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This work concerns the tensile properties of cement-based hybrid composites manufactured as: (i) sand-
wich composites that combine different layers of single fabric types; and (ii) hybrid composites, made
from several yarn types within the same fabric. Hybrid combinations of low-modulus fabrics of polyeth-
ylene (PE) or polypropylene (PP) and high-modulus AR glass or aramid fabrics were prepared by the pul-
trusion process and tested in tension. Influence of pultrusion direction on the results was one of the
parameters studied. It was found that hybrid composites made from PE and AR glass sustain strains bet-
ter than 100% AR glass composites, and are stronger than a single PE fabric composite. A hybrid fabric
composites made with combination of high strength–high cost aramid and low stiffness–low cost PP
yarns performed better than a single aramid fabric composite relative to their reinforcing volume con-
tents. Results show that making hybrid composites is an attractive option for cement-based elements.
The performance of hybrid fabric composites is also influenced by the arrangement of fabric layers in
the laminates. Composites with brittle and relatively strong fabrics (glass) at the mid-section and ductile
fabrics (PE) near the surfaces of the composite performed better in tension than composites with the
opposite arrangement.

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

There is a growing interest in the use of fabrics as reinforcement
for thin sheet cement composites. In addition to ease of manufac-
turing, non-linear geometry of individual yarns within the fabric
results in excellent bond development due to mechanical anchor-
age. These characteristics result in improved strength due to
strain-hardening behavior even though the reinforcing yarns have
a low modulus of elasticity [1,2]. A wide variety of fabric produc-
tion methods such as weaving, knitting, braiding, and non-woven,
make fabric design a flexible process. This flexibility enables con-
trolling of fabric geometry, yarn geometry, and orientation of yarns
in various directions as well as yarn material combinations (hybrid
fabrics).

One way to produce fabric–cement elements is by a recently
developed method, the pultrusion technique [3]. The pultrusion
method allows design flexibility, fast construction time, enhanced
mechanical properties, and aesthetic appeal of the final compo-
nent. This technique enables production of thin sheet laminated
composites for a wide range of applications, including wall panels,
exterior siding, roofing tiles, flooring tiles, and pressure pipes.
ll rights reserved.
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Hybrid systems with two or more fiber materials are used to
combine the benefits of each fiber into a single composite product.
Strength and toughness optimization of hybrid thin sheet compos-
ites has been studied extensively using combination of different fi-
ber types with low and high modulus of elasticity [4–11]. A high
strength, high-modulus fiber primarily tends to increase the com-
posite strength with nominal improvements in toughness. A low-
modulus fiber can only be expected to improve toughness and duc-
tility with limited improvement in composite strength. Combina-
tion of two or more types of fiber can produce a composite that
is both strong and tough as compared to the mono-fabric type
composite. Hybrid fiber reinforcement combinations can also be
used in the manufacture of economically viable products by substi-
tuting economical fibers, such as polyethylene (PE) fibers, for more
expensive alkali resistant (AR) glass fibers.

Xu et al. [4] reported that by using the concept of hybridization
of glass, polypropylene, and polyvinyl alcohol (PVA) fibers, the
resulting hybrid composite offered more attractive engineering
properties than composites made with only one type of fiber. The
hybrid system showed considerable improvements in ultimate
tensile failure strain over the glass fiber composites. Similar con-
clusions were reported by Kobayashi and Cho [5] and Hasaba
et al. [6] where steel and polyethylene hybrid combinations were
studied. Kakemi et al. [7] evaluated the fracture of glass filaments
in a hybrid polypropylene (PP)–glass composite. In the hybrid
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system, the fracture of the glass filaments was more evenly distrib-
uted than in the single glass composite, leading to greater strains at
maximum stress of the hybrid composite. Mobasher et al. [8] found
that the peak load of hybrid systems with carbon, aluminum and
PP fibers increase as much as 75% over PP fiber composites or mor-
tar. Perez-Pena and Mobasher [9] reported that the tensile ductility
of cement composites containing polypropylene or glass mesh was
significantly improved with various short fibers such as PP, AR
glass, and nylon. Cyr et al. [10] reported that a hybrid composite
with glass and PP fibers is stronger than a mono-PP fiber composite
and tougher than a mono-glass fiber composite. Peled et al. [11]
studied hybrid composites with combination of glass, PP and PVA
microfibers. Combinations of 40:20:40 and 40:0:60 glass/PP/PVA
(total of 5% vol. fiber reinforcement) were found to be similar in
strength to 100% glass reinforcement but with a significant
improvement in toughness.

