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Abstract

The interest in using steel fibers as a reinforcing material for concrete has remained for
many years, mainly to partially or completely replace the conventional reinforcement in
industrial floors. The main purpose of this research is to evaluate the effect of
supplementary cementitious materials, such as fly ash (FA) and wollastonite (W), mainly in
the residual tensile strength by bending in fiber-reinforced concrete beams for industrial
floors applications. Three steel fiber dosages were used for six concrete mixtures with a
w/cm ratio of 0.55. Hook-end steel fibers, classified as P50-100 type by the manufacturer
(DEACERO), were used for volume fractions of 0.25%, 0.38% and 0.50% over the total
mixture. Cement was substituted by FA, W, and a combination of both as follows: 1)
15%FA, 2) 30%FA, 3) 15%W, 4) 15%FA+15%W, 5) 30%FA+15%W, and control.
Specimens were evaluated at 56-day age, allowing the reaction of the mineral additions.
Results indicated an improvement in the adhesion of the cementitious matrix and the steel
fiber, as well as ductility. Also, the post-cracking behavior in the residual tensile strength
by bending and the fracture energy were significantly raised compared to control.
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1. Introduction

Most of materials based on portland cement like concrete and mortar have been used has
main construction materials, however, they are characterized by having low tensile
resistance, and in consequence they have a fragile failure. The fiber-reinforced materials
would face a solution to this problem. The fiber-reinforced concretes have been developed
for diverse applications like industrial floors, where the fiber manufacturers recommend
their dosage. For the industrial floor concretes there are several fiber types, being steel and
polypropylene the most common fibers. Within industrial use floor, the steel fibers are the
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preferred and they have lengths from 12.5 mm to 63.5mm [1]. They are directly added to
the concrete truck in order to mix them with the concrete, therefore obtaining
homogeneous fiber-reinforced concrete, where fiber provides a more efficient
multidirectional reinforcement, in contrast to conventional reinforcement systems, where
steel is placed only in a portion of the section and in a single plane. Steel fibers allow
absorbing more efficiently the stress by contraction due dried of hardened concrete, as well
as stress created by changes in temperature, decreasing the possibility of cracks caused by
such stress. Also, the addition of steel fibers increases the concrete’s modulus of rupture
and the load capacity, therefore it can be considered like a primary stress to replace
reinforce with steel rod or welded grid. Also, besides allowing greater separation between
joints and better load transference through control joints, it makes more efficient the
interlock effect, which occurs between concrete sections, divided by the same joint. The
recommendation of the English concrete Society TR34 [2], considers the substitution of
overall continuous strength by means of steel fibers. In accordance to this trend, the
Concrete International Federation in Model Code 2010 of Fédération International du
Béton (fib) [3], sets some classification criteria and nomenclature of fiber-reinforced
concretes based on the residual tensile strength resistance by bending in beams. The yields
level of reinforcement of fiber in concrete can be classified: cracking control; hardening
deflection; hardening by deformation; high energy absorption [4, 5, 6]. There are also two
reactions from the fiber-reinforced concretes in the residual tensile strength resistance by
bending: hardening or deformation by softening. During last years the relation between
tensile strength and crack opening (CMOD) has been researched in the fiber-reinforced
concretes as well as the properties of its fresh state. Other researches of fiber-reinforced
concretes have been made with supplimentary cementitious material like fumed silica
which had an increase in the mechanical properties, indicating a proper interfacial union by
adherence [7, 8]. When optimizing the composition of cementitious in ITZ with other
supplementary materials, allow modifying ITZ, increasing the adherence strength [9]. Fly
ash (FA), a material containing silica-alumina and the oxides (SiO; + Al203; + Fe,03), can
be added. The reaction with fly ash to produce other compounds of C-S-H, similar to the
produced in the hydration reaction of portland cement. On the other hand, it also can be
added wollastonite, a mineral of chemical composition as silicates (CaSiOs3), and its
acicular structure has a key advantage in the applications that require a source of calcium
and silica for reactivity, in order to react with calcium hydroxide and produce C-S-H
products, providing better adherence and fiber-reinforced concretes with greater ductility
[10].

