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This paper presents the results of an experimental study of resistance-curve behavior and fatigue crack
growth in cementitious matrices reinforced with eco-friendly natural fibers obtained from agricultural
by-products. The composites include: blast furnace slag cement reinforced with pulped fibers of sisal,
banana and bleached eucalyptus pulp, and ordinary Portland cement composites reinforced with
bleached eucalyptus pulp. Fracture resistance (R-curve) and fatigue crack growth behavior were studied
using single-edge notched bend specimens. The observed stable crack growth behavior was then related
to crack/microstructure interactions that were elucidated via scanning electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDS). Fracture mechanics models were used to quantify the
observed crack-tip shielding due to crack-bridging. The implications of the results are also discussed
for the design of natural fiber-reinforced composite materials for affordable housing.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, there have been considerable efforts to develop
natural fiber-reinforced cementitious composites for affordable
infrastructure [1]. However, the long term durability of natural fi-
ber-reinforced composites may be limited due to their elevated per-
meability and lack of resistance to crack growth [2]. The vegetable
fibers themselves can deteriorate due to the attack of the alkaline
environment generated by the cement-based matrix or suffer min-
eralization associated to the internal deposition of hydration prod-
ucts in the fiber pores, what is another point of concern to overcome
as a limitation in the use of vegetable fibers [1,2]. Additionally, to
advance in the use of vegetable fibers it is essential to further study
the crack/microstructure interactions and the interfacial transition
zone between fibers and cementitious matrix. These are not prop-
erties that can be optimized simply by the design alterations for im-
proved strength. Instead, a more balanced approach is needed for
the optimization of strength, fracture toughness/resistance-curve
behavior, fatigue resistance and reduced permeability.

Prior work on natural fiber-reinforced composites has focused
largely on refined processes that can not be adopted easily in devel-
oping countries due to their relatively high costs [3]. There is, there-
fore, a need for simple, scalable processes that can be used readily by
people in developing countries to make affordable building materi-
als for eco-friendly infrastructure. Furthermore, since these build-
ings are likely to encounter a range of static overload and cyclic
ll rights reserved.
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loading due to possible wind or earthquake loading, it is important
to use rigorous fracture mechanics approaches to understand the
conditions that lead to crack initiation and growth in natural fiber-
reinforced composites subjected to monotonic or cyclic loading.

This paper presents the results of a combined experimental and
theoretical study of R-curve behavior and fatigue crack growth in
vegetable fiber-reinforced cementitious composites. The paper
examines the effects of fiber reinforcement in composites, based
on ground blast furnace slag (BFS) or ordinary Portland cement
(OPC) with the replacement of about 66% of ground BFS, with com-
mercial cellulose pulps of sisal, banana and eucalyptus. The perfor-
mance of the cementitious composites reinforced with these
vegetable fibers was evaluated after up to 2 years of aging in a lab-
oratory environment. The single-edge notched bend specimens
(SENB) were used in the present work. The measured resistance-
curves are compared with predictions from theoretical fracture
mechanics models [4–6]. The fatigue crack growth behavior is also
elucidated with the crack/microstructure interactions that give rise
to stable fatigue crack growth. Finally, the implications of the re-
sults are discussed for the design of affordable housing from natu-
ral fiber-reinforced composites.

2. Background

2.1. Physical and mechanical characterization of composites

In prior work, Savastano et al. [6–9] have analyzed the mechani-
cal performance of the cement-based composites blended with
ground blast furnace slag (BFS) and reinforced with eucalyptus,
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banana or sisal pulps. The sisal (Agave sisalana) and the banana (Musa
cavendishii) crop wastes were subjected to chemo-thermo-mechan-
ical pulping (CTMP) and Kraft methods, as suggested by Higgins [10].

Cement composite plates reinforced with 8 wt% of Kraft pulp
(content based in the solid raw material) were prepared in the lab-
oratory, using a slurry vacuum de-watering technique. A three-
point bend configuration was applied in the determination of the
modulus of rupture (MOR), modulus of elasticity (MOE) and tough-
ness. Toughness was calculated by integration of the load–deflec-
tion curve to the point corresponding to a reduction in load
carrying capacity to 50% of the maximum observed. The properties
of cementitious composites at 28 days are presented in Table 1.

Non-aged composites had flexural strengths in excess of
16 MPa, representing �100% improvement over a plain BFS matrix
with corresponding design. As shown by Savastano et al. [11],
2 years of external exposure to tropical or temperate weather re-
sulted in a considerable reduction in flexural strength. The modu-
lus of rupture of the composite decreased from 18 MPa to about
5 MPa in the case of the 8 wt% sisal chemi-thermo-mechanical
pulp (CTMP) formulation exposed to the tropical climate in
Pirassununga, latitude 21�59046”, South, and longitude 47�25033”,
West, altitude 627 m, state of São Paulo, Brazil.

The loss in mechanical strength of composites, subjected to
either natural weathering or aging in a controlled environment,
was attributed to the degradation of the vegetable fibers and of
the cementitious matrix. The phenomenon of petrifaction can take
place through the migration of hydration products to the fiber lu-
mens and pores [12–15]. The loss of mechanical strength in BFS
based materials has also been reported elsewhere [16] and inter-
preted as a consequence of carbonation evolution. Furthermore,
the interfacial transition zone experiences time dependent modifi-
cations such as densification [17], with consequent effects on the
mechanical behavior of the fibrous composites.