In most cases discussed above, hybrid systems were studied
with short fibers, randomly dispersed in the cement-based com-
posite. In these cases there is a limitation in controlling the ex-
act location of the fibers within the composite, which can be
significantly important for many applications. The flexibility in
fabric production enables several ways to combine two and
more yarn materials within the fabric by controlling orientation
and location of each material either in orthogonal or co-linear
directions. One can utilize various yarn types at any direction
within a fabric, or a combination of several fabric layers in a
composite where each layer is made from different constituent
materials. This approach provides full control of the exact loca-
tion of each fabric and yarn, while their orientation in the com-
posite during production allows for designing for specific
characteristics as required by loading direction and magnitude.
Therefore, the use of hybrid fiber reinforcement is particularly
promising in fabric–cement composites.

In this study two types of hybrid composites were studied: (i)
sandwich hybrid composites made with a combination of different
layers of low-modulus fabrics of PE or PP and high-modulus AR
glass fabric, and (ii) hybrid fabric composites combining PP and
aramid yarns within a single fabric. All specimens were prepared
by the pultrusion process [3,12]. The tensile behavior of the com-
posites was studied using closed-loop uniaxial tension tests. The
effect of various fabric types in suppressing the localization and
crack bridging mechanisms as well as the microstructure were
Table 1
Properties and geometry of yarns made up the fabrics.

Yarn type Yarn nature Tensile strength (MPa) Modulus of elasticity (MPa)

AR glass Bundle (coated) 1360 78,000
PE Monofilament 260 1760
PP-A Bundle 500 6900
PP-B Bundle 220 7000
Aramid Bundle 2370 55,000

Table 2
Fabric composition and geometry.

Set # Yarn type Fabric structu

1 AR glass Bonded
PE Woven
PP-A Warp knitted

2 PP-B Warp knitted
Aramid Warp knitted
Hybrid: PP-B and aramid Warp knitted
studied. Influence of the pultrusion direction on mechanical per-
formance and microstructure was also evaluated.

2. Experimental program

2.1. Fabric types

2.1.1. Composite preparation
A pultrusion process [3,12], which allows production of lami-

nated fabric–cement-based composites, was used. In this method
the fabrics are passed through a slurry infiltration chamber, and then
pulled through a set of rollers to squeeze the paste between the fab-
ric openings while removing excessive paste. The fabric–cement
composite laminate sheets are then formed on a plate shaped man-
drel resulting in samples with width of 25 cm, length of 28 cm and
thickness of about 1 cm. Two sets of specimens were prepared: (a)
sandwich hybrid composites (made from fabrics of Set 1); and (b)
composites with fabrics of Set 2, i.e., hybrid fabric (Tables 2 and 3).

Set 1. In the first system, two sets of cement board were pre-
pared: (i) single (mono) fabric board made from eight layers of
the single fabric type; and (ii) hybrid sandwich board where using
four layers of AR glass fabric and four layers of either PE or PP-A. In
order to study the effect of the pultrusion process, two types of
mono-fabric composites were prepared: in the first the reinforcing
yarns were along the pultrusion direction, and in the second the
reinforcing yarns were perpendicular to the pultrusion process (Ta-
ble 3).

Fig. 1 provides a schematic description of the sandwich hybrid
composites, which were prepared as follows (Table 3):

(1) Two AR glass fabric layers were located at each surface of the
composite (i.e., two layers at the bottom and two at the top)
and four PE fabric layers were placed at the core of the
board. These composites are referred to as G–PE–G.

(2) Same as the previous composite, except that PP-A fabrics
were located at the core of the composite (G–PP–G).

(3) Two PE fabric layers were located at each surface of the com-
posite and four AR glass fabric layers were placed at the mid-
dle of the board (PE–G–PE).

(4) Same as the previous composite, except that two PP-A fabric
layers were located at each surface of the composite (PP–G–
PP).
Filament size (mm) Bundle diameter (mm) Number of filaments per bundle

0.014 0.80 –
0.250 0.25 1
0.016 0.12 158
0.039 0.70 315
0.012 0.38 1106

re Yarn density per cm

Reinforcing yarns Perpendicular yarns

4.0 4.0
22 6
8.0 0.8

2.5 2.5
2.5 2.5
2.5 2.5



Table 3
Specimen types.

