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The feasibility of manufacturing fiber-reinforced concretes of high workability through additions of high vol-
umes of electric arc furnace steel slag is evaluated in this paper, using sustainable binders with ground granu-
lated blast furnace slag and ladle furnace slag as a supplementary cementitious material. An extensive experi-
mental plan is developed to test four (self-compacting and pumpable) concrete mixtures, some reinforced with
0.5% vol. of (metallic or synthetic) fibers, in both the fresh and the hardened state. Very specific mechanical as-

pects are examined, such as the evaluation of both longitudinal and transversal stress-strain compressive behav-
ior, and the assessment of direct tensile strength through the “dog-bone” test. The results of testing this sustain-
able concrete design yielded suitable mechanical strengths, and good toughness, ductility and impact strength,
among other properties. Good adhesion between the fibers and the cementitious matrix was also evident from
the fiber pull-out test results. Finally, the overall results confirmed that the use of electric arc furnace steel slag
can make a real contribution to construction-sector sustainability and that the mechanical behavior of these
novel concretes meets the basic design requirements for use in real structures.

1. Introduction

The study presented in this paper addresses the massive reuse of in-
dustrial by-products. In particular, the conversion of waste from the
steelmaking industry into value-added inputs for the construction sec-
tor. These efforts contribute both to the circular economy and to higher
levels of sustainability, preserving natural resources, reducing CO,
emissions, and decreasing the embedded energy of production
processes [1]. Concrete is by far the most widely used material in the
building sector, due to its versatility, durability and setting times, as
well as its variable composition, which are the main reasons for such
high levels of production and consumption [2]. Nevertheless, novel ma-
terials that contribute to the circular economy in concrete manufactur-
ing processes must be treated with caution. They must never be used
without previous experimental verification of the concrete in both the
fresh and the hardened state. The long-term performance of a novel

concrete and its durability against aggressive environmental agents
must likewise be monitored [2,3].

Over the past few years, the cement industry, one of the most pollut-
ing in the world [1,4], has explored new approaches for more sustain-
able construction materials. These approaches cover both the reduction
of the binder content and the clinker demand, replacing Portland ce-
ment with Supplementary Cementitious Materials (SCM) [1,2]. In an
initial approach of this study towards the improvement of concrete sus-
tainability, cement types II/B-S and III, as per EN 197-1, are used [5].
These cement types contain different proportions (from 30 to 70%) of
Ground Granulated Blast Furnace Slag (GGBFS) in substitution of Port-
land clinker, by-product that so far has been almost exclusively used in
marine environments [6] and for soil stabilization [7]. Small propor-
tions of Ladle Furnace basic Slag (LFS) added to the concrete as an SCM
are also analyzed. LFS is a by-product from the steelmaking sector that
has been succesfully used in mortars and concrete [8-11], in soil stabi-
lization [12,13] and in bituminous mixtures [14,15].
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The second approach towards the improvement of concrete sustain-
ability is to study the effects of Electric Arc Furnace Slag (EAFS) when
used as a massive aggregate in concrete mixtures. The feasability of us-
ing EAFS both in hydraulic [16] and in bituminous mixes [17-19] has
previously been demonstrated. In some fields, the use of EAFS rather
than natural aggregates is often advantageous [20]. For example, its
high density is useful in heavyweight concretes and radiation shields
[21-23], its high polishing resistance improves the behavior of the
wearing courses of pavements [24,25], and both its thermal and electri-
cal conductivity are beneficial in special cases [26].

Self-Compacting Concrete (SCC) and pumpable concretes are under-
going global expansion, due to their significant advantages, in terms of
workability and laying ranges [3]. However, they present some chal-
lenges that differ from conventional concrete, in so far as their flowabil-
ity in the fresh state is essential. Careful design is therefore crucial to
balance performance in both the fresh and the hardened state [27]. The
right balance of alternative aggregates is a complex matter [28], as
each has specific characteristics that require individual study [3]. For
example, SCC containing EAFS, a high-density aggregate, has certain
disavantages that involve a risk of segregation and decantation of the
coarse aggregate particles suspended in the cementitious matrix, as pre-
vious studies have shown [29,30].

Metallic and synthetic fibers are also gaining larger market shares,
as they can improve concrete mechanical strength and durability [31],
reducing crack formation and development, and providing post-
cracking loading capacity [32]. Their effects on tensile and flexural
strength [33,34], fatigue resistance [35], and especially toughness [36]
are clear in ordinary concrete mixtures. In general, fiber-reinforced
concrete is particularly useful in pavements [37], bridge piles [38,39]
and shotcrete coverings [40], although the fibers reduce flowability,
therefore complicating mixing and compromising workability [40].

The research presented in this paper represents a new step forward
in the workline of this research group, following a series of studies on
the use of EAFS as coarse aggregate in high-workability (self-
compacting) concretes and the use of SCM among other binders in those
mixes. The main novelty of this paper and its contribution to research in
this field is the analysis of the different fiber reinforcements and their
effects within sustainable EAFS concrete mixes. The results are com-
pared with those of a reference mixture which does not include fibers.
Our aim is therefore to test whether the simultaneous use of large quan-
tities of by-products from the steelmaking industry as both aggregate
and binder is suitable for the development of high-workability fiber-
reinforced concrete mixes. To do so, an extensive set of experiments is
detailed for testing the mechanical behavior of these concrete mixtures.
Compressive strength, tensile strength, longitudinal and tranversal
stress-strain behavior, flexural strength, fracture performance, and im-
pact and abrasion resistance are all analyzed. Furthermore, the compar-
ison of the results with previously published articles from the literature
reveals relevant conclusions on the composition of these mixtures. The
analysis of all these mechanical properties contributes to a comprehen-
sive and reliable validation of the use of these mixes in structural appli-
cations, such as bridge piles, decks, columns, beams, retaining walls
and foundations.
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2. Materials and methods

In this section, both the materials and the methods used in the study
will be explained.

2.1. Cement, admixture, natural aggregates and water

The binders consisted of Portland clinker mixed with GGBFS, an in-
dustrial by-product recovered from blast furnaces, in order to enhance
the general sustainability of concrete manufacturing. Two types of ce-
ment were used in the present article. Firstly, a Portland cement type II/
B-S 42.5-N containing 30% Ground Granulated Blast Furnace Slag (GG-
BFS), and secondly, a Portland cement type III/B 32.5-N containing
70% GGBFS, in accordance with EN 197-1 [5]. Furthermore, a small
fraction (6% of total binder) of Ladle Furnace Slag (LFS) [41-43] was
also added to the pumpable mixture (IIIP) as an SCM. The binder vari-
able was introduced to show the influence of the different cement types
on both the workability and the mechanical strength of the concretes. It
was also introduced to study the mechanical response of the hardened
fiber-reinforced concrete in terms of the interaction between the slag
aggregates and the mineral additions of GGBFS within the cement mix.

The admixture, a carboxylate-based water emulsion, previously
shown to have enhanced the workability of concretes manufactured
with EAFS [44], acting as plastizicer and viscosity conditioner, was pro-
vided by CHRYSO®™. The mix water, taken from the urban mains sup-
ply of the city of Burgos (Spain), contained negligible amounts of com-
pounds that could affect the preparation of hydraulic mixtures.

The limestone fines used (Fig. 1) in the mixes consisted almost ex-
clusively of calcite (>95%). They had a gradation fraction of 0/
1.18 mm (ASTM passing sieve N° 16), a fineness modulus of 1.5 units, a
specific gravity of 2.65 Mg/m?3 and a water absorption rate of 0.53%.
Their gradation curve is shown in Fig. 2. This limestone fine fraction
compensated the lack of fine fraction particles in the EAFS fine aggre-
gate (<4 mm), improving workability and preventing segregation
[45].

