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Abstract

This paper presents the results of a combined experimental and analytical study of the pull-out behavior of natural fiber

(grass straw) from an earth-based matrix. A single fiber pull-out approach was used to measure interfacial properties that

are significant to toughening brittle materials via fiber reinforcement. This was used to study the interfacial shear

strengths of straw fiber-reinforced earth-based composites with a matrix that consists of 60 vol. % laterite, 20 vol. %

clay and 20 vol. % cement. The composites that were used in the pull-out tests included composites reinforced with 0, 5,

10 and 20 vol. % of straw fibers. The toughening behavior of fiber-reinforced earth-based matrix was analyzed in terms of

their interfacial shear strengths and bridging zones, immediately behind the crack tip. This approach is consistent with

microscopic observations that reveal intact bridging fibers behind the crack tip, as a result of debonding of the fiber–

matrix interface. Analytical models were used to study the debonding of fiber from the matrix materials, as well as the

toughening due to crack-tip shielding via bridging. The results show that increasing the fiber embedment length and the

fiber volume fraction (in the earth/cement matrix) increases the peak pull-out load. The debonding process was also

found to be associated with a constant friction stress. The combined effects of multiple toughening mechanisms

(debonding and crack bridging) are elucidated along with the implications of the results for the design of earth-based

composites for potential applications in robust building materials for sustainable eco-friendly homes.
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Introduction

Recent studies in the area of infrastructural materials
have focused largely on development of fiber reinforced
composites that provide improved fracture toughness,
compared to their matrix materials.1 The toughening
provided by fibers (in fiber-reinforced composites) via
crack bridging and other mechanisms, depends signifi-
cantly on the properties of the matrix, fibers, and the
interface(s) between the matrix and fibers.2 The inter-
facial shear strength between the matrix and the fibers
is often the key to composite toughening and fracture
properties.3 Prior work has also shown that the best
overall toughening of ceramic matrix composite may
require debonding and frictional sliding to occur at
the interfaces between the fibers and matrix.4–7

Several studies have been carried out to examine the
effects of bonding properties between fibers and matrix
on the overall toughness of composite materials. These
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studies focus on interfacial tensile strength,8,9 inter-
facial shear strength10–12 or the combined stress state
of normal and shear.13,14 An investigation by Kim
et al.2 involving pull-out behavior in concrete rein-
forced with steel, PP and PVA fibers showed that the
structure of fibers in the interface changed the bond
behavior and bond strengths. Similar observations
were also reported by Mazaheripour et al.15 and Won
et al.16 These studies have shown that the initial elastic
deformation is truncated by load drops, corresponding
to the onset of interfacial debonding. This is followed
by fiber pull-out, during which frictional stresses and
residual clamping stresses resist the pull-out of the
fibers from the matrix materials.

In brittle-matrix composites, the interfacial shear
strengths are often characterized by the debond stress
or the frictional pull-out stress.17 The interfacial shear
strengths also have strong effects on composite strength
and composite fracture toughness.18 This has motivated
several researchers to study the fiber/matrix interface
properties in such composites. An investigation by
Mendell et al.19 focused on the determination of the
force required to slip a fiber through a matrix. Other
researchers20,21 used fiber pull-out tests to measure the
interfacial shear strengths. The effects of fiber surface
conditions (on bond strength) have been studied by
Rose and Russel.22 They reported that a roughened
fiber surface improves the interfacial bond strength.
Another investigation by Chao et al.23 explored the
bond behavior of un-tensioned strands embedded in
concrete reinforced with various fiber volume fractions.
Their results showed that pull-out behavior of strands
was improved for a concrete matrix with 1% fiber
volume fraction.

In modeling the fiber pull-out, the characterization
of the frictional stress (at the interface of the fiber-
matrix mix) has been an open issue for a long time.24

Most studies have focused directly on measuring fric-
tional stresses using theoretical models that are guided
by experimental observations and measurements.
Hence, depending on experimental results, most
authors assume either a constant frictional stress or
Coulomb friction.25

Fiber pull-out has also been studied extensively in
advanced composites for potential applications in the
aerospace, automotive and energy industries.26–28

However, there have been no prior studies of the
interfacial shear strengths of natural fiber-reinforced
earth-based composites that are being developed for
structural applications in affordable housing. Hence,
the present study will explore the interfacial shear
strengths of natural fiber-reinforced earth-based
(straw fiber) composites using the single-fiber pull-out
test. The fiber pull-out tests will be used to determine
the effects of fiber embedment length and fiber volume

fraction. The toughening resulting from fiber pull-out
and crack bridging will also be elucidated using a com-
bination of experiments and theoretical models.