The toughness is the matrix property that is most often en-
hanced by the presence of fibers (Table 1). It can be of interest in
applications where the cement-based component will be eventu-
ally exposed to relatively high dynamic loads (such as earthquakes
or wind loads). The plain matrix achieved toughness values be-
tween 0.03 and 0.04 kJ/m2 [6]. The use of 8 wt% sisal CTMP fiber
content in BFS improved the toughness of the composite to
0.85 kJ/m2 at 28 days [11]. The exposure to external environment
for 2 years resulted in a toughness reduction to 0.62 kJ/m2 due to
the same mechanisms of composite degradation and fiber embrit-
tlement discussed in the previous paragraph. Similar behavior was
observed in the eucalyptus fiber composites, where the reduction
of toughness was measured to be approximately 50%.

Studies by Castro and Naaman [18] suggest that more favorable
overall mechanical performance can be engineered by the use of
hybrid reinforcement with cellulose pulp and discontinuous fibers
of non-pulped sisal. These have been achieved by the development
of cement-based mortars reinforced with Agave fibers with lengths
up to 75 mm. Castro and Naaman [18] also showed that the utili-
zation of long fibers with volume fractions between 5 and
11 wt% provided more uniform results.
Table 1
Propertiesa of cementitious composites reinforced with 8 wt% fiber content [8].

Composite type Modulus of elasticity
(GPa)

Modulus of rupture
(MPa)

Toughne
(kJ/m2)

Kraft sisal in BFS 6.07 (0.51) 16.8 (1.70) 1.41 (0.2
Kraft banana in BFS 6.7 (0.6) 21.8 (1.2) 0.59 (0.0
Kraft E. grandis in

OPC
11.40 (0.90) 21.4 (0.9) 0.821 (0.

Kraft E. grandis in
BFS

6.64 (0.61) 18.0 (1.4) 0.745 (0.

a Single standard deviation of sample means indicated in parentheses.
2.2. Fracture mechanisms

The mechanical properties of FRCs in bending have been studied
by several authors [19–21]. Most of these studies have focused on
the assessment of the effects of reinforcement with low and high
elasticity modulus fibers, such as polypropylene, steel and carbon
fibers. The models developed for the prediction of load–deflection
behavior are also based on fracture mechanisms observed in
notched beam specimens.

Eissa and Batson [21] have used resistance-curve (R-curve)
experiments to assess the toughness of high strength steel fiber-
reinforced concrete notched beams for different fiber types
(hooked-end and crimped fibers), and different fiber volume con-
tents (1.0–1.5%). Their studies show that crimped fibers are more
effective for increasing toughness because the crimped fibers dissi-
pated more energy than an equivalent volume of hooked-end fi-
bers. Besides, the researchers concluded that the non-linear
fracture model based on weight function method can be used to
calculate R-curves and provide a comprehensive method for evalu-
ating the fracture behavior of high strength steel fiber-reinforced
notched beams subjected to flexural loading [21].

Nelson et al. [22] have investigated the fracture toughness of
micro-fiber reinforced cement composites (FRCC). They conducted
experiments on thin sheet cement composites reinforced with
polypropylene (PP), polyvinyl alcohol (PVA) and refined cellulose
(RC) fibers. Specimens of FRCC were produced in laboratory using
a filter pressed de-watering process, and also by the Hatschek
method [23].

The Hatschek process (or wet process) [23] is the most widely
used method of fiber–cement production. In this process sheet is
produced by the deposition of several layers of fiber–cement. The
fibers are oriented preferentially in the longitudinal direction of
the sheet. In the case of Hatschek process, a combination of syn-
thetic (PP or PVA) and cellulose fibers was used. The experimental
study revealed that the PVA and refined cellulose fibers were able
to postpone microcrack formation, thereby delaying final fracture.
The PP fibers were not able to provide the same level of reinforce-
ment at the same age due to their weak chemical and frictional
interfacial bonds with the cement matrix.

Composite fracture toughness was five times greater than the
correspondent matrix fracture toughness for the PP + RC and the
PVA + RC fiber-reinforced sheets. The main toughening mecha-
nisms that can take place in the composite include crack bowing
or deflection, fiber debonding and pull-out, wake toughening (fiber
bridging) and microcrack toughening [24,25].

The R-curve behavior requires in general toughening mecha-
nisms which increase in effectiveness with increasing crack length.
The toughening mechanisms which results in toughness enhance-
ments in cementitious materials occur largely as a result of crack
deflection, crack-bridging and pull-out. Depending on the configu-
ration of the cracks, crack-tip shielding/anti-shielding may also oc-
cur due to microcracking [24,25]. Crack deflection occurs in the
case of intercrystalline fracture in the matrix of the composites
based on cement. It is generally promoted by heterogeneous
ss Water absorption
(wt%)

Density
(g/cm3)

Permeable voids
(% by volume)

2) 29.0 (1.0) 1.39 (0.03) 40.4 (0.6)
6) 27.2 (0.6) 1.46 (0.02) 39.7 (1.0)
110) 20.7 (0.7) 1.60 (0.02) 33.3 (0.6)

105) 28.0 (1.4) 1.44 (0.04) 40.3 (0.9)



Table 3
Pulp and fiber properties.

Property Sisal Banana E. grandis

Kappa numbera 32 45 6.1
Canadian Standard Freenessb (mL) 650 222 685
Fiber length (length weighted)c (mm) 1.65 1.95 0.66
Fiber width averaged (lm) 13.5 15.3 10.9
Aspect ratio 122 127 61

a Appita P201 m-86 [33].
b AS 1301.206s-88 [34].
c Kajaani FS-200.
d Average of 20 determinations by scanning electron microscopy (SEM).
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microstructural features, such as anisotropic grain shapes, porosity
and second phase such as fibers. In the region near the crack-tip
there are intact fibers and debonded fibers. The intact fibers tough-
en the composite by a combination of crack-bridging and fiber
pull-out mechanisms [26]. Both categories of toughening mecha-
nisms give rise to crack-tip shielding and wake process, which
are the underlying source of the improved fracture toughness.