2.2. EAF and LF slag physic-chemical properties

Electric Arc Furnace Slag (EAFS) was supplied from the company
Hormor-Zestoa in the form of a high-density angular-shape aggregate
(around 3.4 Mg/m?) with two grading sizes (fine <4 mm, medium 4/
12 mm), as shown in Fig. 1. It was used after crushing and three months
of spontaneous weathering. The chemical composition, the results of X-
ray diffraction (XRD) analysis, and some of its physical properties are
shown in Table 1. Its fine and medium fractions, shown in Fig. 2, had
fineness moduli of 3.9 units and 5.7 units, respectively. Details on this
material can be found in several publications by this research group
[44,46].

A high-silica low-alumina Ladle Furnace Slag (LFS) with a powdery
appearance, grain sizes of under 1 mm, and a fineness modulus of 0.75
units was used. Its chemical composition and XRD analysis results are
also shown in Table 1. Some LFS compounds showed binding properties

Fig. 1. Used aggregates: EAFS 4/12 mm (left); EAFS 0/4 mm (middle); limestone fines 0/1.18 mm (right).
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Fig. 2. Grading of aggregates and LFS.

Table 1

EAFS and LFS chemical compositions and physical characteristics.
Compounds EAFS LFS
Fe,03 (%) 22.3 1.1
CaO (%) 32.9 59.2
Si0; (%) 20.3 21.3
AlLO; (%) 12.2 8.3
MgO (%) 3.0 7.9
MnO (%) 5.0 0.3
SO3 (%) 0.4 1.4
Cr,03 (%) 2.0 -
P,0s (%) 0.5 -
TiOy (%) 0.8 0.2
Others (Na,0, K50 ...) 0.6 0.4
Angularity coefficient BS-  close to 11 units

812

Water absorption (%) 1.12 -
Specific gravity (Mg/m?) 3.42 3.03

Periclase-Olivine-
mayenite

Wiistite-Ghelenite-
Kirsteinite

XRD analysis results

similar to an SCM, as noted in several studies [41-43,47]. The remain-
der of the LFS can be considered as a slightly expansive fine aggregate
fraction; its expansiveness presents no risk, due to its low proportion in
the global mix.

2.3. Fibers

Metallic and synthetic fibers, with the characteristics shown in
Table 2, were separately used in the mixtures. Steel fibers, labelled M
(hooked-end wire pieces), and polypropylene fibers, labelled Y (sur-
face-dimpled) were added to optimize the efficacy of the mix through
their adherence with the surrounding cementitious matrix.

Table 2
Fiber characteristics.

Characteristic Metallic fibers (M) Synthetic fibers (Y)
(Arcelor Mittal HE (SikaFiber T-35)
55/35)

Material Steel Polyolefin/polypropylene

Length (mm) 35 35

Equivalent diameter (mm) 0.55 0.93

Length/diameter aspect 64 38

ratio

Tensile strength (MPa) >1200 >400

Density (kg/m?) 7900 910

Young's modulus (GPa) 210 6

Journal of Building Engineering 43 (2021) 102548
2.4. Mix design

In this study, four different concrete mixtures were studied using
two types of cement (CEM II/B-S 42.5-N and CEM III/B 32.5-N), in
amounts of around 310-330 kg/m? to reach a compressive strength at
28 days of between 30 and 50 MPa, and a volume of (metallic and syn-
thetic) fibers at around 0.5% of the concrete mass. Their common as-
pects were the ideal gradation with the Fuller-Bolomey curve with an
exponent within the range of 0.45-0.5 units, a water/binder ratio of
around 0.5 units and a high volume of added EAFS. The suitable pro-
portioning of concrete mixes containing EAFS has been widely analyzed
and described in previous works [44] by this research group, using the
maximum volume of slag above which the behavior in the fresh state is
inadequate. In conventional terms, the in-weight replacement of nat-
ural aggregate with EAFS was around 60% in the self-compacting mixes
and around 70% in the pumpable mix, as shown in Table 3. It may be
also recalled that highly workable mixtures are indispensable when
producing efficient high-workability structural concretes, which im-
plies limiting the fiber content to the proposed value of 0.5%.

e Mixtures IISC, IISC-M and IISC-Y were self-compacting concretes,
containing CEM II/B-S 42.5-N and either metallic (IISC-M) or
synthetic (IISC-Y) fibers. Mixture IISC, the reference mix of this
study, incorporated no fibers to analyze the effect of their addition.
The mix proportions were defined to achieve a slump flow of around
600 mm, and a tsoo (time to reach a slump flow higher than
500 mm) lower than 5 s in the fiber-containing mixtures.

Mixture III-P was a pumpable concrete in which the binder included
two components: CEM I1I/B 32.5-N and LFS (6% of the total amount
of binder) as SCM [42,43]. In addition, metallic fibers were also
added. In this case, the workability target was a slump higher than
160 mm (S4 consistency) in the Abrams cone test.

Table 3 depicts the mix design of each mixture and Fig. 3 (calcu-
lated in volume) shows the mix gradation, together with the Fuller's
curve. Two aspects must be highlighted regarding this mix design: the
volumetric calculations and the effect of the admixture.

e Regarding the volume of each component, the same amount of
binder was added to all mixtures (10.5% of total volume). However,
the self-compacting mixes need additional fine fractions to achieve
the desired workability, which explains their higher limestone fines
content (EAFS and limestone fines in proportion to the volume of
the mix were 40 and 35%, respectively, for self-compacting mixes,
and 50 and 25% for pumpable concrete).

e As previous studies from this research group have shown [44], the
amount of admixture could not exceed 2% of the binder mass in any

Table 3
Mix proportions in kg per cubic meter of concrete.

Components in kg IISC IISC-M IISC-Y IIIP-M
Cement II/B-S 42.5R 325 325 325 -
Cement III/B 32.5 N - - - 315
LFS - - - 25
Water 170 180 185 160
EAFS medium (4/12 mm) 755 755 755 935
EAFS fine (0/4 mm) 545 545 545 685
Limestone fines (<1.18 mm) 955 955 955 655
Admixture 5.0 5.0 5.0 4.2
Fiber reinforcement: type/kg (0.5% vol.) - M/40 Y/4.5 M/38
Total weight 2755 2765 (*) 2770 (*) 2780

Roman number II and III: type of Portland cement according EN-197-1 [5].
P = pumpable; SC = self-compacting. M = metallic fiber; Y = synthetic fiber.
(*) = the proportioning of these mixtures amounts 1030 L.
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Fig. 3. Approximate gradation of the mixtures.

mix, due to the appearance of segregation in the slump-flow and the
Abrams cone tests. For this reason, self-compactability was achieved
by increasing the amount of water and limestone fines. In mixture
IIIP-M, this self-compactability could not be obtained, because of
the poor interaction between the admixture and the large amounts
of GGBFS that were incorporated in CEM III/B, so the target
consistency was defined as S4.

2.5. Specimen preparation and testing program

The mixing sequence involved a blend of aggregates for 1 min.
Then, the cement and the water were added, followed by 2 min of mix-
ing. Subsequently, the admixture was poured followed by 3 min of mix-
ing. Finally, the fibers were added when the mixture was homogeneous,
and the concrete was mixed for another minute. Once the mixing
process had been completed, in-fresh state tests were performed, fol-
lowing the EFNARC recommendations [48] and the specifications of
standard EN 206 [49]. Subsequently, the specimens were prepared to
perform each test in the hardened state, as detailed in Table 4.

The specimens were cured in a chamber at temperature and mois-
ture levels of 20 = 2 °C and 95 = 5%, respectively, over different peri-
ods, until the age of testing (detailed in Table 6). The numerical results

Table 4
Tests and corresponding specimens.

