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The impact response of unidirectional continuous sisal fiber-
reinforced cement composites was investigated. An impact test
setup based on a free-fall drop of an instrumented hammer on a
three-point bending configuration test was used. The effect of
impact energy on the composite response was investigated by using
three different drop heights. Mechanical properties obtained under
impact loading were compared with static three-point bending
tests. A comparison with the impact behavior of glass fabric-
reinforced composites was addressed. Furthermore, damage
mechanisms were investigated by characterizing the cracking
patterns during the impact event using a high-speed digital camera.
It was observed that while the maximum flexural stress values were
in the same range for static and impact tests, the absorbed energy

increased up to a maximum level of 0.0090 kJ/in.2 (14.0 kJ/m2) for
the impact energy of 20 J. The damage process was initiated by
tensile and shear cracks. Delamination of the plies within the
continuous fiber composites was observed only when the impact
energy was 27 J.
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INTRODUCTION
Proper design of a composite system subjected to high

loading rates can be accomplished only if the strain rate
sensitivity of the material has been measured and the modes
of failure and energy absorption are well characterized. One
of the characteristics of fiber-reinforced cement-based
composites is their high ductility, which makes them ideal
for use under blast, impact, and dynamic loads. Because
cement-based composites are rate-dependent, their mechanical
properties, such as Young’s modulus, ultimate strength, and
fracture toughness, are highly dependent on the loading rate.
Proper knowledge of the constitutive relationship for a wide
range of strain rates is therefore required to develop realistic
material laws. During the life span of a structure, impact
events by debris during a hurricane event, wind and seismic
loads, and ballistic projectile can be expected to occur. In
some cases, impact velocities may be relatively low, but a high
projectile mass may cause significant damage.1 In addition,
the potential for use of cement composites as a material to
withstand the high-energy explosives cannot be overlooked.
Characterization of the impact response of the concrete is
important for planning this activity.2

Impact resistance of fiber-reinforced concrete has been
measured by several test methods: Charpy, Izod, drop-
weight, split Hopkinson bar (SHB), explosive, and ballistic
impact.3,4 These tests can either be instrumented or
heuristically based and the resistance can be measured by
means of fracture energy, damage accumulation, and/or
measurement of the number of drops to achieve a determined
damage or stress level. The results depend on many variables
such as size of specimen, machine compliance, strain rate,
type of instrumentation, and test setup.

Silva et al.4,5 performed Charpy impact tests (strain rate =
14.4 s–1) and static three-point bending tests in sisal pulp fiber-
reinforced cement composites with a fiber mass fraction of
14%. No significant difference between maximum force
obtained from static (0.047 kips [0.21 kN]) and impact
(0.042 kips [0.19 kN]) was observed. A modified SHB was
used by Romano et al.6 to characterize steel fiber-reinforced
concrete (SFRC). SHB results showed an increase in both
toughness and ultimate strength compared to static
compression tests. The SFRC can absorb the energy
through multiple cracking and therefore demonstrates a
higher tolerance for damage.

Wang et al.7 identified two different damage mechanisms
for fiber-reinforced concrete (FRC) using a drop weight
impact system. For fiber fractions lower than the critical
fiber volume (CFV), fiber fracture dominates the failure
mechanism, whereas for values higher than the CFV, the
fiber pullout mechanism dominates the response. The critical
value for the hooked steel fibers was found to be between
0.5% and 0.75%.

Lok and Zhao8 observed that the dynamic compressive
strength of SFRC, when tested using a SHB, increases very
slowly from quasi-static to a relatively low strain rate. For
strain rates between 10 and 20 s–1, the increase is insignificant.
For example, the average uniaxial compressive strength of
cubes was 13.2 ksi (91 MPa) and the specimen labeled
Zh07a, tested under a strain rate of 32 s–1, presented a
dynamic strength of 13.3 ksi (91.8 MPa).

Flexural impact tests of cement-based composites reinforced
by alkali-resistant (AR) glass fabrics have been performed.9,10

Zhu et al.9 reported values of impact flexural strengths as high
as 4.3 ksi (29.9 MPa) when plate specimens were subjected to
potential energies in the range of 7 to 14 J. The absorbed energy
increased with drop height whereas the ratio of absorbed
energy to potential energy decreased with drop height.
Interlaminar shear was the dominant failure mode.

