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ABSTRACT: This study is aimed at investigating the influence of steel fibers on the shear behavior of RC
beams with random cracks. Since obtaining randomly-cracked concrete elements takes a lot of time and spe-
cial conditions, the use of an expansion agent came as a solution to have extensive cracking. The idea of using
short fibers came from the well-known fact that they behave very well as crack arrestors. Strain gages were at-
tached to the longitudinal steel bars to monitor the strain variation during the curing process. At the same
time, concrete surface strains were monitored and recorded by a data logger. Four-point loading tests were
carried out on the RC beams. Steel fibers proved to be effective in reducing the overall expansion of the
beams. An increase in the shear carrying capacity and deformability of the beams with steel fibers was ob-

served.

I INTRODUCTION

Many studies have been carried out to analyze and
understand the shear failure of RC beams (Bresler &
Scordelis 1963, Kreffeld & Thurston 1966). This
type of failure is due to the combined action of shear
and flexure and may happen in a brittle way, without
any warning signs. The shear carrying capacity of
RC beams can greatly decrease when the concrete
members are already cracked. Cracks can appear in
concrete members due to a multitude of factors ei-
ther external (severe environment, loads) or internal
(chemical reactions within concrete). Engineers have
looked for ways to improve concrete properties and
behavior and for ways to protect it from these attacks
but their efforts were not always successful.

One of the undesired phenomena occurring in
concrete structures is random cracking. There are
many causes leading to random cracking and one of
them is Alkali Silica Reaction (ASR). Many studies
have been performed in order to better understand
ASR (Smaoui et al. 2005). The basics of ASR con-
sist in the formation of ASR gel which swells, pro-
vided that enough moisture is present, creating ten-
sile stresses in the surrounding cement matrix. When
the induced tensile stresses become larger than the
tensile strength of the matrix, cracking occurs. As a
result of the improved understanding of ASR, meth-
ods have been developed and proposed to either
slow down or completely avoid it. However, some of
these methods gave unexpected results on the long
run (Diamond 1997). For example, it was found out

that silica fume can induce ASR rather than mitigat-
ing it (Petersen 1992).

2 RESEARCH MOTIVATION AND
OBJECTIVES

While most of today’s research in the field of con-
crete focuses on the properties and behavior of un-
damaged concrete elements, the present research
aims at investigating the shear resistance of RC
beams affected by random cracking. Moreover, the
possible use of short steel fibers as a tool to improve
the behavior of randomly-cracked concrete beams is
also studied.

Thus, the objectives are: to create random cracks
in RC beams, to investigate the role of steel fibers in
RC beams with random cracks and to understand the
shear behavior of steel fiber-reinforced concrete
beams with random cracks.

Because obtaining random cracking in a concrete
specimen requires a long time and special condi-
tions, the use of an expansion agent came as a solu-
tion to have extensive cracking. Expansion agents,
also known as shrinkage reducing admixtures, are
special products developed to increase the volume of
concrete by means of specific chemical reactions.
According to the literature (Collepardi et al. 2005)
there are two main types of expansion agents: those
based on ettringite formation and those based on the
formation of calcium hydroxide. In this study, an ex-
pansion agent of the second type was used.



Table 1. Mix proportions for each of the concrete batches.

Concrete ~ W' c” w/c  s” G™* EA" F° AE” Sp*®
Type [kg/m’] [kg/m’] [%]  [kg/m’] [kg/m']  [kg/m’] [kg/m’] [kg/m’] [kg/m’]
C 175 350 50 788 963 - - 2.8 1.75
OF95EA 175 350 50 708 963 95 - 2.8 1.75
05F102EA 175 350 50 702 963 102 40 2.8 2.6
OSF110EA 175 350 50 695 963 110 40 2.8 2.6
10F110EA 175 350 50 692 963 110 80 2.8 2.6
10F130EA 175 350 50 679 963 130 80 2.8 2.6
*1 Water, *2 early strength Portland Cement, specific gravity = 3.14, *3 Fine aggregate, specific gravity = 2.64,

*4 Coarse aggregate, specific gravity = 2.64, d, (maximum aggregate size) = 20 mm,
*7 Air entraining agent, specific gravity = 1.03,

*6 Steel fibers, specific gravity = 7.85,

*5 Expansion agent, specific gravity = 3.14,

*8 Superplasticizer, high performance water reducing agent, specific gravity = 1.05.