3. Material and composite processing

3.1. Material characterization and preparation

Granulated blast furnace slag (BFS) was provided by Companhia
Siderúrgica Tubarão (CST), Brazil, as a by-product of pig-iron man-
ufacture, and the chemical characterization follows in Table 2. The
BFS was ground to an average Blaine fineness of �800 m2/kg and
applied as the main component of a clinker-free binder. Ground
agricultural gypsum (89% by mass of CaSO4�2H2O) and construc-
tion grade hydrated lime (90% by mass of Ca(OH)2) were
added as activators in weight proportions of 0.88:0.10:0.02 (BFS:
gypsum:lime).

The control binder was produced with the Brazilian Portland ce-
ment CP III-RS [28], which is a commercial blend of ordinary Port-
land cement (OPC), with the replacement of about 66% of ground
BFS. The binder also contained the addition of 5% of silica fume
with at least 85% by mass of active silica-SiO2.

Three different types of Brazilian fibrous residue were selected
on the basis of their availability and low levels of contamination:

� Waste Eucalyptus grandis bleached Kraft pulp, with an estimated
availability of 30,000 tonnes/year.

� Sisal (A. sisalana) field by-product, with an estimated 100,000
tonnes/year available, equivalent to the amount of commercial
sisal production in Brazil.

� Banana (M. cavendishii) pseudo-stem fibers, with a potential
production of 95,000 tonnes per annum in Ribeira Valley, the
main producing area in São Paulo State.

Pulping is a delignification process that contributes to the sta-
bility of vegetable fiber in alkaline environments. The non-cellu-
lose components of the fiber can be chemically degraded by
alkali attack. The reduction of lignin content has been shown to im-
prove durability of the fiber–cement composites [12]. The fibers
from sisal and banana strands were subjected to Kraft (or sulfate)
pulping, as detailed elsewhere [29]. The E. grandis waste pulp
was used as received after undergoing disintegration in tap cold
water.

The main physical attributes of the pulps have been described
in earlier work [29]. These are summarized in Table 3. Note that
the Kappa number is an indication of residual lignin content in
chemical pulps. The method is related to the consumption of per-
manganate (i.e., the oxidation of the residual lignin in pulp). An
estimation of residual lignin within these reinforcement fibers is
important because of the aging of natural fibers that occurs in con-
tact with alkaline media such as ordinary Portland cement [30].

The Canadian Standard Freeness (CSF) is an arbitrary measure of
the drainage properties of pulp suspensions. It is associated with
Table 2
Chemical composition of granulated blast furnace slag (wt%) [27].

Loss on ignition 1.67 SO3 0.15
SiO2 33.78 Na2O 0.16
Al2O3 13.11 K2O 0.32
Fe2O3 0.51 S2� 1.14
CaO 42.47 Free CaO 0.1
MgO 7.46 Insoluble residue 0.53
the initial drain rate of the wet pulp pad during the de-watering
process [31]. Fiber length was determined using a Kajaani FS-200
automated optical analyzer. The average length was calculated
on a length-weighted basis, which is less influenced by the propor-
tion of fines [32]. The aspect ratio is the ratio of the average length
of the fiber to the average fiber width.

Pulped fibers were preferred for the production of composites
using the slurry vacuum de-watering technique that was used for
the production of fiber–cement in this work. This enabled a crude
simulation of an industrial process at the laboratory scale. During
the de-watering stage, the pulp forms a net that is responsible
for the retention of cement grains. This network of pulp also en-
ables a homogeneous planar (2-D) distribution of short fibers with-
in matrix.

3.2. Composite production

Composites with fiber mass fractions of 8% (approximately 10%
by volume content) were prepared in the laboratory using the slur-
ry vacuum de-watering technique [35]. The selection of fiber con-
tent was based on optimum levels found in a similar study [29].
Binder was added to the appropriate amount of fiber, already dis-
persed in water, to form a slurry with approximately 20% of solid
materials. After stirring for 5 min, the slurry was transferred to
an evacuable �130 � 130 mm casting box placed under an initial
vacuum (�60 kPa gauge) for removal of excess water, forming a so-
lid surface. The moist pad was tamped flat, and the vacuum was re-
applied for 2 min.

The pad was then transferred to an oiled steel plate and pressed
at 3.2 MPa for 5 min. After pressing, the thickness of the pad was
15 mm. Upon completion of consolidation, the metallic plate was
removed and the pads sealed in a plastic bag to cure in saturated
air at ambient temperature for 3 days. In order to optimize hydra-
tion the curing continued by placing pads in water bath for addi-
tional 4 days. The pads were then air cured in a laboratory
environment until they were tested, approximately two years after
production. In the case of sisal pulp in BFS series, the mechanical
tests were also carried out on specimens that were aged for
9 months.

It was observed in a previous work, as described by Savastano
et al. [11], that there was a clear decrease in the modulus of rup-
ture (MOR) of the composites, of about of 30%, in comparison with
the correspondent series tested at 28 days of age. However, there
was a stabilization of the composite mechanical properties for
aging durations between 9 and 24 months. This can be attributed
to the absence of degradation agents due to natural weathering
in the internal environment.

3.3. Experimental procedures

3.3.1. Resistance-curve experiment
The resistance-curve experiments were performed on single-

edge notched bend (SENB) specimens with thickness (B) of



Fig. 1. SEM image of eucalyptus pulp in OPC matrix. Bridging fiber in the cracked
fracture.
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�7.5 mm, width (W) of �12.5 mm and length of 65 mm. The initial
notch-to-width ratio (a0/W) was �0.25. The specimens were pre-
pared by starting from the raw pads that were produced as de-
scribed in the previous section. The specimens were prepared
using a diamond cut off wheel, prior to grinding and final polishing
of the specimen sides with diamond paste.

