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An experimental investigation was performed to understand the pull-out behavior of sisal fibers from a
cement matrix. The effect of curing age and fiber embedment length on the fiber–matrix interface was
studied. Sisal fiber presents irregular cross-section with different shapes that may be beneficial for the
bond strength. A scanning electron microscope coupled with image analysis was used to measure the
cross-section area of individual tested fibers and to determine and classify their morphology. The results
were correlated to the fiber morphology. Direct tension tests were performed on composites reinforced
by 10% in volume of continuous aligned sisal fiber. A finite difference model developed earlier by authors
was used to determine the bond strength versus slip constitutive relation from experimental data and to
predict the composite tensile behavior and crack spacing. It was found that the sisal fiber morphology
plays an important role in the bond strength. Average adhesional bond strength as high as 0.92 MPa were
reported for the fiber shape that promoted the best interfacial performance.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Cement based composites reinforced with continuous aligned
sisal fibers demonstrate a tension-hardening with multiple crack-
ing behavior [1] with high tolerance to fatigue loading [2] and high
energy absorption capacity under dynamic loading [3]. This type of
composite system is reinforced with up to five layers of fibers
resulting in a total volume fraction of 10%. In humid environments
the sisal fiber cement composites produced with ordinary Portland
cement matrices undergo an aging process during which they may
suffer a reduction in post-cracking strength and toughness. This
process is a result of migration of hydration products (mainly
Ca(OH)2) to the fiber structure. To mitigate this effect a special ma-
trix that has 50% of cement replaced by calcined clays has been re-
cently developed and optimized for use with sisal fiber systems [4].
This matrix lowers the calcium hydroxide production resulting in
enhanced durability against fiber degradation and also providing
adequate rheology in the fresh state for the fiber volume fractions
proposed. The multiple cracking behavior achieved is governed by
interfacial bond characteristics between fiber and matrix.

A significant amount of experimental and analytical investiga-
tions have been dedicated to the mechanical characterization of
interface in man-made-fiber cement matrix systems. Tests for bond
ll rights reserved.

: +1 480 965 0557.
adhesion of cementitious composites have been performed by many
researchers; however, limited data has been presented for natural fi-
bers. Most of the interface characterization work has been per-
formed on steel, glass and polymeric fibers. Naaman and Najm [5]
state that there are four main factors that influence the bond be-
tween fiber and matrix: (i) physical and chemical adhesion, (ii)
mechanical component of bond such as deformed, crimped and
hooked end fibers, (iii) fiber-to-fiber interlock, and (iv) friction. Peled
and Bentur [6] investigated the pull-out behavior of straight and
crimped polyethylene yarns. They found that increasing the crimp
density enhances the mechanical anchoring and the equivalent
adhesion bond strength increases from 1 to 1.84 MPa (10 mm fiber
embedded length). Markovich et al. [7] studied the pull-out behavior
of hooked end steel fibers for different types of matrices and reported
an average frictional stress between 2.76 and 4.97 MPa depending
on the mixture. Kim et al. [8] investigated steel hooked ended and
torroidal shaped fibers. Equivalent bond stresses calculated from
experimental pull-out of hooked end and torroidal fibers were 4.7
and 14.5 MPa, respectively.

Several models have been used for prediction and characteriza-
tion of pull-out behavior in fiber reinforced cement composites.
Naaman et al. [9] proposed an analytical model for smooth fibers
or bars with an idealized bond–stress–slip relationship of the
interface. The solution led to the prediction of the bond shear
stress-versus slip curve assuming that one can employ a back-
calculation procedure to use the pull-out load versus slip in
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parameter estimation. Sueki et al. [10] modified Naaman’s model
to analyze pull-out test results and quantified the equivalent bond
properties of several fabrics. In their analysis, the role of fill yarns
in providing anchorage points along the length were modeled in a
discrete approach. Banholzer et al. [11] proposed another analyti-
cal model to simulate the pull-out response of a fiber–matrix sys-
tem in which an N-piecewise linear bond stress versus slip relation
is adopted.

