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Abstract

Four high-workability (pumpable and self-compacting) concrete mix designs are presented that incorporate
steelmaking slags with additions of both metallic and polymeric fibers. Electric Arc Furnace Slag (EAFS) as
aggregate, and Ladle Furnace Slag (LFS) and Ground Granulated Blast Furnace Slag (GGBFS) as Supplementary
Cementitious Material (SCM) are applied to optimize the sustainability of the mix design. The main variables
in the microstructural analysis, the porosity and the pore structure of the hardened mixes, were assessed
with Mercury Intrusion Porosimetry (MIP), X-ray Computed Tomography (XCT) and water capillary
penetration analysis. Moreover, shrinkage was observed to decrease when adding metallic fibers and LFS. In
general, Scanning Electron Microscopy (SEM) observations revealed good quality concrete microstructures.
Accelerated aging tests at a moderate temperature (72°C) produced a slight lengthening, which affected the
dimensional stability of all the mixtures, which was also conditioned by their micro-porosity. The internal
damage induced by this test decreased the brittle fracture strength of the concrete mixes, although the use
of GGBFS and LFS moderated that damage, due to the increased compliance of the cementitious matrix.

Keywords: electric arc furnace slag; ground granulated blast furnace slag; ladle furnace slag; fiber-reinforced
high-workability concrete; concrete microstructure and porosity; dimensional stability.

Acronyms: Ground Granulated Blast Furnace Slag (GGBFS); Electric Arc Furnace Slag (EAFS); Interfacial
Transition Zones (ITZ); Ladle Furnace Slag (LFS); Mercury Intrusion Porosimetry (MIP); Scanning Electron
Microscopy (SEM); Supplementary Cementitious Materials (SCM); Ultrasonic Pulse Velocity (UPV); water-to-
binder ratio (w/b); water-to-cement ratio (w/c); X-ray Computed Tomography (XCT).
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1. Introduction

In 1984, the United Nations published the “Brundtland Report” with the title “Our Common Future”. This
report defined the concept of sustainable development as “development that meets the needs of the present
without compromising the ability of future generations to meet their own needs” (Hak et al. 2018). Balancing
economic, environmental and social dimensions can contribute to the achievement of this goal (Revilla-
Cuesta et al. 2020b), grounded in sustainable development education for younger generations, and through
improvements to the sustainability of various productive sectors (Martinez-Lage et al. 2020; San-José and
Manso 2006). Among them, the construction sector must be exemplary in the adoption of measures that will
significantly increase its sustainability, due to its high environmental impacts (Bahramian and Yetilmezsoy
2020) such as waste generation (Silva et al. 2019) and CO, emission levels (Dong et al. 2020). Using industrial
wastes and by-products to manufacture materials such as concrete (Revilla-Cuesta et al. 2020a) and asphalt
mixes (Skaf et al. 2019) is one of the most widespread and accepted measures of sustainability in this sector.
This paper is focused on iron and steelmaking slags, materials that can be used very successfully to enhance
the sustainability of hydraulic concrete, due to their good performance (Branca et al. 2020). The usefulness
of reusing this industrial by-product in cement-based mixes is clear, as approximately 50 Mt of slag are
produced in the European Union alone per year and often deposited in landfills .

Various types of slag, used either as aggregates or as binders, have shown good behavior in concrete (Fronek
et al. 2012; Yildirim and Prezzi 2020). A sustainable concrete can contain either:

e Electric Arc Furnace Slag (EAFS) stands out among the different types of slag that can be used as
aggregate (Bosela et al. 2009; Ladomersky et al. 2016). EAFS is obtained during the process of
manufacturing steel from ferrous scrap in an electric furnace (Abu-Eishah et al. 2012). It is a gravelling
product mainly characterized by its high density (Roslan et al. 2020) and good mechanical
performance (Fuente-Alonso et al. 2017), yielding optimal quality Interfacial Transition Zones (ITZ)
with the cementitious matrices (Brand and Roesler 2018). However, careful design of the concrete
mix that incorporates this sort of waste is important (Santamaria et al. 2017), especially in relation
to the fine aggregate fraction, as the superficial roughness of EAFS, as well as its high density,
generally hinders adequate in-fresh workability (Qasrawi 2018).

e Ground Granulated Blast Furnace Slag (GGBFS) is obtained after abrupt cooling and subsequent
milling of Blast Furnace Slag, while Ladle Furnace Slag (LFS) is a dusty material that forms after slow
cooling of slag produced during the steel refining process (Sideris et al. 2018). Both have been used
over various decades for soil stabilization (Manso et al. 2013) and cement production (Parron-Rubio
et al. 2018). However, their use as Supplementary Cementitious Materials (SCM) in concrete
production has only been demonstrated over recent years (Bondar et al. 2019). In comparison with
conventional clinker, GGBFS is lighter (Mehta et al. 2020), needs higher grinding fineness (Zhang et
al. 2020) and its strength development is slower (Majhi and Nayak 2020). The main characteristic of
LFS is its expansiveness, although this type of slag is also lighter and slowly develops its strength
(Ortega-Lopez et al. 2014).

While the mechanical properties of concretes made with these by-products have been evaluated in the
literature, there are two related aspects that have yet to be studied in detail: concrete porosity and its
dimensional stability. These two properties are also closely related to concrete strength (Arriagada et al.
2019) and durability (Zhan and He 2019), so their study is essential to analyze the validity of these sorts of
sustainable concretes in real structures (Zanini 2019).

e The analysis of concrete porosity has, in recent years, gained greater importance as an aspect of
importance, due to the development of such techniques as X-ray Computed Tomography (XCT)
(Koenig 2020). Its precise evaluation is necessary, because higher porosity levels imply lower strength
and deeper penetration levels of external damaging agents within the concrete (Ortega-Lépez et al.
2018).

e The alteration of the dimensions of the concrete (phenomena of dimensional instability, such as
shrinkage or lengthening) can locally cause tensile and compressive stresses, which can lead to the
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appearance of macro- or micro-cracks (Yang et al. 2019). Those cracks have negative effects on both
the strength and the durability performance of the concrete (Li et al. 2016). Its dimensional stability
is conditioned by the mix composition and, therefore, by the addition of slag or fibers. On the one
hand, it is known that long-term shrinkage slightly increases in concretes containing EAFS rather than
natural aggregates (Lee et al. 2019). Furthermore, LFS in contact with moisture and CO, can show
long-term expansive properties that could lead to cracking problems (Lim et al. 2019); however, this
expansiveness of LFS could be useful to counteract concrete shrinkage (Papayianni et al. 2018). A
precise quantity of LFS must therefore be defined to add to the concrete mix to achieve an adequate
balance between both aspects (Santamaria et al. 2018). On the other hand, the addition of fibers is
known to improve strength against brittle fracture (Liew and Akbar 2020). This performance is due
to fibers which sew the cracks (bridging effect) and improve the residual strength of the concrete
after cracking and failure (Larsen and Thorstensen 2020). Furthermore, their effect is beneficial for
shrinkage, because the fibers act as rigid elements that counteract any shortening or lengthening of
the concrete (Afroughsabet et al. 2016) but, in general, its use is considered as negative with regard
to sustainability.