Experiments were conducted under three-point bend loading,
with a span of 50 mm. The resistance-curve experiments were per-
formed in an Instron model 8872 servo-hydraulic testing machine,
after pre-cracking under far-field compression to introduce sharp
pre-cracks at the notch roots [36]. The resistance-curve experi-
ments were then carried out on the specimens after hygroscopic
stabilization in a laboratory environment with a relative humidity
of �40–50% and a temperature of �25 �C.

The specimens were loaded monotonically in incremental
stages that corresponded to a stress-intensity-factor range (K) in-
crease rate of 0.05 MPa

ffiffiffiffiffi
m
p

. This was achieved at a ramp rate of
2 N/s. The specimens were then unloaded to examine their sides
for evidence of possible crack growth. This was continued until
crack growth was detected in an insitu Questar QM100 telescope
(Questar, New Hope, PA, USA) connected to a video monitoring sys-
tem. This enabled crack length measurements with a resolution of
�2.5 lm.

The insitu Questar telescope was used to study the crack/micro-
structure interactions that give rise to resistance-curve behavior.
This was continued until unstable crack growth/fracture occurred
during incremental loading. The calculations of K were obtained
from an expression in the ASTM E399-90 code [37]. This gives:

K ¼
PSf a

W

� �
BW1:5 ð1Þ

where

f
a

W

� �
¼

3ða=wÞ0:5 1:99�ða=WÞð1� a=WÞð2:15�3:93a=W þ2:7a2=W2Þ
h i

2ð1þ2a=WÞð1� a=WÞ1:5

ð2Þ

P is the applied load, B is the specimen thickness, W is the specimen
depth (width), S is the span, and a is the crack length. More details
about the equation for the calculation of the geometry/compliance
function f(a/W) can be obtained in the ASTM E399-90 [37].

After specimen failure, the fracture surfaces of as received frac-
tured specimen were examined in a field emission gun (FEG) scan-
ning electron microscope (SEM). This was done using a secondary
electron (SE) imaging mode. The SEM was equipped with an energy
dispersive X-ray spectroscopy (EDS) system (Princeton Gamma-
Tech – PGT) that was used for high-resolution spatial elemental
analyses, as well as point analyses from the sample surface. The
specimens were coated with a 35 nm layer of Au (Ion Beam Sput-
terer – IBS/TM 200S) prior to SEM/EDS analyses.

3.3.2. Fatigue crack growth
The fatigue crack growth experiments were performed on the

same type of single-edge notched bend (SENB) specimens. The ini-
tial notch-to-width ratio was �0.25 that was the same used in the
resistance-curve tests. The SENB specimens were pre-cracked un-
der cyclic far-field compression loading [36] at a stress ratio
R = Kmin/Kmax, of 10. This was done to introduce sharp pre-cracks
into the notch root regime.

Subsequently, the specimens were oriented in three-point bend
loading, and subjected to cyclic loading in an Instron 3369 servo-
hydraulic testing machine (Instron, Canton, MA, USA).

The fatigue crack growth experiments were performed at a stress
ratio, R = Kmin/Kmax, of 0.1. The initial cyclic stress ranges were in-
creased in steps of �5–10% until stable crack growth was observed
with the same Questar telescope that was used in the resistance-
curve experiments. The crack lengths and crack/microstructure
interactions were monitored using the Questar QM100 telescope
(Questar, New Hope, PA, USA) until catastrophic failure occurred.

Finally, the through-thickness nature of the cracks, and the final
crack lengths, were checked by comparing the actual crack profiles
with the measurements of crack lengths from the sides of the spec-
imens. The underlying fatigue fracture modes were also studied
using SEM techniques that were similar to those used in the resis-
tance-curve experiments.

4. Micromechanical modeling

4.1. Crack-bridging under monotonic loading

Since crack-bridging was commonly observed in this work
(Fig. 1), it is of interest to analyze its role of crack-bridging during
crack growth under monotonic loading. An energy approach [24]
may be used to explain the toughening due to crack-bridging by
ductile fibers or ligaments. The toughening of the brittle matrix
due to small-scale bridging by ductile fiber reinforcement may
be idealized using an elastic–plastic spring model, as proposed
by Budiansky et al. [38] and Li and Soboyejo [39].

For small-scale bridging, in which the size of the bridging zone
is much smaller than the crack length [4], the extent of ductile
phase toughening may be expressed in terms of the maximum
stress intensity factor the material can sustain before failure (frac-
ture toughness). Under small-scale bridging (SSB) conditions
(bridge length 6 0.5 mm), the fracture toughness of the composite,
Kc, can be expressed as the sum of the matrix fracture toughness,
Km, and the toughening component due to small-scale crack bridg-
ing, DKssb

. The fracture toughness of the fiber-reinforced compos-
ites may thus be estimated from Eq. (3), as stated by Soboyejo [24]:

Kc ¼ Km þ DKssb ¼ Km þ
2
p

� �0:5

aVf

Z L

0

ry

x0:5 dx ð3Þ

where a is the constraint/triaxiality factor (typically between 1 and
3 and taken to be �1 in this study) [4,5], Vf is the volume fraction of
ductile phase, L is the length of the bridging ligament, ry is the uni-
axial yield stress, and x is the distance from the crack-tip as detailed
by Savastano et al. [11].