2. Research significance

The main concern in the behavior of fiber-reinforced concretes is the adherence of steel
fibers and the cement matrix, that is the interface between the fiber and the matrix in the
called interfacial transition zone (ITZ) [11]. The ITZ is a variable that rules the concrete
resistance, the width of this zone has in average a size between 10-50 um wide, therefore
the ITZ is a complex structure, where there are fine aggregates, micro pores and crystals
like calcium hydroxide [Ca(OH),] as well as calcium silicate hydrate [CSH]. Large
calcium hydroxide crystals have been detected perpendicular to fiber structure, favoring
formation of micro cracks, therefore when some stress is applied by plastic contraction or
external, they create the propagation of cracks in the structural element [12]. The calcium
hydroxide [Ca(OH),], has no improvement in the mechanical properties of fiber-reinforced
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concrete, however, it promotes an alkaline environment. This ITZ zone and the steel fibers
interaction are fundamental for understanding the physical and mechanical properties.
Another issue in the ITZ is the local bleeding around fibers and the corresponding wall
effect. The cement grains have an average particle size of 10 pum typically, and wall effect
occurs when the cement grains are not able to fill the space from 10 to 20 um of the
surface of the fiber densely as they do in the greater distance from the matrix to the surface
of the fiber is done a failure by adherence. The failure mechanism in the fiber-reinforced
concrete depends on three fundamental factors [13]: 1) aspect ratio (I/d) of fiber; 2) the
adherence of fiber to cement matrix; 3) the direction of the fiber in fiber-reinforced
concrete. The aim of this research is to study the effect of supplementary cementitious like
fly ash and wollastonite minerals to increase adherence and increase the indexes of residual
tensile strength resistance by bending in concretes reinforced by steel fibers, maintaining
constant the fiber aspect ratio and the water cement material ratio.

3. Materials
Fiber

It was used hook-end steel fiber, classified as P50-100 type by the manufacturer
(DEACERO), with a length of 50 mm, diameter of 1.0 mm and aspect ratio (I/d)=50, the
tensile resistance 11,523 kg/cm?, with a yield of 3,200 fibers/kg.

Cementitious

Ordinary Portland Cement (CPO) 40 [14] was used, with a maximum content of 350 kg/m?
EN14845-1 [15], the density is of 3.019g/cm®. It was used like industrial byproduct the fly
ash (FA) from the coal reserves of Nava, Coahuila, Mexico [16], also the density analysis.
The only treatment to fly ash was to mesh using 0.149 mm mesh in order to remove coal
impurities. It was also used wollastonite (W) of commercial type called 20x40. In table 1 is
listed the chemical composition of cementitious materials and the particle size.

Table 1. Chemical composite material cementitious percent.

Average
. . . particle
Material SiO; | Al2O; | Fe;03| CaO | MgO | SO; | Na,O | K;0 | TiO; | P20s | MnO | ZrO; | ™
(nm)
Cement 213 |477 |3.72 |60.5|4.09 |28 |0.29 |0.45 |0.24 |0.09 [0.07 {0.03 | 25.50
CP0O40
Fly Ash 575 (2329 |526 |47 |096 |05 |234 (158 |1.16 |- 0.01 |- 60.40
Wollastonite | 35.6 |0.41 |0.38 |61 |0.28 [0.3 |- 0.03 |0.03 |- 0.05 |0.03 650
Aggregates

The used aggregates were crushed limestone from the region, the physical properties like
density, adsorption of fine and coarse aggregates were defined, refer to Table 2 and 3. The
aggregates conform to ASTM C 136 standard.