Both dimensional variations and porosity must be studied in good-quality structural concrete, using high-
workability mixtures tested in the fresh state and showing good strengths at 28 days (close to 50 MPa). It is
clear that any excess water, i.e., water neither adsorbed nor absorbed by the mix components, but needed
to reach high fluidity, will evaporate after the mixing process, increasing both porosity and short-term plastic
shrinkage (Revilla-Cuesta et al. 2020a). Furthermore, additions of EAFS, fibers and slag-based binders can
significantly change both the porosity and the dimensional stability of concrete. Hence, the challenge to
design reliable mixtures that meet the basic in-fresh conditions and optimize the resultant properties is
hardly trivial.

This knowledge gap is addressed in this study through the analysis of four high-workability concrete mix
designs made with large amounts of EAFS, GGBFS and/or LFS, as well as either metallic or polymeric fibers.
The mixtures were analyzed to determine their porosity (Mercury Intrusion Porosimetry, MIP; X-ray
Computed Tomography, XCT; and capillary water absorption tests) and to determine their dimensional
stability (setting shrinkage, long-term shrinkage and accelerated aging tests to assess eventual expansive
behavior). This paper is included in a set of four articles (Ortega-Lépez et al. 2021; Santamaria et al. 2021;
Santamaria et al. 2020b) dealing with this kind of concrete mixes.

2. Materials and methods
The properties of the materials and the experimental plan of this study are discussed in this section.
2.1.Cement, water, admixture and LFS

Regarding the hydraulic binder, on the one hand, two different cements were used: CEM 11I/B 32.5 N and
CEM I1/B-S 42.5 N as per EN 197-1 (EN-Euronorm), with around 70 % and 30 % GGBFS, respectively. On the
other hand, the effect of the joint use of 6 % LFS as a Supplementary Cementitious Material (SCM) with CEM
l11/B 32.5 N was also studied. The LFS had a loss on ignition of 0.5 % and a specific weight of 3.03 Mg/m?. Its
chemical composition and X-Ray Diffraction (XRD) analyses are presented in Table 1 and its gradation is
plotted in Figure 1 (fineness modulus of 0.75 units).

An admixture that simultaneously acts as a plasticizer and as a viscosity regulator was added to all the
mixtures. It had previously shown good interaction with EAFS, as this research team has reported in a
previous study (Santamaria et al. 2020b). Water from the urban mains supply of the city of Burgos (Spain)
was also added to all mixtures.

2.2.EAFS and natural aggregates

All the mixtures contained EAFS, the main physical properties of which were a density of 3.4 Mg/m?, a water
absorption level of 1.12 % and an angularity coefficient, as specified in BS-812 (British Standard Institution
1975), close to 11 units. This aggregate was crushed and sieved in two grading sizes, fine <4 mm (fineness
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modulus of 3.9 units) and medium 4/12 mm (fineness modulus of 5.7 units), and exposed to the outside
environment for three months. In Figure 1, its granulometry curve is plotted. Table 1 shows its XRF chemical
analysis results and the main crystalline components obtained by XRD. Additional characteristics of this
aggregate may be consulted in previous studies by this research team (Ortega-Lopez et al. 2018; Santamaria
et al. 2020b).

The fines content of EAFS is markedly insufficient to produce high-workability mixes without segregation
(Qasrawi 2018), so EAFS was combined with limestone 0/1.18 mm with a specific gravity of 2.65 Mg/m3 and
a fineness modulus of 1.5 units (Figure 1). The main limestone component was calcite (> 95 %).

Table 1. Chemical composition (XRF) and XRD analysis results of slag.

Fe;0; | CaO | SiO; | Al,O03 | MgO | MnO | SO; | Cr,0O3 | P,Os | TiO; | Others (NazO...) XRD results
Periclase; Olivine;
Mayenite
Wistite; Ghelenite;
Kirsteinite

LFS 1.0 59.2 | 21.3 8.3 7.9 0.3 14 0.0 0.0 0.2 0.4

EAFS | 223 | 329 | 203 | 12.2 3.0 5.0 0.4 2.0 0.5 0.8 0.6
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Figure 1. Aggregate gradation.
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2.3.Fibers

Both metallic (M) and polymeric (Y) fibers were added to the mixtures, the characteristics of which are
summarized in Table 2. Metallic fibers were hooked-end-shaped steel wire pieces. Polymeric fibers were
surface dimpled, in order to maximize their adherence with the cementitious matrix (Tanaka et al. 2018).

Table 2. Physical characteristics of the fibers.

Young’s Tensile
modulus strength
(GPa) (MPa)

Equivalent Length/diameter
diameter (mm) aspect ratio

Length Density

Type Material
e (mm) (kg/m?)

Metallic (M) Steel 35 7,900 210 > 1,200 0.55 64

Polyolefin

35 910 6 > 400 0.93 38
Polypropylene

Polymeric (Y)

161

162
163
164
165
166
167

2.4.Mix design

Four different mix designs were evaluated in this study. They represented different combinations of the two
types of cement and fibers (0.5 % in volume of concrete mass) described earlier. All the mixtures incorporated
100 % EAFS with sizes of 0/4 and 4/12 mm, although limestone fines with a maximum size of 1.18 mm were
also added as aggregate powder to improve workability (Santamaria et al. 2020a). Suitable proportioning of
concrete mixes containing EAFS has been widely analyzed and described in previous works (Santamaria et al.
2020b). The concrete mixes were labelled XC-F:
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e X. Cement type added: Il (CEM 11/B-S 42.5 N) or Ill (CEM III/B 32.5 N). Moreover, an amount of LFS

equal to 6 % of the total binder content was combined with CEM III/B 32.5 N.
e (. Mix consistency: SC (self-compacting) or P (pumpable).

e F. Type of fibers used: M (metallic) or Y (polymeric). Mix IISC incorporated no fibers, so it can be
considered the reference mixture. It is relevant to remember that the attainment of high-workability
mixes is indispensable in the context of this work to perform an efficient structural concrete, which

implies a fiber-content limitation at the proposed value of 0.5 %.

Regarding the mix design, the amount of binder was around 10 % of the total volume in all mixtures, the
content of limestone fines was greater in self-compacting mixes to improve workability (35 % volume in self-
compacting mixes and 25 % in mix llIP-M), and the admixture content in no case exceeded 2 % of the cement
mass, to avoid its segregation (Santamaria et al. 2017). The total amount of EAFS was around 40 % of the

volume in self-compacting mixes, and 50 % in mix Il1IP-M.

The slightly higher water content necessary to reach high workability when rough EAFS was mostly used as
aggregate had to be increased to obtain that same workability when fibers were added to the concrete mix,
which led to water-to-binder (w/b) ratios higher than 0.5 units. The interaction between the admixture and
the large amount of slags (EAFS, LFS, GGBFS) prevented suitable self-compactability (presence of bleeding,
segregation...) when CEM IllI/B 32.5 N was used, so an S4 consistency class as per EN 206 (EN-Euronorm) was

defined as the target in this case.