For large-scale bridging conditions the length of the bridging
zone is comparable to the overall crack size. In this case, the tough-
ening increment (DKlsb) is given by Eq. (4) [5,39–41]:

DKlsb ¼ Vf

Z
L
aryhða; xÞdx ð4Þ



Table 4
Summary of Fett and Munz [42] parameters for SENB specimen subjected to weighted
crack-bridging fractions.

m l

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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Fig. 2. Experimental R-curves of the BFS cement paste reinforced with sisal pulp
with 9 months and 2 years of age and calculated curves using small and large-scale
bridging models (SSB and LSB, respectively). The LSB model was simulated with
experimental depth (Wexp) and infinite (Winf).
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Fig. 3. Experimental R-curves of the BFS cement paste reinforced with banana pulp
with two years age and calculated curves using small and large-scale bridging
models (SSB and LSB, respectively). The LSB model was simulated with experi-
mental depth (Wexp) and infinite (Winf).
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where h(a,x) is the weighting function for the bridging tractions gi-
ven by Fett and Munz [42]. This is given by Eq. (5):

hða; xÞ ¼
ffiffiffiffiffiffi
2
pa

r
1ffiffiffiffiffiffiffiffiffiffiffi

1� x
a

p 1þ
X
ðm;lÞ

Aml
a

W

� �
1� a

W

� � 1� x
a

� �mþ1
 !

ð5Þ

where the coefficients (Aml) are given in Table 4 for a single-edge
notched bend (SENB) specimen.

4.2. Crack-bridging under cyclic loading

The fatigue crack propagation behavior of many materials can
be divided into three categories. A transient occurs in which da/
dN diminishes upon crack growth, at fixed stress amplitude, fol-
lowed by a steady-state region in which da/dN remains constant,
where N is the number of loading cycles. When this behavior is ob-
tained, the fibers are observed to remain largely intact upon matrix
crack growth and bridge the crack surfaces. However, these results
depend strongly on length and diameter distributions of the fibers
as well as of its durability into composites.

Under cyclic loading in the composite reinforced with vegetable
pulp fiber it can be observed relative motion between fibers and
matrix during matrix crack opening/closing, characterized by a
friction law, with a sliding stress. These composites exhibit fea-
tures that cannot be characterized in accordance with the Paris
law that governs only matrix behavior [48]. For example, the Paris
law does not take accounts that the bridging tractions undergo
reversals when the cyclic loads are reversed.

The bridging tractions undergo reversals that have been mod-
eled by McMeeking and Evans [48] for fiber-reinforced composites
subjected to fatigue loading at a stress ratio, R, of zero. Their results
suggest that the effective bridging stress-intensity-factor range,
DKeff, corresponds to the crack-bridging at the arithmetic mean
stress, rmean. This gives:

DKeff ¼ DKapp � KbðrmeanÞ ð6Þ

where DKapp is the applied stress-intensity-factor range and Kb

(rmean) is the bridging stress intensity factor at the arithmetic mean
stress, rmean. The measured fatigue crack growth rate data will be
presented in terms of DKapp or DKeff described above.

5. Results and discussion

5.1. Resistance-curve behavior

The resistance-curves obtained for the vegetable fiber–cement
composites are presented in Figs. 2–4. Table 5 contains the main
information extracted from the resistance-curves for each tested
sample: maximum ratio between the stable crack length and the
specimen depth (a/W), initial and final stress intensity factors (K0

and K, respectively).
Stable crack growth initiated at a stress intensity factor, K0, that

varied from 0.6 MPa
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(eucalyptus pulp in OPC matrix) to
0.90 MPa
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(banana pulp in BFS matrix). The average amount
of stable crack growth (Da) resulted in a/W ratio around 0.4, and
the average stress intensity factor reached �1.3 MPa
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.

Thirteen tests were performed in the present study. The anom-
alous behavior was registered for some specimens in the end of the
curve. For this reason the final part of curve was rejected consider-
ing a crack extension until 4 mm. For example, two experimental
curves reached stable crack growth (Da) of 5 mm, corresponding
to K > 4 MPa
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and a/W � 0.67. Such a different trend was not
considered as representative of the intrinsic behavior of the com-
posite but as the influence between the fracture process zone
and specimen boundary. It is important that the crack-bridging
zone to be small enough as compared to the specimen dimension
for the resistance-curve to be a characteristic of the material.

On the other hand, heterogeneous distribution and different
lengths of the fibers into the cement matrix has had an influence
on R-curve behavior of the composites. Table 3 evidences the
greater average lengths of sisal and banana fibers in comparison
to eucalyptus fiber. The fibers from sisal and banana strands were
subjected to crude Kraft pulping in the laboratory scale [29] while
the E. grandis was the waste pulp from papermaking industry. Long
length could disturb the homogeneous distribution of the vegeta-
ble pulp in high volume content into the cementitious matrix.
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Fig. 4. Experimental R-curves of composites reinforced with eucalyptus pulp with
two years age and calculated curves using small and large-scale bridging models
(SSB and LSB, respectively). The LSB model was simulated with experimental depth
(Wexp) and infinite (Winf): (a) BFS and (b) OPC cement paste.

Table 5
Main information from the resistance-curves of vegetable fiber–cements.

Series Specimen # K0 (MPa
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)a K (MPa
ffiffiffiffiffi
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) a/W

1-Sisal in BFS 1–1 0.80 1.40 0.479
1–2 0.80 1.50 0.448
1–3 0.70 4.10b 0.671b

1–4 0.80 1.65 0.500

2-Banana in BFS 2–1 0.75 0.85 0.266
2–2 0.90 1.45 0.387
2–3 0.75 4.25b 0.666b

2–4 0.75 0.90 0.266
2–5 0.85 1.35 0.270

3-Eucalyptus in BFS 3–1 0.80 1.20 0.349
3–2 0.70 1.15 0.330
3–3 0.70 1.90 0.506

4-Eucalyptus in OPC 4–1 0.60 1.45 0.561

a a0/W � 0.25.
b Values not considered as representative of the intrinsic behavior of the

composite.