Test Standard
[5]

Specimens

Hardened density EN 12390-7 Cylindrical specimens of
100 x 200 mm
Compressive strength, elastic modulus ~ EN 12390-3
and stress-strain behavior EN 12390-
13
Splitting tensile strength EN 12390-6 Cylindrical specimens of
150 X 300 mm
Impact strength UNE 83514
[50]

Direct tensile strength [51] - Customized Dog-bone
specimens (explained in

section 4.5)

Journal of Building Engineering 43 (2021) 102548

of the test for characterizing the material represent the average of at
least three specimens that showed coherent values. The standard devia-
tion is also shown in brackets alongside these values.

The test plan included flowability tests in the fresh state and a com-
plete mechanical characterization in the hardened state: behavior un-
der compressive loading, including compressive strength, modulus of
elasticity, Poisson coefficient, and longitudinal and transversal stress-
strain curves, indirect tensile strengths (Brazilian test and flexural test),
direct (uniaxial) tensile strength with the “Dog-bone” test, bending tests
with and without notching, with results of toughness, fracture energy,
and post-cracking behavior tests, fiber pull-out test, impact strength,
and abrasion resistance. In this extensive experimental program, the va-
lidity of the developed mixtures is reliably demonstrated for use in
structural applications, analyzing all possible loading scenarios to
which the developed mixtures may be subjected. Furthermore, the per-
formance of the mixes is compared with results available in the litera-
ture, which addresses the behavior of fiber-reinforced high-workability
concrete manufactured with conventional binder and aggregates.

3. Fresh properties of concretes

Concrete in the fresh state can be considered self-compacting or
pumpable when it meets standardized values for flowability, viscosity,
segregation resistance, and passing ability. These requirements are de-
fined in future applications and the desired performance of the con-
crete, influenced by the geometry of the element that is cast, the laying
equipment, the formwork and the containment level, etc. Table 5 sum-
marizes the fresh properties of the mixtures under study.

The spreading on a steel plate of the self-compacting mixtures was
measured in accordance with EFNARC recommendations [48] and stan-
dard EN 206 [49]. Mixture IISC was classified as SF2 (660-750 mm)
while the presence of fibers decreased the flowability of mixtures IISC-
M and IISC-Y, which were classified as SF1 (550-650 mm). In the L-box
test, only performed on the self-compacting mixture without fibers,
IISC, the PA2 class (>0.80, with 3 rebars) that it achieved was consid-
ered suitable for self-compactability. The pumpable mixture IIIP-M
achieved a S4 consistency class (slump between 160 and 210 mm) in
the Abrams cone test. This mixture showed acceptable flowability for
pumping, requiring slight vibration for proper placement, as was ex-
pected. The loss of flowability when adding metallic fibers to the mixes
under study, with a high EAFS content and the consequent slight in-
crease in the added water, of over 10%, was higher than the increase
observed in concrete made with natural aggregate, where the addition
of the same fiber content led to a loss of flowability of around 5%
[54,55]. It is possible that the high density of the slag was combined
with the negative effect of the fibers, thus amplifying the flowability de-
crease, an aspect previously described in relation to vibrated concrete
by the same research group [36].

The fresh density values were in the range of 2.60-2.70 Mg/m? for
all the mixtures. They were heavier than a conventional concrete, the
fresh density of which was around 2.5 Mg/m?3, due to the greater spe-
cific gravity of the EAFS aggregate [16]. When the fibers, especially the

Flexural strength EN 83509 Prismatic specimens of
100 X 100 x 400 mm
Flexural toughness, first crack strength EN 83510
and fracture energy
Flexural toughness, Limit Of EN Notched prismatic
Proportionality (LOP) and residual 14651 + Al specimens of
flexural strength 150 x 150 x 600 mm
Abrasion resistance EN 1340 Cubic specimens
and EN 10 x 10 X 10 mm
14157
Fiber pull-out ASTM C900- Prismatic specimens of
19 [52] 75 X 75 X 285 mm
ACI 228.1R-

19 [53]

Table 5
Fresh properties of the mixtures.
Property Standard [5] 11sc IISC- 1ISC-  IIIP-
M Y M
Slump/Spreading (mm) EN 12350- -/720 -/650 -/620 175/-
8/12350-2
Consistency/flowability EN 206 -/SF2 -/SF1  -/SF1 S4/-
class
L-box (passing ability, EN 12350-10 0.82 - - -
3 bars) (PA2)
Fresh Density (Mg/m?) EN 12350-6 2.71 2.67 260 271
Occluded air (%) EN 12350-7 2.2 2.0 1.9 3.6
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synthetic ones, were incorporated in the mix, the value of this density
decreased due to the increasing addition of water.

The amount of vacuolar/spherical porosity, evaluated with the oc-
cluded-air test, was considered at reasonable levels in almost all mix-
tures (about 2%). However, the air content was higher in mixture IIIP-
M (3.6%), with a higher content of GGBFS and LFS. This fact is attrib-
uted to physical-chemical (adsorption-radical,  hydrophilic-
hydrophobic) interactions between the finest particles of the binder and
the admixture [41], which normally favors the formation of air bubble
micro-pores [56].

4. Hardened properties of concretes

This section contains the results of the hardened properties of the
four concrete mixtures under study, summarized and shown in Table 6.
Each test and their results are explained in the following sub-sections.

4.1. Density, compressive strength and elastic properties

In this section, the density and the conventional mechanical proper-
ties of concrete (compressive strength, modulus of elasticity, and Pois-
son coefficient) are analyzed.

4.1.1. Density and compressive strength

As can be seen in Table 6, the hardened densities of the concretes
varied from 2.54 to 2.65 Mg/m3. The volumetric fraction of EAFS and
the porosities (capillary, vacuolar) of the mixture matrices were the key
variables to justify these results. The compressive strength results mea-
sured at 7, 28, 90, 180 and 360 days of curing (fc;, fcas, fcoo, fc180 and
fesg0, TEspectively) are also detailed in Table 6.

The evolution of concrete compressive strength showed that at early
ages (until 28 days) the mixtures could be divided into two classes ac-
cording to the type of cement. Mixture IIIP manufactured with CEM III/
B (70% GGBFS) and LFS, reached around 30 MPa at 28 days, while the
mixtures manufactured with CEM II (30% GGBFS) reached around
50 MPa at the same age. Hence, both types of cements could be consid-
ered suitable to produce sufficiently strong structural concrete and any

Table 6
Hardened properties of concretes. Standard deviation in brackets.

Property JING IISC-M 1IISC-Y  IIIP-M

Hardened density 90 days 2.63 2.57 2.54 2.65

(Mg/m®) (0.3) 0.3) (0.2) (0.3)

Compressive strength 7 days 47.1 38.2 33.3 20.2

(MPa) (1.5) 0.4) (0.1) (0.3)

28 days 59.7 53.1 46.1 27.4

(5.7) (1.5) (1.0 (1.3)

90 days 75.3 63.6 56.8 33.3

4.1) (3.6) (5.3) (1.0)

180 days 76.1 65.2 59.1 38.1

(3.5) (3.5) (3.2) (2.1)

360 days 77.9 68.8 60.5 42.2

(0.2) (5.3) 2.7) (1.2)

Modulus of elasticity: E 90 days 40.1 34.7 31.6 26.1

(GPa) 0.7) (1.5) (0.9) (0.5)

Poisson coefficient (v) 90 days 0.23 0.22 0.22 0.19

(0.1) (0.1) (0.1) (0.1)

Flexural strength (MPa) 90 days 7.93 5.97 5.04 4.43

(2.3) 1.1) (0.3) (0.5)

Splitting tensile strength 90 days 5.11 4.84 4.35 3.36

(MPa) 0.4) (0.6) 0.4) 0.4)