Set # Fabric type Yarn type Number of layers Layer locations Direction of testing vs. pultrusion direction

1 Mono PP-A 8 Throughout thickness Parallel (0�)
1 Mono AR glass 8 Throughout thickness Parallel (0�)
1 Mono PP-A 8 Throughout thickness Perpendicular (90�)
1 Mono AR glass 8 Throughout thickness Perpendicular (90�)

2 Mono Aramid 3 Throughout thickness Parallel (0�)
2 Mono PP-B 3 Throughout thickness Parallel (0�)

1 Hybrid PP-A 4 Surfaces Parallel (0�)
Glass 4 Core

1 Hybrid Glass 4 Surfaces Parallel (0�)
PP-A 4 Core

1 Hybrid PE 4 Surfaces Parallel (0�)
Glass 4 Core

1 Hybrid Glass 4 Surfaces Parallel (0�)
PE 4 Core

2 Hybrid PP-B + aramid 3 Throughout thickness Parallel (0�)

Fabric A  
Fabric B 

Fabric A  

Fig. 1. Schematic description of the hybrid laminated composite.
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In all these cases the matrix was made from 6473 gr (42% by
vol.) cement, 560 gr (5% by vol.) silica fume and 10 ml (0.1% by
vol.) superplasticizer, with w/c = 0.37, by wt. The specimens were
demolded at 24 h after casting and at least five specimens from
each system were prepared for testing. The specimens were cured
for 3 days at 80 �C, 100% RH and then stored in room environment
until testing in tension at 7 days after the pultrusion process.

Set 2. In the second system, each cement board was made of
three layers of identical fabric types, either PP-B or aramid (Table
3). Hybrid composite boards were prepared using the hybrid fabric,
containing PP-B and aramid yarns (within the same fabric, Table 2)
for all three layers. Cement paste with w/c = 0.4 by weight was
used to produce this set of specimens. The samples were cured
at 100% relative humidity (RH) at room temperature for 25 days.
At the end of the curing period, the specimens were kept at room
temperature for another 3 days until tested in tension. Preliminary
testing indicated that the tensile results of accelerated curing (as in
Set 1) and normal curing (as in Set 2) were quite similar, therefore
the two sets of specimens can be discussed together.

3. Testing

3.1. Tensile tests

Tensile stress–strain behavior of the composites was studied
using uniaxial tension tests conducted on a closed-loop control
MTS testing machine with a capacity of 89 kN. The rate of cross
head displacement was set at 0.008 mm/s. Metal plates with
dimension of 25 � 50 mm and 1 mm thick were glued on the grip-
ping edges of the specimen to minimize localized damage and al-
low better load transfer from the grips. The samples were held
using hydraulic grips operated at low pressure to avoid localized
crushing, hence in consideration to the stroke control mode of
loading, the boundary condition of the testing was best character-
ized by an imposed displacement of a fixed boundary. The free
length between the grips of the specimen was 180 mm. At least
five replicate samples of each category were tested and results re-
flect the average and standard deviation values. Typical stress–
strain curves representing the tensile behavior of individual com-
posites were chosen for comparison.

Several properties of the composite were determined: (1) initial
modulus (within the elastic region); (2) post-cracking tensile
strength; and (3) toughness (measured as the area under the stress
strain curve, up to a strain of 7% when applicable).

3.2. Crack spacing measurements

Throughout the tensile testing, parallel distributed cracks
formed along the length of the specimen. The continuous forma-
tion of these cracks was recorded at 15 s intervals using a high res-
olution camera and a digital frame grabber. Using digital
processing toolbox of MATLAB� the images were processed to
quantitatively measure the crack spacing and density as a function
of the applied strain. The average crack spacing for each strain level
was correlated with the stress–strain response. The stress–strain
response was also used to calculate the tangent stiffness at several
designated strain levels for the PE, glass and PP-A single fabric
composites. Results of stiffness degradation were correlated with
the crack spacing data. Details regarding the procedures described
can be found in an earlier publication [13].

3.3. Crack pattern observations

The cracking pattern was also studied by optical fluorescent
microscopy. Matrix, interface and distributed cracking modes were
observed for the single and hybrid systems along the length, thick-
ness, and internal sections of the laminated composites.

3.4. Microstructure characteristics

Microstructure characteristics of the different composites were
observed using a JOEL-840 Scanning Electron Microscope (SEM).
For these observations, fragments of specimens obtained after ten-
sile tests were dried at 60 �C and gold-coated. Microstructural fea-
tures such as matrix penetration between the opening of the
fabrics and between the bundle filaments were evaluated.