Fig. 5. (a) SEM image of sisal pulp in BFS matrix. Fiber completely debonded from
the cement matrix. (b) SEM image of eucalyptus pulp in OPC matrix. Pulled out fiber
with indication of good adhesion due to matrix incrustations.
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Fiber cement reinforcement with E. grandis waste pulp, due to
short length of this fiber (Table 3), presented a fracture process less
stable than the composites with sisal and banana fibers. The length
of fiber is one of main factors that influence on the process by
which load transferred from the matrix to fibers and interfere in
the bridging effect of the fibers across the matrix cracks (debond-
ing and pull-out), which occurs at a more advanced stage of
loading.
It is of interest to compare the results of the current study to
prior reports of fracture toughness/resistance-curve behavior in
cementitious materials. In the present work, the random distribu-
tion of short fibers makes the modeling of crack-bridging more
challenging. Similar resistance-curve behavior was observed in ce-
ment matrices reinforced with different types of fibers, such as car-
bon, steel and polypropylene. These include studies by Eissa and
Batson [21] and Banthia and Sheng [44]. Banthia and Sheng [44]
used the R-curve approaches to study the effects of polypropylene
fibers (4 lm diameter, 6 mm long, E = 1.41 GPa) as reinforcements
in a cement paste based matrix. Following reinforcement with up
to 3% by volume of fiber content, the improvement of the compos-
ite toughness was significant, compared with the un-reinforced
matrix. At this level of reinforcement, the effective final crack
length, aeff, (measured using compliance method) varied from 8
to 8.45 mm (W � 25 mm) and values for KI reached�0.55 MPa
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Nelson et al. [22] presented a range of values from 0.2 to

0.3 MPa
ffiffiffiffiffi
m
p

, respectively, for the critical stress intensity factor
(K0) of hardened cement paste (HCP) for cement specimens that
contain silica fume and have a water/cement ratio of 0.3. In the
same study, refined cellulose pulp was able to delay the formation
of micro-cracks in the composites. For Vf equal to 10%, the K0 value
was between 0.7 and 0.8 MPa
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, which is comparable to the
interval reached in the present study (see Table 5).

5.2. Comparison of bridging predictions with experimental results

The presence of vegetable micro-fibers has a significant effect
on the fracture toughness, and on the extent of stable crack growth
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observed in this cement-based material (Figs. 2–4). For a given vol-
ume of reinforcement, the fiber spacing is inversely proportional to
the stress required to cause cracking [43].
Fig. 6. Elemental map by EDS of banana pulp in BFS. There is some crystal growth that d
indicates presence of portlandite.

Fig. 7. Elemental map by EDS of sisal pulp in BFS. The space be
The measured resistance-curve behavior in Figs. 2–4 can be
compared with the predicted based on the micromechanical
models presented earlier in Section 4. As in previous work [5,11],
estroys the integrity of the fibers. The concentration of Ca in the surface of the fiber

tween individual fibrils is occupied by hydration products.
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small-scale bridging (SSB) was presumed to occur for crack growth,
Da, less than�0.5 mm, and large-scale bridging (LSB) was assumed
for Da P 0.5 mm. Hence, the predictions of the initial portion of
the curve, Figs. 2–4 were based on Eq. (3), while the predictions
of toughening in the LSB-regime were based on Eq. (4). Typical val-
ues of crack-bridging parameters, such as bridge length, L, and fiber
volume fractions were estimated by quantitative image analyses of
side profiles.

Using the average initiation toughness, K0, of 0.76 MPa
ffiffiffiffiffi
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p

, the
K levels corresponding to each increment of crack growth can be
estimated from the sum of Ki and the toughening increment due
to crack-bridging, DKb. The resistance-curve is, therefore, given
simply by K0 + DKssb for small-scale bridging and K0 + DKlsb for
large-scale bridging. In the case of small-scale bridging, the con-
straint/triaxiality factor was assumed to be �1, and the value of
Vf was estimated to be 0.23. The fiber tractions were assumed to
correspond to �30 MPa, which corresponds roughly to the average
level of tensile strengths of natural fibers [45] after exposure to
alkaline media. According to prior work [7], the composite
strengths were found to be reduced by about half, after one year
of interactions between the natural fibers and the cement matrix.

In the predictions for small-scale bridging, the value reached for
the overall increment, DKssb = 0.212 MPa
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, is in good agreement
with the experimental measurements. This behavior is in accor-
dance with a previous work by Kung et al. [4] regarding the pre-
dicted resistance-curve.

For the large-scale bridging (LSB) prediction, the values for a, Vf,
ry and L were adopted to be as those used for the SSB predictions. A
comparison of the predictions obtained from Eq. (4) and the mea-
Fig. 8ab. (a) SEM image of sisal pulp in BFS matrix and (b) EDS analysis of the fiber
surface. Fiber not covered with hydration products as an indication of poor bonding.
Fiber not destroyed by the cement environment.
sured LSB resistance-curve is also presented in Figs. 2–4. The
experimental values of the stress intensity factor reached
�1.9 MPa
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for the formulation eucalyptus in BFS corresponding
to stable crack growth (Da) of 3.1 mm and to a/W = 0.51. The LSB
model also predicts very well the overall trends of these experi-
mental results (�2.0 MPa
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to approximately the same a/W
value).