100
90
80
70
60
50
40

% Passing

30
20
10

Table 3. Mix design.

Component (Kg/m3) 11SC IISC-M | 1ISC-Y | NIP-M
CEM II/B-S42.5R 330 330 330 -
CEM 11I/B 32.5 N - - - 320
LFS - - - 20
Water 170 180 185 160
Water-to-binder (w/b) ratio 0.52 0.55 0.56 0.45
EAFS medium (4/12 mm) 750 750 750 930
EAFS fine (0/4 mm) 550 550 550 690
Limestone fines (< 1.18 mm) 950 950 950 650
Admixture (% cement weight) 1.6 1.6 1.6 1.4
Fiber reinforcement - 40 4.5 38
Total mass 2700 | 2740* | 2705* 2780
*The total mass measurements correspond to a volume of 1030 liters.

==Fuller curve

e e e e SC mixes

= == P mixes

10

0.1

Sieve Size mm
Figure 2. Global gradation of the mixtures.

0.001



189 The mix compositions are shown in Table 3. Their global granulometry is represented in Figure 2, in which
190 their acceptable adjustment to the Fuller curve with 0.5 unit exponents can be observed; the inclusion of
191 EAFS in self-compacting mixes usually leads to reduce it to around 0.45 units (Santamaria et al. 2020b).
192 2.5.Experimental plan
193 The mixing process took place in three stages to improve workability (Glineyisi et al. 2014). Firstly, the
194 aggregates and water were added to the concrete mixer at outdoor-ambient humidity to achieve an optimal
195 homogeneous distribution. In the second stage, the binder and the dissolved admixture were added. Finally,
196 the fibers were included when the mix components had been suitably soaked and homogenized.
197 The slump-flow and L-box (self-compacting mixes), Abrams cone (pumpable mix), density, air content and
198 setting (initial plastic shrinkage) tests were performed on samples of the fresh concrete mixtures. At the same
199 time, several sample types were molded and subsequently cured in a moist room (humidity of 95 £ 5 % and
200 temperature of 20 + 2 °C) over various periods of time, before the hardened state tests. The final results were
201 obtained by averaging the test results of three specimens. Table 4 shows the details of the samples and their
202 testing.
203 Table 4. Hardened-state tests.
Test Age (days) Standard (EN-Euronorm) Samples
Hardened density 28 EN 12390-7 100x200-mm cylindrical samples
7,2 1
Compressive strength ! 8’396%’ 80, EN 12390-3 100x200-mm cylindrical samples
Modulus of elasticity 90 EN 12390-13 100x200-mm cylindrical samples
Poisson coefficient 90 EN 12390-13 100x200-mm cylindrical samples
Four-point bendin 180 EN 83509 75x75x285-mm prismatic samples
P & EN 83510 P P
Water penetration under 90 EN 12390-8 150x300-mm cylindrical samples
pressure
Capillary porosity 180 UNE-83982 (2008) 100x100x100-mm cubic samples
Long-term shrinkage From 1 to 200 EN 83318 75x75x%285-mm prismatic samples
Accelerated agin Adaptation of the ASTM
(ex ansiong) & 120 to 180 standard D-4792 (NLT- 75x75x285-mm prismatic samples
P 3611991)
—-l Hardened density | ) Four-point bending (both aged-
expansion and unaged specimens)
Water penetration
E—
under pressure —>| Capillary porosity |
Eresh behavior —’l Modulus of elasticity | —'l CAT analysis |
tests, included
setting shrinkage —>| Poisson coefficient |
Mix
manufacturing —| 7dayz |—| 28 days |—| 90 dfys |—| 120 days |—| 180 days |—| 200 days |—| 360’davs
~ ~ ~ -
S~ - ~o So e
~ o e ~ -
~ s ~ -
- o - -.-. ~o S | -1
R P ~ 1 ’ -
~ - _.::‘.:.\ . | . -
=T %._&’/
Compressive strength
I Long-term shrinkage I
204
205 Figure 3. Experimental plan.
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Mix porosity was also evaluated at 180 days using the Mercury Intrusion Porosimetry (MIP) analysis on
fragments of the specimens from the compressive-strength test. X-ray Computed Tomography (XCT) analysis
was performed on dog-bone shaped specimens of the mixtures. All the tests to evaluate mixture porosity
were performed at the same concrete age, so that their results could be compared with each other (Wang
et al. 2020). The microstructural analysis was completed by a Scanning Electron Microscopy (SEM) analysis.

Four-point bending tests were also performed on both unaged and aged specimens, in order to evaluate their
pre- and post-aging strengths. In this way, the age of the concrete was not a parameter that influenced their
fracture performance (De Domenico et al. 2018). All the properties that were tested and the experimental
plan are shown in the flowchart of Figure 3.

3. Results and discussion
3.1.Fresh properties

The fresh properties of the mixtures were evaluated through the tests shown in Table 5. According to the
test results, the self-compacting mixes made with CEM II/B-S had an SF1 and an SF2 slump-flow class for the
mixtures with and without fibers, respectively. Mix 11ISC obtained a PA2 passing-ability class. The pumpable
mix [lIP-M, made with LFS and cement |lI/B, reached a consistency of class S4. All these classifications
followed the specifications in EN 206 (EN-Euronorm).

Table 5. Fresh tests results (consistency class in brackets).

Test Regulation (EN-Euronorm) 11SC 1ISC-M 11ISC-Y 1IP-M
Slump flow (mm) EN 12350-8 720 (SF2) | 650 (SF1) | 620 (SF1) -
Blocking ratio (3-bars L-box test) EN 12350-10 0.82 (PA2) - - -
Slump (mm) EN 12350-2 - - - 175 (S4)
Air content (%) EN 12350-7 2.3 2.1 1.8 3.5
Fresh density (Mg/m3) EN 12350-6 2.72 2.68 2.61 2.72

The slump flow was obtained as the average of two perpendicular spreading diameters and was reduced by
the addition of fibers. Mix lIlIP-M showed a correct pumping capacity (slump of 175 mm), despite its fiber
content. Mix IISC showed an adequate ability to pass between the concrete reinforcement bars.

The fresh density was between 2.60 and 2.70 Mg/m?3; the higher density of EAFS compared to natural
aggregate led to these values (Santamaria et al. 2020b). The air content, a measurement of spherical or
vacuolar porosity, was around 2 % in the mixes with self-compactability. However, the air content reached
3.6 % in mix llIP-M. This increase can be explained by the singular interaction between the LFS, the high
content of GGBFS added to CEM lII/B and the admixture, which favored the appearance of small spherical
pores (Golestani et al. 2015).

3.2.Compressive tests (strength and stiffness) and hardened density

The main mechanical properties of the mixes are shown Figure 4 and Figure 5. Compressive strength was
evaluated over one year through three samples breakage tests, while the modulus of elasticity, and Poisson’s
coefficient were also determined at 90 days for three samples.

