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Abstract: The protection of the environment must be a priority in our society, and the construction
sector can contribute significantly to this goal. Construction, being one of the industrial sectors
that is more demanding in terms of raw materials, must reinforce its effort to implement, in a more
profound and systematic way, the paradigm of the circular economy. In this sense, in recent years
several studies have been trying to contribute solutions aimed at reintroducing industrial by-products
or residues in new products for the construction industry. It should be noted that nowadays it is
increasingly important to introduce a higher percentage of recycled materials in concrete. In this
context, the present work addresses the appropriateness of a design procedure proposed to maximize
the content of electric arc furnace slag (EAFS) and include recycled tire steel fibers (RTSF) in the
production of more sustainable structural concretes. For this, the properties of various concrete
mixtures at the fresh and hardened state, obtained by the substantial substitution of coarse and
fine natural aggregates by EAFS and fly ash (FA), were investigated. The design of EAFS mixtures
was based on two conventional reference mixtures (REF1 and REF2), and by using the modified
Andreasen and Andersen particle packing model, these were optimized to achieve maximum packing
density. Compressive strength, modulus of elasticity behavior, and fresh and physical properties
were assessed in order to define the best mix proportions with respect to the predefined requirements
of ordinary mixtures. Untreated recycled tire steel fibers (RTSF) were included in the developed
sustainable concrete to perform a comparison of the physical properties with unreinforced concretes
developed with natural aggregates (REF2) and with EAFS aggregates (EAFS8D1). This incorporation
was intended to improve the physical behavior of unreinforced concretes with EAFS aggregates.
Mixtures with high percentages of waste aggregates up to 70% (in weight), and 10% (in weight) of
FA were obtained, showing competitive mechanical behavior compared to REF1 and REF2. These
concrete compositions showed minimum and maximum compressive strengths between 9 MPa and
37 MPa, respectively. This study coverd the two major classes of concrete used as structural material,
namely structural concrete and fiber reinforced concrete.

Keywords: recycled materials; industrial by-products; electric arc furnace slag; fly ash; recycled tire
steel fibers; particle packing model; mechanical properties; durability; technological properties

1. Introduction

The construction sector is a large contributor to the problems of global warming,
responsible for about 30% of the total greenhouse gas emissions that are released into
the atmosphere annually. The construction process and the extraction of raw materials
(including transportation) also consumes 25-45% of the total energy in OECD countries.
Therefore, more sustainable solutions are increasingly important and desired by the con-
struction industry to reduce its ecological footprint, and increase the application of the
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paradigm of the circular economy in their activities [1-3]. A significant part of the current
effort to pursue these more sustainable solutions involves research and innovation in the
area of structural concrete. In fact, in recent years several studies have been carried out
aiming at partially or totally replacing cement, natural aggregates, and fibers, or to replace
natural supplementary cementitious materials (SCMs), by wastes, industrial by-products
or recycled materials. Examples of wastes or recycled materials that were recently studied
for incorporation into alternative structural concrete compositions as binders are fly ash,
glycerol, cooking oil, ground granulated blast furnace slag (GGBS) and limestone powder,
among others [4-6]. Additionally, there are other studies where recycled materials were
introduced into concrete compositions as coarse and fine aggregates. Examples of these are
electric arc furnace or blast furnace slag, plastics, quarrying, construction and demolition
residues, textiles, ceramics, vegetable ash, pulverized fuel ash, municipal solid waste ash,
silica fume and glass [7-10]. Recent studies also show the reuse of tire rubber and recycled
tire fibers, respectively, as aggregate or fibers in concrete [11-16].

Fly ash (FA) is a fine mineral powder and is generated from the coal used in thermoelec-
tric power plants, and therefore characterized as an industrial by-product. Its incorporation
adds several advantages to concrete compositions such as: increased resistance to chemical
attack and to the aggressiveness of different environments; increased long-term mechanical
strength; reduction in shrinkage cracking and increased physical-mechanical concrete resis-
tance [17-19]. However, fly ash is becoming a scarce product, as coal-based thermoelectric
power plants are being discontinued.