Table 2. Properties of concrete.

Concrete £ £,
Type [N/mm?] [N/mm?]
C 34.8 2.4
0F95EA 2.7 0.2
05F102EA 4.9 0.5
05F110EA 2.5 0.3
10F110EA 8.9 1.1
10F130EA 2.2 0.3

*1 compressive strength of concrete obtained according to JIS 1108.
*2 tensile strength of concrete obtained according to JIS 1113.

Random cracks can hardly be controlled by using
conventional reinforcement. On the other hand, the
randomly-distributed steel fibers ensure a better con-
trol of cracking in any direction inside the concrete
mass.

3 MATERIALS

3.1 Concrete

In this study, a concrete with a designed compressive
strength of 30 N/mm?, obtained from uniaxial com-
pression tests at 7 days, was considered. In view of
the fact that early-strength Portland cement was used
in the concrete mixes and taking into account the
standard specifications for concrete structures in Ja-
pan (JSCE 2002) the uniaxial compressive tests
could be run at 7 days and not at 28 days. The early
strength Portland cement allows for a rapid devel-
opment of concrete strength within the first 7 days.
After that, the rate of increase in concrete strength is
lower than that for normal Portland cement concrete.
Six different mix proportions were considered and
they are presented in Table 1. The compressive and
tensile strengths of each of the concrete mixes were
measured at the day of testing and they are summa-
rized in Table 2.

3.2 Reinforcement

The characteristics of the conventional reinforce-
ment used in this study are as follows: bar size D25

Figure 1. Steel fibers layout.

(nominal diameter: d = 25.4 mm) and steel grade
SD345 (yield strength: f, = 345 N/mm?). The speci-
fications are according to JIS G 3112.

3.3 Steel fibers

The steel fibers have crimped ends as it can be seen
from Figure 1. The length is Ly = 30 mm and the di-
ameter is dr = 0.6 mm. The material properties are:
the tensile strength f, 1000 N/mm~ and the
Young’s modulus £ = 2.1 x 10° N/mm’.

3.4 Expansion agent

The amount of expansion agent was chosen in order
to replace a part of the fine aggregate mass and not
of the cement mass. This was based on the fact that
with the quality control commonly achieved in mod-
ern cement factories, the flaws are more likely to
come from the aggregates that are used in the mixing
than from the cement itself. Moreover, in some dam-
aging processes like ASR, the silica in the aggregate
reacts with the alkali in the cement to create the ASR
gel. Thus, the expansion agent stands for the reactive
fine aggregate.

4 TEST PROGRAM

The test program consisted in a total number of six
specimens. For each concrete mix in Table 1 a beam
with the dimensions of 1200 x 200 x 150 mm (L x H
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Figure 2. Beam geometry and reinforcement layout (all dimensions are in mm).
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Figure 3.Distribution of PI-5-100 gages on the beam surface.

Table 3. Compressive strength given by Schmidt hammer
tGStf'c,Sch '

Concrete f 'C, Seh
Type [N/mm’]
OFS80EA 21.1
0F95EA 18.9

05F102EA 19.4
05F110EA 15.9
10F110EA 19.9
10F130EA 15.8

x B) was cast. The beams were designed to fail in
shear and had a longitudinal reinforcement ratio: p,,
= 4.3% and a shear span to effective depth ratio: a/d
= 2.71. The high value for p,, was chosen to ensure
shear failure of the beam. More details of the beam
geometry and reinforcement are presented in Figure
2. Moreover, as it can be seen from Figure 2, there
are no stirrups in the shear span. The reason for such
a reinforcement layout is that we wanted to evaluate
the shear carrying capacity of the concrete itself
without the help of shear reinforcement.

Because expansion agent was never used before
to generate random cracks in an RC beam, the deci-
sion to measure the strain, both in longitudinal bars
and on the concrete surface, was taken. The proce-
dure for strain monitoring is similar to the one de-
scribed in Toma et al. 2006, with the notable differ-

ence that in this case the concrete surface strain was
measured by means of displacement transducers of
PI-5-100 type connected to a data logger that re-
corded the values every 10 minutes. In this way, the
evolution of the surface strains in the concrete was
monitored very regularly. The location and the lay-
out of the gages are explained Figure 3.

After a curing period of time of 7 days, the beams
were subjected to a four-point loading test. The ob-
tained results are presented in the subsequent chap-
ter.