In the present research single fiber pull-out tests were per-
formed on sisal fibers for curing ages ranging from 3 to 28 days.
Embedment lengths of 10, 20, 30 and 40 mm were tested for sam-
ples after 3 days of curing. Microstructure characterization was
coupled with image analysis in order to compute the sisal fiber
area of each test and to investigate the effect of the fiber shape
on the bond strength. A non-linear finite difference model devel-
oped by Soranakom and Mobasher [12–14] for a regularly an-
chored, and aligned fiber composite was used to simulate the
pull-out response. The pull-out results were then used in predict-
ing direct tensile and crack spacing of sisal fiber reinforced com-
posites based on the interface properties. The numerical analysis
is compared to experiments, and it is shown that small modifica-
tions to the model are necessary in order to fit the response of uni-
directional aligned fibers.

2. Experimental program

2.1. Materials and processing

The sisal fibers used in this investigation were extracted from
the sisal plant farm located in the city of Valente, state of Bahia –
Brazil. Their mechanical properties consisted of a mean elastic
modulus and tensile strength of 19 GPa and 400 MPa, respectively
as characterized by Silva et al. [15]. More information on the
mechanical properties of the used sisal fiber can be obtained else-
where [16,17].

The matrix used in the present work was based on past research
[4,18]. It was produced using the Portland cement CPII F-32, river
sand with maximum diameter of 1.18 mm and density of 2.67 g/
40 μμm 
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Fig. 1. Different morphologies of the sisal fiber: (a) horse-shoe shape, (b) arch shape, and
bond strength. The rough surface and flexibility of the fiber is observed in (d).
cm3, 5% in volume of wollastonite (JG class) as micro reinforcement
and a naphthalene superplasticizer Fosroc Reax Conplast SP 430
with content of solids of 44%. The use of micro-fiber reinforcement
was directed at increasing the matrix tensile strength and to adjust
the matrix rheology. Metakaolin (MK) from Metacaulim do Brasil
Industria e Comércio Ltda and calcined waste crushed clay brick
(CWCCB) obtained from an industry located in Itaborai – RJ, Brazil,
burned at 850 �C, were used as cement replacements. The cement
was replaced by 30% of MK and 20% of CWCCB following previous
studies [4,18]. The mortar matrix had a mix design of 1:1:0.4
(cementitious material:sand:water) by weight.

The matrix was produced using a bench-mounted mechanical
mixer of 5 l capacity. The cementitious materials, sand and
wollastonite fibers were dry mixed during 5 min (for homogeniza-
tion). Water and superplasticizer were slowly added in and the
mixture was blended for 5 min. Molds were designed for casting
single filament pull-out specimens (see Fig. 1). PVC tubes were
used as the formwork while wooden bases were used to guarantee
the accuracy of the sisal fiber orientation at the centroidal axis of
the mold through a hole drilled at the center of the base plate.
The sisal fiber was inserted through the eye of a needle, which
was then contrived through the wooden mold. The mix was then
poured into the PVC tubes in three layers followed by manual com-
paction. The specimens were covered in their molds for 24 h and
after this time they were demolded and cured in water. Tensile
specimens with a volume fraction of 10% continuous aligned sisal
fibers were manufactured using the same mixture design [1].

2.2. Testing

2.2.1. Single fiber pull-out tests
An electromechanical MTS (model SINTECH 1/S) was used for

the pull-out tests. The test setup is shown in Fig. 2. The PVC mold
(diameter of 25 mm) was connected to a 0.44 kN (100 lb) load cell
that was attached to the crosshead. The bottom part consisted of a
pinch grip where the free end of the fiber was tightened. The test
was conducted under constant crosshead displacement control at
a rate of 0.1 mm/min. Six specimens of embedment length ranging
200 μm 

(c) 

100 μm 

(c) twisted arch shape. The different type of morphologies affects the fiber–matrix
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Fig. 2. Molds for casting pullout specimens: (a) picture of four of the molds and (b) schematic drawing showing the alignment of the fiber.
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from 10 to 40 mm were tested after 3 days of curing. To investigate
the influence of curing age on the fiber–matrix bond strength spec-
imens with embedment length of 20 mm were tested at ages rang-
ing from 3 to 28 days.