Two groups of mixtures were categorized on the basis of the development of their compressive strength:
CEM 11I/B pumpable mixes, and the CEM II/B-S self-compacting mixes. The strengths of the self-compacting
mixes were greater, reaching values of between 45 and 60 MPa at 28 days, while the massive presence of
GGBFS binder in mix IlIP-M inevitably lowered its compressive strength to 27.5 MPa at the same age.
Moreover, the strength development of each group also differed (Figure 4). Mix lISC had the fastest strength
development (at 90 days, it had reached 96.6 % of its strength at 360 days) and the fiber-reinforced self-
compacting mixes, at 90 days, reached 92.4 % (lISC-M) and 93.9 % (lISC-Y) of their strength at 360 days.
However, mix IlIP-M, at 90 days, had only reached 78.9 % of its strength at 360 days. The addition of LFS and
high amounts of GGBFS therefore delayed the acquisition of compressive strength (Sideris et al. 2018).
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Figure 4. Compressive strength evolution.

This trend was also observed for the modulus of elasticity (Figure 5): mix lISC, the one with greater strength,
presented the highest modulus of elasticity, 40.1 GPa, while the modulus of elasticity for mix IlIP-M was only
26.1 GPa. As deformability in the longitudinal direction increased, the transversal stiffness also increased
(Fuente-Alonso et al. 2017): Poisson’s coefficients of 0.23 for 1ISC and 0.19 for IIIP-M were obtained.

M Poisson coefficient Modulus of elasticity
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Figure 5. Modulus of elasticity and Poisson’s coefficient at 90 days.

Finally, the hardened density at 90 days was between 2.54 and 2.65 Mg/m? for all the mixtures (2.63 Mg/m3
for 1ISC mix, 2.57 Mg/m? for IISC-M, 2.54 Mg/m? for IISC-Y, and 2.65 Mg/m? for IlIP-M). The density values
were higher than those obtained in conventional concrete due to the high density of EAFS (Gonzélez-Ortega
et al. 2019).

3.3. SEM analysis

Adherence between the different components of the mixtures (EAFS, fibers, and cement paste) and their
Interfacial Transition Zone (ITZ) was evaluated using low-vacuum Scanning Electron Microscopy (SEM).
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Images of breaking surface of some fragments from the compressive-strength tests on specimen mixes 11SC-
M (Figure 6) and IISC-Y (Figure 7) were examined.

Figure 6a shows a set of metal fibers embedded in the cementitious matrix, and the presence of matrix
fragments adhered to fibers following breakage revealed good unions between the fibers and the matrix.
Furthermore, the excellent quality of the hydrated cement matrix obtained with CEM II/B-S can be observed
in the fractography of Figure 6b, where the surface is homogeneous without cracks and ridges.

In an effort to explain the low strength of the [ISC-Y mixture compared with the IISC mixture, it was decided
to evaluate the adhesion of EAFS particles sized between 1 and 4 mm to the cement paste. Both in Figure 7a
and Figure 7b, it can be seen that no slippage of the ITZ occurred during the compressive tests, the EAFS
particles having properly embedded themselves within the cementitious matrix.

3
4 S0um

Figure 6. SEM images of mix ISC-M.

Electron Image 1

Electron Image 1 s 1imm L Electron Image 1

Figure 7. SEM images of mix IISC-Y.

Tmm

3.4.Spontaneous dimensional variations assessment

The dimensional stability of the mixtures was studied through three different tests: setting shrinkage, long-
term shrinkage and accelerated aging. The study was initially focused on the spontaneous or natural
dimensional changes.

3.4.1. Setting shrinkage

The setting shrinkage (also called pre-setting shrinkage or plastic drying shrinkage) is an irreversible
phenomenon that has been explained in detail elsewhere (Aragdn et al. 2019). The test consists of arranging
a sample of fresh concrete in an 800-mm-length gutter, in which the section is an inverted trapezium that is
50 mm in height and with a width of 50 at the bottom and 80 mm at the top. A fresh concrete portion was
introduced in the gutter immediately after mixing and, during the setting (initial hours), could freely move at
only one end, while the other end was fixed. The contraction (shrinkage) of the concrete was recorded with
a digital comparator. The arrangement of this test can be seen in Figure 8. The four mixtures under study
were tested under laboratory conditions (temperature of 20 + 2 2C and humidity of 60 £ 5 %) for up to three
days after their manufacture. Figure 9 shows the setting shrinkage curves over 3 days.
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289 Figure 8. Arrangement of setting shrinkage test.

290 According to the results after three days, two groups of mixtures could be distinguished: the self-compacting
291 mixes and the pumpable mix.

292 e The self-compacting mixes had a setting shrinkage of between 0.9 and 1.1 mm/m after three days.
293 Both fiber types, especially the metallic ones, with a higher stiffness, worked as rigid elements that
294 slightly lessened any shortening of the concrete (Ortega-Lépez et al. 2018), mix ISC-M experiencing
295 the least shrinkage. The posterior evolution in all these mixtures was similar: approximately 90 % of
296 total shrinkage occurred during the first 6 hours; then, there was a stabilization period of up to 20
297 hours. Finally, the shrinkage increased by +0.1 mm/m until the end of the test, from 24 to 72 hours;
298 this last stretch corresponded to the onset of long-term “drying shrinkage” in the hardened state.
299 Therefore, the “time zero” of long-term shrinkage was around 24 h.

300 e  Mix llIP-M had a setting shrinkage of 0.45 mm/m, approximately 50 % less than the SC mixtures. In
301 addition, two aspects of its evolution differed. Firstly, the shrinkage in the first 6 h was slower (lower
302 slope of the curve). Secondly, there was hardly any stabilization step, because the long-term drying
303 shrinkage started immediately at a level of 0.4 mm/m from 6 to 72 h and at a rate of 0.0008 units
304 per hour. A result that the massive presence of GGBFS in the binder of mix I[[IP-M and the presence
305 of fibers and the presumably expansive tendency of the LFS all help to explain. The influence of the
306 cement type appears clear in this irreversible phenomenon, mainly due to its quality and grinding
307 fineness, added to other variables that could in each case be advanced.
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308
309 Figure 9. Setting-shrinkage test. Evolution over 3 days.

310 3.4.2. Long-term/drying shrinkage

311 Although the former setting/plastic irreversible shrinkage of concrete that occurs immediately after mixing
312 isvery important, this new circumstance, known as long-term/drying shrinkage, also occurs in an irreversible
313 way throughout its life (Revilla-Cuesta et al. 2020a). Therefore, it is also fundamental to analyze the long-
314 term shrinkage based on the loss of water of the hydrated calcium silicate gel.
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Long-term concrete shrinkage was evaluated using 75x75x285-mm prismatic specimens, in accordance with
EN 83318 (EN-Euronorm). Three specimens per mixture were kept in a dry room at 50 % relative humidity
and at a temperature of 20 °C one day after mixing. Over 200 days, their length variation was controlled with
a 300-mm frame equipped with a micrometer of a precision of 0.001 mm. The period between measurements
depended on the length variation rate. Figure 10 represents the average length variations of the four
concrete mixtures.