The flexural static and impact strength of long, aligned
sisal fiber-reinforced cement composite was determined in
this work. This composite system presents enhanced strength
and ductility that is primarily governed by the composite
action that takes place when fibers bridge the cracks to
transfer the loads, allowing a distributed microcrack system
to develop.11 The strain rates covered in the present research
for the impact events are in the intermediate rate domain
(between 1 and 100 s–1). The impact velocities under this
domain are low as far as high-speed testing is concerned;

Title no. 108-M19

Impact Behavior of Sisal Fiber Cement Composites under 
Flexural Load
by Flávio de Andrade Silva, Deju Zhu, Barzin Mobasher, and Romildo Dias Toledo Filho



169ACI Materials Journal/March-April 2011

however, these rates are quite common in dealing with the
typical uses for construction products. The results of the
experiments under this domain can be related to earthquake
response, vibrations, wind gust loading, impact of wind-
borne objects with structures, or impact-prone structures
such as highway barriers. When used as precast elements for
residential, industrial, or commercial constructions, resistance
to impact damage may be a very important parameter in the
selection process.

RESEARCH SIGNIFICANCE
There is a worldwide demand for the development of

sustainable construction materials, and the opportunity to
develop low-cost materials with locally and indigenously
sustainable agricultural fibers will have long-term social and
economical consequences. The authors’ previous works11-15

have shown that cement composites reinforced with five
layers of unidirectional aligned sisal fibers presents a
multiple cracking behavior both under tension and bending
loads with high ultimate strengths and increased ductility.
Nevertheless, cementitious materials may be subjected to
dynamic loading for a variety of reasons, including impact
loads, wind gusts, explosions, earthquakes, projectiles, and
machine vibrations. Due to the inherent brittleness and low
tensile strength of most cement-based elements, such impact
loadings can cause severe damage, resulting in extensive
cracking. Impact properties of these composites should be
properly addressed.

EXPERIMENTAL PROGRAM
Material properties and mixture design

To increase the durability of the sisal fibers in the alkaline
environment, a cementitious matrix consisting of 50% portland
cement, 30% metakaolin (MK), and 20% calcined waste
crushed clay brick (CWCCB) developed in earlier studies
was used.13-15 The matrix was produced using portland
cement with a 28-day compressive strength of 4.6 ksi (32 MPa).
The waste crushed clay brick, obtained from a plant located
in Itaborai, Rio de Janeiro, Brazil, was calcined at 1562°F
(850°C). River sand with maximum diameter of 0.046 in.
(1.18 mm) and density of 0.096 lb/in.3 (2.67g/cm3) and a

naphthalene high-range water-reducing admixture with
content of solids of 44% were also used.

The mortar matrix used in this study presented a mixture
design 1:1:0.4 (cementitious material:sand:water by weight).
Wollastonite fiber (JG class) was used as a microreinforcement
in the composite production (Vf = 5%). The mortar matrix
presented compressive and flexural strengths of 10.10 and
1.40 ksi (70 and 9.6 MPa) at 28 days of age, respectively.

The sisal fibers were characterized as having an irregular
cross section with mean cross-sectional area ranging from 6.2
× 10–5 to 7.7 × 10–5 in.2 (0.04 to 0.05 mm2) and a mean
density, elastic modulus, and tensile strength of 0.032 lb/in.3

(0.90 g/cm3), 2755 ksi (19.0 GPa), and 58 ksi (400 MPa),
respectively.16 These fibers were extracted from the sisal plant
in a farm located in the city of Valente, state of Bahia, Brazil.
More information on the sisal fibers mechanical properties
and its morphology can be obtained elsewhere.16,17

Specimen description
The matrix was produced using a bench-mounted mechanical

mixer of 20 L capacity. The cementitious materials were dry
mixed for 30 seconds (for homogenization) with the
subsequent addition of sand and then a volume fraction of
5% wollastonite. The powder material was mixed for an
additional 30 seconds before the high-range water-reducing
admixture and the remainder of water was added for an
additional 3 minutes of mixing. Laminate production was
achieved by placing the mortar mixture in a steel mold one
layer at a time, followed by a layer of unidirectional aligned
fibers (up to five layers). Additional consolidation was
achieved by vibration, resulting in a sisal fiber volume fraction
of 10%. Four sets of six specimens were prepared with a
geometry of 6.3 x 2.0 x 0.47 in. (160 x 50 x 12 mm) (length
x width x thickness) and reinforced by 10% of unidirectional
aligned sisal fibers distributed in layers. The final composite
layered structure presented five layers of fibers (~0.047 in.
[1.2 mm] each) and six matrix layers (~0.039 in. [1.0 mm]
each). The vibrating table was used at a frequency of 65 Hz.
After casting, composites were compressed at 435 psi (3 MPa)
for 5 minutes, followed by curing in the mold for 24 hours.
After demolding, samples were fog-cured for 28 days in a
curing chamber with 100% relative humidity at a room
temperature of 73.4°F ± 1°F (23 ± 1 °C).

