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Abstract

Crack propagation in cement-based matrices carrying hybrid fiber reinforcement was studied using contoured double cantilever
beam (CDCB) specimens. Influence of fiber type and combination was quantified using crack growth resistance curves. It was
demonstrated that a hybrid combination of steel and polypropylene fibers enhances the resistance to both nucleation and growth of
cracks, and that such fundamental fracture tests are very useful in developing high performance hybrid fiber composites. The in-
fluence of number of variables which would otherwise have remained obscured in normal tests for engineering properties become
apparent in the fracture tests. The paper emphasizes the desired durability characteristics of these composites and discusses their

current and future applications.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The low tensile strength and poor fracture toughness
of cement-based materials are serious shortcomings that
not only impose constraints in structural designs, but
also affect the long-term durability of structures. In this
regard, the benefits of fiber reinforcement in improving
the fracture toughness, impact resistance, fatigue en-
durance and energy absorption capacity of concrete are
well known. Fibers resist the nucleation of cracks by
acting as stress-transfer bridges, and once cracks nucle-
ate, fibers abate their propagation by providing crack tip
plasticity and increased fracture toughness. Reinforce-
ment of concrete with fibers, however, still remains a
science in its infancy, and ideas are still evolving towards
assessing the characteristics of an optimal fiber system.

One idea gaining much attention lately is that of fiber
hybridization. In a hybrid, two or more different types of
fibers are rationally combined to produce a composite
that derives benefits from each of the individual fibers
and exhibits a synergistic response. The precise ways in
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which various fibers should be combined to produce a
synergistic response, however, are not understood.

Broadly one can divided the hybrid composites into
two categories. In the first, fibers different in sizes are
combined. The idea of such dimensional hybrids follows
directly from concrete itself where particles of different
sizes are combined to achieve a dense packing and di-
mensional stability. Typically, one would combine large
macro-fibers that provide toughness at large crack
openings with fine micro-fibers that reinforce the mortar
phase and enhance the response prior to or just after
cracking. Micro-fibers are also expected to improve the
pull-out response of the macro-fibers, and thus produce
composites with high strength and toughness. Dimen-
sional hybrids using steel fiber have been previously
studied [1], but have not yet been fully optimized.

The second type of hybrid composites involves com-
bining fibers of similar sizes but different moduli. One
example would be combining high modulus steel or
carbon fibers with low modulus polypropylene fiber.
The high modulus fiber, if properly bonded, would at-
tain its optimal reinforcing capability at small to me-
dium crack openings. The low modulus fiber, such as
polypropylene, on the other hand, would develop its full
reinforcement capability only at large crack openings. In
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Table 1
Properties of steel and polypropylene fibers

Fibers Geometry Average diameter Length Tensile strength Young’s modulus
(mm) (mm) (MPa) (GPa)

Continuously 1.0 50 828 212
crimped

Xorex steel
Flattened ends 1.0 50 1150 200-210
with round shaft

Novotex steel
Monofilament 6 Denier* 12 375 3.5
polypropylene
Fibrillated 230-2600 Denier? 11-20 375
polypropylene

3.5

#Weight of a 9000 m long fiber in grams.

combination, therefore, these fibers are expected to
produce a composite with high toughness over a wide
range of crack openings. Our understanding of these
composites is also only rudimentary.

The purpose of the work reported here was to com-
bine the benefits of the above two types of hybrids.
Large fibers of steels were combined with fine fibers of
polypropylene such that benefits of both differing fiber
sizes as well as differing fiber moduli were simulta-
neously achieved.

Generally, to fully understand and maximize the re-
inforcement efficiency of fibers in a given matrix, fiber-
matrix pull-out tests are performed on macro-fibers.
Unfortunately, for hybrids involving macro-fibers of
steel and secondary micro-fibers of polypropylene, single
fiber pull-out tests are not appropriate as they involve a
pre-cracked matrix, and any influence of the secondary
fiber on the fracture resistance itself of the matrix remains
obscured. Here, a somewhat different approach was
adopted. Cracks were allowed to propagate under a near
constant stress-intensity factor in an idealized double
cantilever beam specimen carrying both steel macro-fiber
and polypropylene micro-fiber. Micro polypropylene fi-

bers were thus allowed to contribute both to the processes
of matrix cracking as well as to steel fiber pull-out.

2. Experimental program
2.1. Materials and mixes

Two types each of steel and polypropylene fibers were
investigated. Properties of Xorex fiber, Novotex fiber,
Stealth (ST) fiber and MD fiber are reported in Table 1.
The fiber combinations and details of composites are
given in Table 2.

The matrix chosen was a mortar matrix with the
following proportions: cement:water:sand (by weight) =
1:0.45:1. This mix developed a compressive strength of
41 MPa at 28 days.