For a better and easier understanding of the dis-
cussion on the results in the subsequent chapters,
some explanations are necessary regarding the nota-
tion of the specimens: in Table 1 and Table 2 “C”
stands for the control case, that is the concrete mix
containing neither expansion agent nor steel fibers.
This is also the reference specimen to which all the
other results are compared. All the other specimens’
designations have the following meaning: the first
number represents the fiber percentages contained in
each specimen and they are 0, for 0% (no fiber), 05
for 0.5% and 10 for 1.0% respectively. They are fol-
lowed by the letter “F” which stands for fiber. Fur-
ther on, the second number represents the amount of
expansion agent, in kg/m’, that partly replaces the
fine aggregates. The expansion agent amount num-
ber is followed by the letters “EA” that mean “‘ex-
pansion agent”. Thus, OF95SEA means that the speci-
fied mix proportion contains no fiber, OF, and 95
kg/m3 of expansion agent were used in the mix,
95SEA.

5 RESULTS AND DISCUSSION
5.1 Concrete strength

Looking at Table 2, it can be seen that except for the
control case C, all the other values for the compres-
sive and tensile strengths are quite uncommon. For
this reason, a non-destructive Schmidt hammer test
was conducted on the RC beams in order to evaluate
the concrete strength in the beams and the obtained
values are presented in Table 3.

The big differences between the values given by
the uniaxial compression tests on the cylinders and
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Figure 5. Subdivision of the lateral surface area to evaluate the
crack density.

the concrete strength in the beams given by the
Schmidt hammer test on the concrete could be ex-
plained by the confining effect the reinforcement has
on the concrete. This effect cannot be simulated in
the cylinders. However, the confining effect of the
steel bars cannot justify by itself the large difference
between the measured and the expected values. Fur-
ther studies should be carried out to fully understand
the mechanisms behind such high differences.

5.2 Strain history

The steel strain was measured by means of strain
gages glued to the reinforcement at the mid-span.
The concrete surface strain was measured by means
of displacement type strain gages attached to the
beam at different locations (Fig. 3). Some of the
gages were located on a horizontal line at the rein-
forcement level whereas others were positioned on a
parallel line 50 mm from the top part of the beam.
This type of arrangement gives the possibility of bet-
ter monitoring the deformation of the RC beam dur-
ing curing.

From the recorded data the strain history during
the curing period of time, both in the longitudinal
steel and of the concrete surface, is obtained for each
specimen. Such an example is shown in Figure 4 for
the concrete surface strain.

By looking at Figure 4, it is clear that by adding
steel fibers the values for the surface strain both at
the top part and at the reinforcement level are getting
smaller, even though there is an increase in the
amount of expansion agent. Furthermore we can
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Figure 6. Crack width values for two specimens for area A,.

conclude that the beam is bent upward during the
curing and before being tested. The deformed shape
of the RC beams could also be confirmed by visual
inspection of the specimens. It is as if an axial force
has been applied to the beam, at the reinforcement
level, creating some sort of prestressing. Since no
axial force was applied to the beam and the de-
formed shaped was the result of the chemical reac-
tions that took place inside the concrete, this phe-
nomenon may be called chemical prestressing.

The compressive concrete surface strain at the re-
inforcement level for the 05SF110EA could be ex-
plained by the combined passive resistance against
expansion of both the longitudinal steel bars and the
steel fibers. According to Figure 2 there is only a
small amount of reinforcement at the upper part of
the beam. Consequently, the concrete can expand
almost freely. The fiber volume in this case is quite
small, 0.5%, to have a significant restraining effect
on the concrete. Compared with the OF9SEA case,
the occurrence of tensile strains in concrete at the re-
inforcement level for the beam containing steel fi-
bers happens much later.

5.3 Crack density

Before testing, the specimens were checked for the
presence of random cracking, since this was one of
the purposes of this research and for which the ex-
pansion agent was used. High resolution digital pic-
tures of the beams were taken and later processed by
means of special software. After manually tracing all
the visible cracks, the total crack length for each area
was given by the software.

At the same time, the crack width was measured
using a mobile laser crack-width reader with the
reading range from 0.01 mm to 2.5 mm, with an in-
crement of 0.05 mm. In order to increase the accu-
racy of the measured data, the surface of the beam
was divided into five areas, Figure 5. The boundary
between each individual area was chosen to be the
line along which the vertical displacement type



strain gages were placed. For each area readings of
the crack width at different locations were taken and
the average crack width for that specific area was
computed. An example of the values for the crack
widths obtained from the measurements is graphi-
cally presented in Figure 6 for two beams. The val-
ues of the mean crack width of each area are pre-
sented in Table 4.