The resistance-curves are specimen dependent. It is, therefore,
important to obtain estimates of fracture toughness that do not de-
pend so strongly on crack length or specimen geometry. The esti-
mates would represent the true intrinsic toughness of the
composites, which would normally require the testing of very large
specimens. Such estimates of the intrinsic composite fracture
toughness can be achieved by artificially increasing the specimen
width, W, such that W !1. The function h(a,x) is found to ap-
proach an asymptotic value when this is done (Figs. 2–4). From
Eq. (4), this gives an estimated intrinsic fracture toughness value
of �1.2 MPa
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for the composite with sisal and banana pulp.
The intrinsic fracture toughness reached the value of �1.3 MPaffiffiffiffiffi

m
p

and �1.4 MPa
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for the BFS and OPC cement, respectively,
reinforced with eucalyptus pulp. The difference between the simu-
lations with real value of W (large-scale bridging model) and with
W !1 (intrinsic toughness) shows the influence of the specimen
dimensions, especially for higher values of Da (Figs. 2–4).

Both SSB and LSB models capture the general trends of the mea-
sured resistance-curves and the values predicted by the models are
compatible with the corresponding experimental measurements.
These results attest the appropriate application of the models un-
der consideration in spite of the heterogeneity of the material,
the random distribution of the reinforcement and the degradation
of ligaments bridges between the cement matrix and the natural
fibers as discussed by Savastano et al. [11].
Fig. 8cd. (c) SEM image of eucalyptus pulp in BFS matrix and (d) EDS analysis of the
fiber surface. Ca and S compounds are likely to be present on fiber surface.



Fig. 9. SEM image of eucalyptus pulp in OPC matrix. Detail of the fiber surface.
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Note that it was not possible to define the initial crack growth
from the experimental tests for OPC cement paste reinforced with
eucalyptus pulp (Fig. 4b), because of the instability of the crack
propagation due to short length of this fiber. As consequence, the
curve using small-scale bridging model (SSB) was not obtained.

It can be also seen that the LSB prediction with W ! 1 (intrin-
sic toughness) fitted better with experimental data from the BFS
and OPC cement paste reinforced with eucalyptus pulp (Figs. 4a
and 4b) than one with real value of W.

The SSB and the LSB models suggest that improved fracture
toughness/resistance-curve behavior can be engineered by
improving fiber strength, increasing bridge length and modifying
fiber volume fraction up to optimum levels.

The development of coatings or surface treatments for natural
fibers could be implemented to avoid the reduction of the initial fi-
ber strengths by fiber/matrix interactions [13,46]. Another possi-
bility could be the modification of the cement matrix, mainly by
reducing pH of pore solutions, which appears to be aggressive to
the fiber. That could be achieved by the use of blended cements,
by pozzolanic or slag additions or by the use of polymer modified
cement systems [7,45]. Additionally the production of composites
with lower permeability and/or protected by surface treatment
based on water repellent could also contribute to the durability
and consequently to the stable mechanical performance of fiber–
cement composites under various environmental conditions,
which might be encountered during service life of structures built
of such materials [45].

5.3. Microstructure analysis

Microscopic observations of control specimens and specimens
subjected to various chemical and physical environments provide
Fig. 8ef. (e) SEM image of eucalyptus pulp in BFS matrix and (f) EDS analysis of the
matrix fracture surface. Ca and Si peaks of similar magnitude denote hydration
products without concentration of portlandite.
valuable information on mechanisms of failure. This can be then
used to develop new designs and curing regimes for cement–fiber
composites, which could reduce some of the deleterious effects
studied. Therefore, microstructure characterization provides in-
sight into macro-properties of material under specific conditions.

5.3.1. Fiber–matrix interfacial transition zone
One component of toughening mechanisms that is predominant

in cellulose pulp cement composites is fiber debonding. It is due to
the volume variation of the natural fiber depending on its moisture
Fig. 10. (a) SEM image of the BFS matrix and (b) EDS analysis of the hydration
products (left hand side). The main compounds of slag matrix are present with no
indication of calcium accumulation.
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content and tension state. A demonstration of fiber debond can be
observed on a fractured composite surface. Fig. 5a is indicative of
fiber debonding with the correspondent reduction in tension trans-
ferring from cracked matrix.

The incrustation of matrix in fiber surface is a demonstration of
good interaction between both phases with the consequent
absorption of energy during fiber pull-out as shown in Fig. 5b.

The micrographs in Fig. 6 show some alterations on the surface
of fibers, especially crystal growth that destroys the integrity of fi-
bers probably due to the crystallization of portlandite (calcium
hydroxide). The matrix shows small oscillation in chemical compo-
sition mainly in Ca/Si ratios and presence of Mg. There is no indi-
cation of the concentration of hydration products in relation to
the proximity of the fiber.

Elemental maps in Fig. 7 present spatial distribution of major
chemical elements at the interfacial transition zone (ITZ) between
fibers and cementitious matrix. It can be observed in this micro-
graph that the spaces between individual fibrils are occupied by
precipitated Ca, Si and Mg compounds. This phenomenon can be
associated to the fiber mineralization as inferred by Bentur and
Akers [15].