2.2.2. Direct tension tests in sisal fiber reinforced composite
Direct tensile tests were performed in an Instron servo hydrau-

lic universal testing machine with a capacity of 500 kN. The tests
were controlled by the cross-head displacement at a rate of
0.1 mm/min. Six specimens measuring 400 mm � 50 mm �
12 mm (length �width � thickness) were tested using a gage
length of 300 mm with fixed–fixed boundary conditions. Alumi-
num thin sheets were glued on both ends of the specimen and
the pressure of the hydraulic grips was adjusted to 1.37 MPa
(200 psi) in order to minimize stress concentration and damage.
Tensile strains were measured by a strain gage glued on the center
of the specimen, and results were compared with the nominal
strain values obtained from the stroke displacement. The tensile
load, cross head displacement and strain were recorded by means
of digital data acquisition.

Crack spacing during the tensile tests was measure by image
analysis and correlated to strain following the procedure described
elsewhere [1].

2.2.3. Microstructure
The sisal fiber’s microstructure was investigated using an Envi-

ronmental SEM (Philips FEI-XL 30). The scanning electron micros-
copy was under low vacuum chamber to remove the high vacuum
constraint in the sample environment. The microscope was oper-
Fig. 3. Details of pullout test set-up: (a) MTS
ated under an accelerating voltage ranging from 10 kV to 20 kV.
No precoating with carbon or gold, as is done for standard high
vacuum SEM, was required. The specimen chamber pressure was
adjusted to values ranging from 25 to 80 Pa.

In order to measure the fiber’s cross-sectional area, for each single
fiber pull-out test, an adjacent piece of the fiber (immediately next to
the one tested) was kept for future measurement and morphology
characterization using the SEM. The obtained images were post-pro-
cessed using ImageJ, a Java-based image processing program.
3. Results and discussion

Natural sisal fibers present non-regular cross sectional geome-
try (see Fig. 3) which enhances their bond characteristics. Similar
irregular cross-sections were also reported for fique fibers [19].
These shape and geometrical changes results in a wide range of
values obtained when mechanical bond parameters are measured.
The general cross section of the fibers can be distinguished into
three types of shapes that alter the interfacial mechanical re-
sponse: (i) horse-shoe shape – located in the periphery of the leaf,
these represents the majority of the fibers that can be found in the
sisal plant (see Fig. 3a); (ii) arched shape – located in the center
part of the sisal leaf in a lower proportion than the horse-shoe
shape (see Fig. 3b); (iii) twisted arch shape – that is a result of
the fiber extraction process (see Fig. 3c). The sisal fibers are ex-
tracted from its leaf by a mechanical process. In this process, it is
potentially possible for some arch shaped fibers to break and twist,
thus resulting in the type (iii) shape. In addition to these shapes of
the sisal fibers, there are possibilities of formation of corrugated
Sintech machine and (b) detail of grips.
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surfaces and/or random variations along the fiber length which
help the anchorage process. Virtually all the variations in fibers
geometrical shape are beneficial to the fiber–matrix adhesion.
When used as continuous reinforcement in cement matrices, the
enhanced mechanical bond strength presented by the sisal fiber
combined with its high tensile strength results in a composite with
strain hardening and multiple cracking behavior under direct ten-
sile load as presented in Fig. 4.

Most of the tension stiffening (ability of the uncracked seg-
ments in between the two parallel cracks to carry tensile force)
models presented in the literature either does not take into ac-
count the bond–slip mechanism or simplifies it to a linear interfa-
cial model. The Soranakom and Mobasher’s model [12–14] is based
on finite difference method, takes into account non-linear bond
slip model and has options for inserting anchorage ribs to integrate
the effect of crossing yarns. The anchorage options were not used
in the present model. The cracking criterion and constitutive mate-
rials equation are illustrated in Fig. 5 and present a schematic
drawing of a continuous sisal fiber reinforced composite defined
by three distinct mechanisms: matrix strength cracking criterion,
interface bond–slip characteristics and tensile stress–strain of the
continuous fibers.

The first criterion is the cracking strength of matrix, rm,cr, as
shown in Fig. 5a. A uniform or probabilistic strength distribution
can be generated along the length of specimen by an appropriate
probability density function (PDF) to result in deterministic or sto-
uncracked -> rule of mixture & strain compatibility
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Fig. 4. Schematic drawing of the tensile response of a continuous sisal fiber cement
based composite.
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Fig. 5. Schematic drawing of a continuous sisal fiber reinforced composite, defined
by three distinct mechanisms: (a) matrix strength cracking criterion, (b) interface
bond–slip characteristics, and (c) tensile stress–strain of the continuous fibers.
chastic crack evolution in the specimen. The matrix at the grips is
strengthened by metal plates and cracking is prohibited in these
regions. The crack detection algorithm ignores the possibility of
stress exceeding cracking strength at the grips.