4. Results

4.1. Mono-fabric composites (Set 1)

4.1.1. Effect of fabric type
Summary of average tensile results of the different composites

made from Set 1 fabrics (Table 2) are shown in Table 4. Fig. 2a



Table 4
Tensile properties of the different composites of the laminated hybrids (Set 1).

Specimen type Young modulus (MPa) Tensile strength (MPa) Ultimate strain (mm/mm) Toughness (MPa)

PE 4040 7.0 (0.5)b 0.075 0.408
Glass (0�) 3668 20.05 (2.74)b 0.030 0.359
PP-A (0�) 4631 24.0 (0.50)b 0.075 1.424
aGlass 90� 5818 12.0 (1.0)b 0.013 0.128
aPP-A 90� 3221 13.4 (5.4)b 0.070 0.668
PE–G–PE 2822 12.6 (1.8)b 0.027 0.327
G–PE–G 3183 9.3 (0.6)b 0.024 0.397
PP–G–PP 6136 14.6 (1.9)b 0.053 0.695
G–PP–G 5904 14.4 (1.9)b 0.050 0.609

a The reinforcing yarns are perpendicular to the pultrusion direction.
b Numbers in brackets are the standard deviation.
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Fig. 2. Tensile properties of the composites with the different fabrics: (a) composite
stiffness vs. crack spacing and (b) stress–strain response.
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shows the stiffness degradation during tensile testing as a function
of crack spacing for PE, AR glass, and PP-A mono-fabric systems. A
general decreasing trend of tangent stiffness and crack spacing as a
function of applied strain is observed for all cases. The reduction in
stiffness at low strains (high crack spacing) is significant for all fab-
rics, especially polymeric systems. The AR glass composite shows
the highest stiffness retention values. The lowest stiffness values
are reported for the PE fabric composite. Trends of stiffness degra-
dation of the PP-A composites show higher stiffness values than
the PE system during the entire loading. Such trends are expected
and correlate well with the modulus of elasticity of the different
fabric systems (Table 1). Differences in stiffness values were used
as the basis of fabric selection for preparation of laminated com-
posites and will be discussed in the following sections. The main
goal was to combine low and high stiffness systems in order to ob-
serve potential synergistic effects.

Fig. 2b compares the behavior of AR glass composites with the
PE composite system. The high-strength glass composite shows a
relatively brittle behavior, as compared to the more ductile behav-
ior of the PE composite. These results are expected due to the dif-
ferences in stiffness and ductility of glass and PE (Table 1). It
should be noted that while the PP-A fabric has a lower modulus
of elasticity and strength than that of glass, its tensile behavior
at strains above 5%, is much greater than that of the glass and PE
fabric composites (Table 1). The improved performance is observed
in both strength and toughness and may be explained based on the
microstructure of the different composites. As presented in Fig. 3,
the SEM micrographs of the composites with the PE, AR glass,
and PP-A fabrics show the different geometry of fabrics used.

The PE has the highest density among the other two fabrics;
however due to monofilament nature of its yarns, a relatively small
surface contact area with the cement paste matrix is obtained
(Fig. 3a). In this woven fabric, the two sets of warp and fill yarns
are allowed to slide by friction while they pass under and above
each other. The crimp shape of the yarns in this fabric results in
strong mechanical anchoring with the cement matrix but the
monofilament nature of the yarns has a reduced bond as compared
with the multifilament PP-A fabric. This parameter may explain the
low performance of the yarns made with PE fabric (Table 1).

The glass fabric is relatively open and its yarns are bonded at
the junction points providing strong connections between its two
sets of yarns (Fig. 3b). The sizing on the glass yarns prevents ce-
ment matrix penetration between the filaments of the bundle.
The stiff and strong junctions of the glass fabric contribute to the
mechanical performance of the composite [14]; however, the coat-
ing of the bundles may be detrimental from a bonding point of
view, since only the perimeter of the bundle is in contact with
the cement matrix.

In the knitted PP-A fabric the reinforcing yarns have a multifil-
ament nature (Fig. 3c), and are connected by stitches (loops) at the
junction points. The cement matrix penetrates between the fila-
ments of the bundle providing large surface area and improved
bonding. However, such improved bonding can take place only if
the bundles within the fabric are sufficiently open to allow matrix
penetration; the stitches in the knit fabric may tightly hold the
bundles and reduce paste penetrability. Such low penetrability is



Fig. 3. SEM observations of the composites with the different fabrics: (a) PE, (b) AR glass, and (c) PP-A.

