution, the solvent was heated up to
140°C. The LDPE films were then added and stirred in solution
until the solvent became saturated with the LDPE. The resulting
slurry was then quenched to room temperature by immersing
the beakers containing the slurry into an ice bath that was maintained at ∼4°C. The resulting powders were filtered from the slurry
using muslin cloth (BDH) obtained from Finlab Nigeria Limited,
Abuja, Federal Capital Territory, Nigeria. The resulting LDPE powders (reinforcement) were dried and sieved into finer particles with
an average particle size of ∼800  0.04 μm.
Matrix and Composite Processing
Laterite was obtained from the Julius Berger Company,
Gwagwalada, Abuja, Federal Capital Territory, Nigeria. This
laterite was air dried and crushed into smaller particles with the
aid of a mortar and pestle (Model MP-003, Fukai Stone, Shandong,
China). The particles obtained were then sieved into particles with
an average size of 800  0.04 μm. The grain size distributions of
the laterite are shown in Fig. 2. The laterite obtained had a clay
content of ∼13%. Portland cement produced by Dangote Portland
Limestone Cement Industry, Obajana, Kogi State, Nigeria, was
used as a binder in the laterite matrix.
The laterite/cement matrix (matrix material) was mixed with PE
powder with volume percentages of 10, 20, and 30%. These were

100

Percentage Passing (%)
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Experimental Methods

mixed with 200 mL of water in a mixer (JN500 Pan Mixer, Henan
Zplus International Trade Company, Shandong, Linyi, China).
Mixing was carried out for 10 min at 80 revolutions per minute
(rpm). The resulting mixtures were then poured into wooden
moulds with dimensions of 100 × 25 × 12.5 mm. Uniform pressure was then applied to the moulds for 5 min to produce composites with compositions presented in Table 1. Similar procedures
were used for the moldings of the matrix material containing
80 vol. % of laterite and 20 vol. % of cement.
Similarly, river sand, with average particle of 800  0.04 μm,
was mixed with 20 vol. % of Dangote portland limestone cement
and 200 mL of water, to produce cement mortar, which was tested
as a control. A total of 180 samples was produced for flexural and
compressive testing, thus, making 30 composite specimens for each
composite composition.
Compressive/Flexural Strength Testing
After drying the samples for eight weeks, the flexural/compressive
strengths and the fracture toughness/resistance-curve behavior
were measured with a universal mechanical testing machine
(TIRAtest Model 2810, Schalkau, Thuringia, Germany). The compressive tests were carried out under displacement control at a
displacement rate of 0.02 mm=s and a strain rate of 0.01=s. The
specimens were loaded monotonically until failure occurred by
separation into two or more pieces. Prior to testing, the actual dimensions of the specimens were measured using a pair of Vernier
callipers. The compressive strengths (σc ) were calculated from
σc ¼

ð6Þ

where Fq = force at the onset of failure; and Ao = initial crosssectional area.
The flexural tests were conducted on molded specimens with
dimensions of 100 × 25 × 12.5 mm. The specimens were loaded
under three-point bending in a universal mechanical testing machine. The specimens were loaded under displacement control until
failure occurred by fracture into 2 or more pieces. The flexural
strength was calculated from (Callister 2007)
σf ¼

3FQ L
2BW 2

ð7Þ

where FQ = load at the onset of failure; L = distance between the
support points; B = breadth of the specimen; and W = width of the
specimen. Thirty composite specimens were tested for each
composite composition.
Fracture Toughness/Resistance-Curve Experiments
The fracture toughness/resistance-curve experiments were carried
out on single-edge-notched (SEN) bend specimens with dimensions of 100 × 25 × 12.5 mm. These had notch widths of
∼4 mm. The fracture toughness was calculated from (Soboyejo
2002)
a
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
K¼f
×σ π×a
ð8Þ
W
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32ðWa Þ1=2
ð1 þ 2ðWa Þð1 − Wa Þ1=2