Static test procedure
Static three-point bending tests were performed using a

universal testing machine with a load cell capacity of 22 kips
(100 kN) and controlled by the cross-head displacement at a
rate of 0.019 in./min [0.5 mm/min] (strain rate = 3.7 × 10–5 s–1,
computed from Eq. (5)). Six specimens with dimensions of
6.3 x 2.0 x 0.47 in. (160 x 50 x 12 mm) (length x width x
thickness) were tested using a span of 5 in. (127 mm). Strain
gauges were glued at the center of the bottom face of the
specimen in order to compute the extreme fiber strain.
Deflections at midspan were measured using a linear variable
differential transformer (LVDT) and were continuously
recorded, together with the bending load (measured by the
load cell) and cross-head displacement (measured by an
internal LVDT).

Impact test procedure
An impact test setup based on a free-fall drop of an

instrumented hammer on a three-point bending specimen
was developed. The schematic and picture of the system is
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presented in Fig. 1. The drop heights can be adjusted from 1
to 80 in. (25 to 2000 mm) and can be controlled by means of
an electronic hoist-and-release mechanism. An anti-rebound
system consisting of pneumatic brakes triggered by a
contact-type switch was used to stop the hammer after the
duration of impact was completed.

The experimental setup consisted of several components
described as follows. The entire moving part that impacts the
specimen included the free weight, low-friction bearings
along the drop columns, load cell, connection plate, and a set
of threaded rods. This entire assembly was referred to as the
hammer and weighed 0.030 kips (134 N). The hammer
assembly was dropped on the specimens from three different
heights—4, 6, and 8 in. (102, 154, and 203 mm). The impact
force induced by the free-fall weight was measured by two
different means—the first was a conventional resistance-
type strain gauge based load cell with a range of 20 kips (90 kN)
mounted on the hammer between the blunt-shaped impact
head and the hammer mass. An alternative piezoelectric load
washer was also used to measure the load. A second strain-
gauge-based load cell with 20 kips (90 kN) capacity was
mounted beneath the support plate, which measured the
force transmitted to the equipment base. An LVDT with a
range of ± 0.40 in. (±10 mm) was connected to the specimen
by means of a lever arm. Two accelerometers were used to
document the acceleration-time history of the hammer and
specimen. The accelerometers with a capacity of ± 500 g
were mounted on the top load cell and tension zone of the
specimen. The data acquisition system consisted of a PC-
based acquisition card and a virtual instrument with trigger
function that can record signals from load cells, accelerometers,

and the LVDT at a sampling rate of 20 kHz. A program was
developed for data processing to filter and smooth the raw
data with a low-pass filter and calculate the mechanical
properties. A high-speed digital camera was used to capture
pictures of the samples during the impact tests. The damage
caused in the samples for the different drop heights were
then compared by visual examination.

Dynamic calibration for impact testing
The signal acquisition during a dynamic test is strongly

conditioned by the nature of the test procedures.18 Rapid
variation of the kinematical quantities excites vibrations
depending on the stiffness and mass of the specimen,
support, or the hammer, resulting in signal disturbances.
Interpretation of raw signals without previous knowledge of
the dynamic characteristics of the system would therefore be
questionable. After the system dynamics are identified, it is
essential to filter the data to retain the material responses.19

To evaluate the measurement accuracy of the conventional
strain-gauge-based load cell, a piezoelectric load washer
with a capacity of 20 kips (90 kN) and rigidity of 1.70 kips/μm
(7.5 kN/μm) was installed between the conventional load
cell and blunt-shaped impact head. The response frequency
of the load washer is 33 kHz. The load signal was amplified
through a dual-mode charge amplifier. The signals were
filtered by a low-pass filter with cutoff frequency of 2 kHz to
eliminate high-frequency noise during data processing. The
force measured by the piezoelectric load washer has more
oscillations than the conventional load cell during the initial
loading range. This behavior is due to the frequency
response of the system, and the specimen and the hammer
reacting to the impact by oscillating at their natural frequencies.
Because the piezoelectric load washer has a higher response
frequency than the conventional load cell, it is able to acquire
details of the oscillation. In consideration to the absorbed
energy, negligible differences were observed based on the
impact forces measured by these two load transducers.
Therefore, results listed are based on the conventional load
cell and were used in the analysis.