Direct tensile strength 160 days 4.25 3.77 3.66 3.14

(MPa) 0.2) 0.4) 0.4) 0.2)

(Tensile) Young's 160 days 38.5 37.9 35.5 32.3

modulus (GPa) (1.0) (2.8) 0.3) 0.1)
Pull-out test (at 180 Ultimate load - 310 191.4 250.1

days) N) (119) 27) (30)

Pull out length - 1.5 1.9 1.3

(mm) (0.3) (0.5) 0.1)
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strength loss was noticeable with increased amounts of GGBFS. The
evolution of this property with age was similar when measured as the
ratio between fc; and fcog and between fcgy and fczgp: 72-78% and
87-98%, respectively, in all cases. Analyzing the effects of the different
cements, the compressive strength of the IIIP-M mix was roughly half of
IISC mixture at all ages. The excellent long-term strengths of the self-
compacting concretes, especially visible in mixture IISC, were due to
the very good quality of the matrix, with suitable gradation and lime-
stone fines balance [57]. There was no increase in the compressive
strength of SCC following the addition of fibers, unlike usual when
adding fibers to natural aggregate concrete [56,58]. The increased
amount of water required for high workability, led to an increase in the
water/binder ratio.

The addition of by-products and the particular dosage required to
achieve a high workability can alter the development of strength over
time compared to conventional concretes. For this reason, the validity
of three of the most widely accepted models in the literature for the
evolution of compressive strength in conventional concretes over time
is analyzed. These models reflect isothermal curing such as the one car-
ried out in this study and are shown in Table 7. It can be seen that they
permit the compressive strength (CS, in MPa) to be obtained as a func-
tion of the age of curing (¢, in days). The remaining elements are adjust-
ment parameters, the values for which can be obtained with a multiple
regression.

As can be seen in Table 8, these models were properly fitted, with
coefficients R? above 90% in all cases, which reflects their suitability
for mixtures made with EAFS, sustainable binders and fibers. The con-
cretes with fibers achieved a coefficient RZ of 99% in at least one model,
the exponential model presenting the best fit. The fit for mixture IISC
was slightly worse (maximum coefficient R? of 97%), while the modi-

Table 7
Models of compressive strength development over time.
Model Expression Parameters
Carino and Lew [59]: cS=5. k-(1—1p) S, limiting strength (MPa) k:
hyperbolic model k(1) constant of strength
development (day~!)
to: age at start of strength
development (days)
Kundsen [69]: modified s . [i(r—10)
hyperbolic model “ Ly fi)

Hansen and Pedersen

! €S =S8, exp (_(1)"> Sy limiting strength (MPa)
[61]: exponential model

! T: time constant (days)
o: shape parameter in the linear
portion

Table 8
Fitted parameters of compressive strength development over time.
Model Parameter 11SC IISC- IISC- IIIP-M
M Y
Carino and Lew [59]: hyperbolic S, (MPa) 77.79 68.27 60.63 42.35
model
k (day™1) 0.19 0.18 0.16 0.06
to (days) 0.00 0.00 0.00 0.00

Coefficient RZ 93.64 99.32 97.27 91.85
(%)

Kundsen [60]: modified S, (MPa) 89.20 76.79 69.24 50.66
hyperbolic model
k (day™1) 0.19 0.21 0.18 0.05
to (days) 0.53 236 221 0.00

Coefficient R 97.13 99.56 99.10 98.58
(%)

Hansen and Pedersen [61]: S (MPa) 88.84 72.68 67.67 97.61
exponential model
7 (days) 2.63 3.32 3.62 125.96
o 0.44 059 0.50 0.16

Coefficient R  97.09 99.75 99.23 99.79
(%)
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fied hyperbolic model showed the best fit. The best-fit model for each
mixture is shown in Fig. 4.

4.1.2. Elastic properties

The elastic properties (Table 6), modulus of elasticity and Poisson's
coefficients of the CEM II mixtures, after 90 days in the moist room,
showed a modulus of elasticity between 30 and 40 GPa, while the CEM
III/B mixture only reached 26 GPa. However, the Poisson's coefficients
were 0.22 units in almost all cases, slightly lower in mixture IIIP-M
(0.19 units), consistent with the compressive strength results, and as-
suring good homogeneity.

The modulus of elasticity is usually estimated using linear or expo-
nential equations depending on compressive strength (f,) [62]. For nor-
mal strength concrete, the standards of the American Concrete Institute
(ACI-318) [63] and the International Federation for Structural Concrete
(CEB-FIB) [64] express this relationship through equations (1) and (2),
respectively.

E = 4,700- /], ¢3)

—215.10 . f_v% 2
E=21510 <10> @

In Fig. 5, the theoretical curves, calculated with equations (1) and
(2) are compared with the experimental results at 90 days. The adjust-
ment to ACI-318 is more precise, but for all the mixtures the experimen-
tal values were below the theoretical values, i.e., the results of applying
both structural codes slightly overestimated the moduli of elasticity of
these EAFS concretes. It can also be observed that the presence of the
fibers worsened the fitting of the curve.
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Fig. 5. Relationship between elastic modulus and compressive strength at 90
days.
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Finally, as a global reflection, a relevant aspect must be highlighted.
Starting with the “reference mixture” IISC, which showed the highest
strength and stiffness, it was observed that the addition of fibers to that
initial mixture (mixtures IISC-M and IISC-Y) led to heightened water
demand, in order to maintain a suitable self-compacting workability
and, as a result, the compressive strength and the stiffness decreased in
these two fiber-containing mixtures, despite any presumable increase in
strength and stiffness produced by the presence of reinforcement fibers
[65,66]. This phenomenon has also been observed in SCC with natural
aggregate [58].

4.2. Stress-strain behavior under compression load

Three cylindrical specimens 100 mm in diameter, cured for one year
in moist room, were subjected to compressive loading up until failure,
in order to define the stress-strain behavior in the plastic region devel-
oped by the mixtures. In this way, both longitudinal and transversal
strain was measured and recorded using strain gauges and a data log-
ger. The stress-strain curves are shown (in black) in Fig. 6.
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Fig. 6. Stress-strain curves of the compression test: (a) longitudinal direction;
(b) transversal direction.
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Regarding the longitudinal direction, mixture IISC had the most
rigid elastic behavior (highest modulus of elasticity). In the plastic re-
gion, strain at failure was the lowest for the aforementioned mixture
(2654 pe), not even reaching the theoretical failure strain advanced in
structural standards (3500 pe) [63,67,68]. Mixtures IISC-M and IISC-Y
showed an intermediate behavior of greater similarity to conventional
concretes, with a fracture strain of around 3300 pe. The increased strain
when adding metallic fibers was 15%, similar to the one observed in
SCC made with natural aggregate [54]. The use of synthetic fibers did
not modify the behavior observed in the conventional SCC [69]. Mix-
ture IIIP-M presented the highest deformability up until failure (4269
pe). The other aspect to highlight is the fact that the higher the failure
strain, the lower the deformation of the Limit Of Proportionality (LOP)
(for example, 1131 pe for mixture IISC and 876 pe for mixture IIIP-M).
In brief, the greater stiffness of the mixtures resulted in elastic behavior
with greater deformations, although the mixtures had a lower failure
strain limit.