Electric arc furnace slag (EAFS) is a waste product resulting from the steelmaking
process in an electric arc furnace, where recycled steel scrap is melted. This material is char-
acterized as a dense by-product [7,8,20]. Many of the studies conducted incorporating EAFS
have found quite satisfactory results, and although some research may be found in this
study area [21-26], it is still important to deepen this knowledge regarding the mechanical
and durability properties, as well as on the design methodology. Garcia-Cortés et al. [27]
focused their research on the design of structural concrete compositions based on two dis-
crete particle packing models, namely the compressible packing model and the 3-parameter
particle packing model. Concrete compositions were designed to obtain the most compact
structure of commercial natural limestone (NL) and EAFS aggregate. The water/cement
(w/c) ratio was fixed equal to 0.55 to reach a concrete composition with a strength class
above 30 MPa. The maximum content in solid weight of EAFS aggregates used were be-
tween 49.4% and 70.5%. It was concluded that the slump of all concrete mixtures designed
with a cement amount of 260 kg/m?3 of concrete corresponded to a dry consistency. On the
other hand, when a higher amount of cement was added to the concrete (i.e., 320 kg/ m3),
the workability improved. They also confirmed the validity of using the particle packing
models for the mixtures studied. Chatzopoulos et al. [28] showed that the replacement
of conventional limestone aggregates in reference concrete mixtures, to produce concrete
mixtures of C25/30 and C30/37 strength classes, by EAFS and ladle furnace slag (LFS) led
to an improvement of their mechanical and physical properties, as well to their service life
extension. In their study, they used a cement amount of 350 kg/m?, w/c ratio of 0.51, and
30% and 50% of slag aggregates (EAFs and LFS) by volume. The increase in compressive
strength at 7 days was 50% and in the case of frost resistance, after exposure, the scaling
leads to a weight reduction 3.5 times lower than that of the reference concretes. These
alternative concrete mixtures also showed reductions of CO, of 55% in natural carbonation
and 40% in accelerated carbonation. The reduction of chloride penetration was of 57%.
Additionally, they verified that the structures constructed with these alternative concrete
mixtures resulted in a cost reduction per cubic meter of concrete of 35% per year of life,
and a service life increase by up to 130%, considering the mechanism of deterioration due
to chloride penetration. Other researchers did not find such favorable results in terms of
physical properties compared to typical concretes, with a cement amount of 275 kg/m?3,
as in the case of the previous study [29]. In fact, they verified that concrete mixtures with
approximately 79% (in solid weight) of EAFS presented higher depth of water penetration
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under pressure, due to the high porosity of EAFS aggregates, a slightly higher expansion,
higher carbonation depth and similar resistance against freeze-thaw cycles in relation to
reference mixtures. Furthermore, they recommend that attention must be paid to the case of
components with high aesthetic demands, since these alternative concretes, when subjected
to significant variations of humidity, showed stain points on the concrete surface due to the
corroded iron nodules present in the EAFS particles. On the other hand, they concluded
that concrete mixtures with EAFS aggregates presented similar and even higher compres-
sive strength than reference concrete mixtures with limestone and with barite aggregates,
respectively. Additionally, the fresh behavior was in accordance with the previous studies.
Concrete mixtures with EAFS aggregates showed a lower slump value than the reference
concrete mixtures, due to the increase in water absorption and the lack of fines in the
EAFS aggregates.

In 2005 around 270,000 tons of EAFS were produced in Portugal, with an average
of 110-150 kg of EAFS generated annually for each ton of liquid steel produced [30].
Moreover, it was estimated that about one billion end-of-life tires were discarded every
year worldwide [31]. Hence, it is necessary to find a second use for these materials, which
not only impact negatively on the environment but also on health in general. Therefore,
and based on previous research available in the literature, this research was aimed at
exploring the opportunity to assess the performance of the design approach proposed for
designing concrete mixtures that will primarily be resourcing EAFS, as well as RTSF. The
EAFS concrete compositions were defined using the modified Andreasen and Andersen
particle packing model, envisaging the flexible adaptation of the design procedure to other
types of waste materials or industrial by-products. After selecting the most satisfactory
concrete compositions, i.e., the ones showing a lower residual sum of squares (RSS) and the
best fit with the target or reference curve, the concrete properties were analyzed in the fresh
and hardened state. Subsequently, recycled tire steel fibers (RTSF) were incorporated in the
EAFS concrete selected with regard to the predefined requirements of ordinary mixtures,
to maximize the incorporation and reuse of wastes that were not biodegradable, and to
improve its mechanical and physical properties such as toughness, porosity at atmospheric
pressure and under vacuum, sorptivity, permeability to air and water and carbonation
resistance. A maximum content of 10% (in weight) of Fly Ash (FA) and 70% (in weight)
of EAFS aggregates was used in concrete compositions whose minimum and maximum
compressive strengths were between 9 MPa and 37 MPa, respectively. This research covered
the two main types of concrete used in structural applications, namely structural concrete
and fiber reinforced concrete.