The long-term shrinkage results of the different mixes showed some similarities with the initial setting
shrinkage, although there was also a remarkable difference: the shrinkage of mix [ISC-M was closer to the
value of mix IlIP-M, both reasonable values in themselves; those of the other self-compacting mixes (IISC and
[ISC-Y) were slightly high. If the values obtained for short-term and long-term shrinkage are compared, it can
be observed that the plastic/setting shrinkage was 1.2-1.3 times greater than the long-term shrinkage values
for the self-compacting mixes, while it was only 0.7 times for the pumpable mix [[IP-M.

e Regarding the self-compacting mixes, the steel fibers added to the concrete mixture reduced the
long-term shrinkage value from mix 1ISC to mix IISC-M by 19 %. Nevertheless, this effect was not
appreciated when polypropylene fibers were incorporated in the mixture (0.86 mm/m for mix 11SC-
Y), due to their low stiffness, their long-term viscoelastic properties, and the high w/b ratio of the
[ISC-Y mixture. The conclusions of similar studies also coincided in as much that polymeric fibers were
less effective at lessening long-term shrinkage than metallic ones (Yousefieh et al. 2017).

e The long-term shrinkage value for mix llIP-M was 0.65 mm/m, a value that is the global result of the
concurrence of a wide set of factors. On the one hand, the presence of a stiff coarse aggregate (EAFS)
in a larger proportion than in the other mixtures. On the other hand, the addition of slightly expansive
LFS and the presence of metallic fibers restraining the lengthening. Furthermore, the use of less
strong-stiff binder, with a high GGBFS content, and the lower w/b ratio also conditioned the final

result.
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Figure 10. Long-term shrinkage of concrete mixtures.

The comparison between the experimental long-term-shrinkage values and the generic values of the EC-2
(2010) model (red color) is also represented in Figure 10. This model clearly underestimated the long-term
shrinkage that occurred for all mixtures, except over the first 10 days. The reasons for this underestimation
are probably based on the presence of SCM and the high content of EAFS as aggregate (Ortega-Lépez et al.
2018). As stated in recent works, concretes containing EAFS usually show higher shrinkage rates than the
concretes with natural aggregates (Santamaria et al. 2018). Moreover, the presence of pozzolanic additions
(for example, fly ash or GGBFS) can also increase shrinkage (Santamaria et al. 2016). Nevertheless, all the
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concretes under study showed long-term shrinkage values lower than 0.9 mm/m, which is an acceptable
value for structural concretes used in building and civil works (EC-2 2010; Salcedo and Fortea 2020).

3.4.3. Total shrinkage

The total shrinkage of the mixtures was calculated by adding the values of the setting shrinkage during the
first 24 hours and the long-term shrinkage. The values obtained were in line with the value of each individual
shrinkage: 1.87 mm/m for mix IISC, 1.51 mm/m for IISC-M, 1.81 mm/m for IISC-Y and 1.08 mm/m for IlIP-M.
Total shrinkage values of well-performed structural concrete mixes are in the order of 1.5 mm (0.9 mm in the
short-term and 0.6 mm in the long-term shrinkage) and are commonly accepted in building engineering.

3.5. Porosity/permeability assessment
In this section, the porosity/permeability of the mixtures and their test results are discussed.
3.5.1. Water penetration under pressure

The water penetration under pressure test cannot accurately determine concrete porosity, although it can
compare the water permeability of the different mixtures. Despite the imprecise results frequently obtained
in this test, the worst results are commonly obtained for the more permeable mixtures (Santamaria et al.
2018). The results for the mixtures of this study, performed on samples after 90 days of curing in moist room,
are shown in Figure 11 after tests conducted in accordance with EN 12390-8 (EN-Euronorm).

In general, the incorporation of either metallic or polymeric fibers affected resistance to water penetration
in a slightly negative way. However, the values of the self-compacting mixes were duplicated in mix llIP-M,
which showed a higher porosity and achieved higher pore connectivity, although mix [lIP-M met the standard
specifications for less severe environmental exposures (maximum and average thresholds of 50 mm and 30
mm, respectively).

W Maximum height £ Average height
50

=~
[

s
o

w
v

w
o

)
wv

=]
o

Water height (mm)

=
w

=
o

w

% %
11SC 11SC-M 1ISC-Y I1P-M

Figure 11. Water height in water penetration under pressure test.

. 7,

Table 6 contains the results in terms of area, and maximum and average depth of water penetration in the
mixtures. The permeability results of the self-compacting mixes (lISC, ISC-M, I1ISC-Y) were within the range
of low-permeability concretes, showing maximum and average values lower than 25 mm and 15 mm,
respectively, thereby complying with standard thresholds for impermeable concretes in any type of
environmental scenario, which are established at values of 30 mm and 20 mm, respectively (EC-2 2010).
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376

Table 6. Water penetration. Standard deviation between brackets.

Area (mm?) 1031 (178) 1305 (283) 1337 (452) 4939 (822)
Maximum (mm) 16 (6.1) 19 (5.4) 20 (4.7) 45 (6.0)
Average (mm) 10 (4.5) 12 (4.8) 12 (5.1) 32(12.8)