Materials

Natural fiber-reinforced earth-based composites were
produced from locally sourced materials obtained dir-
ectly from their deposition sites in Abeokuta, Ogun
State, South-West Nigeria. These included: laterite
(lateritis),29 clay (which was used as a stabilizer) and
straw fibers obtained from dried grass (Andropogon vir-
ginicus).30 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.31 Type I Ordinary Portland cement was
procured from Lafarge Cement Factory, Ewekoro,
Ogun State, Nigeria. The cement was also used as a
binder.

Sample preparation

The specimens used had rectangular shapes with dimen-
sion of 12.5mm� 25mm� 100mm for the single edge
notched bend (SENB) test and 25mm� 25mm�
100mm for the fiber pull-out tests. Grass straws with
diameters ranging from of 1.90 to 2.10mm were cut
into whiskers with lengths of 10mm. These were used
as reinforcements (randomly oriented) in the predom-
inantly earth-based matrix.

Matrix materials and the grass straws were dry-
mixed manually with the aid of a hand trowel. This
was done for about 2min (for homogenization), fol-
lowed by the addition of water at a water–cement
ratio of 1:2. The mixtures were then molded into the
stipulated shapes. For fiber pull-out specimens, the sur-
faces of the fibers were cleaned and the fibers were
embedded at the center of the specimen. The natural
fibers were then aligned with a fixture, without any sig-
nificant pre-tension, prior to molding. Three different
fiber embedment lengths: 15mm, 20mm and 25mm
were considered, along with four different fiber
volume fractions (0%, 5%, 10% and 20%) in the
matrix.

The samples were then prepared in a mold using a
hydraulic press that was operated at a pressure of
2MPa for 5min. Pressure values between 1MPa and
3MPa were tried initially before settling for a pressure
value of 2MPa, which produced the best compacted
samples. SENB specimens were used for the ASTM
E399 standard fracture toughness tests. These were pro-
duced by machining notches (with notch length to
width ratios of 0.40–0.45) into the samples. After mold-
ing, the specimens were air dried at room temperature
(� 25�C) with average relative humidity of 80% for
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28 days. For each matrix and composite formulation,
10 specimens were prepared.

Experimental procedures

Chemical and physical characterization of the raw
materials used was carried out, respectively, using
energy dispersive X-ray spectroscopy (EDS) analysis
and particle size distribution measurements. An
Instron 3360 series (Norwood, MA, USA) electro-
mechanical universal tensile testing machine was used
to carry out single fiber pull-out and SENB fracture
toughness tests. The underlying crack/microstructure
interactions were observed using an in situ optical micro-
scope (Model AY11336, Barska, Pomona, CA, USA).
The fracture surfaces of natural fiber-reinforced earth-
based composites were also characterized using a Carl
Zeiss MA-10 scanning electron microscope (SEM).

The stage for the fiber pull-out experiment is pre-
sented schematically in Figure 1(a). This was used for
the measurement of the interfacial shear strengths of
natural fiber-reinforced earth-based composites. The
effects of fiber embedment length and fiber volume frac-
tion (on the fiber pull-out characteristics) were con-
sidered. Ten replicates were tested for each
embedment length at different fiber volume fractions.
Plots of load versus displacement were obtained for
various embedment lengths at a loading rate of 3.3N/
s. The samples were tested at room temperature with
average a relative humidity of 65%. The other ends of
the embedded fibers were held firmly by tension wedge
grips attached to a 2 kN load cell, while the specimen
was fixed securely to the Instron electro-mechanical
testing machine with the aid of G-clamps, as shown
in Figure 1(b). The fiber displacement was monitored
with an in situ optical microscope.