Fig. 4. Cross sections of PP-A fabrics in cement matrix produced by different methods: (a) hand lay up of fabric and (b) impregnated fabric (pultrusion).

Fig. 5. Crack pattern of the different composites (side view): (a) glass (b) PE, and (c) PP-A.
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clearly observed in Fig. 4a which shows the cross-section of a bun-
dle within PP-A knit fabric prepared using a manual fabrication
process. The pultrusion process enables high shear penetration of
the cement paste between the opening of the bundle filaments
as observed in Fig. 4b. Such improved penetration provides strong
bonding with the cement matrix, leading to the improved perfor-
mance of the PP-A fabric composite (Fig. 2b).

The diversity in behavior of the various fabric composites is also
observed by comparing the crack patterns during tensile loading,
as presented in Fig. 5. The cracking of the PE composites is devel-
oped along the weak planes, i.e., at the high curvature junction
points of the reinforcing crimped yarns (Fig. 5a). During tensile
tests the crimped reinforcing yarns are stretched and aligned caus-
ing stress concentrations at the matrix near the vicinity of the high
curvature points; the perpendicular yarns at these areas can cause
further weakening of the matrix, thus explaining the behavior of
some of the low performance PE composites (Fig. 2b). A relatively
large extent of cracking throughout the specimen is observed with
the glass composite as shown in Fig. 5b (which is a side view along
the reinforcing yarns). The cracks develop at the weak points of the
composite, where the perpendicular yarns are located. No such
large cracking is observed with the PP-A composite (Fig. 5c) and
the crack arrest mechanism of the reinforcing yarns is clear in this
figure, which correlate well with the improved mechanical behav-
ior (Fig. 2b).

4.1.2. Effects of processing direction
Fig. 6 compares the tensile behavior of composites with mono-

fabrics, PP-A and AR glass, where the reinforcing yarns are placed
parallel and perpendicular to the pultrusion direction. In both
cases the tensile test was performed along the direction of rein-
forcing yarns, i.e., along the straight yarns and perpendicular to
the stitches (Fig. 3c). The difference in behavior of the two compos-
ites is obvious and shows that while the same yarns are strained
during testing, the composite is stronger in the pultrusion direction
and relatively weak in the direction transverse to the pultrusion
process. This behavior is observed for both glass and PP-A fabrics,
indicating that the mechanical behavior of the composite improves
in the pultrusion machine direction.

Comparison of the microstructure of these composites explains
the differences in behavior (Fig. 7). In the case of the glass fabric it
is observed that the surface of the reinforcing yarn perpendicular
to the pultrusion direction is smooth and fully coated with the siz-
ing (Fig. 7b). On the other hand, when the reinforcing yarn is along
the pultrusion direction its surface is relatively rough and the fila-
ments are partly exposed out of the coating (Fig. 7a). This roughness
of the reinforcing yarns may occur due to the intensive frictional
shear forces which are applied to the yarns during the impregnation
process. Such rough surfaces may provide mechanical anchorage of
the yarns with improved bonding and mechanical performance
(Fig. 6a – curve 0). However, when the reinforcing yarns are trans-
verse to the pultrusion direction they are not subjected to such
intensive forces and therefore their surface remain smooth
(Fig. 7b), resulting in lower mechanical anchorage (Fig. 6a – curve
90). In the case of the PP-A fabric the reinforcing yarns are in a mul-
tifilament form, when these yarns are passed along the impregna-
tion process, the matrix can penetrate in between the filaments
(Fig. 7c), causing better bonding due to mechanical anchorage and
greater tensile performance (Fig. 6b). However, when these yarns
pass through the impregnation bath along the 90� direction, they
cannot fill completely with the cement matrix (Fig. 7d) leading to
poor bonding and reduced tensile properties (Fig. 6b).

4.2. Hybrid composites

4.2.1. Sandwich composites (Set 1)
Combining the brittle and strong glass system with the ductile

PE fabrics (fabrics in Set 1, Tables 2 and 3) can lead to a composite
stronger than the PE and more ductile than the glass fabric sys-
tems. The improved strength of such combination is evident in
Fig. 8, which shows the tensile behavior of the hybrid composites
with PE and glass fabrics as compared with the PE system alone.
The strength of the hybrid systems is greater than that of the PE
system for both hybrid composites, regardless of the location of
glass layers: at the two surfaces or at the core of the laminated
composite. The increase in strength is as much as twice that of a
mono-PE system. The strength of both hybrid systems are however
lower than that of the AR glass (Table 4). The ductile behavior of
the hybrid composites (Fig. 8) can compare with the glass compos-
ite shown in Fig. 2b. The strain capacity increases from about
0.03 mm/mm for the glass composites to above 0.08 mm/mm for
the G–PE–G hybrid composite (Fig. 8b). The increase in strain
capacity observed for the PE–G–PE hybrid composite (Fig. 8a) is
not as significant though.