2.2. Crack growth studies
Fig. 1 shows a schematic of the contoured double

cantilever beam (CDCB) specimen that was adopted for
characterization of the crack growth resistance. As seen,
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Table 2
Fiber combinations investigated

Primary steel fiber Secondary fiber volume fraction (%)

ST MD
Xorex, 50 mm 0 0
0.1 0
0.2 0
0 0.1
0 0.2
Novotex, 1050 0 0
0.1 0
0.2 0
0 0.1
0 0.2
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Fig. 1. Schematic of a CDCB specimen and fiber layout.

steel fibers were placed perpendicular to the direction of
crack growth at a spacing of 25 mm and the fresh
mortar matrix was poured while the mould was exter-
nally vibrated. The cementitious mix used was either a
plain mortar without a secondary polypropylene fiber,
or a mortar with 0.1 or 0.2% by volume of the MD or
the ST fiber (see Table 2). In a parallel series, steel fibers
were eliminated and the crack growth resistance of the
mortar itself with 0, 0.1 or 0.2% by volume of the MD or
the ST fiber was investigated.

In a test, the load was applied vertically at a cross-
arm rate of 0.1 mm/min (Fig. 2) that resulted in a hor-
izontal opening load (OL) magnitude of which was

sZ INJSTRON

For p=0
OL=F /2tana

Fig. 3. Vertical load resolved in a CDBC to obtain the crack OL.

calculated by resolving loads as shown in Fig. 3 [2-4].
Clearly, the specimen was subjected to a vertical load in
addition to the horizontal crack OL. In order to be able
to ignore the vertical component of the applied load, the
angle of the wedge was kept low at 15°. While the co-
efficient of friction u (Fig. 3) was ignored, clearly it in-
creased as the angle of the wedge was decreased. The
crack mouth opening displacement (CMOD) was mea-
sured using a clip gauge displacement transducer fixed at
the level at which the OL acted on the specimen. The
applied load and the CMOD data were acquired using a
digital data acquisition system running at 5 Hz. The
OL-CMOD curves were further analyzed to obtain the
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crack growth resistance (R-curves) as described in Ap-
pendix A. The purpose of choosing a contoured geom-
etry is to achieve a constant rate of change of
compliance with crack growth [0C/0a = constant] such
that this parameter is independent of the crack length

(2].

3. Results and discussion

Averaged Opening Load vs. CMOD curves are given
in Figs. 4 and 5 for the Xorex fiber and in Figs. 6 and 7
for the Novotex fiber. The OL vs. CMOD curve for the
control mortar without any reinforcement are also given
in these figures.

Notice a significant improvement in the OL-CMOD
curves due to the presence of steel fibers. Notice also the
distinct differences in the shapes of curves obtained for
the Xorex fiber as opposed those obtained for the
Novotex fiber. This clearly implies that these fibers im-
part very different reinforcement mechanisms to the
cementitious matrix — a fact that often remains obscured
in the single fiber pull-out tests or the flexural toughness
tests. In the case of the Novotex fiber, the curves at-
tained a peak load followed by a sudden drop in the
load carrying capacity. In the case of the Xorex fiber, on
the other hand, the curves depict hardening with an
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Fig. 4. OL vs. CMOD plots for Xorex fiber with various fractions of
the ST secondary fiber.
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Fig. 5. OL vs. CMOD plots for Xorex fiber with various fractions of
the MD secondary fiber.
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Fig. 6. OL vs. CMOD plots for Novotex fiber with various fractions
of the ST secondary fiber.
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Fig. 7. OL vs. CMOD plots for Novotex Fiber with various fractions
of the MD secondary fiber.

increase in the crack-opening displacement, and gener-
ally much more stable curves are obtained. Notice also
the general enhancement in the performance of the two
steel fibers due to the presence of the secondary fiber.

The curves in Figs. 4-7 were analyzed for fracture
energy Gy values, defined as the area under the OL-
CMOD curve divided by the projected cracked area.
These quantities are plotted in Fig. 8(a) for the speci-
mens without the steel fiber and in Fig. 8(b) for speci-
mens with steel fibers. The Gy values are of a greater
significance for specimens with steel fibers as the calcu-
lation of this quantity is valid only for cases where a
stable fracture is obtained. Notice in Fig. 8(a), that the
presence of the secondary fibers enhanced the fracture
energy requirements. Notice from Fig. 8(b) that the in-
corporation of a secondary fiber was effective in en-
hancing the Gy values.