The potential energy of the hammer is the input energy and
depends on its drop height and mass, and the amount of
energy lost during the free-fall drop of the hammer such as
friction. Some of the input energy is absorbed by the test
specimen, while the remaining energy is either dissipated by
friction or transferred to the test setup through the supports
after the impact event.

The input potential energy of the hammer, Ui, is defined as
follows

(1)

where m is the mass of the hammer, g is the acceleration of
gravity, H is the drop height of hammer, v0 represents the
hammer velocity prior to impact, Ud represents the frictional
dissipated energy between the time of release of the hammer
until just prior to the impact event, Uk represents the energy
dissipated in the specimen (the total absorbed energy), and
Uf represents the elastic energy in the specimen. This energy
may be elastically stored in the sample, and result in the
rebound, or transmitted through the specimen to the support.

The energy dissipated in the specimen, Uk, is defined as
follows

Ui mgH 1
2
---mv0

2 Ud+ Uk Uf Ud+ += = =

Fig. 1—Impact test setup. Tests were performed at three
drop heights: 4, 6, and 8 in. (102, 152, and 203 mm).
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(2)

where P(t) and v(t) represent the force and velocity history of
the impact event, t* represents the impact event duration,
and Δd(t) represents the deflection increment history of test
specimen. The energy dissipated in the specimen was evaluated
using the area under the load-deflection curves and obtained
from Eq. (2). The absorbed energy at peak load was
computed as the area under the load-deflection curve up to
the peak load. The computed individual energy dissipated in
the specimen was parameterized with the respective
samples’ cross-sectional areas. The load-deflection curves
were then analyzed to measure the flexural stress and the
energy dissipated in the specimen for all samples.

The maximum flexural stress σf was measured using the
following linear elastic small displacement bending equation

(3)

where Pm is the maximum load recorded during testing; b
and h are the width and thickness of the test specimen,
respectively; and L is the specimen span.

The strain rate for the three-point bending test was
computed in a method based on continuous mechanics
proposed by Land.20,21 The general equation of the method is

(4)

where h and L are same as above, N is the creep exponent,
and y is the deflection. For a three-point bending configuration
and elastically deflected material, a = 0 and N = 1 and
differentiating with respect to time, hence

(5)

where t is time and v is the velocity.

DISCUSSION AND ANALYSIS
Static tests

Figure 2 presents a comparison of measurements obtained
from cross-head, LVDT, and strain gauge during a static
bending test. The sisal fiber-reinforced cement composite
bending behavior is characterized by a multiple cracking
behavior with strain hardening. The cross-head curve can be
divided into five regions, identified by roman numerals.
Zone I corresponds to the elastic-linear range where both
matrix and the fibers behave linearly. The lower and upper
bounds of the limit of proportionality (LOP) define the range
of Zone II. In this region, cracks initiate and propagate across
the cross-sectional areas of the specimen. Mean values of
1.43 and 1.66 ksi (9.86 and 11.46 MPa) for σLOP– and
σLOP+, respectively, were obtained. The post-LOP range
(Zone III) is characterized by multiple cracking formation
that results in strain hardening. Only four to five cracks
develop in the span of 5 in. (127 mm). The crack spacing
saturates in Zone IV at a deflection of approximately 0.086 in.

Uk P t( )v t( ) t P t( )Δ∑≈d t( )d

t 0=

t = t∗

∫=

σf
3
2
---

PmL

bh2
----------=

εmax
2h N 2+( )y

L a–( ) L a N 1+( )+[ ]
-----------------------------------------------------=

ε· dε
dt
----- 6hv

L
2

---------= =

(2.2 mm) for cross-head and 0.03 in. (0.8 mm) for LVDT
measurements. Zone V is characterized by the strain-softening
response due to the localization and widening of a major
crack. No new cracks appear at this stage. The average
modulus of rupture (MOR) of 3.46 ksi (23.88 MPa) and
initial elastic modulus of 5346 ksi (36.86 GPa) show that the
replacement of cement by calcined clays and the use of long
sisal fibers as reinforcement resulted in a composite of high
stiffness and elevated strength. Table 1 shows individual
tests results as well as the average and standard deviations of
static tests. It can be seen that MOR varies from 2.78 to 3.95 ksi
(19.2 to 27.3 MPa).