The Model Code of CEB-FIP [64], and Eurocode 2 (EC-2) [67] pro-
vide formulations for estimating the stress-strain curve of concrete
(equations (3)-(5)), which depend on the compressive strength of the
concrete (R) in MPa and its modulus of elasticity (E) in GPa. ¢ (MPa)
and ¢ (pe) represent the stress and the strain of the different points of
the stress-strain curve, respectively.

rlr(2)-(2)]

o= (3)
1+(K—2)~(£io>

K:1+2-e_<%) “)

eo=[4+3-K+\/(4+3-K)2—40]~IO(I)E’R (5)

Fig. 6a shows that the estimation of the stress-strain curve for the
IISC mix was acceptable. The stress-strain behaviors of both the EAFS
and the natural aggregate concretes were not so dissimilar. The addi-
tion of fibers, both metallic and synthetic, clearly caused this model to
underestimate the strain at maximum load. However, while EAFS ag-
gregate did not excessively affect this behavior, the use of slag as
binder had a very noticeable effect, since the IIIP-M mix (GGBFS con-
tent of 70% of the total amount of binder) showed a much higher de-
formability in the plastic zone than expected according to this model.

In the transversal direction, the linear elastic region was adjusted by
the Poisson's coefficient, and the aspects of plastic deformability dis-
cussed above regarding the longitudinal direction were also valid, al-
though the plastic strain at failure point was much higher, due to the
bulging of the cylindrical specimens. The fracture strain of the mixtures
was reached within the interval between 7410 and 8706 pe. However,
three different types of behavior could be distinguished. On the one
hand, mixture IISC, the only one without fibers, had a yielding step at
the end of the elastic zone (75% of the maximum stress). Mixtures IISC-
M and IISC-Y were characterized by their high strain with practically no
increase in stress within the yielding (almost horizontal) region where

Table 9
Characteristic values of stress-strain curves.
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the maximum of the curve is almost imperceptible. Finally, the stress-
strain curve of mixture IIIP-M showed a very similar curved shape to
the one in the longitudinal direction. Although CEM III/B also had
fibers, as the load was applied, it caused a more progressive increase in
transversal deformation than in the mixtures containing CEM II/B-S. If
the transversal strains of the IISC-Y mix are compared with those ob-
tained in the SCC reinforced with a similar content of synthetic fibers, it
can be observed that the use of EAFS may have caused the SCC to admit
higher transversal strains before failure [69].

Table 9 summarizes the most relevant values of these curves, which
clearly illustrates the aspects discussed in this section. In addition, this
table shows the energy that the mixtures absorbed during this test, fol-
lowing the calculation of the area under the curve, having applied the
trapezoidal rule. The level of absorbed energy showed that mixture
IISC-M was the one with the highest absorption capacity, due to its
greater deformability, compared to mixture IISC, in spite of its greater
strength. Mixture IIIP-M provided a higher energy absorption capacity
than mixture IISC-Y, showing that the addition of synthetic fibers led to
a lower energy dissipation capacity, mainly due to the decrease of com-
pressive strength, because of the greater amount of water needed to
reach self-compactability.

The relationship between the longitudinal and transversal strain
throughout the loading process can be seen in Fig. 7, in which the elas-
tic field, associated with a Poisson's coefficient of around 0.2 units (ini-
tial horizontal region) is evident from the behavior of all the mixtures.
In the graph, the Poisson's ratio of the mixtures with II/B-S cement and
fibers also show that their transversal strain remained in the same pro-
portion to their longitudinal strain almost up until the maximum value
(97-98%) of compressive strength. The circumstances of mixes IIIP-M
and IISC differed, in so far as the Poisson's ratio reflected a notable in-
crease of the transversal strain at stress levels of 60-70% of their com-
pressive strength. The bridging effect caused by the presence of fibers
against the tangential/circumferential tensile stresses, during the
bulging of the specimens, yielded this singular behavior in mixes IISC-
M and IISC-Y, unlike mixture IIIP-M, in all probability due to the differ-
ent stiffness of the cementitious matrix.

4.3. Fiber pull-out test

A pull-out test was performed, in order to determine fiber adhesion
within the concrete mass, following the instructions in ASTM C900-19
[51] and ACI 228.1R-03 [49]. The pull-out test measures the maximum
force required to pull out an embedded fiber from within a concrete
specimen. The pull-out force is applied by a loading system that raises
an embedded fiber upwards from the surface of a concrete block se-
cured in a clamp. Fig. 8 shows the arrangement of the test and its opera-
tion. In each fiber, the load versus the displacement (sum of the length
of the extracted fiber and the elongation experienced by the fiber) was
recorded. The test was performed on 13 fibers per mixture and both the
average results, and the standard deviation (in brackets) are shown in
Table 6. After the application of the load, all the fibers (metallic, poly-
meric) broke hardly without having moved, which leads us to conclude
that the adhesion of both the metallic and the synthetic fibers within

Mixture Proportional limit Maximum point

Failure strain Absorbed energy

(MJ/m?)
Stress Longitudinal Transverse strain ~ Stress' Longitudinal Transverse strain Longitudinal Transverse strain
(MPa) strain (pe) (pe) (MPa) strain (pe) (pe) strain (pe) (pe)
IISC 45.4 1131 256 77.8 2654 5854 2828 7455 0.1395
IISC-M 38.8 1117 250 63.3 3072 1722 3381 8058 0.1454
IISC-Y 346 1090 244 59.4 2926 1924 3220 7714 0.1302
mP-M 229 876 174 40.9 3619 5009 4269 8706 0.1351

1 Different values from those in Table 6. Different specimens were used to obtain the compressive strength and stress-strain curves.

7


http://www.astm.org/Standards/C900

V. Ortega-Ldpez et al.

o |SC = e|SC-M  esse|iSCY =IIP-M

25

S

=Y.

15

Quotient between transverse and longitudinal strain

0 20 40 60 80

100

Percentage of compressive strength (%)

Fig. 7. Relationship between transversal and longitudinal strength.

the concrete mass was very good and was even better for the metallic
fibers due to their ribbed ends. This adhesion, related to the ultimate
pull out load, was mainly influenced by the type of fiber and its geomet-
ric and superficial characteristics, depth of embedment and the tough-
ness of the cementitious matrix [70].

4.4. Indirect tensile strengths

Determining the tensile strength of concrete is no easy task with di-
rect methods. For this reason, the determination of splitting tensile
strength with the “Brazilian test” and the flexural strength test are
widely used, due to their simplicity.

The splitting tensile strength test results, indirectly estimated from
the Brazilian test on cylindrical 150 x 300-mm specimens after 90
days of curing, are shown in Table 6, 3.36 MPa for the IIIP-M mix and
within a range of 4-5.1 MPa for the self-compacting mixtures manufac-
tured with CEM II/B-S, respectively. Despite the presence of fibers in
mixtures [ISC-M (4.84 MPa) and IISC-Y (4.35 MPa), their splitting ten-
sile strength values were lower than that of the reference mixture IISC
without fibers (5.11 MPa). In all cases, the values were good, showing
the excellent quality of the mixtures and their good tensile-resistant In-
terfacial Transition Zones (ITZ) between the EAFS and the cementitious
paste [71,72].

The same trend was also observed for flexural strength at 90 days of
curing obtained with 100 X 100 x 400-mm specimens in a three-
point bending test. As shown in Table 6, the values of the self-
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compacting concretes were between 5 and 8 MPa, while the value of
the pumpable concrete, IIIP-M, was 4.43 MPa. As with the previous
test, the mixture without fibers, IISC, yielded the highest strength
(7.93 MPa) followed by the IISC-M (5.97 MPa) and the IISC-Y
(5.04 MPa) mixes.

Fibers sew the cracks that originate in concrete, which implies that
the indirect tensile strengths of concrete increase [73]. This phenome-
non is observed in SCC made with conventional aggregate [58] and in
vibrated concrete made with large amounts of EAFS [36]. However, in
this study, these strengths decreased with the addition of fibers, which
was attributed to the notable increase of water required to ensure that
the mixes retained flowability and that weakened the cementitious ma-
trix. Therefore, the use of EAFS decreased the ability of the fibers to in-
crease the tensile strength of SCC.