The fracture toughness, Kc, of earth-based matrix
and composite were measured using SENB fracture
mechanics specimens. This was obtained from32

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

ð1Þ

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 E399–9033
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Modeling

Modeling of fiber pull-out (debonding with constant
friction)

A model proposed originally by Hutchinson and
Jensen25 was used in this study. This model, which
assumes a constant friction stress between fiber and
matrix, was adopted to model the effects of fiber pull-
out on the toughening of earth-based composites. In
this model, the composite system consists of a fiber
(radius rf) within a cylindrical outer boundary of

Figure 1. (a) Schematic diagram of the fiber pull-out set-up and

(b) experimental setup for Pull-out of natural fiber from earth-

based cementitious matrix.
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radius r (Figure 2). The area fraction of the fiber is
taken as � ¼ rf=r

� �2
and the average stress in the fiber

varies according to

d�f=dz ¼ 2=rf
� �

� ð3Þ

where �f is the average axial stress in the fiber, rf is the
radius of the fiber and � is friction stress between the
matrix and the fiber. Equation (3) is a valid approxi-
mation, provided that � is small compared to �f. Also,
another essential approximation that was made in the
analysis of the model is given by (Figure 5)25

For 05 z5 lo,

�f ¼ �
�
f þ 2� z=rf

� �
ð4Þ

while

�m ¼ �
�
m � 2� 1� �ð Þ

�1� z=rf
� �

ð5Þ

where ��f and ��m are the respective fiber and matrix
strengths, just below the debond crack tip. If the
zero-friction zone shown exists, then
�f ¼ ��=� and �m ¼ 0 for lo 5 z5 l.

When ��5 �o
then �f ¼ ��=� and �m ¼ 0 at z ¼ lo.

In either case

lo=rf ¼ ��=�� ��f

� �
= 2�ð Þ ð6Þ

where �� is the average axial stress and �o is the max-
imum value of ��. When a constant frictional stress, �,

exists at the fiber matrix interface and the fiber slides
but does not lose contact with the matrix, the variation
of toughening, �K2, is approximated by25

�K2= �r
1=2
f

� �
¼ 1� �ð Þ

�1=2 l=rf
� �

ð7Þ

Toughening due to crack bridging

Toughening due to crack bridging (via fiber reinforce-
ment) was also considered using approaches used by
Mustapha et al.34 in earlier work. This was done for
small-scale bridging (SSB) and large-scale bridging
(LSB). A small-scale bridging model proposed by
Budiansky et al.35 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 Z L

0

�yffiffiffi
x
p dx ð8Þ

where a is the constraint/triaxiality factor (theoret-
ically between 1 and 3 and taken as � 3 in this study),36

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 uni-
axial yield stress, and x is the distance from the crack
face behind the crack-tip as described by Savastano
et al.37

Figure 2. (a) Schematic of fiber debonding and pull-out in a cylindrical cell model and (b) conventions and definitions of fiber

debonding and pull-out in a cylindrical cell model.
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For large-scale crack bridging (LSB) conditions, the
contribution to composite toughness due to crack brid-
ging was also modeled38,39 using a weighting function
by Fett and Munz to estimate the weighted distribu-
tions of bridging traction across the crack faces.40

The shielding from large scale bridging, �Klsb, is
given by38

�Klsb ¼ Vf

Z
L

��yh a, xð Þdx ð9Þ

where a is the constraint/triaxiality factor (theoret-
ically between 1 and 3 and taken as �3 in this study),39

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
by40

h a, xð Þ ¼

ffiffiffiffiffiffi
2
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r
1ffiffiffiffiffiffiffiffiffiffi
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Figure 3. EDS analysis of materials used: (a) laterite (b) clay and (c) ordinary portland cement.

Table 1. Summary of Fett and Munz40 parameters used for

single-edged notched bend 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
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where ‘a’ is the crack length and ‘w’ is the specimen
width. The coefficients A�,�

� �
are given in Table 1 for

the SENB specimen.

Model for the estimation of shielding due to crack
bridging and fiber pull-out

The expression for the estimation of the composite frac-
ture toughness (based on the toughening mechanisms
observed in the failure of natural fiber-reinforced earth-
based composite) is given by34

KR ¼ Ki þ�K ð11Þ

where KR is the composite fracture toughness and �K
is the shielding due to crack bridging and fiber pull-out.
For toughening due to fiber pull-out at constant fric-
tional stress, �K ¼ �K2 and for bridging toughening,
�K ¼ �K1 (for a combined small- and large- scale
bridging).

In this study, multiple toughening mechanisms were
observed. Hence, the overall toughening was estimated
from the contributions due to both mechanisms. A
linear superposition model, which neglected the pos-
sible interactions between the individual toughening
mechanisms, was used. However, synergistic relation-
ships between the toughening mechanisms provide
more realistic estimates of composite toughening
than the individual toughening components.41 For
toughening by crack bridging and fiber pull-out with
constant fractional stress, the overall toughening is
given by42

�K ¼ 	�K1 þ ð1� 	Þ�K2 ð12Þ

where �K is the total toughening, 	 is the toughening
ratio due to crack bridging, �K1 and �K2 are the

toughening due to crack bridging and fiber pull-out,
respectively.