The tensile region of the specimen measured by the strain
gauge experiences five ranges of behavior (refer to Fig. 2).
Zone I is characterized by a linear-elastic response. After the
complete formation of the first crack under the load of 1.6 ksi
(11.0 MPa), Zone II begins. Stiffness degradation is caused
by the crack formation and results in a significant drop in the
modulus from 5655 to 59 ksi (38.99 to 0.41 GPa). A decrease
in tensile strain occurs in Zone IV as a result of crack formations
in the vicinity of the strain gauge, and shear lag mechanisms,
which result in stress decay in the matrix. Note that the
resistance-type strain gauge measurements are not uniquely
related to the uncracked material, as the strain recorded in the
matrix is dependent on the relative position of a strain gauge
between two parallel cracks. This stage characterizes the
degraded matrix’s contribution to the overall composite
response. After the localized unloading recorded by the
strain gauge and caused by the crack formation, the modulus
of the matrix (at the strain gauge location) is recorded as
much as 1000 ksi (6.90 GPa) during the loading progress.
With the formation of new cracks, the modulus reduces again
to only 55 ksi (0.38 GPa) with an increase in strain. Zone V is
the unloading region. At this region, the strain gauge fails to
measure due to a damage caused by a crack formation.

The three types of instrumentation used in the present
work showed no significant difference for the σLOP region.
Nevertheless, a large difference can be observed when
comparing the deflection levels for the cross-head and

Fig. 2—Response of sisal fiber-reinforced composite under
static three-point bending. Midspan deflection was measured
by LVDT while bottom face strain was measured by strain
gauges. (Note: 1 MPa = 0.145 ksi; 1 mm = 0.039 in.)



172 ACI Materials Journal/March-April 2011

LVDT measurements. The values of dissipated energy in the
specimen of 9.7 and 1.3 J/in.2 (15.1 and 2.03 kJ/m2) were
computed from cross-head and LVDT measurements,
respectively. This range indicates the large magnitude of
energy due to spurious deformations recorded by the cross-
head measurement. Results from LVDT measurements were
used to compare static and impact test behaviors in the
following section.

Impact tests
The acceleration time history of hammer and specimen

were recorded by two individual accelerometers. As shown
in Fig. 3(a), the acceleration of hammer at three different
drop heights—4, 6, and 8 in. (102, 152, and 203 mm)—
indicates that the peak acceleration of the hammer during
impact does not significantly increase with drop height.
Average values of acceleration were reported to range from
approximately 34.7ft/s2 (10.6 m/s2) at 4 in. (102 mm) to
41 ft/s2 (12.5 m/s2) at 8 in. (203 mm). Standard deviation for
hammer accelerations was approximately ±4.9 ft/s2 (±1.5 m/s2),
which indicates that the input energy generated from the
different drop heights did not change the hammer acceleration
behavior during impact. The average velocity increased from
33.7 in./s (0.8 m/s) (h = 4 in. [102 mm]) to 51.5 in./s (1.3 m/s)
(h = 8 in. [203 mm]).

Figure 3(b) shows the accelerations of specimens during
impact at the three different drop heights previously cited.
The transient peak acceleration that the specimen experienced
during impact increases from approximately 328 ft/s2

(100 m/s2) at a drop height of 4 in. (102 mm) to approximately
558 ft/s2 (170 m/s2) at a drop height of 8 in. (203 mm). The
deceleration of the specimen was found to be increasing with
increasing drop height.

Figure 4 represents a time-history of acceleration, deflection,
and force response of a composite subjected to impact at a
drop height of 4 in. (102 mm). Both the acceleration and
deceleration response of the hammer and the specimen indicate
that the specimen may accelerate after the initial contact to
as high as 328 ft/s2 (100 m/s2) and experience loads of up to
191 lbf (850 N). There is a phase lag in the deflection signal
due to loading of the specimen, as the maximum deflection is
achieved while the load drops significantly; the specimen
decelerates and comes to rest as the load and deflection signals
stabilize after the impact event. Permanent deflection and
post-failure oscillations exist, however, after the impact event.

Figure 5(a) compares typical responses of impact forces
obtained from the conventional load cell and the piezoelectric
load washer, indicating that a similar behavior and force
values are obtained. The upper conventional load cell results
were used for computing stress values and for further
analysis due to the fact that it recorded less oscillations,
as explained previously.