Fig. 7. Reinforcing yarns of the fabric in the cement matrix after specimen production by the pultrusion process: (a) glass along the pultrusion, (b) glass perpendicular to the
pultrusion, (c) PP-A along the pultrusion, and (d) PP-A perpendicular to the pultrusion direction.
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The tensile behavior of hybrid systems is influenced by the
material combinations in addition to their arrangement across
the thickness, i.e., whether the ductile material is placed at the sur-
faces or at the center of the sandwich composite (Fig. 1). The differ-
ences in behavior of two hybrid composites made from four layers
of glass fabric and four layers of PE fabric, but with different lay up
structures, are presented in Fig. 9. When the ductile fabrics are at
the surface of the composite and the strong brittle fabrics are lo-
cated at the middle (PE–G–PE), the tensile behavior is improved
in comparison to composites with the opposite arrangement (G–
PE–G). The improvements in strength and toughness are about
40% and 20%, respectively (Table 4). This behavior can be attributed
to better transfer of the load from the weak exterior layers to the
strong interior layers, resulting in improved crack arrest mecha-
nisms by the interior layers of the stronger fabric. These effects will
be discussed in detail later.

The crack spacing developed during loading is shown in Fig. 8 as
a function of applied strain. Results of both the sandwich hybrid
systems and the single PE system are presented. At low strain lev-
els (<0.02), the crack spacing is smaller for the PE–G–PE hybrid as
compared with the PE composite; at higher strain levels, however,
major differences in crack spacing between the two systems are
not observed (Fig. 8a). Comparison of all single fabric and hybrid
systems shows relatively large spacing between the cracks of the
G–PE–G composite along the entire loading as compared to other
composites (Fig. 10), indicating a less efficient reinforcing system.
The larger crack spacing in the G–PE–G system than that of single
fabric composites of PE and glass suggests that the efficiency of
load transfer in hybrid sandwich system with glass at the two sur-
faces of the composite and PE at the core is less effective than com-
posites made of single fabric or hybrid where the PE is at the
surfaces and glass at the core. In general, the G–PE–G composites
have a higher bending stiffness than PE–G–PE composites, suggest-
ing that small misalignment in the tensile testing leads to cracking
of the strong and stiff layers, whereas in the PE–G–PE composites,
the weaker, more ductile layers are protecting the internal glass
lamina and reducing bending during the tension test. The stress
transfer from matrix to fabrics in G–PE–G system is limited and
may explain the lower tensile behavior as well as the larger crack
spacing of these systems as compared with the PE–G–PE composite
(Fig. 9).

During the loading stages where no new cracks are formed, the
crack widening process can be observed as shown in Fig. 10. The
crack widening for the PE fabric composite and the PE–G–PE hy-
brid system begins at a strain level of less than 2%, whereas for
the G–PE–G hybrid it is observed at a larger strain of around 3%.