Results and discussion

Material characterization

Laterite, clay and Ordinary Portland Cement (OPC)
with respective maximum particle sizes of 250 microns,
150 microns and 74 microns, were used in this study.
These particle sizes were obtained by measuring and
converting mesh sizes of the sieves into microns.
Figure 3 shows the energy dispersive X-ray spectros-
copy analysis of the materials that were used. The elem-
ental compositions obtained are consistent with prior
studies.43–46 The interactions of the cracks with straw
fibers are shown in Figure 4. This shows clear evidence
of crack bridging, while the scanning microscopy

Figure 5. SEM images of fracture surfaces showing evidence of

debonding and fiber pull-out.

Figure 4. Crack/fiber interaction in stabilized laterite matrix.
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images (Figure 5) reveal evidence of intact fiber pull-out
on fracture surfaces.

Single fiber pull-out

The results of the single fiber pull-out experiments are
presented in Figures 6–8. The pull-out curves obtained
in this study can be divided into three regimes, as pre-
sented in prior work on other ceramic matrix compos-
ites.47,48 These include (i) a linear elastic deformation
stage; (ii) a partial fiber debonding stage, and (iii) a
frictional pull-out stage. Frictional bond strengths
were also calculated by dividing the maximum pull-
out load by the embedded fiber surface area. The result-
ing interfacial shear strengths were used to predict the

maximum contributions of the fiber pull-out loads to
the composite fracture toughness values.

Figure 6(a) shows the effects of embedment length
on the peak pull-out loads. A significant increase was
observed in the peak pull-out load (while keeping other
parameters constant) with increasing fiber embedment
length (from 15mm to 25mm). This is attributed to the
increase in the fiber/matrix contact area that occurs
with increasing fiber embedment length. Similar obser-
vations have also been reported by Wang et al.4 and
Baran et al.5

Meanwhile, Figure 6(b) shows that the peak pull-out
load does not appear to be directly proportional to the
fiber embedment length. This is because the onset of
fiber debonding corresponds to the condition at which

Figure 6. (a) Effect of embedment length on the pull-out behavior of natural fiber from earth-based cementitious matrices and (b)

effect of fiber embedment length on peak pull-out load.
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the interfacial crack driving force is equal to the inter-
facial fracture toughness at the local mode mixity. Since
this depends non-linearly on the internal crack lengths
and elastic properties of the materials, the fiber pull-out
loads are unlikely to exhibit a linear dependence of the
fiber embedment length.

The results (Figure 7) showed that fiber pull-out
occurred with a constant frictional bond stress at the
interface between the fiber and earth-based cementi-
tious matrices. This formed the basis for the model
considered to predict composite toughening due to
fiber pull-out. An average frictional bond strength of
about 0.34� 0.02MPa was obtained for earth-based
cementitious matrix. Other results obtained for

composites (with varying fiber volume fractions) will
be used in the next section to predict the toughening
due to the same mechanism.

Figure 8 shows the fiber pull-out strengths obtained
for fiber volume percentages between 0 and 20. The
fiber pull-out loads increased with increasing fiber
volume fraction. This increase in the pull-out load
was attributed to the increase in the fiber bundle/com-
posite ligament strengths that occurs with increasing
fiber volume fraction. This also results in fiber inter-
locking, which provides additional resistance to
fiber pull-out. It also resulted in a reduction of fric-
tional decay, as obtained by Chao et al.23 Hence, the
increase in the volume fraction of fibers provides

Figure 7. Effect of fiber embedment length on frictional bond strength for earth-based cementitious matrices.

Figure 8. Effect of fiber volume fraction on the pull-out of natural fiber from earth-based cementitious matrices.
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increased the shielding due to crack bridging and fiber
pull-out.

Composite toughening

The results of the fracture toughness tests obtained
experimentally from SENB tests are presented in
Table 2. An initiation toughness of 1.07� 0.05
MPa

ffiffiffiffi
m
p

was obtained for the composition considered
in this study. The shielding contributions from fiber
pull-out and crack bridging models are presented in
Tables 3 and 4, respectively, while the results for the
combined mechanisms (crack bridging and fiber pull-
out) are presented in Table 5. The results show that
increasing fiber volume fraction results in increased
toughening. Similar observations have also been
reported in prior work by Savastano et al. and
Agopyan et al., whose studies used vegetable fiber-rein-
forced cementitious matrices.49–51 This increase in

fracture toughness was attributed primarily to shielding
of the crak-tip by the bridging fibers.

