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� New models predicting workability
and toughness of HyFRCC.

� Slump cone and V funnel testing of
fresh HyFRCC were studied.

� RIv considering E and ft calculating
workability and toughness.

� Models have extensive applicability
and good correlation with
experimental results.

� Models can be used in design and
construction practice via fiber mix
optimization.
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a b s t r a c t

The new models using reinforcing index to predict workability and toughness of hybrid fiber reinforced
cementitious composites (HyFRCC) were systematically studied in this paper. The existing models are
discussed and new quadratic function models are proposed. A RIV considering elastic modulus of fibers
is employed to calculate the workability parameter of fresh HyFRCC, and the analysis indicates that
the slump cone, V funnel, J-Ring and L-Box test results can all be predicted by this workability model.
In addition, a RIV considering tensile strength of fibers is employed to calculate the toughness of harden

HyFRCC. The analysis indicates that this toughness model can be used to predict the compressive tough-
ness, flexural toughness, equivalent flexural strength (according to JCI-SF4), I5, I10 and I20 (according to
ASTM C1018) of HyFRCC, without considering the matrix (mortar or concrete) and fiber combination
(e.g., steel-polyvinyl alcohol fiber-whisker, steel-cellulose fiber, steel-polypropylene fiber and so on).
The new models have extensive applicability and good correlation with experimental results, which

can help offering good behaviors to HyFRCC fresh mixtures, even hardened states, in design and construc-
tion practice via fiber mix optimization.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Cement-based composites are very brittle materials in nature
and the addition of metallic, polymeric or natural fibers can
improve the tensile strength, ductility and toughness of cement-
based composites effectively in its hardened state. The reinforcing
effect intensively depends on the length-to-diameter ratio and the
volume fraction of fibers [1,2]. Most results in literature on the
fiber reinforced cement-based composites have demonstrated that
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their mechanical behaviors increase with the reinforcing index (RI)
or fiber factor, which is the product of the volume fraction and the
aspect ratio of the fibers [3–6]. In order to predict the mechanical
properties of fiber reinforced cement-based composites, various
models have been developed to quantify the relationship between
RI and mechanical properties [3,5,7,8]. For example, the standard
CECS 38:2004 recommends a linear relation expression between
RI and tensile strength of steel fiber reinforced concrete [7].

By introducing a single fiber alone into cement-based compos-
ites, cracks at certain scale can be restricted, but for the multi-scale
nature of failure in cement-based composites, it is more logical to
deal with cracking by fiber combinations to attain promising per-
formance [9]. Different types of hybrid fibers, such as steel and
polyvinyl alcohol (PVA) fibers, steel and polyethylene fibers, steel
and polypropylene fibers, have been employed in various
researches [10–12]. There are several studies of quantifying the
relationship between RI and strength of hybrid fiber reinforced
cement-based composites (HyFRCC) [12–15]. There are relatively
few mathematical models available for predicting toughness of
HyFRCC in comparison with the strength prediction models. Ou
et al. [3] proposed a quadratic function equation of compressive
toughness against modified RI summing RI of hybrid steel fibers
with different aspect ratio. Abadel et al. [15] proposed a quadratic
function equation of flexural toughness against modified RI consid-
ering elastic modular ratio of hybrid fibers. Almusallam et al. [13]
gave a linear equation of fracture energy against modified RI con-
sidering tensile strength ratio of hybrid fibers.

Although the researches on the workability of cement-based
materials containing fibers is not as abundant as mechanical prop-
erty, it has been illustrated that the introduction of fibers decreases
the workability of cement-based material [2,16–19]. This negative
influence rises with the concentration and length-to-diameter
ratio of the fibers [2,20]. Nevertheless, there are few studies about
the quantitative correlations between workability and RI. Martinie
[2] gave a prediction of the critical fiber amount, leading to a very
strong increase of the yield stress of any cement-based materials.
Sahmaran [19] revealed that the slump flow and V-funnel time
of steel fiber reinforced self-compacting concrete demonstrated
multivariate linear negative correlation with the RIs of two differ-
ent types of steel fibers.