Both test results for mixture IIIP-M yielded the lowest values, de-
spite the metallic fibers. Clearly, the cement type influenced the quality
of the concrete and the bonds between the components (EAFS, cementi-
tious matrix and fibers) of the ITZ.

4.4.1. Comparison with values from standards

The indirect tensile strength (f) of concrete can be estimated
through either equation (6) (EC-2 and CEB-FIP [64,67]) or equation (7)
(ACI-318 [63]). In turn, the flexural strength (fﬂ) of concrete can be pre-
dicted by equations (8) and (9), which belong to EC-2 (CEB-FIP) and
ACI-318 respectively. In these equations, R is the compressive strength
of the concrete in MPa and h is the height of the tested specimen in mm.

£, =0.30- (R — 8)*3 if R < 58 MPa ©)
f, =058 (R—8)!/% if R>58 MPa
f, =0.56-R%3 )
p— — _h . M
j},—max{(lﬁ l,OOO) f,,f,} (8)
fy=094-R%S 9

In Fig. 9, the comparison between the experimental and theoretical
values of the formulas is shown. It can be seen that the adjustment was
different for each indirect tensile strength. On the one hand, the split-
ting tensile strength was underestimated by both standards, with the
ACI-318 [63] formulation showing the best fit, as for the modulus of
elasticity. On the other, the flexural strength exhibited an intermediate
adjustment, so that the results of the European formula applied to the
mixtures with fibers fitted the experimental results better than the ACI
formula [64,67], which in turn showed the best fit for the IISC mixture,
without fibers [63]. Therefore, unlike the splitting tensile strength, no
clear trend can be established regarding the best formulation for esti-
mating the flexural strength of the mixtures.

Fig. 8. Arrangement of the pull-out test: (a) Synthetic fiber pull out; (b) Synthetic fiber breakage.
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4.5. Direct tensile strength: “dog-bone” test

Direct tensile tests are not widely used for concrete and there is a
lack of guidance on how to perform this kind of test [51]. In this re-
search, small sized dog-bone shaped specimens were used for the direct
tension test, using two lateral Wheatstone-bridge gages to measure the
longitudinal strain, as described in Fig. 10. The specimens underwent
uniaxial tensile loading, and their tensile properties (direct tensile
strength and tensile Young's modulus) are shown in Table 6. Further-
more, the stress-strain curves were likewise obtained, see Fig. 11.

In this research, a dog-bone mold was designed based on a review of
Wille et al. [51] and the characteristics of the clamping jaws available
in the laboratory. The test specimens were 164.1 mm in length with a
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30 x 30-mm cross section, cured for 160 days in a moist room. Fig. 10
illustrates the specimen design, some tested specimens and the arrange-
ment of the test.

The specimens were preloaded in six cycles of loading/unloading,
see Fig. 11, to ensure proper alignment of the arrangement and to calcu-
late the elastic modulus. The loading rate was 0.05 kN/s up to loads of
0.5, 0.75, 1, 1.5, 2, and 3 kN, respectively. Afterwards, they were
loaded up to complete failure. The failure mode of the mixtures without
fibers showed a brittle behavior when loaded beyond their ultimate ten-
sile strength. Mixtures with fibers, especially the ones with steel fibers,
showed a more ductile behavior; firstly, the concrete collapsed and
then, the fibers. In the failure section, very few fibers were found paral-
lel to the loading direction. The fibers that were properly oriented
showed the same failure mode as the one observed in the pull-out test
described above, i.e., fiber breakage occurred.

The direct tensile test method showed lower tensile strengths than
the Brazilian test, as suggested in other previous studies [74]. The val-
ues of direct tensile strength were 17%, 22%, 16% and 7% lower than
the splitting tensile strength for mixtures IISC, IISC-M, IISC-Y and IIIP-
M, respectively. Furthermore, the direct tensile strength was found at
around 60-70% of the tensile stress from the flexural tests (Table 6).

Fig. 11 shows the stress-strain curve of each concrete in this direct
tensile test, with a linear elastic behavior for mixtures IISC-M and IISC-
M/Y. Slightly less linearity was observed in mixture IISC and a non-
linear elastic behavior was observed for mixture IIIP-M which provided
a curve with hysteresis. Both behaviors (non-linearity, hysteresis) noted
in IIIP-M were thought to be related to the specific gels that form during
the setting of CEM III/B concrete, based on the hydration of GGBFS.
The use of EAFS resulted in failure strains similar to those obtained
when using natural aggregate, regardless of fiber content and type [69].
Only the use of large amounts of GGBFS (IIIP-M mix) resulted in higher
deformability of SCC under tensile stresses.

Although the results are quite rational, further research is needed,
due to the “size effect” evident in the results of this direct tensile test
[75]. The cross-section of the dog-bone should be carefully designed in
accordance with both fiber and aggregate size. Otherwise, the fiber dis-
tribution might not be uniform, leaving areas without fibers at greater
risk of brittle fracture.

The tensile Young's modulus tended to be slightly higher than the
compressive Young's modulus for the mixtures with fibers (IISC-M/Y
and IIIP), as also found in previous studies [74,76]. In the IISC mix,
which did not incorporate fibers, a higher elastic stiffness in compres-

Fig. 10. Dog-bone design and arrangement of the direct tensile strength test.

9



V. Ortega-Ldpez et al.

—lIsC

(a)

g
2
g P
s Z
1 /
0 S/
0
0 20 40 60 80 100 120 140
Strain (pe)
(0 e I1SC-Y
45
4
35 -
- 3 //
I
gz.s o
g BEEt
@15 ff
1 //
05 //
o
0 20 40 60 80 100 120 140
Strain (ue)

Stress (MPa)

Stress (MPa)

Journal of Building Engineering 43 (2021) 102548

- =|ISC-M

45

4

L-
35 =
-
3 1=
-

25 =

2 ,’/
15 / =

1 /,
05

0

0 20 40 60 80 100 120 140
Strain (pe)
(d) —llIP-M

45

4

35

3 —

25 1

2 =

15 %/{(

1 i

05 —— -

0

0 20 40 60 80 100 120 140
Strain (pe)
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sion was observed, as well as when using natural aggregate [69]. This
trend is observed in Fig. 12, which shows the compressive moduli of
mixes after 90 days of curing, depicted in Table 6, in comparison with
the tensile moduli of mixes after 160 days of curing that are shown in
Fig. 11. Generally, mixtures with metallic and polymeric fibers showed
tensile elastic moduli values higher than their corresponding compres-
sive moduli. The necessary correction, due to the different curing peri-
ods of the specimens, could be deduced from the data of Figs. 4 and 5,
and should reduce the aforementioned difference. However, it is con-
sidered of less significance than the influence of the fibers within the
concrete mass.
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Fig. 12. Relationship between tensile and compressive elastic moduli.
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4.6. Fracture toughness evaluation (with and without notching)

The fracture toughness of the mixtures is one of the most important
characteristics that fibers provide to the concrete, enhancing its ductil-
ity in the post-cracking behavior [73]. Two bending tests were per-
formed on specimens after 160 days curing in a moist room, to evaluate
this property: the first one was a four-point test on 100 x 100 x 400-
mm prismatic specimens with no notching, and the second one was a
three-point test on 150 X 150 x 600-mm prismatic specimens with a
5-mm wide and 25-mm high notch [36], according to EN 83510 and EN
14651 + Al [5], respectively. Three specimens of each mixture were
used in each bending test. The implementation of these tests can be
seen in Fig. 13 and Fig. 14. In both tests, a homogeneous behavior of the
different specimens tested was observed, with no major differences be-
tween them, which allowed obtaining the average curves shown
throughout this section. The results (average value and standard devia-
tion) of both tests, shown in Table 10, refer to the following values: flex-
ural toughness, initial cracking strength, LOP, residual strengths (Fg;)
and fracture energy (Gg, and G cyop)-

Fig. 15 shows the load-deflection curves of the mixtures in the
four-point bending test (with no notch), with a 300 mm span speci-
men. The deflection limit was established at 2 mm (according to the
standard span of 300 mm divided by 150) and the area under the
curves from the origin to the abscissa, 2 mm, was the flexural tough-
ness value. The fracture energy was calculated by dividing the flex-
ural toughness by the broken surface.