2. Experimental Program
2.1. Materials

In this research two reference structural concretes (REF1 and REF2) were selected
as the conventional mixtures. These two mixtures have distinct formulations, since the
REF2 mixture has a lower cement amount relative to the REF1 mixture. Additionally, REF1
has no FA powder. The reference structural concrete REF1 showed a slump class S3 and
was classified as of strength class C30/C37. The solid skeleton of REF1 was composed
of natural aggregates with grain size fractions of 6-14 mm and 14-20 mm medium sand
(0—4 mm) and fine sand (0-2 mm). Portland cement CEM II/A-L 42.5 R (CEM) was used as
binder, and a plasticizer (PL) based on modified lignosulphonates and a last generation
superplasticizer (SP) based on poly aryl ether (PAE) polymers (Master Builders) were
used. The water/powder (w/p) and water/cement (w/c) ratios were equal to 0.54 and
0.59 (in weight), respectively. REF 2 was composed of the same ingredients mentioned
above for the REF1 mixture although fly ash (FA_2) was also included, obtained from Pego
Thermoelectric Power Plant. It was also designed to achieve a slump class of 54 (~200 mm)
and a strength class of C25/C30. The water/powder (w/p) and the water/cement (w/c)
ratios were equal to 0.35 and 0.75 (in weight), respectively. During the project the FA was
modified due to a supplier change, resulting in types of FA with two different densities.
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FA type 1 (FA_1) had a density of 2.42 Mg/m? and FA type 2 (FA_2) had a density of
2.35 Mg/ m3. FA_2 was the one employed in the reference mixture, REF2. The main
physical properties and the quantities of the traditional mixtures’ constituents are listed
in Tables 1 and 2, respectively. In the particular case of the grain size fraction 6~14 mm
and 14-20 mm, their physical properties were obtained for the larger fraction, namely
the grain size fraction 6—20 mm. Subsequently, the characterized grain size fraction 6—
20 mm was separated into two aggregates grain size fractions, 6-14 mm and 14-20 mm, for
formulating the reference compositions. Figure 1a shows the particle size distribution of
the natural aggregates.

Table 1. Specific density of the natural and waste materials used in the concrete formulations.

Apparent Particle Particle Density on an Particle Density on a Water Absorption,
Component Density, p, Oven-Dried Basis, p,;  Saturated-Dried Basis, p¢s4 WA 4
(Mg/m?3) (Mg/m?3) (Mg/m?3) (%)
SP — 1.18 — —
PL — 1.18 — —
CEM — 3.11 — —
Filler — 2.70 — —
FA_1 — 2.42 — —
FA_2 — 2.35 — —
Sand 0-2 2.64 2.62 2.63 0.2
Sand 04 2.65 2.61 2.63 0.6
Aggregate 6-20 2.70 2.64 2.66 0.8
EAFS 04 3.58 3.49 3.51 0.7
EAFS 4-10 3.47 3.25 3.31 2.0
EAFS 10-14 3.40 3.22 3.27 1.6
EAFS 14-20 3.34 3.18 3.22 1.6
EAFS 0-20 3.42 3.25 3.29 1.6
Table 2. Reference mixture compositions, REF1 and REF2 [kg/m3 or L/m3].
REF1 REF2
CEMII/A-L425R 280 205
FA_2 115
Sand 0-2 415 350
Sand 04 495 530
Aggregate 6-14 552 388
Aggregate 14-20 430 580
SP 1.6 1.6
PL 14 1.6
Water 165 154.1
w/p 0.54 0.35
w/c 0.59 0.75
% Aggregates 87.11 81.48
% FA — 9.48

The sustainable concretes were mostly composed of EAFS, obtained from the produc-
tion of steel in Porto (Portugal). In order to suppress the need for fine aggregates, natural
sands with grain sizes of 0-2 mm and/or 0-4 mm were also used. FA_1 or FA_2, and
limestone filler were used as fine materials, as well as plasticizer (PL) and superplasticizer
(SP). Portland cement CEM II/A-L 42.5 R (CEM) was again used as the binder. The wa-
ter/powder (w/p) and water/cement (w/c) ratios varied between 0.30-0.55 and 0.54-0.91
(in weight), respectively. EAFS was divided into seven different grain sizes of 0-0.5 mm,
0.5-4 mm, 0-4 mm, 4-10 mm, 10-14 mm, 14-20 mm and 0-20 mm. FA_2 was used in
EAFS8C1, EAFS8D1, and FRC_EAFS mixtures. The remaining EAFS mixtures were made
using FA_1. The main physical properties of the ingredients EAFS and FA are listed in
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Table 1. The physical properties of EAFS grain size fractions 0-0.5 mm, 0.5-4 mm and
0—4 mm were obtained for the larger fraction, namely the grain size fraction 0—4 mm. The
characterized grain size fraction 0—4 mm was then separated into the three EAFS grain size
fractions for formulating the EAFS concrete compositions.
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Figure 1. Particle size distribution of the used aggregates: (a) natural aggregates; (b) EAFS aggregates.

