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h i g h l i g h t s

� Beam flexural behaviour of several concretes with and without fibers is investigated.
� Digital Image Correlation (DIC) technique is used to assess crack and strain variation.
� The DIC technique allows a high accuracy for the first crack detection.
� The addition of steel fibers increases the load at first crack.
� The flexural failure mode changes following the fibers content.

a r t i c l e i n f o

Article history:
Received 3 July 2015
Received in revised form 4 December 2015
Accepted 22 December 2015
Available online 2 January 2016

Keywords:
High strength concrete
Fiber reinforced concrete
Digital Image Correlation
Crack width
Serviceability
Ductility
Brittleness
Toughness

a b s t r a c t

The paper presents the results of an experimental work on the flexural behavior of three types of con-
crete: normal strength concrete (NSC), high strength concrete (HSC) and high strength fiber concrete
(HSFC) in terms of crack detection, crack development, crack width measurements and strain compo-
nents, using the Digital Image Correlation (DIC) technique. The experimental results of the present work
and from others published in the literature were used to assess the accuracy of the major codes provi-
sions (Eurocode 2, ACI 318 and the BS8110 code) for the crack width predictions.
The comparison between the classical measurement techniques and the DIC technique suggests that

both of them are suitable for the analysis of the strain components (deformations) of structural members.
The most important additional benefit of the DIC technique is that it allows the easy detection of the first
crack with a high precision, measures the crack opening and follows the progressive cracking process
until failure of reinforced concrete members. Furthermore, the experimental results show that the addi-
tion of steel fibers increases the load at first crack and amplifies the number of cracks which leads to a
remarkable decrease in both the crack spacing and crack width as well as an improvement of the ductil-
ity. The flexural failure of the beam specimens also changes from a brittle concrete crushing at the com-
pression zone to a ductile and smooth concrete compression failure.
Moreover, the present study shows that, at service load, the code’s provision on crack width are con-

servative for beams containing steel fibers since predicting excessively higher values than the experimen-
tal ones; the overestimation exceeded 300% in some cases and none of the present major design codes
takes into consideration the positive restraining effect of the fibers on the crack widening. The Rilem
technical document appears to be the only one which takes account the positive effect of steel fibers
on cracking, though still not accurate enough in predicting the crack width of fiber reinforced concrete.
Based on the present experimental work and on data from the literature, a modification of the Rilem
mathematical model is proposed with the aim of improving the crack width prediction of this challenging
concrete material.
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1. Introduction

In recent years, the design of reinforced concrete members for
serviceability has become increasingly important as the use of
new materials has led to a decrease in both the member section
and the reinforcement ratio and consequently has resulted in
higher service stresses. In this sense, High Strength Concrete
(HSC) is emerging as a challenging concrete material; its use in
the construction industry is ever increasing in many regions of
the world. This is due to its improved physico-mechanical proper-
ties such as the mechanical strength, the stiffness and the pro-
jected long term durability. Economically, great benefits can be
achieved with the reductions in the geometric sections and the
consequent gain in the architectural space to be exploited. How-
ever, with the increase in compressive strength of the material,
the brittleness of concrete can also be increased. Steel fibers may
reduce such brittleness, by rendering the material relatively more
ductile, and improve its toughness and stress distribution. There-
fore, High Strength Fiber Concrete (HSFC) appears to be a new
challenge in the recent development of concrete materials with a
high tensile strength and other improved physico-mechanical
properties [1,2] by comparison to ordinary concrete. Therefore,
due to the enhanced mechanical properties and improved long
term durability, HSFC and HSC are progressively gaining wider
acceptance in the construction of all types of buildings, bridges
and marine structures [3–5].

The aim of this work, it was thought important to determine to
what extent the structural behavior of HSFC differs from that of
HSC and NSC. In this context, a designer must satisfy not only
the strength requirements needed in these concretes (NSC, HSC
and HSFC) but also the serviceability requirements, and therefore
the control of cracking and crack opening is becoming more impor-
tant. Indeed, one of the serviceability criteria is to ensure that the
crack width does not exceed a prescribed limit and hence needing
an accurate prediction of the cracking of reinforced concrete struc-
tures under service loads.