FIBRE CONCRETE 2015
September 10-11, 2015, Prague, Czech Republic

Table 2. Physical properties of aggregates

Properties (kg/m°)
Aggregat Bulk Dry Surface. Absorption Specific | Humidity Finennes
e type density weigth Satured dry (%) weight (%) modulus
condition

Sand 1651 2617 2660 1.63 2660 0.10 2.71
Gravel 1453 2666 2674 0.30 2674 0.05

Table 3. Grading of the aggregates
Aggregate Passing % at a mesh (mm)
type 015|030 0.60 118 2.36 475 9.50 12.50
Sand 8.40 22.40 35.60 63.70 98.80 100.00 100.00
Coarse - - - - 7.57 45.02 99.20 100.00

4. Experimental program

4.1 Elaboration of specimens

Six concrete mixtures with a ratio of w/cm = 0.55 were prepared, the cement was replaced
by fly ash, wollastonite, by the combination of both cementitious materials: the mixture 1
(15% FA), the mixture 2 (30% FA), the mixture 3 (15% W), the mixture 4 (15%FA +
15%W), the mixture 6 (30%FA + 15%W) and the control. Three steel fiber dosages were
tested for the volume fractions with regards the total mixture of 0.25%, 0.38% and 0.5%.
In the table 4 these are listed. 36 specimens of 150x150x600 mm beams were made, with
two repetitions of each series. The specimens were assessed at an age of 56 days, allowing
the pozzolanic reaction of minerals replacements. The specimen fabrication was performed
using the methodology in ASTM C 192 laboratory.

Table 4. Proportioning combination of mixtures (kg/m3).

Mixes Control M|1x501/0 EZO Mg(o(i EZO M')1(530 /0(\:/50' Mi)é;;lgzo Mg(();nlgAPO

15%W 15%W

Cement CPO 40 350 297.5 245 297.5 245 297.5

Water 193 193 193 193 193 193

Fly ash - 52.5 105 - 52.5 105

Wallostonite - - - 52.5 52.5 52.5

Superplasicizer 1.75+05 |2+0.5 25+05 1.75+05 2+0.5 3+0.5

Fine aggregate (2_8 mm) 810 810 810 810 810 810

Coarse aggregate (20.0mm) | 1,027 1,027 1,027 1,027 1,027 1,027

Content to fiber 20, 30, 40 |20, 30, 40 20, 30, 41 20, 30, 40 20, 30, 42 20, 30, 40
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4.2 Test specimens

The standard ASTM C31 was used to define resistance to compression, and 56 cylindrical
specimens with dimensions 100x200 mm, three pieces by series. In the residual tensile
strength resistance by bending mechanical test a 600KN capacity Instron universal
machine was used. The test required the use of prismatic specimens with the dimensions
previously mentioned, on which a central cut was made to obtain hs, of 125 mm in the
failure section (refer to fig. 1). This sample was placed on two rods in isostatic
configuration; forming a free space of 500 mm. CMOD was measured by Epsilon clip type
extensometer. A constant speed of 0.05 mm/min was defined for all tests. When CMOD =
0.1 mm, the machine was placed in operation so that CMOD increases at a constant speed
of 0.2 mm/min. The test instruments allowed to acquire analog signals by CompactDAQ
system, which is a robust and portable data acquisition platform which also has
connectivity and signal conditioning, allowing to directly connect any sensor or signal, by
means of a virtual instrument (VI) performed with LabView software. The data record
system was made to the electronic outputs of load and CMOD, at a record speed not less
than 5 Hz, fulfilling the standard.

150
hyp=125

—

600 150

Equipment to Residual Tensile Strength by Bending in Concrete Beams Reinforced with
Steel Fiber and Sketch picture of three-point bending beam specimen, measures in mm
FIC-UANL-MEX.
4.3 Residual tensile strength resistance by bending

In this research the residual tensile strength resistance by three-point bending beam was
assessed according to EN 14651 European standard [15]. The calculation of residual
resistance associated to each analysis point for every essay (f;) is performed assuming an
elastic lineal behavior. Due to the test configuration, the residual tensile strength resistance
(fr;) is defined by Equation 1:

3F;l .
fr. = —=...Equation 1
i Zbhgy

Where:
F;; is the vertical load applied in the analysis point j,
I; beam length between support points.
b; beam width.
hsp; distance of central section where the failure notch is located.