A typical flexural stress-versus-deflection behavior is
presented in Fig. 5(b) for the drop height of 4 in. (102 mm).
Five distinct zones are represented by roman numerals. Zone I
is the linear elastic range that ends at the formation of the

Table 1—Summary of static bending tests*

Specimen
ID

Ultimate 
load, N

MOR,
MPa

PLOP–, 
N

σLOP–, 
MPa

PLOP+, 
N

σLOP+, 
MPa

Ultimate
deflection

from cross-
head, mm

Ultimate
deflection

from LVDT, 
mm

Young’s 
Modulus 

from strain 
gauge, GPa

Cross-head 
absorbed 
energy at 
peak load,

kJ/m2

Cross-
head total
absorbed 
energy,
kJ/m2

LVDT 
absorbed 
energy at 
peak load,

kJ/m2

LVDT
total

absorbed 
energy,
kJ/m2

1 754 19.19 397 10.10 397 10.10 4.89 — — 4.11 12.92 — —

2 922 23.99 365 9.50 513 13.34 7.64 — 32.26 9.77 18.17 — —

3 1070 26.47 322 7.96 467 11.56 4.96 0.52 38.99 5.72 18.16 0.67 3.57

4 1130 27.30 440 10.63 458 11.06 3.11 0.30 35.36 3.61 15.48 0.37 0.90

5 1039 25.39 422 10.31 442 10.81 5.17 0.88 41.58 5.87 14.52 0.95 1.62

6 914 20.96 464 10.63 518 11.86 2.10 — 36.00 1.66 11.52 — —

Average 971 
(136.0)

23.88
(3.2)

402
(52.0)

9.86
(1.0)

466
(45.5)

11.46
 (1.1)

4.64
(1.90)

0.56
(0.30)

36.86
(3.6)

5.12
(2.7)

15.13
(2.7)

0.66
(0.3)

2.03
(1.4)

*Results in parentheses are standard deviation.
Notes: 1 MPa = 0.145 ksi; 1 GPa = 145 ksi; and 1 kJ/m2 = 0.000645 kJ/in.2

Fig. 3—Effect of drop height on: (a) hammer acceleration;
and (b) sample acceleration. (Note: 1 m/s2 = 3.28 ft/s2.)
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first crack (LOP region). The LOP range is similar to those
obtained by the static tests. Zone II starts after the LOP and
is characterized by multiple cracking behavior with strain
hardening. An average of four parallel cracks was observed
at this zone. Stiffness degradation takes place during Zone II,
and maximum flexural stress value is obtained at the end of
this region. Strain softening behavior characterizes Zones III
and IV. Damage that takes place in the matrix and fiber-
matrix interface is a function of drop height and deflection
level. Depending on the nature of available energy, if there
is sufficient ductility in the sample to absorb the applied
energy, some of the elastic energy released causes a rebound
that is characterized by a reduction in deflection of the
sample as the load is decreased. Zone V characterizes the
rebound of the specimen.

Force-versus-time curves are presented in Fig. 6(a). It can
be observed that the duration of the impact is between 0.04
to 0.065 s, depending on the drop height, and the maximum
load capacity is around 191 lbf (850 N). Comparisons of
flexural stress-versus-deflection responses for hammer drop
height ranging from 4 to 8 in. (102 to 203 mm), representing
an input potential energy from 14 to 27 J, are presented in
Fig. 6(b). Note that the strain rates calculated from Eq. (5)
resulted in rates ranging from 3.8 to 5.8 s–1. These tests can
be characterized as low-velocity impact. No significant
effect in the ultimate strength was noticed with the increase
in drop height. The average strength decreased from 3.30 ksi
(23 MPa) (h = 4 in. [102 mm]) to 2.60 ksi (18 MPa) (h = 8 in.
[203 mm]) with standard deviations ranging from 0.40 to
0.60 ksi (3.3 to 4.6 MPa), respectively, as shown in Table 2.
These values are in the same range of the MOR for static
bending tests. It is observed that the maximum deflection
increases with increasing drop height. The average ultimate
deflection (deflection measured at maximum load) was
found to decrease from 0.050 to 0.030 in. (1.31 to 0.85 mm)
when increasing the drop height, indicating that the matrix is
stiffening. The scatter of the data was found to be more
pronounced for ultimate deflection measurements (refer to
Table 2) due to the difficulty of measuring small deflections
at a short period of time (~0.005 s). The post-peak stiffness
seems to decrease with increasing input potential energy,

Fig. 4—Time history of acceleration, midspan deflection, and impact force for
Sample 6 tested with impact energy of 10.55 J (or drop height of 4 in. [102 mm]).