The objective of this work is to build up the mathematical mod-
els for predicting workability and toughness of HyFRCC in fresh
and harden state, respectively. The relationships between RI and
workability/toughness of HyFRCC are developed by a systematic
experimental investigation and mathematical analysis. Slump flow
and V-funnel test are used to quantify the fresh properties of
HyFRCC. In particular, a quadratic function correlation between
RI and workability of HyFRCC is systematically studied by regres-
sion analysis. Cube compression test and four-point bending test
are employed to obtain the toughness indexes under compressive
and bending loads, respectively. The proposed quadratic function
model is able to predict not only the compressive toughness, but
also the flexural toughness. A new hybrid fiber system, containing
steel, PVA fibers and CaCO3 whisker was used in the test. In addi-
tion, these mathematical models were applied to various hybrid
fiber systems reported in literatures.

2. Existing models

2.1. Workability

Sahmaran et al. [19] reported the V-funnel and slump flow test
results of steel fiber reinforced self-compacting concrete using
steel fibers with two different shapes (one with hooked ends and
one straight type). The models were given as

V-funnelðsÞ ¼ 13:8þ 11:2RIV1 � 10:8RIV2 ð1Þ

Slump flow-t500ðsÞ ¼ 4:20þ 1:16RIV1 � 4:99RIV2 ð2Þ

where V-funnel is the time of 12 L concrete flow through the V-
funnel apparatus; Slump flow-t500 is the time required for the con-
crete to reach a diameter of 500 mm in the slump flow test; and RIVi
is reinforcing index of the fibers, which was calculated based on the
volume fraction and aspect ratio of fibers and defined as

RIVi ¼ Vi
l
d

ð3Þ

In Eqs. (1) and (2), the coefficients for RIV1 and RIV2 (11.2, 1.16
and � 10.8, �4.99) define the degree of influence of various steel
fiber on the workability. Fiber 1 (aspect ratio = 55) is thinner than
fiber 2 (aspect ratio = 37.5), and fiber 1 is easier to reduce the
flowability of concrete than fiber 2, which prolong the V-funnel
and Slump flow time of concrete and result in a positive value
before RIV1 (11.2 and 1.16) [2]. While dumpy steel fiber (fiber 1)
may beneficial to the flowability of concrete and present a present
a negative value before RIV2 (�10.8 and � 4.99).

2.2. Compressive behavior

Nataraja et al. [21] and Ezeldin et al. [22] gave the compressive
strength (f) and compressive toughness ratio (TR) of single steel
fiber reinforced concrete using steel fibers with various length-
to-diameter ratios. The model parameters were given as

f ¼ f 0 þ aRIW ð4Þ

TR ¼ TR0 þ bRIW ð5Þ

where f, f0 are compressive strength of fiber reinforced and plain
concrete, respectively; TR, TR0 is compressive toughness ratio of
fiber reinforced and plain concrete, respectively; a, b are the regres-
sion coefficients; and RIW is reinforcing index of the fibers, which
was defined as the product of weight and length-to-diameter ratio
of fiber.

Eqs. (4) and (5) indicate that compressive strength and tough-
ness are proportional to RIW. The study in [22] was also showed
that any higher order relations do not outperform these linear rela-
tion (Eqs. (4) and (5)), which means these linear relations conform
to the variation trend of compressive strength and toughness with
reinforcing index.

Ou et al. [3] reported a model to predict the compressive
strength of hybrid steel fiber reinforced concrete using steel fibers
with various length-to-diameter ratios. Compared to Eq. (4), RIW is
replaced by RIV. In addition, the equation to calculate the compres-
sive toughness index, TI, was given as

TI ¼ �0:54RI2V þ 1:90RIV þ 0:88 ð6Þ

where RIV is sum of products of steel fibers volume fraction and
aspect ratio. This quadratic function indicates that the toughness
increases initially with the increase of RIV until to reach the peak,
and then decreases with the increase of RIV. The main reason is that
steel-fiber-reinforced concrete with high reinforcing index, used in
Ou’s research [3], will be harmful to the mechanical properties of
concrete with excessively high reinforcing index, because it is more
difficult to disperse uniformly in concrete than that with low rein-
forcing index [2]. It should be noted that the regression results in [3]
show a linear relationship between compressive strength and RIV,
however, the low correlation coefficients imply a weak correlation
between compressive strength and RIV, which is also caused by
the high reinforcing index.
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