377 3.5.2. Mercury Intrusion Porosimetry (MIP) analysis
378 Without any doubt, MIP analysis is the best option for accurate measurement of the overall porosity of a
379 cementitious mixture, because it measures the volume of capillary pores, their connectivity and size
380 distribution (Santamaria et al. 2020a). MIP analysis was performed on specimen fragments from the
381 compressive-strength tests at 180 days. An Autopore IV 9500 apparatus operating at a pressure of 33,000 psi
382 recorded the MIP test results shown in Table 7, and Figure 12 presents the pore size frequency of the mixtures
383 in terms of differential and cumulative volume intrusion.
384 Table 7. MIP analysis results.
1ISC 1ISC-M 1ISC-Y P-m
Total MIP porosity (% vol.) 9.5 12.3 13.4 14.7
pore size < 20 nm 11.4 10.5 10.7 32.5
Pore size distribution 20 nm < pore size < 50 nm 26.5 29.4 20.7 29.6
over total porosity (%) 50 nm < pore size < 200 nm 36.0 30.2 32.5 6.8
2200 nm 26.1 30.0 36.1 31.1
pore size < 20 nm 1.1 1.3 1.4 4.8
P ize distributi 20 nm < pore size < 50 nm 2.5 3.6 2.8 4.4
ov:rr:hzzteotali \::)I:rrlfenof 50 nm < pore size < 200 nm 3.4 3.7 4.4 1.0
. pore size 2200 nm 2.5 3.7 4.8 4.5
the mixture (%) - -
2200 nm (according to XCT analysis) 1.3 1.7 19 2.0
MIP/XCT ratio (pores > 200 hm) 1.92 2.18 2.53 2.30
Bulk density (Mg/m3) 2.63 2.57 2.54 2.65
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_ 0.075 0.05 _ 0.075 0.05
= 0.060 ﬂﬂtl;T E 0.060 Dﬂtl;T
,—% o015 T 0.03%: '_% 0.045 f[‘ 003%:
t & ¥ \ g
4 = 2 A =
% 0.030 cy D.OZE % 0.030 (] T D.OZE
0.015 4 a3 0.01 0.015 + 7 “ 0.01
Mﬁ’ \‘\‘ . et (T o M=
7 - -1 SNa s
0.000 0 0.000 = 0
1,000,000 100,000 10,000 1,000 100 10 1 1,000,000 100,000 10,000 1,000 100 10 1
385 Pore size diameter (nm) Pore size diameter (nm)
(d) = = = 0g Differential Intrusion e Cumulative intrusion
(<) = = =L og-differential intrusion === Cumulative intrusion 0050 0.090
0.0%0 0.06
- 0075 P oos -? 0.075 0.075 .
E / g ‘E’ 0.060 ’-’ u.uaog
E 0.060 nm% E '—\{ %
= 5 Eooss L] 0045 2
£ 0.045 0032 = [} ~ H
= s E 1 M 5
2 5 @ I b =4
%ﬂ 0,030 ‘ \ b __\\ Dmg %ﬂ 0.030 J u.usoa%
3 oo1s ’ N oo 0015 1 0.015
....-" A2 - > “\- 4"
0.000 S S e 0 0.000 ==nt T - 0.000
1,000,000 100,000 10,000 1,000 100 10 1 1,000,000 100,000 10,000 1,000 100 10 1
386 Pore size diameter (nm) Pore size diameter (nm)
387  Figure 12. MIP pore size frequency in terms of differential and cumulative intrusion volume of the mixtures: (a) I1SC; (b) 1ISC-M; (c)
388 11SC-Y; (d) HIP-M.
389 The total capillary porosity of the mixtures ranged between 9 and 15 %, in line with previous findings. These
390 porosity levels were both proportional to the mix water, minus the water absorbed by the EAFS.
391 Furthermore, the SCM and the fibers can be expected to increase porosity and pore connectivity (Santamaria
392 etal.2020a).
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The lower porosity of the mixture without fibers, IISC (9.5 %), a more compacted concrete matrix than the
others, explains its higher compressive strength (59 MPa at 28 days, 76 MPa at 180 days) and an eventual
lower permeability of this mixture. The higher porosity of the fiber-reinforced self-compacting mixes, [ISC-M
(12.3 %) and IISC-Y (13.4 %), could mainly be attributed to their greater water-to-binder (w/b) ratio (Revilla-
Cuesta et al. 2020a). The most abundant pore sizes in all the self-compacting mixes were concentrated at
around 100 nm (matrix capillary porosity), a value that is the most favorable pore size for water diffusion
(Ortega-Lopez et al. 2018).

Mix [lIP-M was the mixture with the highest porosity, despite its lower w/b ratio. Furthermore, its pore size
distribution differed notably from the self-compacting mixes: the most abundant pores were smaller than 20
nm (32.5 % of total pores, Table 7), while the pores of the self-compacting mixes were between 50-200 nm
that represented the highest volume (30-36 % of the total pores). This result was partly due to the higher
content of EAFS, which has a great micro-porosity in the range <200 nm, and partly due to the higher grinding
fineness (specific surface) of the binder particles (GGBFS), which occluded a higher amount of <50 nm sized
nano-bubbles during mixing. When the radius of an air cavity is smaller than the air cavities that the surface
tension of the water-plasticizer-air system produces, their resemblance to perfect spheres progressively
diminishes and they form part of the general capillary porosity.

Finally, the hardened (bulk) density test values depended on both the proportion of EAFS and the pore
volume (Santamaria et al. 2020b); the pumpable mix, [lIP-M, had the highest density due to its higher EAFS
content, followed by mix IISC.

3.5.3. Capillary water absorption test

The microstructural characteristics of the mixtures were also evaluated with the analysis of capillary
absorption. Unlike the MIP analysis outlined above, this test uses water to determine concrete permeability,
which is an indirect measure of porosity and pore connectivity.

Capillary porosity tests were performed on 100 mm cubic samples, cured for 180 days in a moist room, and
then oven dried, as specified in UNE-83982 (2008) “Determination of the capillary suction in hardened
concrete. Fagerlund method”. After adequate preconditioning, the samples were placed on a plate filled with
water at a constant level of 5 £ 1 mm throughout the experiment. The test is considered to end when there
is no further absorption of water in two consecutive daily measurements. The results are shown in Table 8,
in which the classical units (cm, g) of permeability tests based on Darcy’s law are used. The following results
were obtained: water absorption gain (g); saturation time (t); resistance to water penetration by capillary
absorption, inverse to speed (m); effective porosity that can be occupied by water (&.); and the coefficient of
capillary absorption, a global characteristic of the permeability process (K). The results are shown in Figure
13, in terms of mass gain per unit area of the sample over the square root of time. A lower slope of the curve
(measured by the K coefficient) before saturation indicates lower concrete permeability levels.

The results of effective porosity in Table 8 (&) were consistent and lower than the porosity obtained in MIP
analysis. MIP total porosity and the effective porosity, &, were in proportions of around 1.25-1.35 units,
which means that the mixtures contained certain initial moisture levels (25-20 %) and/or that there was an
important volume of isolated pores without connectivity (Koenig 2020).

The effective porosity (€.) of the fiber-reinforced mixes IISC-M and IISM-Y increased with regard to 1ISC; this
fact was attributed to the increased w/b ratio that fibers demand when added to a mixture (Fuente-Alonso
et al. 2017). Moreover, IlIP-M was the mixture with the highest effective porosity; its capillary absorption
coefficient (K), evaluated from the slope of the corresponding IlIP-M curve as depicted in Figure 13, can be
associated with its higher proportion of capillary pores.

Moreover, the percentage of pores <20 nm (32.5 % of total porosity), according to MIP analysis, was much
higher in mix IlIP-M than in the self-compacting mixes (around 10.5 %). As mentioned, these small pores are
likely to be more interconnected than the larger ones (Koenig 2020). The results were in line with the ratio
of occluded air and the resistance to water penetration under pressure, a test that lasts long enough to
register slow water diffusion (sections 3.1 and 3.5.1).
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Figure 13. Capillary water absorption per unit of area versus square root of time (sqrt).
Table 8. Capillary porosity test results.
11ISC 1ISC-M | 1ISC-Y | IP-M
g: water absorption by surface capillarity (g) 73.7 97.6 106.0 | 107.8
t,: time of saturation (h) 2,344 | 2,160 | 1,927 | 1,760
sqrt t, (min®°) 375 360 340 325
m: resistance to water penetration by capillary absorption (min/cm?) | 1,406 | 1,296 | 1,156 | 1,056
&.: effective porosity of concrete (cm3/cm?3) 0.074 | 0.098 | 0.106 | 0.108
K: capillary absorption coefficient (g/m?-min®>) 14.3 19.1 21.7 23.7
.. effective porosity of concrete (%) 7.4 9.8 10.6 10.8
ge: capillary porosity of concrete according to MIP analysis (%) 9.5 12.3 134 14.7
MIP/e. ratio (MIP porosity, effective porosity) 1.28 1.26 1.26 1.36

X-ray Computed Tomography (XCT) analysis

In an initial approximation, the mixture macrostructures were evaluated by XCT analysis on dog-bone shaped
specimens after 180 days in a moist room; these specimens had also been used for tensile strength evaluation
in another work of authors (Ortega-Lépez et al. 2021). The mix components can be divided into four phases,
due to their different densities (Table 9):

EAFS metallic steel inclusions and metallic fibers: density close to 8 Mg/m?3.