Fig. 5—(a) Comparison of piezoelectric load washer and
upper conventional load cell responses; and (b) different
zones in typical stress-versus-deflection impact curve. Data
obtained from Specimen 5 at drop height of 4 in. (102 mm).
Note less oscillation measured from conventional load cell.
(Note: 1 MPa = 0.145 ksi; 1 N = 0.2248 lbf; 1 mm = 0.039 in.)
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which may possibly be attributed to a reduction in bond
characteristics of the fiber-matrix interface. The frictional
nature of the bond has been shown to be affected by the
loading rate.22,23 The energy dissipated in the specimen
increases from static test to impact, achieving its maximum
value of 9.0 J/in.2 (13.9 kJ/m2) at a drop height of 6 in. (152 mm)
(refer to Fig. 7). The energy dissipated in the specimen has
been normalized by the impact potential energy (refer to Fig. 7).
An increase in ratio from 0.40 to 0.44 from a height of 4 to 6 in.
(102 to 152 mm) with a posterior drop to 0.25 was observed.
This indicates that the drop height of 8 in. (152 mm) is a
threshold level.

A comparison of the impact behavior of sisal fiber and
bonded AR glass fabric-reinforced composites is presented
in Fig. 8. The AR glass fabric-reinforced composite results

Table 2—Summary of impact test results*

Height, 
mm

Potential
energy, J

Strain rate,
s–1

Specimen 
ID

Maximum
flexural stress, MPa

Deflection at
maximum stress, mm

Maximum 
deflection, mm

Drop velocity, 
m/s

Absorbed energy at 
peak load, kJ/m2

Total absorbed 
energy, kJ/m2

102
(4 in.) 14 3.8

1 28.01 2.51 7.26 0.7 3.40 9.19

2 21.56 1.11 10.13 1.0 1.18 10.45

3 25.16 1.96 7.62 0.9 — 7.53

4 24.30 0.97 8.84 0.7 1.08 8.19

5 19.43 0.49 9.56 1.0 0.93 7.94

6 19.35 0.80 10.04 0.9 0.78 8.49

Average 22.97 (3.4) 1.31 (0.76) 8.91 (1.2) 0.8 (0.1) 1.48 (1.1) 8.64 (1.0)

152
(6 in.) 20 5.5

1 27.57 2.40 13.99 0.9 1.53 17.87

2 18.78 0.40 18.19 1.5 0.29 15.94

3 23.40 1.08 17.03 1.3 1.28 15.41

4 19.76 0.68 17.69 1.0 1.11 11.19

5 19.22 0.38 20.14 1.3 0.95 10.53

6 14.08 2.23 19.77 1.3 1.34 12.36

Average 20.47 (4.6) 1.20 (0.9) 17.81 (2.2) 1.2 (0.2) 1.09 (0.4) 13.89 (2.9)

203
(8 in.) 27 5.8

1 16.26 0.44 20.07 1.4 0.98 10.69

2 21.86 0.79 20.37 1.2 0.97 13.14

3 21.53 1.80 20.40 1.2 - 9.17

4 13.74 1.07 20.46 1.5 0.70 8.40

5 15.78 0.48 20.11 1.3 0.60 10.41

6 19.18 0.55 20.40 1.3 1.19 8.51

Average 18.06 (3.3) 0.85 (0.5) 20.30 (0.2) 1.3 (0.1) 0.89 (0.2) 10.09 (1.1)
*Results in parentheses are standard deviation.
Notes: 1 MPa = 0.145 ksi; 1 mm = 0.039 in.; 1 N/mm = 5.71 lbf/in.; 1 m/s = 39.36 in./s; 1 kJ/m2 = 0.000645 kJ/in.2.

Fig. 6—(a) Effect of drop weight on force-versus-time
response; and (b) stress-versus-deflection response of sisal
fiber-reinforced composite. (Note: 1 MPa = 0.145 ksi; 1 N =
0.2248 lbf; and 1 mm = 0.039 in.)