The pattern of the developed cracks in the glass–PE hybrid com-
posites is presented in Fig. 11. It is observed that the crack pattern
at the glass fabric is different than at the PE fabrics. In the case of
PE–G–PE composite (Fig. 11a) wide cracks are observed at the glass
zone (middle of the composite) whereas smaller cracks are ob-
served at the PE zones at the top and bottom of the composite.
Delamination between the glass zone and the PE zone is clearly ob-
served (at the top of Fig. 11a). Such delaminations occur due to the
differences in the stiffness of the PE and glass fabrics, as the PE can
sustain much larger strains than the glass. During tensile loading,
the PE is highly strained while the change in the length of the glass
fabric is much smaller, leading to separation and sliding between
the two fabric regions. Larger separation between the glass and
PE zones is observed with the G–PE–G hybrid composite
(Fig. 11b), where the ductile PE fabric is located at the center and
the glass is at the surfaces of the composite. When the four layers
of the strong glass fabrics are located together at the center of the
composite and tensioned, they are less susceptible to bending lead-
ing to greater tensile response. However, when these four layers of
the glass fabrics are separated and located at the faces of the com-
posite, the performances are reduced (Fig. 9). This observation can
be further explained by the geometrical considerations that when
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Fig. 8. Tensile behavior and crack spacing of hybrid sandwich PE and glass
composites compared with mono-PE composite: (a) PE–G–PE hybrid and (b) G–PE–
G hybrid.
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Fig. 9. Tensile behavior of the PE–glass hybrid sandwich composites: (a) stress–
strain response and (b) crack spacing behavior during loading.
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Fig. 10. Crack spacing vs. strain of the hybrid PE–glass composites compared with
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the strong layers are placed at the surfaces, the specimen becomes
much stiffer from a flexural standpoint. While the axial stiffness re-
mains unchanged from the first principles point of view, the ratio
of axial to flexural stiffness of the sample decreases. This indicates
that the test results are affected by several factors. When tests are
conducted under a displacement controlled mode in tension, the
slightest misalignment of the sample, or imperfection such as
thickness differences between the layers, may result in generation
of spurious flexural loads causing bending and premature failure of
the specimen. For tension applications, PE–G–PE composites are
much more suitable, where as in bending G–PE–G composites
are preferable. By applying the assumptions of plane sections
remaining plane as applicable to these composite systems in bend-
ing, one can deduce that stiffer layers at the extreme fibers will
contribute to higher flexural stiffness and strength as shown in ear-
lier work [13,15]. This observation can also be evaluated in the
context of axial load–displacement diagrams of the two sets of
samples compared. Note that there is more uniformity in response
of PE–G–PE samples than that of the G–PE–G samples. PE–G–PE
samples are less sensitive to the imperfections under axial load
conditions as compared to the G–PE–G specimens. The high strain



Fig. 11. Crack pattern of glass–PE hybrid composites, side view on longitudinal
section: (a) PE–G–PE and (b and c) G–PE–G.
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Fig. 12. Tensile behavior of glass–PP hybrid composites: (a) hybrid PP–G–PP
compared with mono-PP and glass composites and (b) comparison of hybrid with
different arrangement of the fabrics.
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capacity of the PE fabric systems allows for their deformation and
transfer of the load back into the glass samples. The placement of
PE fabrics in the middle of the layer, while more beneficial in the
flexural mode of loading, is not as effective under tensile
conditions.

The tensile behavior of hybrid composites containing glass and
PP-A fabrics is presented in Fig. 12. As shown in Fig. 12a, mono-
glass and PP fabric composites are compared with PP–G–PP hybrid
composite. The PP–G–PP hybrid composite is more ductile than the
glass composite but does not show any significant advantage when
compared with the mono-fabric PP composites. No significant dif-
ference in tensile behavior is observed between PP-A glass hybrids
(PP–G–PP and G–PP–G), as seen in Fig. 12b. The crack spacing is
also nearly the same for both hybrid composites throughout the
entire loading, and no significant difference in the crack pattern
is seen between the two (Fig. 13). No delamination is observed be-
tween the glass and PP laminates in both hybrid systems, suggest-
ing good contact between the glass and the PP zones.

It should be noted that although the properties of the PE and PP-
A yarns are relatively similar, the geometry of these two yarns are
completely different; the PE yarn is a relatively thick monofilament
whereas the PP-A is a bundle containing many filaments (Table 1).
These differences in geometry can influence the bond developed
with the cement matrix: poor bond with a single PE yarn and
stronger bond with the tiny filaments of the PP-A bundle. This is
even more pronounced when the pultrusion process is used
[3,12]. Thus, the reinforcement efficiency of the PP-A fabric is high-
er than PE fabric. It was also demonstrated that the composite per-
formance of the PP-A fabric is quite similar to that of the AR glass
fabric composite (Fig. 12a). This similarity in overall stiffness helps
in limiting the delamination potential between the two fabric lay-
ers as observed in Fig. 13, since the difference in behavior between



Fig. 13. Crack pattern of hybrid composite PP–G–PP, side view on longitudinal
section.

Table 5
Tensile properties of the different composites of the aramid + PP-B hybrid (Set 2).

Volume
fraction Vf

(%)

Tensile
strength
(MPa)

Efficiency
factor of
strength

Ultimate
strain (mm/
mm)

Toughness
(MPa)

Aramid 1.9 26.2 (8.83)a 0.58 0.037 0.717
PP-B 6.2 9.25 (0.72)a 0.67 0.070 0.466
Hybrid 2.6 25.75 (4.98)a 0.94 0.063 0.677

a Numbers in brackets are the standard deviation.
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the two fabric segments is greater with the PE-G systems than for
the PP-G composites. These differences in behavior may explain, at
least to some extent, the difference in lamina lay up that cause sig-
nificant changes in G–PE hybrids while only marginal changes in
PP–G hybrid systems.