The second modeling aspect is the bond between fiber and ma-
trix, which is described by a generalized free form bond stress
s = s(s) expressed as function of slip (s) (Fig. 5b). Several linear seg-
ments define the pre and post-peak behaviors of the bond charac-
teristics. At each load step, a secant modulus k enforces the local
bond stress and slip at each node in the finite difference model
to follow the prescribed bond–slip relation.

The third aspect (Fig. 5c), fiber properties, was simplified from
the original model since the present work addressed continuous fi-
bers instead of 2-D fabrics. The fiber mechanical properties were
determined in a previous work [15].

The tension stiffening model [13,14] is based on equilibrium
equations of the nodes. The equations are expressed as coefficient
and the unknown variable slip (s), defined as the relative difference
between the elongation of the continuous fibers and matrix:

s ¼
Z xiþ1

xi

ðey � emÞdx ð1Þ

where ey and em are fiber and matrix strains, respectively, dx is a fi-
nite length between two consecutive nodes i and i + 1 along the lon-
gitudinal x-axis. For typical low fiber volume fraction, the axial
stiffness of the fiber AyEy is considerably lower than the matrix term
AmEm and the contribution of matrix elongation to slip is ignored.
Thus, the slip (s) and fiber strain ey are simplified to:

s ¼
Z xiþ1

xi

ey dx and ey ¼ s0 ¼ ds
dx

ð2Þ

The embedment length L is discretized into ‘‘n’’ nodes with
equal spacing of h as shown in Fig. 6. The bond stress is assumed
constant over the small spacing h for each node within each linear
domain. Force in the fiber at the left end is imposed to be zero, sim-
ulating stress free condition, implying that the fiber strain or deriv-
ative of slip vanishes. At the right end the nodal slip is prescribed
incrementally, simulating displacement control. As the loading
progresses, the part of the fiber that slips out of the matrix has
no frictional bond resistance; thus, fiber elongation is the only
term in that section. The extruding part can be easily implemented
by checking the amount of slip versus the embedment length of
each node. If the slip is greater than the embedment length, zero
bond stress is applied to that node.

A typical sisal pull-out force-slip curve is shown in Fig. 7a. Four
distinct regions are indentified by roman numerals. Region I corre-
sponds to the elastic-linear range with a rapid rate of ascent of the
load. As the load increases beyond the linear region, a degree of
nonlinearity is observed and this range is designated as region II
which defines the initial point of fiber debonding. The peak re-
sponse is reached at region III under partial debonding conditions,
where the pull-out force reaches a maximum value (Pau). The slip
(s) of the fiber at this point is defined as the slip at the peak and
can be considered as the critical debonded length. For a given ma-
trix and interface condition the peak pull-out force depends on the
embedded length, diameter of the fiber and the curing period. The
nominal shear strength computed at Pau is defined as the adhe-
sional strength (sau). In region IV the load drops to a fixed value
and remains constant thereafter. The pull-out behavior in the
post-peak region is governed by the frictional shear strength of
the interface and continues till the fiber is completely debonded
from the interface. The shear strength at this region is defined as
frictional resistant strength (sfu).

The adhesional and frictional components were quantified in
terms of stress sau and sfu, respectively calculated using Soranakom
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and Mobasher’s model [12]. The model correlation with
experimental sisal fiber pull-out behavior can be seen in Fig. 7a.
Using a back-calculation approach, the interfacial constitutive rela-
tion was determined from the model and presented in Fig. 7b. The
points where the adhesional and frictional bond strength were cal-
culated are indicated by arrows in the Fig. 7b.

Pull-out tests were carried out on embedded lengths of 10, 20,
30, and 40 mm after 3 days of curing and results are shown in
Fig. 8. It was found that increasing the embedded length increased
the pull-out force from 2 to 8 N. At an embedded length of 40 mm
no significant increase was observed in the pull-out force related to
adhesional and frictional bond. Note that the standard deviation of
the fibers tested at 30 mm and 40 mm were essentially similar. The
adhesional bond shear strength computed based on the Pull-out
force using Soranakom and Mobasher model showed a constant
value for the embedded lengths studied (see Table 1). As the
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Table 1
Summary of the results for pull-out samples tested with different embedment lengths. Values in parenthesis are standard deviation.