 a 
a
a
a2
1 − × 2.15 − 3.93 × þ 2.7 2
× 1.99 −
W
W
W
W
ð9Þ

Fig. 2. Grain size distribution curve of laterite
© ASCE
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where K = stress intensity factor; fða=WÞ = function of crack
length, a, and specimen width, W. As before, the specimens were
produced by moulding in lab air (28°C). They were then tested in a
universal mechanical testing system. The fracture toughness tests
were conducted under load p
control
at a stress intensity factor inﬃﬃﬃﬃ
crease rate, K, of 0.01 MPa m s−1 . Monotonic loading was continued until fracture occurred by separation into 2 or more pieces.
The specimens were then examined in a scanning electron microscope (Carl Zeiss STM AG, Jena, Thuringia, Germany) that was
operated at 20 kV in the secondary imaging mode.
In an effort to identify the crack-tip shielding mechanisms, the
resistance-curve behavior was also studied using the same type
of SEN bend specimens that was used for the fracture toughness
tests. Thepﬃﬃﬃﬃ
specimens were loaded incrementally in steps of
0.02 MPa m until cracks were observed to initiate from the
notches with a Digital Microscope (AY11336, Barska, Pomona,
California). SEN bend specimens with a notch depth of 4 mm were
placed in an Instron senohydraulic testing machine (Model 3360,
Norwood, Massachusetts). An initial load of 20 kN was then applied to the SEN specimens at a loading rate of 5 N=s and a strain
rate of 0.01=s. The initiation and propagation of cracks was observed using a PC digital microscope (AY11336, Barska, Pomona,
California).

Results and Discussion
Microstructure
The microstructures of the laterite/cement matrix and the three
composites are presented in Figs. 3(a–d). These optical images

show uniform distribution of polyethylene (PE) particles in the composites reinforced with 10 and 20 vol. % of PE [Figs. 3(b and c)].
However, some aggregation of the PE was observed in the case
of the composites reinforced with 30 vol. % of PE [Fig. 3(d)].
Semiquantitative energy dispersive X-ray spectroscopy (EDS)
analyses of the laterite revealed the presence of aluminum, iron,
oxygen, and titanium in the laterite powder [Fig. 4(a)]. EDS of
the as-processed matrix [Fig. 4(b)] also confirmed the presence
of calcium, silicon, silica, aluminum, iron, calcium oxide, oxygen,
and potassium in the laterite and portland cement after 2 months
of hydration.
Compressive Strength
The measured compressive strengths are presented in Table 1.0.
They show that the 100% laterite specimen had a compressive
strength of 1.2  0.01 MPa. This increased to ∼2.4  0.02 MPa
for laterite with 20 vol. % of portland cement. This composition
was considered to be the matrix’ material for the composite. The
compressive strength of the PE-reinforced composites increased
with increasing PE volume percentage for volume percentages
of up to 20%.The highest strengths of ∼4.1  0.03 MPa were obtained for the composite reinforced with 20 vol. % of PE. This is
attributed to the effective arresting of cracks by the PE particles in
the composite.
Lower strengths of 1.9  0.03 MPa were obtained for composites reinforced with PE volume percentages up to 30% of PE. This
is attributed to the stress concentration due to the clustering of PE
particles. Such clustering of PE particles results in weak interfaces
and lower composite strengths.

Fig. 3. Microstructures of (a) laterite/cement matrix; (b) 10% reinforced PE; (c) 20% reinforced PE; (d) 30% reinforced PE
© ASCE
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Fig. 4. Energy dispersive x-ray spectroscopy results obtained for (a) laterite; (b) laterite and portland cement

The trends in the measured compressive strengths are presented
in Fig. 5(a). It is of interest to compare the compressive strengths
of the PE-reinforced composites and the laterite/laterite-cement
matrix to those of mortar produced using river sand and 20% volume of the same portland cement (Dangote Portland Limestone Cement, Obajana Plant, Kogi State, Nigeria) that was used in the
fabrication of the matrix and laterite-PE composite materials.
Fig. 5(a) shows that the cement mortar was much stronger
than 100% laterite. However, the cement mortar was weaker
than the matrix and the laterite-PE composite materials. The compressive strengths of all of the PE composites were also much
greater than those of the conventional cement mortar material,
consisting of 80 vol. % river sand and 20 vol. % of cement. This
is because the PE particles bridge the cracks in the composite
materials.
© ASCE

The measured compressive strengths of the composites (obtained from experiments) were comparable to rule-of-mixture
(ROM) estimates, as shown in Fig. 5(b). Reinforcements with a
PE volume percentage of 20% resulted in an increase in compressive strength of ∼3%. Also, PE volume percentages of 10 and 30%
resulted in percentage increases in compressive strength of ∼3%
and ∼4%, respectively.
Flexural Strength
The flexural strengths of the materials are presented in Fig. 6(a)
and Table 2. The river sand–cement mortar had relatively high
flexural strengths that were much greater than those of the matrix
material and that of the 100% laterite. However, the flexural
strengths of the cement-river sand mortar were comparable to those
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Fig. 5. Compressive strengths: (a) obtained for different composition;
(b) compared with ROM estimates