EAFS: density around 3.5 Mg/m3.

Cementitious matrix components (limestone fines, cement, LFS): density around 2 Mg/m?3.
Air and polymeric fibers: low density between 0 and 0.9 Mg/m3.

Table 9. Volume of each component of the concretes obtained with XCT analysis and occluded air.

Component (% vol.) 1ISC | 1ISC-M | 1ISC-Y | IIIP-M
Steel inclusions, metallic fibers | 0.5 1.3 0.4 1.2
EAFS 40.2 39.1 36.5 48.0
Cementitious matrix 58.0 57.9 60.7 48.8
Air and/or polymeric fibers 1.3 1.7 2.4 2.0
Air (porosity) 1.3 1.7 1.9 2.0
Occluded air (Table 5) 2.2 2.0 1.9 3.6
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Figure 14. XCT images of metallic phase volume: (a) IISC; (b) 11ISC-M; (c) ISC-Y; (d) I1IP-M.

As an example, Figure 14 shows the metallic phase present in all the mixtures. Mix IlIP-M had a poorer
distribution of the metallic fibers than mix [ISC-M, which could favor the appearance of voids (Fuente-Alonso
et al. 2017). In mixes IISC and IISC-Y, the metallic phase only affected steel remnants encrusted within the
EAFS, with a volume fraction of around 0.5% of concrete, Table 9. However, in the steel-fiber-reinforced
concretes, 1ISC-M and IlIP-M, this phase also included a volume of steel fibers (around 0.5% in volume of
concrete as a theoretical value), which in Table 9 represented around 1.3 % of the total volume of the
mixture.

The volumes of EAFS were highly consistent with the mix design (section 2.4): around 40 % for self-
compacting mixes and 50 % for mix [lIP-M.

Finally, as expected, the estimated volume of air was in general lower than the occluded air (pore sizes
between 0.1 and 5 mm) of the fresh concrete, as shown in Table 5. This result was partly due to the pixel size
of the XCT analysis (100 um) that could only define pores larger than 170 pm (Santamaria et al. 2020a); the
volumes of air were consistent with the previous results where mix [lIP-M contained the highest volume of
occluded air. Furthermore, the air volume and the content of polymeric fibers (0.5 % vol.) of mixture I1ISC-Y
amounted to a total of 2.4 %.

3.6.Accelerated-aging (expansion) tests

As indicated in section 2.5, prismatic specimens measuring 75x75x285-mm that had been cured for 120 days
underwent an accelerated-aging test, adapted from the test specified in standard ASTM D-4792 (NLT-361
1991). The aim of this test was to evaluate the dimensional stability of the mixtures at moderately high
temperature, since all slag types (EAFS, GGBFS, and LFS) could expand at mild temperatures, due to free lime
or free magnesia hydration (Gonzalez-Ortega et al. 2019); the eventual appearance of flaking and cracks
through which aggressive external agents can penetrate (Yang et al. 2019) is dangerous and must be
considered as such. In principle, performing this test for a period of time equal to 7 days could be enough to
evaluate any possible expansion of the slag; nevertheless, if within a week any expansion has not stabilized,
the test should be continued until stabilization occurs (Montenegro-Cooper et al. 2019; Ortega-Lépez et al.
2014). According to this statement, in this study the samples were submerged in hot water at a temperature
of 72+2 °C for 30 days and then left at environmental temperature (2242 °C) for another 30 days to evaluate
any lengthening. Subsequently (at 180 days), the specimens underwent compressive strength and four-point
bending tests as per EN 83509 and EN 83510 (EN-Euronorm). The results were compared with the results of
identical specimens that had not undergone the aging test. The comparison served to evaluate the effect of
accelerated aging on the strength of each mixture.
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3.6.1. Dimensional variation. Internal damage

The length variations over 60 days of all the mixtures throughout the aging tests are shown in Figure 15. On
the one hand, assuming that lengthening, in its first stage, corresponded to the thermal dilatation of the
concrete, a subsequent lengthening of 0.18 mm/m from an initial value of around 0.65 mm/m to a final value
of 0.83 mm/m was recorded for mix [ISC during the heating period (0-30 days); the mixture hardly lengthened
any further. On the other hand, mix IlIP-M underwent greater progressive lengthening over the same period
in the presence of metallic fibers: an initial thermal strain of 0.70 mm/m and a final strain of 1.10 mm/m. In
the same way, mix [ISC-M presented a strain of 0.63 mm/m after six days of testing, while this value for mix
[ISC-Y was 0.75 mm/m. The final strain for both mixtures was around 0.98 mm/m.

All the mixtures underwent pronounced thermal contraction at room temperature on the first day of the
second period of exposure (31-60 days) after which the final strain was between 0.15 and 0.30 mm/m.
However, all the mixtures progressively decreased their strain levels over the 30 days of the second phase
and, at the end of this period, they all underwent a slight and hardly significative lengthening. The mixtures
with the highest strain levels during the heating phase were the ones with the highest remaining levels
recorded at room temperature at the end of the exposure phase. Mix IISC had the lowest remaining strain
(0.04 mm/m) after this period, while the values of the other self-compacting mixes were similar, in the order
of 0.08-0.1 mm/m. Mix IlIP-M presented a final strain of 0.14 mm/m after the presumable expansion of LFS
during the heating period.
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Figure 15. Strain evolution in the accelerated-aging test.

EAFS expansion causes very moderate lengthening in self-compacting mixes and neither flakes nor cracks
were observed in any of the test samples (Figure 16); however the sample corners and edges were rounded,
due to a slight loss of material. In addition, after the test, all the mixtures showed stains of a darker color,
probably caused by chemical reactions of the slag during the water heating period (Kim et al. 2016). Finally,
oxidation of the metallic fibers closer to the sample surface was also observed, which might potentially
worsen the performance of concrete (Bernachy-Barbe et al. 2020).
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Figure 16. Samples 75x75x285 mm after accelerated-aging test: (a) IISC-M; (b) 1ISC-Y.