Embedded length
(mm)

Type of
fiber

Pau (N) sau (MPa) Pau (N) sfu (MPa) Pau average
(N)

sau average
(MPa)

Pfu average
(N)

sfu average
(MPa)

10 (i) 2.23
(0.18)

0.37
(0.01)

1.38
(0.51)

0.23
(0.08)

2.2 (0.64) 0.36 (0.09) 1.65 (0.69) 0.27 (0.10)

(ii) 2.23
(0.64)

0.35
(0.09)

1.88
(0.62)

0.30
(0.09)

(iii) – – – –

20 (i) 4.41
(2.49)

0.31
(0.15)

3.07
(1.23)

0.22
(0.15)

5.41 (2.67) 0.37 (0.16) 2.86 (1.64) 0.21 (0.07)

(ii) 5.29
(2.78)

0.36
(0.21)

2.21
(0.98)

0.17
(0.07)

(iii) 7.06
(0.24)

0.45
(0.01)

3.21
(0.83)

0.23
(0.01)

30 (i) 6.00
(1.87)

0.40
(0.19)

2.99
(1.90)

0.14
(0.09)

7.02 (1.63) 0.38 (0.17) 4.27 (1.77) 0.19 (0.08)

(ii) 7.97
(1.77)

0.36
(0.11)

6.32
(2.07)

0.29
(0.09)

(iii) 7.14
(1.65)

0.38
(0.13)

4.03
(2.34)

0.15
(0.07)

40 (i) 6.50
(2.40)

0.25
(0.10)

3.39
(1.99)

0.13
(0.09)

8.07 (3.7) 0.30 (0.14) 4.46 (2.4) 0.17 (0.11)

(ii) 7.53
(3.98)

0.30
(0.15)

3.23
(2.72)

0.12
(0.08)

(iii) 9.49
(4.00)

0.34
(0.16)

6.00
(2.65)

0.23
(0.12)
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embedment lengths were increased, a slight decrease was
observed in the measurement of frictional bond strengths. The
present investigation is supported by similar conclusions for
polypropylene and steel fibers found in the literature. Singh et al.
[20] studied the pull-out behavior of polypropylene fibers from
cementitious matrix for embedded lengths of 19, 25 and 38 mm.
They found that despite the fact that the pull-out force increase
with an increase in embedment length, the adhesional bond
strength was found to be almost constant with a value around
0.5 MPa. Shannag et al. [21] investigated the pull-out behavior of
steel fibers from cement composites for 6, 12, and 18 mm. They
also found that by keeping other variables constant but increasing
the embedded length from 6 to 18 mm a significant increase in the
pull-out adhesional load was observed.

The effect of curing time from 3 to 28 days was investigated with
results presented in Fig. 9. The bond strength reaches its maximum
capacity at 14 days and the further curing of the matrix shows no
effect on ages of 21 and 28 days (see Table 2). The average adhe-
sional bond shear strength after 14 days ranged from 0.59 to
0.67 MPa. Individual values of adhesional bond shear strength at
14 days ranged from 0.35 to 1.29 MPa. Frictional bond shear
strength results had less scatter with values ranging from 0.37 to
0.44 MPa after 14 days. The fiber–matrix bond shear strength re-
sults are in the range of some man-made fibers. Polypropylene fi-
bers presented adhesional bond strength of 0.5 MPa [20].

The pull-out tests results were separated in terms of the fiber
morphology. The sisal fiber can be divided in three types of mechan-
ical bond components. Tables 1 and 2 show that different morphol-
ogies result in significant differences in the measured bond strength
values. It is observed that fiber type (iii) with a characteristic of
twisted arch shape resulted in the highest bond values. For example
at 28 days of curing its adhesional bond shear strength was
0.92 MPa whereas fiber type (ii) and (i) presented values of 0.56
and 0.48 MPa, respectively. The influence on frictional bond was



Table 2
Summary of the results for pull-out samples tested at different curing time. Values in parenthesis are standard deviation.