Fig. 6. Flexural strengths: (a) obtained for different composition;
(b) compared with ROM estimates

of the laterite-PE composites, which increased with increasing
PE volume percentage, for volume percentages up to 20%.
However, composites reinforced with 30 vol. % of PE had
lower flexural strengths than river sand–cement mortar. This is
attributed to the effects of the stress concentration associated with
the clustering of PE particles. Such clustering of PE particles weakens the interfaces, thereby resulting in the lower flexural strengths
of the composites reinforced with 30 vol. % PE. Similar trends were
observed in the compressive strength data, for which the peak
strengths corresponded to composites reinforced with 20 vol. %
of PE.
The measured flexural strengths of the composites were comparable to the ROM estimates, as shown in Fig. 6(b). The 100%
matrix had a flexural strength of 4.3  0.02 MPa. Although
ROM suggested that each 10 vol. % of polyethylene should result
in strength decrement of ∼2%, the actual measurements revealed a
decrease in flexural strength for a PE volume percentage of 30%,
compared to that of the composite reinforced with 20 vol. % of PE.

volume percentage,pfor PE volume percentages up to 20 vol. %
(∼0.76  0.04 MPa m). However, the composite with 30 vol.
% had the
p lowest composite fracture toughness of ∼0.54 
0.03 MPa m, which
p was close to the fracture toughness of
∼0.46  0.01 MPa m obtained for the 100% matrix material.
Again, the trend in the fracture toughness of the composite reinforced with 30 vol. % of PE is attributed to the stress concentration
due to the clustering of PE particles. Such clustering of PE particles
results in weak interfaces that reduce the fracture toughness values
of the composites reinforced with 30 vol. % PE.
The typical fracture modes associated with the different materials are presented in Figs. 8(a–d). These were obtained from SEM
images of the facture surfaces. The SEM images revealed faceted

Fracture Toughness and Fracture Modes
The measured fracture toughness values are presented in Fig. 7
and Table 3. The matrix material (80 vol. % laterite and 20 vol.
% cement) had higher fracture toughness than the 100% laterite
or the river sand and cement mortar. The fracture toughness
of the laterite-PE composites also increased with increasing PE
© ASCE

Table 2. Flexural/Bending Strength Measurements
Samples
A
B
C
D
E
F

Composition

σmax (MPa)

100% L
100%M (80%L + 20%Ce)
90% M (L +Ce) + 10% PE
80% M (L +Ce) + 20% PE
70% M (L +Ce) + 30% PE
80% S + 20% Ce

4.3  0.02
5.1  0.01
6.0  0.03
6.6  0.02
4.4  0.04
6.7  0.03

Note: Ce = cement; L = laterite; M = matrix; PE = polyethylene; S = river
sand.
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Fig. 7. A plot of fracture toughness for single edge notch versus
composition
Table 3. Fracture Toughness of a Single-Edge-Notched Bend Specimen
p
Samples
Composition
K C (MPa m)
A
B
C
D
E
F

100% L
100%M (80%L + 20%Ce)
90%M (L+ Ce) + 10% PE
80%M (L +Ce) + 20% PE
70%M (L +Ce) + 30% PE
80% S + 20% Ce

0.38  0.03
0.46  0.02
0.57  0.02
0.76  0.04
0.54  0.03
0.57  0.03

Note: Ce = cement; L = laterite; M= matrix; PE= polyethylene; S = river
sand.