In the fiber-reinforced concrete is required to know the characteristic residual resistance in
points 1 (frik, CMOD=0.5mm or 1/64”) and 3 (frzx, CMOD=2.5mm or 1/8”). The
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classification of the post-crack response of the fiber-reinforced concretes corresponds to
the nomenclature of this ratio in these five value ranges: a) if 0.5 < fra/ frik < 0.7 —
softening (r). b) if 0.7 < frai/ frik < 0.9 — soft softening (ss). c) if 0.9 < frau/ frik < 1.1 —
perfect plastic (pp). d) if 1.1 < fra/ frik < 1.3 — soft hardening (S). €) if 1.3 < fra/ frik —
hardening (e). Each residual tensile strength resistance by bending test provides the value
of the vertical force F applied by the machine to the sample for the different values of
crack opening CMOD. From the different residual tensile strength resistance values
obtained for each reference value of CMOD in the prepared beams, there can be defined
the values of the characteristic residual tensile strength resistance by bending (frjx).

5. Results and discussion

Tests were performed to fiber-reinforced concrete in fresh state, such as slump flow,
density, and air content. These properties are listed in Table 6, it also contains the results
from the tests in the hardened state SFRC. The average resistance to compression (fcm)
from the six series at the age of 56 days.

Table 6. Average properties of fresh and hardened SFRC-mix

Slump Density Air fem, 56d Standard
Mix flow test (kg/m?) Content (N/mm?) deviation
(mm) (%) (N/mm?)
Control-R 180 2332 11 45.82 14
Mix-1-15%FA 190 2357 13 43.69 0.71
Mix-2 -30%FA 170 2345 14 45.03 0.71
Mix-3-15%W 190 2391 1 39.07 111
Mix-4-15%FA+15%W 175 2393 0.9 n.d. n.d.
Mix-5 -30%FA+15%W 170 2365 0.9 37.58 1.38

The average resistance to compression from the samples shows a decrease by the
replacement of supplementary cementitious materials in most of them.. On the other hand,
the reduction on the average resistance to compression was from 5% and 2%, compared to
mixture 1 and 2 respectively. In the mixture 3 the decrease is from 15% compared to
control mixture. The mix 5 that decreased in average 18%. The following figures 2, 3 and
4 show the average results of flexural tensile strength in beams, obtained for three volume
fractions of fibers 0.25%, 0.38% and 0.50%. In the figure 2 the control mixture has a
flexural residual tensile strength with an average value of 4.72 N/mm? and its behavior in
the “rs” indexes, in the limit of proportionality the frix of 68% decreases to frak at 79%.
The resistance of mixture 1 was of 4.15 N/mm? and its behavior was of “rs” with a
decrease from frik to frax from 61% to 68%. In this same mixture it is noted a decrease in
the residual tensile strength of 12% compared to control, however there is a small increase
in its post-crack resistance from 7% to 34%.
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Average equivalent flexural tensile strength with respect volume ratio 0.25% for mix.