For the purpose of this research, the crack density
is defined as the total area of cracks divided by the
areca of concrete. For each area, the mean crack width
is considered. This makes the method more attrac-
tive and easier to apply since there is no need to deal
with each crack separately; avoiding the debate upon
how one defines a crack in the case of random crack-
ing, but with the average value.

Finally, the crack density is computed using the
following equation:

0= 0

in which w; is the average crack width for the area

A4; in mm, Zm: L, is the total crack length of area 4;
j=1

given by the software after manual tracing of the
cracks, in mm and 4; is the area of concrete, in mm?>.
The index i refers to a specific area the surface of the
beam is divided into. The values of the total crack
length for each area are summarized in Table 5.

The average crack density factor for the entire
specimen can be calculated using Equation 2:

n

>
Q= = (2)

in which €; is the crack density for ith area and # is
the number of areas the concrete surface is divided
into. Following the previously mentioned procedure,
the crack densities for the specimens that showed
random cracks before loading are computed and are
presented in Figure 7 as a percentage of the area of
concrete together with the random crack pattern for
the respective beams.

5.4 Shear carrying capacity

Using expansion agent led to the formation of ran-
dom cracking and the introduction of steel fibers
proved to be effective in limiting the deformation of
the RC beams. The next step was to test the speci-
mens for their shear resisting capacity. For this, a
four-point loading test was conducted.

Before loading, the ultimate load in shear for each
of the specimens was computed by adding the con-
tributions of concrete, steel fibers and chemical
prestressing. It all starts from the equation of shear

carrying capacity of a reinforced concrete beam,
Equation 3, proposed by Niwa et al. 1986:

-1/4
VU=0.2-f'f”-p:f3'(ﬁj 'b“"'d'(o‘” *%j ©)

where f°. is the compressive strength of concrete in
N/mm” (determined on the concrete from the RC
beams by means of the Schmidt hammer test, see
Table 3), p,, is the longitudinal reinforcement ratio
equal to 4.3%, d is the effective depth, in mm, and
b,, is the web thickness, in mm.

As mentioned previously, the use of expansion
agent created some sort of chemical prestressing. Its
effect was taken into account, according to the stan-
dard specifications for concrete structures (JSCE
2002), by the term f, in the following equation:

Vo =V P, 4

where V. is the shear carrying capacity computed us-
ing Equation 3 and f, is computed by means of the
next relationship:

2-M,
M

u

B, =1+ (5)

in which M, is the ultimate resisting moment of the
beam and M, is the decompression moment (the
bending moment that when applied creates a zero
stress in the extreme lower fibers). The procedure for
computing the decompression moment is explained
in detail in Toma et al. 2006.

Because fibers were also used in this research,
their contribution to the shear carrying capacity must
be also taken into account. This was done by means
of the following empirical equation (Swamy et al.
1993):

Lf
v=037-7.V, L (6)
f d
f

where V;is the volume of fibers, in %, L, is the fiber
length, in mm, dyis the fiber diameter, in mm, and ¢

Table 4. Mean crack width (mm).

Specimen Areal Area2 Area3 Aread4 Area$
0F95EA 0.15 0.15 0.11 0.15 0.15
05F102EA 0.067  0.065  0.089  0.08 0.082
05F110EA 0.19 0.13 0.08 0.08 0.082

10F110EA 0.08 0.07 0.07 0.09 0.09
10F130EA 0.16 0.19 0.12 0.15 0.14

Table 5. Total crack length (mm).

Specimen Areal Area2 Area3 Aread4 Areal
0F95EA 2900 1560 1110 1650 2940
05F102EA 2000 1450 850 2330 2590
05F110EA 1860 1940 1620 2810 2500
10F110EA 2430 1770 1090 2510 2710
10F130EA 2170 2040 1420 2850 3000
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Figure 7. Crack pattern before testing and crack densities for
each area as a percentage of the initial area of concrete.

is the bond strength equal to 4.15 N/mm® for steel
fibers with crimped ends in the absence of any pull-
out tests. Equation 6 was shown to provide good ac-
curacy with respect to the experimental data (Cuc-
chiara 2004).