[Fig. 8(a)] and smooth transgranular [Fig. 8(c)] fracture modes,
with some incidence of secondary cracking within the different
composites [Figs. 8(a–c)]. A higher incidence of secondary cracking was also observed on the fracture surfaces of the cement mortar
consisting of river sand and cement [Fig. 8(d)].
The R-curve behavior for the PE-reinforced laterite is presented
in Figs. 9(a–d) for the matrix material [Fig. 9(a)] and the
composites reinforced respectively with 10, 20, and 30% of PE
[Figs. 9(b–d)]. These show improved fracture resistance of the
composites, compared to that of the matrix material. The improved
crack growth resistance was associated with crack/microstructure
interactions, as shown in Fig. 10(a) for the laterite-cement matrix
and Figs. 10(b–d) for the laterite-polyethylene composites.
The images of the crack/microstructure interactions revealed
that the cracks were bridged by the PE particles [Figs. 10(b–d)].
Typical ranges of crack bridging parameters are summarized in
Table 4. These were incorporated into the small-scale bridging
(SSB) and large-scale bridging (LSB) models [Eqs. (2) and (3)]
to obtain theoretical predictions of the resistance curves. The
predictions are presented along with the experimental results in
Figs. 9(a–d).
In general, the R-curves obtained for the predicted and experimental data were in close agreement in the SSB regime. However,
some differences were observed between the experimental and predicted R-curves in the LSB regime. This is because of the evolution
of steady-state crack bridging conditions, with increasing crack
growth (Table 5). Such steady-state conditions represent the
upper-bound fracture toughnesses that can be achieved in the different matrix materials and composites that were examined in
this study.

Fig. 8. SEM micrographs of (a) more of faceted fracture surface with high incidence of secondary cracks in 100% matrix; (b) increased secondary
cracking in 10% PE composite; (c) smooth trans-granular cracking in 20% PE composite; (d) rough granular fracture surfaces with high incidence
of secondary cracking in mortar from river sand and cement
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Fig. 9. Images with evidence of bridging of (a) 100% matrix material; (b) 10% reinforced PE; (c) 20% reinforced PE; (d) 30% reinforced PE

Fig. 10. R-curves with (a) 100% matrix material; (b) 90% matrix + 10% PE; (c) 80% matrix + 20% PE; (d) 70% matrix + 30% PE
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Table 4. Fett and Munz (1994) Parameters Used for Single-Edge-Notched
Bend Specimen Subjected to Weighted Crack Bridging Fractions

produced from river sand and portland cement. This suggests
that PE-reinforced laterite blocks can replace conventional
cement blocks produced from river sand and cement. Further
work is needed to determine the potential effects of environmental degradation on the mechanical properties of PEreinforced laterite composites.

μ
υ

0

1

0
1
2

0.4980
0.5416
−0.19277

2.4463
−5.0806
2.55863

2

3

0.0700
24.3447
−12.6415

4

1.3187
−32.7208
19.7630

−3.067
18.1214
−10.9
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Table 5. Steady Sate Fracture Toughness Values
Composition
100%M (80%L + 20%Ce)
90% M (L + Ce) + 10% PE
80% M (L + Ce) + 20% PE
70% M (L + Ce) + 30% PE

K ss experimental
p
(MPa m)

K ss prediction
p
(MPa m)

0.47
0.58
0.76
0.54

0.46
0.57
0.74
0.53

Note: Ce = cement; L = laterite; M = matrix; PE = polyethylene; S = river
sand.

Implications
The current research shows that recycled PE can be used as a
reinforcement material in cement-stabilized laterite. Hence, the
use of PE can reduce the amount of river sand and cement that
are used in the fabrication of building blocks. Furthermore, the
results clearly show that improved mechanical properties of the
laterite/PE composites can be engineered by applying simple
rule-of-mixtures and crack-tip shielding/crack bridging models.
The best balance of compressive/flexural strength and fracture
toughness/resistance curve behavior was observed in the composite
reinforced with 20 vol. % PE. This has the potential for applications
in infrastructure materials such as sustainable housing and roofing
tiles. However, there is a need to study the potential environmental
degradation phenomena that can occur due to exposure to water,
erosion and sunlight. These are clearly some of the challenges
for future work.

Conclusions
1. Polyethylene bags can be recycled into reinforcements in
laterite-cement matrices for sustainable buildings. The
resulting building materials have attractive combinations
of compressive/flexural strength and fracture toughness/
resistance curve behavior that vary with reinforcement volume
fraction.
2. The compressive/flexural strengths of polyethylene-reinforced
laterite composites are well predicted by simple rule-of-mixtures. The measured fracture toughness and resistance curve
behavior are also consistent with predictions from small
and large-scale crack bridging models. The models also predict steady-state fracture values that are independent of specimen size.
3. The composite reinforced with 20 vol. % of PE particles was
found to exhibit the best combinations of compressive/flexural
strength and fracture toughness/resistance curve behavior.
Higher levels of PE reinforcement were found to promote
the clustering of particles, which resulted in composites with
lower compressive/flexural strengths and fracture toughness/
resistance curve behavior.
4. The PE-reinforced laterite composites have much higher
strengths and fracture toughness than concrete mortar
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