The results also revealed that pull-out
(debonding and sliding) and crack bridging interact
synergistically in ways that contribute to the overall
fracture toughness. The sliding resistance (in this
study) is attributed to the rough surface morph-
ology of the fibers.22 Figure 9 shows that the fracture
toughness resulting from the combined mechanisms
provided a better estimation of fracture toughness
(due to fiber reinforcement), when compared to
experimental results obtained in prior work by
Mustapha et al.34

Implications

The implications of the current study are very signifi-
cant for the design of composite materials for sustain-
able and affordable housing. Unlike prior work, which
focused primarily on the toughening of earth-based
composites due to small/large-scale crack bridging,
this paper shows clearly that the overall toughening
of earth-based fiber straw composites was due to the
combined effects of crack bridging and fiber pull-out.
The interactions between these two toughening mech-
anisms can also be used to engineer improvements of
fracture toughness/resistance–curve behavior of earth-
based composites.

Further work is clearly needed to optimize the inter-
faces of coated natural fibers for potential applications
in earth-based composites. This suggests that the level
of fiber pull-out can be controlled by altering the chem-
istry of the fibers through coating, or by changing the
residual clamping stress.52,53 Hence, sustainable and
low cost housing can be developed using locally avail-
able materials with coated fibers that can be used to
engineer improvements in the combined effects of
crack bridging and fiber pull-out.

Summary and concluding remarks

The interfacial shear strengths and fiber pull-out char-
acteristics have been studied in earth-based composites
reinforced with straw fibers. Salient conclusions arising

Table 3. Predicted toughening due to fiber pull-out (�K2)

model.

Volume percentages

of reinforcement � (MPa) rf (m) r (m) Q �K2 MPa
ffiffiffiffi
m
p� �

5 vol% Fiber 0.39� 0.02 0.001 0.002 0.25 0.13� 0.01

10 vol% Fiber 0.40� 0.02 0.001 0.002 0.25 0.17� 0.01

20 vol% Fiber 0.44� 0.02 0.001 0.002 0.25 0.29� 0.01

�¼ Friction stress between the matrix and the fiber; rf ¼ radius of the

fiber; r¼ radius of cylindrical outer boundary of matrix; r¼ area fraction

of the fiber.

Table 4. Predicted toughening due to crack bridging (�K1)

model.

Volume percentages

of reinforcement Vb L mmð Þ � �K1 MPa
ffiffiffiffi
m
p� �

5 vol% Fiber 0.050 4.5 3 0.21� 0.01

10 vol% Fiber 0.075 4.5 3 0.29� 0.01

20 vol% Fiber 0.100 4.5 3 0.43� 0.02

Vb¼ Fiber volume fraction in the bridge zone; L¼ length of the bridge

zone; a¼ triaxiality factor.

Table 2. Fracture toughness results obtained from

experiments.

Volume percentages

of reinforcement Kc MPa
ffiffiffiffi
m
p� �

0 vol% Fiber 1.07� 0.05

5 vol% Fiber 1.23� 0.06

10 vol% Fiber 1.28� 0.07

20 vol% Fiber 1.41� 0.11

Table 5. Predicted toughening due to combined mechanism

(fiber pull-out and crack bridging).

Volume percentages

of reinforcement �K MPa
ffiffiffiffi
m
p� �

5 vol% Fiber 0.17� 0.01

10 vol% Fiber 0.23� 0.01

20 vol% Fiber 0.36� 0.02

Note: �K ¼ 	�K1 þ ð1� 	Þ�K2; 	¼ 0.5
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from the combined experimental and theoretical study
are as follows:

i The fiber pull-out strengths increase with increasing
fiber embedment length and fiber volume fractions
up to 0.2. The measured improvements are consist-
ent with predictions from composite and interfacial
fracture models.

ii Following the onset of debonding, a regime of con-
stant frictional pull-out stress is observed. This sug-
gests that the friction stress is not significantly
affected by the degree of pull-out.

iii The predicted toughening obtained from the frac-
ture mechanics analyses is consistent with the experi-
mental results. The predictions of fiber bridging and
pull-out are consistent with the ranges in the
toughening behavior obtained for the earth-based
composites with different volume percentages of
fibers between 0 and 20 vol. %.

iv The synergistic interactions between individual
toughening mechanisms represent a better estimate
of toughening than the simple individual toughening
components.
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