Age (days) Type of fiber Pau (N) sau (MPa) Pau (N) sfu (MPa) Pau average (N) sau average (MPa) Pfu average (N) sfu average (MPa)

3 (i) 4.41 (2.49) 0.31 (0.15) 3.07 (1.23) 0.22 (0.15) 5.41 (2.67) 0.37 (0.16) 2.86 (1.64) 0.21 (0.07)
(ii) 5.29 (2.78) 0.36 (0.21) 2.21 (0.98) 0.17 (0.07)
(iii) 7.06 (0.24) 0.45 (0.01) 3.21 (0.83) 0.23 (0.01)

7 (i) 5.46 (2.10) 0.47 (0.19) 3.38 (0.19) 0.29 (0.03) 6.87 (1.14) 0.52 (0.06) 4.57 (2.14) 0.34 (0.12)
(ii) 8.34 (4.75) 0.59 (0.24) 7.04 (4.92) 0.48 (0.26)
(iii) 6.82 (1.05) 0.51 (0.07) 3.28 (1.43) 0.24 (0.10)

14 (i) 6.64 (3.64) 0.52 (0.29) 5.06 (2.45) 0.35 (0.08) 7.77 (2.18) 0.62 (0.12) 5.67 (1.03) 0.44 (0.08)
(ii) 6.3 (3.21) 0.58 (0.23) 5.10 (1.59) 0.46 (0.17)
(iii) 10.28 (5.03) 0.75 (0.34) 6.86 (3.21) 0.50 (0.20)

21 (i) – – – – 7.58 (1.64) 0.59 (0.09) 5.14 (0.51) 0.39 (0.005)
(ii) 7.06 (2.01) 0.51 (0.03) 5.51 (1.23) 0.40 (0.03)
(iii) 7.72 (1.86) 0.61 (0.09) 4.78 (0.50) 0.39 (0.01)

28 (i) 5.54 (2.12) 0.48 (0.18) 2.31 (0.34) 0.20 (0.02) 8.72 (3.97) 0.67 (0.25) 4.86 (1.71) 0.37 (0.11)
(ii) 7.01 (2.37) 0.56 (0.13) 5.57 (1.28) 0.46 (0.06)
(iii) 12.76 (1.71) 0.92 (0.12) 5.79 (0.29) 0.42 (0.01)
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not noticeable in the adhesion values. Fiber type (ii) shows higher
values than type (i), especially in the curing age investigation.

The used models assume that the shape of the cross section re-
mains virtually the same along the length, where as if there is any
variation along the length of fiber, such variations will inherently
result in additional anchorage. The influence of bond and fiber
strength on the sisal fiber critical length was computed using an
average shear strength approach. Fig. 10 correlates the sisal fiber
critical length with its bond strength for a fiber radius of 0.1 mm
and for several fiber ultimate tensile strengths (UTS). It can be seen
that by decreasing the fiber strength the critical length proportion-
ally decreases. The bond strength data (frictional and adhesional)
are located in the fiber pull-out zone (see Fig. 10) and is not af-
fected by the fiber embedment length. This behavior agrees with
the composite idealized tensile behavior presented in Fig. 4 and
with previous experimental data [1] characterized by a pull-out
mechanism in the post-cracking zone.

Direct tensile tests were performed in long aligned sisal fiber
reinforced cement composites with a volume fraction of 10%. An
average UTS of 12 MPa was obtained with individual results rang-
ing from 10.6 to 14.7 MPa. Multiple cracking in the form of an array
of parallel distributed cracks orthogonal to the loading direction
was observed with average final cracking spacing of 23 mm. This
cracking pattern resulted in a tensile response with an ultimate
strain of 1.53%. More information and details of the tensile behav-
ior and cracking mechanisms of sisal fiber reinforced composites
can be obtained elsewhere [1].
To simulate the tensile behavior of the sisal fiber reinforced
composite a representation of the interfacial fiber–matrix and fiber
model as shown in Fig. 11a was used. This interface model was
obtained from a pull-out test performed on a fiber type (iii) with
curing age of 3 days and embedded length of 20 mm (Fig. 7a). A fi-
ber modulus of 19 GPa and UTS of 400 MPa was used as shown in
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Fig. 11a. Matrix average tensile strength of 6 MPa and modulus of
35 GPa were selected. Since the fiber phase in the composite may
not represent the same properties as those observed in a single fi-
ber filament test, an efficiency factor (g) was defined to correlate
the modulus and UTS of the fiber in both tests.