Fig. 7—Effect of drop height on total absorbed energy. Total
absorbed energy was normalized with respect to input
energy.
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were obtained from the work of Zhu et al.9 and represent the
behavior of a composite reinforced with six layers of glass
fabrics (4% in volume). The specimen geometry, instrumen-
tation, and testing machine were the same as those used in
the present work. It can be seen that AR glass fabric composites
tested at an impact drop height of 2 in. (50 mm) presented
similar ultimate strength of sisal fiber composites tested at
the drop height of 4 in. (102 mm). Sisal fiber-reinforced
composites presented a more ductile behavior with higher
energy absorption capacity (refer to Fig. 8). This behavior is
due to the pullout failure nature observed in sisal fiber
composites. Glass fabric composites presented a strain-rate
dependence with regard to load-bearing capacity. Its ultimate
strength increased when the impact drop height changed
from 2 in. (50 mm) to 4 in. (102 mm). Interlaminar shear was
the main failure mode for glass fabric composites (refer to
Fig. 8(b)).

Figures 9 and 10 show the damage in the sisal fiber-
reinforced composite caused by two different impact energies.

The damage is generally associated with matrix cracking and
delamination, and is initiated by the formation of tensile
flexural cracks that may be deflected to shear cracks due to
bridging fibers. Tensile cracks are introduced when in-plane
normal stresses exceed the transverse tensile strength of the
matrix layer (refer to Fig. 9) at the bottom surface of the
composite, but may not lead to material failure. Shear cracks
start as flexural matrix cracks away from the midcenter, and
convert to delamination cracks as they intersect the continuous
fibers. This indicates that transverse shear stresses play a role
in their formation. Shear cracks were only observed when
the drop height was 6 in. (152 mm) or greater (refer to Fig. 9
and 10). Delamination, which is the debonding between
adjacent layers, is of most concern because it can reduce the
strength of the composite. Damage caused by delamination
was only observed at the drop height of 8 in. (203 mm) and
resulted in a complete material failure induced by the rupture
of the fibers in the tensile zone, as shown in Fig. 10(c). It can
be seen from Fig. 10 that shear cracks (initiated after 5000 μs)

Fig. 8—Comparison of impact behavior of sisal fiber and AR glass fiber-reinforced
composites: (a) effect of drop height on stress-versus-deflection responses; (b) AR glass
fabric composite exhibits brittle behavior after impact event; and (c) high energy absorption
capacity of sisal fiber composite.

Fig. 9—Damage mechanisms in composites subjected to impact at 6 in. (152 mm). Tensile
cracks were observed in bottom face and shear crack in midplane.
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started the delamination process. Nevertheless, even with the
formation of shear cracks, the composites presented ductility
and strength similar to the lower drop heights reaching MOR
of 2.6 ksi (18.06 MPa) at a deflection of 0.03 in. (0.85 mm).

SUMMARY AND CONCLUSIONS
An experimental study has been performed to investigate

the impact response of sisal fiber-reinforced cement composites
under a three-point bending configuration. Test results were
evaluated to determine the flexural impact behavior in terms
of maximum flexural stress, maximum deflection, energy
dissipated by specimen, and crack patterns of the specimens.
The results are summarized as the follows:

1. There was no significant effect of strain rate on the ultimate
strength of sisal fiber-reinforced composites under impact
loads. The maximum impact flexural stress ranged from 3.3
to 2.6 ksi (22.97 to 18.06 MPa). The average static MOR was
approximately 3.5 ksi (24 MPa).

2. The dissipated energy by specimen increased from
static test to impact, achieving its maximum value of 9 J/in.2

(14.0 kJ/m2) at the impact energy of 20 J. The ratio of total
absorbed energy to impact energy was computed, resulting
in an increase from 0.40 to 0.44 from a drop height of 4 to
6 in. (102 to 152 mm) with a posterior drop to 0.25. This
indicates that the drop height of 8 in. (152 mm) is a
threshold level.

3. A comparison with AR glass fabric-reinforced composites
indicates that sisal fiber-reinforced cement composites
present a more ductile behavior under impact loads. Similar
ultimate impact strength was found for both materials tested
under drop heights of 2 and 4 in. (50 and 102 mm). Glass
fabric composites presented a strain rate dependence with
regard to ultimate strength.

4. The damage morphology consisted of matrix cracking
and delamination. The damage process was initiated by the
formation and distribution of flexural cracks. Tensile and
shear cracks were observed. Delamination resulting in total
failure was only observed when the impact energy was
above 27 J.
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