In the second bending test on a span of 550 mm, the Crack Mouth
Opening Displacement (CMOD) was measured by an extensometer (Fig.
14b and c) and recorded while the notched specimens were loaded. The
test was considered over when a CMOD of 4 mm was exceeded. Fig. 16
shows the curves of the load versus the CMOD where the origin and the
abscissa, 3.5 mm, represents the validity limit of the test and, subse-
quently, the limit for the evaluation of the area under the curve.

In Figs. 15 and 16, a quite different post-peak behavior can be
clearly observed in the mixtures. In the case of the reference mix (IISC),
once it was cracked, the stresses were concentrated at crack tips, caus-
ing fast propagation up until fracture (brittle failure). Nevertheless,
specimens with fibers were cracked, but not totally fractured, maintain-
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Fig. 14. Second bending test performance: (a) notch dimensions; (b) test set up; (c) failure point.

Table 10
Toughness and post-cracking behavior of the mixtures. Standard deviation in brackets.
Test Property Standard [5] IISC  1ISC- IISC-Y IIIP-M
M
First bending test: four-point test on 100 x 100 X 400 mm Flexural toughness (N'm) EN 83510 8.61 21.38 11.72 15.15
prismatic specimens with no notch 12 a7 a1 a3
First crack strength (MPa) 7.59 489 413 4.23
@21 @4 (05 (07
Fracture energy, Gg, (N/mm) 0.880 2.153 1.190 1.533
Second bending test: three-point test on Limit of proportionality LOP (MPa) EN 14651 520 598 3.66 3.94
150 x 150 x 600 mm prismatic specimens with a notch (notched (0.8) (1.1 (04 (0.3
specimens)
Frp (CMOD = 0.5) - 6.52 1.21 237
0.5 (1) (0.2
Fgj, (CMOD = 1.5) - 570 117 254
0.3) (1) (0.1
Fgy3 (CMOD = 2.5) - 396 129 272
0.1 (1) (0.1
Fgrjs (CMOD = 3.5) - 3.01 1.31 2.74
(0.1) (01) (0.1
Fracture energy (CMOD), Gy cmop (N/mm) 0.162 2.637 0.707 1.378
Fracture energy (CMOD), Ggcmop (N/mm), in natural 0.171 2.514 0.763 -

aggregate self-compacting concrete [58,77]

ing their load carrying capacity after the peak. Fibers crossed the crack
and transferred the load due to the bridging effect. This sewing effect
reduces the crack growth rate and improves concrete strength and
toughness [78]. In both bending tests, the fibers that failed before com-
pletion presented the same failure mode as they did in the pull-out and
dog-bone tests. Therefore, fiber breakage occurred, with optimum ad-
herence between the fibers and the cementitious matrix.

In spite of the remarkable influence of the fibers in the post-cracking
behavior, it can be observed that the initial crack strength followed the
same tendency as the indirect and direct tensile strength tests of the
mixtures previously detailed in Table 6. In this case, Fig. 15, the mix-
ture without fibers, IISC, obtained the highest “first crack strength”
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(7.59 MPa), followed by IISC-M (4.89 MPa), IISC-Y (4.13 MPa) and
[IIP-M (4.23 MPa). A significant effect of the fibers on the tensile state is
observed in mixture IISC-M, in which the linear elastic field showed a
notably higher slope than the one observed in the IISC mixture. When
fibers are of the polymeric type the IISC-Y slope was close to that of a
plain mixture. The lower quality mixture IIIP-M had the smallest slope.

The flexural toughness improvement (Table 10) of the mixture with
metallic fibers, IISC-M (21.38 N m), with respect to the mix IISC
(8.61 N m) was around 150%, while the improvement with synthetic
fibers, in mixture IISC-Y, was around 35% (11.72 N m). The difference
in post-cracking toughness was mainly due to the energy needed to pull
out the fibers. Furthermore, the volume of synthetic fibers should have
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Fig. 15. Load versus deflection curves in four-point bending test of the mix-
tures.

been sufficient to maintain the horizontality of the curve and thus
achieve acceptable results. The toughness result of IIIP-M (15.15 N m)
was good despite its lower cement matrix quality.

According to the corresponding standard EN 14651, in the three-
point bending test on the notched specimens (see Fig. 16), an important
parameter is the Limit Of Proportionality (LOP), which is the stress of
the initial elastic region that corresponds to the point of the load-CMOD
curve where the shape loses perfect linearity, as detailed in Table 10. In
this test, the LOP values were not aligned with the tendency observed
for the flexural strength test curves, mainly due to the greater influence
of the metallic fibers on the flexural stiffness of the mixtures. At this
point, the stress in the presence of a notch increased in a different way.
Mixture IISC-M yielded the best LOP result (5.98 MPa), followed by
IISC (5.20 MPa) in which the decrease was notable; the sensitivity to
notching was very pronounced in this case. Furthermore, mixture IISC-
Y (3.66 MPa) showed the lowest LOP value, worse than that of mixture
IIIP-M (3.94 MPa) containing metallic fibers. Subsequently, the initial
cracking point corresponded to the maximum load recorded in the
CMOD range between 0 and 0.05 mm. It approximately corresponds to
the onset of cracking in the concrete matrix, as observed in Fig. 16b. In
the same figure, the slightly higher slope of the IISC initial linear elastic
region is also visible. Beyond this point, the fibers were more active in
supporting the load. The effect of EAFS enhanced the beneficial effect
of the metallic fibers, increasing the toughness of the SCC by 15% com-
pared to the natural aggregate reference concrete with a cement con-
tent that was 50% higher [44,55].

From the residual flexural strengths of the fiber-reinforced mixtures,
shown in Fig. 16, at CMODs of 0.5 (Frj), 1.5 (Fgp), 2.5 (Fgry3) and
3.5 mm (Fgyy), it can be observed that the steel fibers, in mixture IISC-M
(range of 3-6.5 MPa), increased these residual strengths between 3 and
6 times the strengths of the mixtures with synthetic fibers, IISC-Y (range
of 1.2-1.3 MPa). On the other hand, mixture IIIP-M obtained good val-
ues of residual strengths, in the range of 2.4-2.7 MPa. The metallic
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fibers in the notched specimen tests evidently appeared to be much
more decisive than in the unnotched specimen tests.

The fracture energies, G, and Gy, cyop, represent the energy needed
to create a unit area crack. The two values are defined as the area under
the load-deflection curve (until an abscissa deflection of 2 mm) and the
load-CMOD curve (until an abscissa CMOD of 3.5 mm), respectively,
per unit surface area of fracture. In this study, the fracture energy was
determined with the model proposed by Hillerborg [79]. The results in
both tests were in general consistent, although a severe fall of fracture
energy in the plain concrete (without fibers), mixture IISC, was evident
when the specimens were notched. The toughness results clearly reflect
the influence of the fibers on the fracture energy, the steel fibers provid-
ing better results than the polymeric ones. There were some slight dif-
ferences between both fracture energy values in the fiber-reinforced
concrete mixtures (with and without notching) (Gr or Ggcyop), as has
also been reported in the literature [79].

4.7. Impact strength and abrasion resistance

The presence of fibers means that the concrete can absorb high im-
pact energy thanks to the bridging effect of the fibers over the cracks.
This effect means the concrete has high strength against brittle failure
following impacts [36].