Finally, the shear carrying capacity is computed
as:

V

cal

=V, +v-b, -d (7)

The above-mentioned evaluation procedure was
used in previous research works on RC beams, with-
out random pre-cracking, containing both expansion
agent and steel fibers and lead to good estimation of
the experimental results (Toma et al. 2006).

The predicted peak loads are summarized in Ta-
ble 6 where they are compared with the values ob-
tained from the loading tests.

Figure 8. Crack pattern at the onset of shear failure.

Table 6. Calculated results versus experimental results.

Concrete V. Ve v /V
Type [kN] [kN] cal exp
C 69.2 68.5 1.01
0F95EA 111.3 93.9 1.19
05F102EA 93.7 102.0 0.92
05F110EA 134.1 77.0 1.74
10F110EA 115.0 103.3 1.11
10F130EA 130.8 73.1 1.79

By looking at the values of the ratio V../Vey, in
Table 6 it can be seen that the evaluation of the shear
carrying capacity of RC beams with random cracks
using existing equations leads to an overestimation
of the experimental results in most of the cases. This
is due to the fact that the existing cracks before load-



ing are not taken into account when evaluating the
shear carrying capacity. Summing up, by introducing
the unfavorable effect of pre-cracking, the approxi-
mation in the evaluation of the ultimate shear capac-
ity would be better.

The crack patterns for each of the tested speci-
mens are presented in Figure 8. A closer look at both
Figures 7 and 8 and Table 6 reveals an interesting
fact in terms of the location of the shear crack and in
terms of the shear carrying capacity. First of all, ac-
cording to the division of the RC beam surface, areas
2 and 4 are entirely located in the shear span and
thus anything occurring in these areas will affect the
shear carrying capacity. A comparison between the
crack densities €, and Q, for each of the specimens
in Figure 7 shows that in every case Q, < Q,. This
means that the shear crack is more likely to happen
in the shear span containing area 4 than in the shear
span area 2 is located in. According to Figure 8§ the
failure crack is located in the shear span correspond-
ing to area 4, whose crack density (€Q,) is larger
than that of area 2 (£2,).

Moreover, the values of the crack density €, for
each specimen in Figure 7 are somehow related to
the shear carrying capacity of each beam. For exam-
ple, the values of Q, for the specimens OSF110EA
and 10F130EA are larger than the value of Q, for
OF95EA and thus the shear carrying capacity of
those beams will be smaller than for OF9SEA. This
can indeed be seen in Table 6. It is clear that the
peak load for O5F102EA will be hij%her than for
OF95EA because Q405F 102E4 Q40F 9L, However,
even though Q,0FH0EA - ¢ OF9 B4 see Figure 7, their
values are relatively close to one another and so
should be their shear carrying capacities. Indeed, the
experimental results, presented in Table 6, show an
increase in the shear carrying capacity from 93.9 kN
for OF9SEA to 103.3 kN for 10F110EA.

6 CONCLUSIONS

Using expansion agent proves to be effective in cre-
ating random cracking similar to the cases observed
in actual RC members. By changing the amount of
expansion agent the random crack pattern before
loading can be controlled, in terms of visual observa-
tion.

Adding short steel fibers to the concrete mixes
has several favorable effects, since steel fibers re-
duce the surface strains by reducing the mean width
of randomly-distributed cracks, increase the deform-
ability of RC members and enhance their shear car-
rying capacity. However, there are cases when the
steel fibers could only increase the deformability of
the severely damaged RC beams, with little effect on
the peak load.

The notion of crack density is introduced in this
research to help for a quantitative representation of

the effect of random cracking. The method is rela-
tively easy to use because it relies on the average
crack width and on the total crack length from a
specified area of concrete. The high values of the av-
erage crack density for the entire specimen lead to
lower peak loads for the respective specimens.

The procedure for evaluating the ultimate load in
shear for RC beams with random cracks leads to an
excessive over-evaluation of the experimental results
for the beams that exhibit random cracking before
loading. While the addition of steel fibers and the
chemical prestress phenomenon that occurred due to
the use of expansion agent lead to an increase in the
shear carrying capacity, the occurrence of random
cracking before loading has a diminishing effect on
the peak load. The effect of the latter should be also
taken into account. Further tests are necessary (a) to
improve the procedure that takes into account the
crack density factor; and (b) to quantify in a better
way the interaction between the steel fibers and the
randomly distributed pre-cracks.
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