The damage to the concrete caused by the above-mentioned reactions could not be detected with the naked
eye, so non-destructive measurements, such as the hardened density and the Ultrasonic Pulse Velocity (UPV),
were performed both before and after the test. The results are shown in Table 10.

e Aloss of density of between 0.8 and 1.5 % was observed in all the mixtures, indicating that hydration
or carbonation reactions within the concrete are hardly probable. The loss of mass in submerged
concrete is usually associated with the dissolution of Portlandite-Calcium Hydroxide in tempered
water in the form of calcium bicarbonate and the final precipitation of calcite at the bottom of the
tray. Furthermore, at the test temperature of 72 °C, it is plausible to assume a slight decomposition
of primary ettringite with the loss of molecular water.

e The UPV test revealed an eventual internal damage of the cementitious matrix, such as the
appearance of micro-cracks (Selleck et al. 1998). The initial values were in accordance with the
previously detailed compressive strength and modulus of elasticity: the highest UPV values were
obtained in mix IISC, and the lowest in mix IlIP-M. Furthermore, the high stiffness of the cementitious
matrices contributed negatively to their integrity in the thermal lengthening and contraction
processes: mix IlIP-M showed the least damage, so an UPV variation of only 0.7 % was recorded. In
the rest of mixtures, the UPV losses ranged from -7 to -9 % clearly revealing internal damage.

Table 10. Hardened density and UPV before and after accelerated-aging test.
11SC 11ISC-M 11SC-Y 1IP-M
Initial | Final (A%) Initial | Final (A%) | Initial | Final (A%) Initial | Final (A%)
Hardened density (Mg/m3) 2.63 2.60 (-0.8) 2.57 2.54 (-1.2) 2.54 2.52 (-0.8) 2.65 2.61(-1.5)
UPV (km/s), EN 12504-4 (EN-
Euronorm)

399 | 3.68(-7.8) | 3.97 | 3.61(-9.1) | 3.89 | 3.60(-7.5) | 2.82 | 2.80(-0.7)

3.6.2. Mechanical testing

After the accelerated-aging test at 72 °C (both heating and room temperature periods), the 75x75x285-mm
specimens underwent four-point bending test and compressive strength tests (split into 75x75x75-mm cubic
samples). At the same time (180 days), unaged specimens, up until then in the moist room, were tested in
the same way to evaluate the effect of the accelerated-aging test on their flexural strength and the fracture
behavior of the concrete. Figure 17 shows the load-deflection curves obtained in each case, while Table 11
shows the characteristic values of the tests. A limit deflection of 1.5 mm was established for its calculation
according to EN 83510 (EN-Euronorm).

The results for the unaged specimens coincided with the previous compressive strength values. Mix IISC
showed the greatest strength, although its brittle behavior after cracking was due to the absence of fibers
(Larsen and Thorstensen 2020). The other mixtures presented lower strengths, but better performance after
cracking. Mix lISC-Y, made with polymeric fibers, had the lowest fracture toughness and fracture energy (Park
et al. 2019).
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Table 11. Flexural toughness and post-cracking behavior of unaged mixtures and mixtures that underwent accelerated-aging tests.

Unaged samples Aged samples
11SC 11ISC-M 11SC-Y 1HIP-M 11SC 11ISC-M 11SC-Y HIP-M
Compressive strength 76.1 65.2 59.1 38.1 66.4 58.7 54.4 37.6
Flexural toughness (N-m) 4.27 10.45 4.09 4.82 1.60 10.03 3.46 5.31
First crack strength (MPa) 7.91 5.41 4.48 3.41 3.11 4.45 3.63 3.17
Fracture energy, Gr(N/mm) 0.754 1.86 0.727 0.857 0.278 1.828 0.614 0.944
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Figure 17. Load-deflection curves: (a) unaged samples; (b) aged samples.

After the accelerated-aging tests, the compressive strength results presented an appreciable decrease, and
losses of £10 % except for IlIP-M, in relation to the values given by similar tests on unaged specimens with
the same curing period. Despite the presence of LFS, mix llIP-M revealed no serious structural damage.

On the one hand, the behavior of the self-compacting mixes, with a cementitious matrix of high stiffness and
strength, was negatively affected by thermal expansion, which had the worst effect on mix IISC, even though
its lengthening was minimal. Consequently, its tensile stiffness-strength and fracture energy decreased after
the accelerated-aging test, which can be observed in the initial segment of the load-deflection curve that is
less steep, as shown in Figure 17. Moreover, its first crack strength and fracture energy decreased 57 % and
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70 %, respectively. The addition of metallic fibers (mix IISC-M) caused a loss of stiffness after the accelerated-
aging test, although its tensile strength decreased. The addition of polymeric fibers (mix [ISC-Y) showed a
similar behavior.

On the other hand, mix IlIP-M underwent the greatest residual lengthening in Figure 15. Nevertheless, it
showed no internal damage (according to UPV and compressive values), and its flexural toughness and
fracture energy increased. The eventual slight expansiveness of the slag appears not to have negatively
affected the performance of this mixture. The greater compliance of its cementitious matrix allowed it to
better withstand the internal stress resulting from thermal dilatation and LFS expansion (Roslan et al. 2020).

4. Conclusions

The mechanical properties of high-workability mixtures manufactured with fibers and slag aggregate and
binder, their porosity-permeability, short- and long-term shrinkage and accelerated-aging have all been
analyzed. In general, these high-workability concretes present higher porosity values and slightly greater
shrinkage values than conventional concretes, due to their high volumes of mix water. If such mixtures also
contain high quantities of slag as aggregate or SCM and low quantities of fibers, the nature of those materials
will accentuate those properties. The following conclusions can be drawn.

e Self-compacting mixes were produced, simultaneously using large quantities of EAFS, 30 % GGBFS
binder, and both metallic and polymeric fibers, after adjusting the w/b ratio.

e Nevertheless, the addition of 70 % GGBFS and 6 % LFS as proportions of the total binder content
reduced workability, due to poor interaction between these slag types and the admixtures, and
simultaneously deteriorates the mechanical properties. Mercury Intrusion Porosimetry (MIP)
analysis indicated that pore volumes <50 nm also increased following additions of GGBFS and LFS.

e Theincrease in the w/b ratio necessary to achieve high workability when concrete has fiber additions
produced an increase in porosity and lowered mechanical performance levels; having considered all
advantages and inconveniences, the use of fibers in this kind of mixtures is inadvisable.

e Both X-ray Computed Tomography (XCT) analysis and the capillary porosity test tended to
underestimate porosity, but both supply interesting data on mixture porosity.

e The setting/plastic shrinkage, measured up to 24 h after mixing, was approximately 25 % higher than
the long-term shrinkage. The addition of polymeric and especially metallic fibers reduced both types
of shrinkage, while the expansive characteristics of LFS were effective at reducing setting shrinkage
and slightly reducing long-term shrinkage.

e All the mixtures showed small dimensional variation after accelerated-aging tests. The thermal
variations caused internal stresses within the concrete, which resulted in the appearance of micro-
cracking and a worsening of the pre- and post-cracking behavior according to the flexural-strength
test results. Additions of GGBFS and LFS in large quantities generated a cementitious matrix of lesser
stiffness and any expansive damage was practically null.
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