The resistance of mixture 1 was of 4.15 N/mm? and its behavior was of “rs” with a
decrease from frik to frax from 61% to 68%. In this same mixture it is noted a decrease in
the residual tensile strength of 12% compared to control, however there is a small increase
in its post-crack resistance from 7% to 34%. In the mixture 2 the average residual
resistance was of 4.30 N/mm?, from fry to frax decreases from 76% to 90% in its behavior
“ss” bellow the control mixture and compared to control, from 9 to 34%. The mixture 3
had a residual resistance of 3.82 N/mm?, in “ss” classification; however it achieved the best
post-crack response, with an increase from 19% to 47% compared to control. The mixture
4 had a behavior similar to control and its residual resistance of 3.78 N/mm? maintaining
“rs” index. The mixture 5 obtained 4.05N/mm?, 14% bellow the control mixture, but it
decreased its post-crack response from frik to frak, 42% to 60%. The figure 3 shows the
residual tensile strength by bending curves with a fiber volume 0.38%. The control mixture
obtained an average value of 5.31 N/mm? and the post-crack response was satisfactory
decreased from frik to frax from 42% to 59%, in the “ss” index classification. For the
mixture 1 an average value of 4.03 N/mm? was obtained, with a post-crack response in
decrease from frik to fraxk 68% to 75%, in comparison the control mixture decrease 24%,
before its LOP, however very bellow the control mixture in the remaining indexes from
frux 0 frax 40% to 46%. The mixture 2 obtained a resistance value of 4.48 N/mm? its
response to the remaining indexes was a decrease from frik to frak 30% to 63%. This
mixture in comparison to control mixture, had a decrease from 16%, and the indexes had
an increase from frix to frax 21% and then it decreases to 9%, respectively. The mixture 3
obtained a value of 3.02 N/mm? and its index is located in “pp”, which improved
compared to control mixture, but in the resistance it decreased 43%, while indexes frik to
fra Of 36% to increase to 18%. The mixture 4 had a residual resistance of 3.88 N/mm?
from frik to frak 54% obtained an increase of 6% in the frsx and then returned to 54% of
decrease, when compared to control mixture it decreased 27%. The mixture 5 had a
resistance of 3.85 N/mm?, the indexes from fry to frax decreased 67 and 82%, respectively.
This mixture when compared to control had an increase of 27% in the resistance.



FIBRE CONCRETE 2015
September 10-11, 2015, Prague, Czech Republic

67 = Control Mix-1 (15%FA) Mix-2 (30%FA)
5 1 Mix-3 (15%W) Mix-4 (15%FA+15%W) Mix-5 (30%FA+15%W)
4 -
Es —
- 2
‘£>\
1
0
0 0.5 1 1.5 2 2.5 3 3.5
CMOD (mm)

Average equivalent flexural tensile strength with respect volume ratio 0.38% for mix.

In the figure 4 it is observed that mixture 3 has the highest increase in its “pp” residual
resistance index compared to control. In figure 5 is shown the number of fibers per
fractured surface for each mixture.

5 == Control
Mix-2 (30%FA)

Mix-1 (15%FA)
Mix-3 (15%W)

B\

e ——— ————
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Average equivalent flexural tensile strength with respect volume ratio 0.50% for mix.
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; % Mix-3 CPO-15%F A-15%W * Mix4 CPO-15%W ® Mix-5 CPO-30%FA-15%W
2 80
g
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235 40 u )
= g R”
o] 20
E
2 0

0.19 0.25 0.31 0.37 0.43 0.49 0.55

Percent volume to fiber

Total number of fibers per fractured surface for mix.

6. Conclusions
The main conclusions from this research studies are listed below.

1. The presence of steel fibers had null effect in the resistance to compression in the
mixtures.
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. The increase in the content of fibers volume increases the residual resistance, but

the increase is greater in the case of samples from mixture 3 prepared with the
supplementary material wollastonite.

. The addition of steel fibers in concrete has great influence in the resistance to

residual tensile strength by bending as well as in the ductility behavior. The main
factor that affects these properties is the elastic module of the fiber, besides the
aspect ratio, the fiber content.

. The fly ash has no effect in the residual resistance indexes, but there is a sustainable

option in the CPO cement consumption, by the reduction of 15% of these.

. The fly ash from the coal reserves of Nava, Coahuila, has no significant reactivity,

then is required to apply some treatment in order to increase it.

. The supplementary cementitious materials are an alternative to increase the residual

tensile strength in fiber-reinforced concrete.
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