Fig. 11b shows the tensile response of sisal fiber reinforced ce-
ment composites and indicates that by decreasing the values of g,
the total strain of the composite increases up to a point such that
the fiber starts to fracture. An efficiency factor of 0.6 which pre-
sented ultimate strain of approximately 1.5% (based on experimen-
tal results) was selected. Note that the crack spacing also decreases
when the parameter g, (representing the efficiency of the fiber
stiffness) increases.

In a second step the influence of the matrix first crack strength
on the tensile and crack spacing was investigated (see Fig. 11c). It is
observed that a slight decrease in ultimate strain and increase in
crack spacing occurs when the matrix first crack strength is
increased. No effect on the UTS was noticed, indicating that the
bond parameters are the dominant parameters in the tensile re-
sponse of the continuous fiber composites.

Finally the influence of the fiber–matrix interfacial model was
studied. A model that is presented in Fig. 12a and b obtained from
a pull-out test at 21 days was used. This specific test resulted in
higher adhesional and frictional bond strengths than the one pre-
viously used. Using an interfacial model with higher bond strength
as the pull-out model results in a slight decrease in ultimate strain
with little or no effect on crack spacing and UTS. It is hence clear
that increasing the bond parameters directly improve the stiffness
in the strain hardening portion of the curve.

Fig. 13 compares the experimental with predicted tension and
crack spacing behavior. An efficiency factor g of 0.6, matrix first
crack strength of 7 MPa and the interfacial bond model presented
in Fig. 11a were used. An accurate correlation with the strain gage
response is seen in the linear elastic region up to the first crack
formation as shown in Fig. 13b. In the beginning of the multiple
cracking zone, the model correlates well with a lower bound exper-
imental curve up to a strain of 0.4%. After that point, the upper
bound experimental curve overestimates the UTS. Numerical crack
spacing values simulated show an accurate prediction up to a strain
value of 0.005%. At the region corresponding to crack saturation, a
crack spacing of approximately 30 mm is obtained which compares
favorably with the 23 mm obtained from experimental results. The
model has satisfactory predicted the crack spacing and tensile
behavior which can be a useful tool for design purposes.
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4. Conclusions

An investigation of the pull-out behavior of the sisal fiber from
a cement matrix using the curing age, fiber morphology, and
embedment length as variables was conducted. Results were
evaluated using a finite difference model to determine the inter-
facial bond constitutive relation and to predict the continuous
aligned sisal fiber reinforced composite tensile behavior in con-



Flávio de Andrade Silva et al. / Cement & Concrete Composites 33 (2011) 814–823 823
junction with the crack spacing. The following conclusions can be
drawn:

� It was observed that the sisal fiber morphology plays an impor-
tant role in the bond strength. Three different cross-sectional
geometries were reported: horse-shoe, arched and twisted arch
shape. The highest values of bond stress were found for the
twisted arch fiber type with an average adhesional and fric-
tional bond strength of 0.92 and 0.42 MPa, respectively.
� The bond strength reaches its maximum capacity at 14 days and

the further curing of the matrix shows no effect on ages of 21
and 28 days. Average adhesional bond for all three cross-sec-
tional geometries strength after 14 days ranged from 0.59 to
0.67 MPa.
� It was found that the pull-out force increases as the embedded

fiber length increases but no improvement in the bond shear
strength was observed by increasing the embedded length from
10 to 40 mm.
� The bond strength of the sisal fibers with the used matrix (for a

fiber volume fraction of 10%) resulted in a composite with a
strain hardening behavior and multiple cracking formation
under tensile loading and a failure mode characterized by a
pull-out failure mechanism.
� The finite difference model can be applied to continuous aligned

fiber reinforced composites. The model showed to be efficient
for predicting the pull-out response of the sisal fiber from
cement matrices. The simulation of the composite tensile
response showed good correlation with the strain gage readings
up to the first cracking strength. A good correlation with a lower
bound experimental value up to a 0.4% strain was observed.
After that point it fits the upper bound experimental curve over-
estimating the UTS. Model based final crack spacing values
compare favorably with the experimental results.
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