5.3.2. Fiber surface
Fig. 8a shows the sisal fiber pulled-out from the cement matrix

with no significant accumulation of hydration products in the fiber
surface as confirmed in the correspondent EDS analysis, Fig. 8b.
This demonstrates poor bonding between phases as previously de-
noted in Fig. 5a. However, there is no visual evidence of decompo-
sition of the reinforcing phase due to the good aspect of the surface
of the fiber into the aged composite.
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Fig. 11. Fatigue crack growth rate data. (a) Sisal BFS (b) Ba
The Fig. 8c shows a SEM of eucalyptus pulp in BFS matrix. The
correspondent EDS analysis applied to BFS paste reinforced with
eucalyptus pulp shows incidence of Ca and S compounds (portlan-
dite and/or gypsum) in the surface of the fibers as in Fig. 8d. Petri-
faction is the phenomenon that may be associated to this fact
when the fiber voids are filled with some hydration products with
the consequent reduction of the fiber tenacity, Fig. 8e [12,15]. The
same analysis in the fracture surface of the matrix (Fig. 8f) indi-
cates incidences of Ca and Si of similar magnitude. Peaks of S, Mg
and Al are also present in the sample as one could expect based
on the composition of the slag and its chemical activators.

Fig. 9 attests the integrity of the fiber even after been immersed
for approximately two years in the ordinary Portland cement ma-
trix, although some degradation in the surface of the fiber is evi-
dent. Such a superficial decomposition of the fiber could be
understood by the peeling-off reaction with the consequent de-
polymerization of the cellulose molecules as proposed by Pavasars
et al. [47].

5.3.3. Matrix
Fig. 10a depicts the cementitious matrix with the interfacial

zone between the slag anhydrate grain and the hydration products.
Fig. 10b presents the EDS analysis of the hydration products (left
hand side of the micrographs) and indicates no high concentration
of Ca in relation to Si or to the other compounds (especially Mg and
Al).

5.3.4. Bridging effect
Fig. 1 shows the interaction between eucalyptus pulp and OPC

matrix. Fig. 1 depicts the fiber crossing the gap generated in the
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cracked matrix which is associated to the bridging effect. At this
portion of the tensioned composite all the stresses are transferred
from the matrix to the fiber that will be responsible for carrying
the increased loads. In the case of short fibers that were randomly
distributed in the matrix, the efficiency of the bridging elements
tends to be comparatively lower in comparison to that in compos-
ites with continuous and aligned reinforcements [43].

5.4. Fatigue crack growth

Fig. 11 depicts the diagrams of the crack growth rate, da/dN, and
effective amplitude of applied stress intensity factor, DKeff, of the
composites reinforced with sisal pulp, banana pulp and E. grandis
pulp. Fatigue crack growth was observed to occur in three stages:
an initial decelerated growth, a steady-state growth, and a final
catastrophic crack growth. In the case of the composites reinforced
with sisal and banana pulps, most of fatigue life was spent in the
second stage of steady-state crack growth (Figs. 11a and 11b).
The aspect ratio of the fibers (Table 3) was important to guarantee
a major stability to the crack growth under cycling loading. The
large lengths of the filaments constituents of the banana and sisal
pulps, as compared with E. grandis pulp, helped to promote fric-
tional stress transfer mechanisms from matrix to fibers, i.e., pull-
out mechanism.

Fiber cement reinforced with E. grandis waste pulp exhibited
faster fatigue crack growth rates than the composites reinforced
with sisal and banana pulps (Figs. 11c and d). A similar reduction
in crack growth resistance was also observed in the R-curve exper-
iments on the composites reinforced with E. grandis.

The crack/microstructure interactions also revealed that fatigue
crack growth in the composites occurred via matrix cracking, crack
deflection around fibers, and crack-bridging by uncracked fibers
and ligaments. The observed fiber-pull-out also suggests a mecha-
nism of crack growth via the degradation of bridging tractions that
can occur under cyclic loading. These give rise to inelastic stresses
that can lead to crack growth in ceramic materials, as proposed by
Ritchie [49].
6. Concluding remarks

This paper presents the results of a combined experimental and
theoretical study of fatigue crack growth and resistance-curve
behavior in natural fiber-reinforced cementitious composites. Sisal
and banana waste residues converted to Kraft pulps and residual
eucalyptus bleached pulp were successfully employed as reinforce-
ment of cement-based matrices. Salient conclusions arising from
this study are presented below.

1. Blast furnace slag and ordinary Portland cement-based pastes
reinforced with non-conventional Kraft pulps exhibited initia-
tion fracture toughness levels between �0.6 and 1.9 MPa
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,
respectively. This fracture toughness is considered significantly
greater than that of the plain cement paste (0.2–0.3 MPa
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)
[22].

2. Toughening in the natural fiber-reinforced composites occurs
largely as a result of crack-bridging. The trends in the predic-
tions of resistance-curve behavior obtained from small- and
large-scale bridging models are in agreement with the corre-
sponding experimental measurements.

3. The intrinsic toughness of the natural fiber–cement composites
reinforced with sisal, banana and eucalyptus fibers was esti-
mated to be between �1.2 and 1.4 MPa
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. This represents
the true specimen-independent fracture toughness value of
the material.
4. Evidence of crack-bridging and fiber pull-out was observed on
the fracture surfaces of the R-curve specimens. The intense
interaction between the cement matrix and the cellulose pulps
can be inferred from evidence of fiber incrustation or minerali-
zation by cementitious hydration products. However, the fibers
are well preserved, even after two years of exposure to the
cement environment.

5. The composites reinforced with sisal and banana pulps exhib-
ited clearly stable rising R-curve behavior that correspond to
stable fatigue crack growth, while those reinforced with E. gran-
dis waste pulp had only limited fracture and fatigue crack
growth resistance. The potential reason for the difference in
behavior was associated to the aspect ratio and length of the
fibers.

6. Stable fatigue crack growth in natural fiber cementitious com-
posites is attributed to the degradation of bridging zones, as
in ceramic matrix composites. The cyclic degradation is thought
to give rise to inelastic deformation and crack growth ahead of
the crack-tip.
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