Cracking plays an important role for the structural behavior and
for the durability of concrete structures. Crack width should be
limited to an extent that will not impair the proper function of a
structure or cause its appearance to be unacceptable or even affect
its long term durability [6]. In this sense, it is wise stating that the
cracking behavior of a reinforced concrete member is a complex
process which depends on a wide range of factors such as the ten-
sile strength of concrete, the concrete cover to the reinforcement,
the area, the diameter and the spacing of the reinforcement and
the stress in the tension zone.

For the prediction of the crack width of reinforced concrete
members, equation models are generally obtained by multiplying
the maximum crack spacing by the mean strain of the flexural steel
reinforcement. The design models in the major codes in use
throughout the world such as the Eurocode 2-04 [6], the ACI-
318-95 [7] and the BS-8110 [8] are generally applicable to rein-
forced concrete members without steel fibers. The applications of
these models to steel fiber reinforced concrete members have not
yet been sufficiently reported in the literature and very little exper-
imental data exists on this aspect. It is thus important to provide
qualitative and quantitative information on cracking and crack
opening of fiber reinforced high strength concrete and assess the
applicability of the existing models on crack width predictions of
concrete in general and high strength concrete containing fibers
in particular.

In the aim of monitoring continuously the strain developments,
the cracking process and the crack openings, the Digital Image
Correlation technique is used. This technique has been applied suc-
cessfully to various mechanical and civil engineering structural

problems [9–15] owing to its numerous advantages such as non-
contact, full-field measurements, its simplicity in use and the con-
tinuous measurements up to failure. By comparison, in the case of
reinforced concrete structures, classic measurement techniques,
such as strain gauges extensometers and linear variable differential
transformer sensors (LVDTs), hardly allow for precise estimations
of strain fields or for an early crack detection. The strain gauges
may themselves break and get destroyed locally at critical sections
close to failure. In addition, strain gauges only measure strains at
the fixing points and in the direction of the gauges alignment,
and therefore they do not provide a full-field analysis.

This paper presents an experimental investigation of nine rein-
forced concrete beams, in order to examine the flexural behavior in
terms of crack detection and development and to measure the
crack widths using displacement fields derived from digital images
captured during the loading. The measured crack widths in rein-
forced concrete flexural members with and without steel fibers
was compared with predictions from the major code models,
namely Eurocode 2 [6], the ACI-318-95 [7] and the BS-8110 [8].
Finally, the suitability of the prediction models for fiber reinforced
concrete is carefully analyzed.

2. Experimental program

In the testing program, three concrete mixes were manufac-
tured: a normal strength concrete, (NSC), a high strength concrete
(HSC) and a high strength fiber reinforced concrete (HSFC); the mix
portions are given in Table 1.

The cement used in this study was a CEM I 52.5N, meeting the
requirements of European Standards EN 197-1, having a fineness
expressed through the specific surface of 3520 cm2/g and a density
of 3160 kg/m3. Standard silica fume and limestone filler was used
as mineral additive; their specific surface was 23 m2/g and
3970 cm2/g respectively. The sand and aggregate had minimum/
maximum sizes of 0/4 mm and 4/10 mm respectively. The high-
range water-reducing admixture (Chrysofluid) was a polycarboxylate-
based admixture used to achieve an adequate fiber dispersion and
workability.

Nine reinforced concrete beams were tested under two point-
loads in this study. The beams were divided into three series:

� The first series (N) of beams were made with normal strength
concrete (NSC) (f 0c ¼ 44 MPa)

� The second series (F) of beams were made with high strength
fiber concrete (HSFC) (f 0c ¼ 78 MPa)

� The third series (H) of beams were made with high strength
concrete (HSC) (f 0c ¼ 85 MPa)

All the beams were singly reinforced. Shear reinforcements
were provided along the beam length except in the constant

Table 1
Mix proportions of concretes.

Material Units NSC HSC HSFC

Cement type CEMI-52.5N kg/m3 275 425 425
Silica fume kg/m3 – 42.50 42.50
Filler (limestone) kg/m3 44 – –
Sand (0–4 mm) kg/m3 740 700 720
Aggregate (4–10 mm) kg/m3 990 980
Water L 170 144 150
Superplasticiser (Chrysofluid) L – 6.40 6.40
W/C – 0.62 0.34 0.35
Steel fibers kg/m3 – – 39
Slump cm 17 15 13
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