Cylindrical specimens of 150 mm in diameter and 63 * 15 mm in
height were prepared, in accordance with EN 83514 [25], by sawing or-
dinary specimens of 150 X 300 mm at a curing age of 160 days, in or-
der to measure the impact strength of the concrete. These specimens
were hit with a hammer weighing 4.534 = 0.01 kg until an initial
crack appeared and then repeatedly up until specimen breakage (Fig.
17). The results of this test are shown in Table 11, as the statistic mean
value of eight sets of results, including data on the standard deviation.
The values that were outside the mean range of impacts by = 30% were
rejected and a new mean value was calculated with the remaining val-
ues. The test may be considered valid when no more than two values
differ by = 30% from the mean.

In line with previous results, the mixture without fibers, IISC, in
terms of number of hits until the initial cracking, had better results than
those obtained by the mixtures IISC-Y and IIIP-M, despite their fiber
content, which reminds us of the importance of the quality of the ce-
mentitious matrix. Otherwise, the metallic fibers in the IISC-M mixture
notably improved its impact strength.

However, in terms of the number of hits until breakage, the results
clearly showed the benefits of fiber-reinforced concretes. The strength
until breakage of the mixtures with fibers was 4 times greater than the
strength until the initial crack in mixture IISC-M, and was even 9 times
greater in mixtures IISC-Y and IIIP-M. On the contrary, the mixture
without fibers was at all times weaker. The fiber-reinforced mixtures,
IISC-M, IISC-Y and IIIP-M exceeded the value of mixture IISC by 6, 5
and 2.5 times, respectively. A result that confirmed the outstanding im-
provement when fibers are added to slag-aggregate concrete, as re-
flected in the literature [71,80]. On the other hand, the addition of
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Fig. 16. Load versus CMOD curves in three-point bending test for notched specimens of the mixtures: (a) complete test; (b) up to a CMOD of 0.5 mm.
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Fig. 17. Impact strength test: (a) test arrangement; (b) broken specimen.

Table 11
Impact strength and abrasion resistance test: average values and standard de-
viation between brackets.

IISC IISC- IISC- IIIP-
M Y M
Impact strength Number of hits 125 265 8.5 5.5
until first crack (1.7) (3.5) (1.7) (0.6)
Number of hits 16.0 99.3 783 40.2
until breakage (1.2) (6.6) (8.0) (9.6)
Impact strength in Number of hits 6 19 16 -
conventional concrete until first crack (2.2) (46) (31
[35,36]
Number of hits 8 50 46 -
until breakage (2.7) (6.1) (5.3)
Abrasion resistance Footprint length 745 80 83 84
(mm) (4.8) (1.8) (049 (2.3)
Footprint width 17 19 20 20.5
(mm) (3.0) (0.5 (03) (1.2

metallic fibers to EAFS concrete led to a higher increase in the impact
strength of the mix than in concrete made with natural aggregate [54].
This behavior could have been due to the higher density and hardness
of the EAFS, which enhanced the beneficial effect of the fibers [36].

The abrasion-resistance test, adapted to concrete in accordance with
standards EN 1340 and EN 14157 can be used to evaluate surface per-
formance, measured on an “internal” surface of mixtures, i.e., on sur-
faces obtained by sawing ordinary 150 X 300-mm cylindrical speci-
mens. In this study, this test was carried out at 360 days of curing aging,
in order to evaluate the long-term surface concrete behavior against the
abrasion-friction phenomenon, a tribological magnitude. The high-
hardness surface of EAFS, which shows a high abrasion coefficient in
the order of 57 units, explains the low values of footprint dimensions
that are generally obtained when this aggregate is used in massive
amounts [18]. These results are always better than those obtained with
concrete produced with natural aggregate, in which the abrasion coeffi-
cient is usually between 40 and 50 units [28,36]. Nevertheless, the type
of binder also influences this behavior [36]. The length and width of the
footprint obtained for the mixtures in this study can be seen in Table 11.
As in the other tests, mixture IISC showed the best behavior with the
smallest footprint. The lower quality of the cementitious matrix of mix-
tures with fibers meant that the concrete surface was more sensitive to
abrasion. In addition, the use of GGBFS and LFS (mixture IIIP-M) re-
sulted in a less hard cement paste that caused the dimensions of the
footprint to be larger.

5. Conclusions

In this paper, the mechanical behavior of high-workability (mostly
self-compacting) concrete mixtures has been exhaustively evaluated.
The concrete was manufactured with notable amounts (the highest pos-
sible) of Electric Arc Furnace Slag (EAFS) and Ground Granulated Blast
Furnace Slag (GGBFS), as sustainable aggregates and binders, and
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smaller amounts of fibers (metallic and synthetic) and Ladle Furnace
Slag (LFS) as Supplementary Cementitious Material (SCM). The conclu-
sions of this work can be summarized as follows:

e The EAFS increased the loss of flowability of self-compacting
concrete when adding fibers, compared to the natural aggregate
mixes.
Concrete strength and stiffness decreased in the EAFS fiber-
reinforced self-compacting concretes with respect to the reference
mixture without fibers. It is explained by the increase in the
water/binder ratio that was necessary in the fiber-reinforced
mixtures to reach the desired high workability in the fresh state.
Similar behavior was noted in the natural aggregate concrete, in
which elastic stiffness will not always increase following the
addition of fibers.
The greater presence of GGBFS and even the presence of LFS in
mixture IIIP-M resulted in a mix with a weaker cementitious matrix
that affected most of its mechanical properties. Furthermore, it led
to a more compliant mixture, which showed the highest
longitudinal failure strain at around 4300 pe.
The presence of fibers suppressed the yielding step obtained in the
transverse direction and delayed the appearance of bulging in the
specimens. The addition of EAFS had no effect on the longitudinal
strain of the concrete, but increased its deformability in the
transversal direction compared to conventional high-workability
concrete.

e The indirect tensile strengths of fiber-reinforced concrete
manufactured with CEM II/B-S were lower than those of non-fiber-
reinforced concrete, mainly due to the higher quality of the
cementitious matrix of the reference mixture. The increased
proportion of water in the fiber-reinforced EAFS concrete to
maintain high workability reduced the effectiveness of the fibers at
increasing tensile strength observed in natural aggregate concrete.
The pumpable concrete manufactured with CEM III/B showed lower
indirect strengths than those obtained in mixtures with CEM II/B-S.

e The direct tensile dog-bone test results yielded lower tensile
strength values than in the Brazilian test and the flexural tests for all
the mixtures. The dog-bone test results will need further research,
such as scaling the length and cross-section of fibers, to obtain
optimum parameters related to tensile behavior and fracture energy
of concrete mixtures.

The pull-out test revealed good adhesion between the fibers, the

aggregates, and the cementitious matrix within the concrete

specimens.

Steel fibers in amounts of 0.5% by volume of concrete remarkably

improved the toughness and the ductile properties of the concrete.

The use of EAFS also improved the post-cracking behavior.

Nevertheless, the same volumes of synthetic fibers had no such

beneficial effects on these properties.
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e Impact strength was significantly increased with the addition of
fibers, especially in concretes with steel fibers, as well as with the
use of EAFS. On the contrary, the presence of fibers was not proven
to be a determining factor in the abrasion resistance of the concretes
under study.

Through all the tests presented in this article, it has been demon-
strated that the structural use of high-workability fiber-reinforced con-
crete with massive amounts of slag as aggregate and binder is feasible
from the point of view of their mechanical behavior. Furthermore, the
deformational analysis (compression, tensile and bending) addressed in
this study will, it is hoped, encourage other researchers to evaluate
these aspects in sustainable concrete, given the very few studies on this
subject in the literature.
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