4.2.2. Hybrid fabric composite (Set 2)
In this case the composites were produced with the fabrics in

Set 2, aramid and PP-B (Table 2). The hybrid fabric concepts in this
study combined ductile, low cost yarns with the more expensive,
stiff yarns. The tensile behavior of the composite reinforced with
the hybrid fabric is presented in Fig. 14, along with the tensile re-
sponse of mono-PP and mono-aramid fabric composites. The prop-
erties of these composites are presented in Table 5. The hybrid
composites performed similar to mono-aramid fabric composite
in terms of strength, although 50% of the aramid yarns were re-
placed with PP. Moreover, hybrid composites exhibited much bet-
ter tensile behavior than PP composites. The toughness of the
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Fig. 14. Tensile behavior of composites reinforced with aramid fabrics, PP-B fabrics
and hybrid fabric containing PP and aramid yarns.
hybrid composite is also similar to that of the mono-aramid com-
posites and much greater than that of the mono-PP-B composite.
The improved toughness of the hybrid system over that of the
mono-PP-B composite is about 30% and the improved strength is
almost 300%. It is noted that the total volume content of the rein-
forcement yarns in the hybrid fabric composite was 2.6%, which
was slightly above that of the mono-aramid fabric composite
(1.9%) but significantly lower than that of the mono-PP-B fabric
composite (6.2%). In addition, in the hybrid composite, the aramid
content was only 1.0% and that of the PP-B was 1.6%. Since the ara-
mid yarns are about thirty times more expensive than PP yarns,
hybridization is a cost effective system with energy properties sim-
ilar to those of the mono-aramid composite.

The superiority of the hybrid composite was obvious when
comparing its efficiency factor with those of the mono-aramid
and PP-B composites (Table 5). The efficiency factor was calculated
as the ratio between the tensile strength of the composite and the
tensile strength of the yarn making up the fabric (Table 1)
weighted by its volume fraction (rcomposite/(ryarn�Vf)). This was
done to compare the different systems on a similar basis, and to
verify the beneficial effects of hybridization. An improvement of
as much as 90% was observed for the hybrid composite when com-
pared with the efficiency factor of the mono-aramid composites.
The hybrid also exhibits greater efficiency factor than that of the
mono-PP-B composite. No delamination was observed with the hy-
brid fabric system and the composite behaved as a homogenous
unit. These observations and trends clearly point out the advantage
of hybrid fabrics as reinforcement for cement composite
applications.

5. Summary and conclusions

Hybrid composites can be manufactured by different methods.
Different fabric types can be combined as individual layers in the
construction of a lamina. Alternatively, different yarns can be com-
bined in the construction of a single hybrid fabric. In this study
both hybrid systems showed advantages as reinforcement for ce-
ment-based composites:

– The sandwich hybrid systems made from brittle glass fabrics
and ductile PE fabrics performed better than glass composites
in their ability to sustain strains and was stronger than mono-
PE fabric composites.

– The tensile performance of hybrid fabric composites are influ-
enced not only by material combination but also by the arrange-
ment of the fabric layers in the composite laminates. A hybrid
composite with arrangement of brittle and strong fabrics at
the center of the composite and ductile fabrics at the surfaces
of the composite performed better in tension than a composite
with the opposite arrangement, i.e., ductile fabrics at the center
and strong/stiff fabrics at the surfaces.

– Combining aramid and PP yarns in a hybrid fabric with equal
proportions exhibited similar behavior to those of the mono-
aramid composite. Although its volume content of reinforce-
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ment was much lower, the hybrid composite performed much
better than the mono-PP fabric composite, with a similar vol-
ume fraction Vf of 6.2%. In this manner the different yarn types
are connected to the same fabric unit, which can limit
delamination.

PP fabric composites showed an optimum load carrying capac-
ity at large strain levels as high as 5%. Glass fabric composites
maintained a high stiffness over strain ranges of up to 2%. Combi-
nations of PP and glass fabrics gave composites with better ductil-
ity than a mono-glass composite, but did not show any benefit in
performance compared with the mono-PP composite.

The direction of the pultrusion process had a significant influ-
ence on the mechanical performance indicating that this process
makes orthotropic samples with properties that are much better
along the pultrusion direction than perpendicular to it, even when
the same reinforcing yarns are located in each direction.
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