Curves in Figs. 4-7 were further analyzed and con-
verted to R-curves (Appendix A) that are shown in Figs.
9 and 10 for the Xorex fiber and in Figs. 11 and 12 for
the Novotex fiber. It is clear from the R-curves that in-
corporating a nominal volume fraction of the secondary
polypropylene fiber in the matrix can derive significant
advantages and that the ST fiber is more effective than
the MD fiber. While synergy between the two fibers is
already apparent is the hybrids, further optimization
attempts are clearly warranted.
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Fig. 8. (a) Fracture energy Gy values plotted for mortars with only the secondary fibers; (b) fracture energy Gy values plotted for mortars with both
primary and secondary fibers.
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Fig. 10. R-curves for Xorex fiber with various fractions of the MD
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4. Applications of hybrid composites and further research

Hybrid fiber reinforced cement-based composites,
especially the ones with a high fracture toughness, are
potentially useful in slabs on grade, shotcrete and thin
pre-cast products like roofing sheets, tiles, curtain walls,
cladding panels, [- and L-shaped beams, permanent
forms, etc. Given that the secondary fiber of a poly-
meric material will enhance the resistance to shrinkage
cracking, the hybrid composites may prove significantly
useful as a material for repairs and retrofit. Some of
these composites can be made good conductors of
electricity, which makes them a candidate for static free
floors, lightning arresters, etc. Given the high fatigue
endurance and impact resistance anticipated from the
hybrid composites, their use in machine foundations,
earthquake resistant structures, blast shelters, etc., can
also prove to be beneficial. Numerous non-structural
applications of hybrid fiber reinforced composites may
also be suggested including their use by the electrical and
electronics industries.

5. Conclusions

1. Crack growth studies based on fundamental fracture
tests are useful in characterization and optimization
of high performance hybrid fiber reinforced compos-
ites.

2. The use of a secondary polypropylene micro-fiber
even at nominal dosage rates appears to be highly ef-
fective in enhancing the efficiency of deformed steel fi-
bers in concrete. Among the two polypropylene fibers
tested, the ST monofilament fiber appears to be more
effective than the MD fiber.
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Appendix A. Determination of Kgr-curves for a CDCB
specimen

A.1. Compliance of the CDCB specimen

The expression for the compliance of the CDCB
specimen (Fig. 1) was obtained using the strength of
materials approach.

If one assumes that one arm of the CDCB is a simple
cantilever beam with a constant section BH and a span

equal to the crack length a (Fig. 1), the compliance C of
the specimen is given by

CMOD
=2A/P =
C =24/ -
24 [ 2 6(1+v) (1
) m¥ " wm g%

The two terms on the right-hand side are the contri-
bution to the compliance from bending and shear de-
formations, respectively. The constant height of the
beam is assumed to be equivalent to the mean height of
the corresponding contoured cantilever beam H., that is

Hy+ H,
M:J%—, H, = Hy + ma.
Therefore
ma
HC == H() + 7 .

The additional deflection due to the rotation of the
assumed ‘‘built-in” end of the cantilever beam is ac-
counted for by using a longer crack length in the cal-
culation of the compliance term due to the bending
deformation. Using a rectangular DCB, Mostovoy et al.
[5] determined experimentally that the rotational effect
was equivalent to considering a crack of length of about
a—+ 0.6H..

Assuming v = 0.2, the expression for the compliance
of the CDBC specimen is a function of crack length can

then be rewritten as
24 [ (a+0.6H,) osa}

C=— 2T %)
EB 3H? H.

(A1)

A.2. Calculation of the effective crack length

The elastic modulus of the material is calculated using
the initial compliance C; obtained from the experimental

A p QMR

Opening Load P

>
CMOD

Fig. 13. Typical OL vs. CMOD curve obtained from a CDCB test.
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OL (P) vs. CMOD curve (Fig. 13) and the initial crack
length a,. The initial compliance is defined as,

CMOD
C=— .
P

at the first non-linearity point (BOP)
Using Eq. (A.1),

P (a+0.6H)' 0.3a

_ v lat Do) A2
C\B 3H H, (A4.2)

After the BOP, sub-critical crack growth occurs extent
of which can be determined from the observed increase
in compliance. The elastically equivalent crack length
corresponding to the increase is usually referred to as
the effective crack length, ac.

Ignoring permanent deformations, the compliance of
the specimen at any point A in the non-linear region is
given by
_ CMODy4
==

Using the values of E and Cj, acr is computed using an
iteration scheme.

Ca

A.3. Calculation of the stress intensity at the crack tip

The Mode I stress intensity factor (K;) is calculated
using the LEFM equation for a CDCB specimen which
is based on derivation by Srawley and Gross [6]. This
equation is

P2
K} = 2’ (@ + 1.4aH + 0.5H?) (A3)

in which # = 3.1 for a slope m = 0.222 and H is the beam
height at the distance a from the point of loading, H,.

It must be noted that in Eq. (A.3) one B (in the B?
term) holds for the beam height while the other B
represents the cracked width. Thus, because the spec-
imen contains a side-groove along its mid-plane, one
of the B has to be changed for the cracked width b.
Finally, to account for slow crack growth, the stress
intensity is therefore calculated using the effective
crack length a.r. The equation [2] in its final form is
then

9.6P? 172
K = { W (Clgff + 1.4aeffHa + OSHz)} . (A4)
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