Table 3 shows the estimated elements composition of the EAFS using XRF analysis
and the estimated elements composition of FA_1 using XRF, SEM-EDS and XRD analysis.
Figure 1b shows the EAFS aggregates particle size distributions with different fractions and
Figure 2b shows the appearance of EAFS aggregates with a dimension between 0-20 mm,
before its division into fractions. RTSF were provided by the tire production industry in
Sines (Portugal) and were added to the EAFS concrete without any initial treatment or
preparation. Typically, wastes from tire recycling are subjected to previous screening and
cleaning in order to reduce the content of materials other than the steel fibers, for example
rubber. However, in this research the viability of using the waste material directly was
tested, in order to reduce energy and costs involved in the process. Figure 2a shows the
RTSE, where it was possible to identify remains of tire rubber, synthetic fibers and steel
fibers of different shapes, lengths and diameters. Table 4 shows the geometric properties of

steel fibers. RTSF waste materials containing the steel fibers showed a specific density of
3.42 Mg/m?.

@) (b)

Figure 2. (a) representative samples of RTSF; (b) EAFS aggregates (0-20 mm) before division into
fractions.
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Table 3. Element composition of the EAFS and FA by XRF, SEM-EDS and XRD analysis [%].
EAFS FA
XRF XRF EDS XRD
Al O3 8.91 27.30 28.59 22.1 vitreous *
BaO 0.15
C 3.65
CaO 26.73 2.36 1.80
Cl 0.02
Cr203 1.70
CuO 0.03
Fe, O3 32.33 8.19 6.86 4.8 vitreous *
K,O 0.23 3.34 1.97
MgO 4.27 1.42
MnO 3.25
Na,O 0.30 0.99 1.78
Nb,O5 0.02
P05 0.51
SiO, 20.29 49.12 56.83 28.7 vitreous *
SO3 0.29 1.30
SrO 0.04
TiO, 0.67 2.32
V,05 0.14
WO; 0.01
ZnO 0.02
Other 15.4 vitreous *
Quartz 18.41
Mullite 7.18
Hematite 3.41
Total crystalline phase * 29.00
Total glassy phase 71.00
* Rietveld method.
Table 4. Geometric properties of RTSF.
Diameter (mm)  Length (mm) L]e)rfgtelio(rr:j\) Slenderness Cl;;V;et:re
Minimum 0.1 5.0 19.0 45.5 0.1
Maximum 12 92.0 129.0 651.2 0.9
Mode 0.3 33.0 34.0 225.0 0.3
Average 0.3 33.2 53.3 199.0 0.4
CoV 0.448 0.411 0.358 0.392 0.529

Mix Design of EAFS Structural Concrete

In order to optimize the industrial process of producing EAFS concrete compositions
while taking advantage of the least number of fractions, the design procedure was devel-
oped using the modified Andreasen and Andersen particle packing method, which reads
as follows [32,33]:

D7 —D7.
P(D) = —— 21 ¢y
Dinax — Dmin

where D is the particle size (um), P(D) is the fraction of the total solids smaller than size D,
Djay is the maximum particle size (um), Dy, is the minimum particle size (um), and g is the
distribution modulus. The distribution modulus is used to define the ratio between the fine
and coarse particles in the mixture, which according to Husken G. [34] can vary between the
values of 0.1 for fluid concretes and 0.9 for dense concretes. Studies suggest a q value in the
range of 0.35-0.4 for EMC (Earth-Moist Concrete) [34], and of 0.23 for UHPC (Ultra-High
Performance Concrete), UHPFRC (Ultra-High Performance Fiber Reinforced Concrete)
and UHPHEFRC (Ultra-High Performance Hybrid Fiber Reinforced Concrete) [35-39]. For
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ULFRC (Ultra-Lightweight Fiber Reinforced Concrete) and for ULC (Ultra-lightweight
Concrete) the g values range between 0.32-0.35 [40,41]. In this study the value of g was
initially fixed to 0.35. However, in the course of the research, the value of g it has decreased
to a minimum value of 0.15. Based on the modified equation of Andreasen and Andersen,
Husken G. [32] established an optimized algorithm for optimizing concrete formulations.
The algorithm adjusted the proportions of each individual material in the mixture, until
an optimum fit between the composed mixture and the target curve was reached. To
minimize the deviation between the target curve and the composed mixture the algorithm
employed the residual sum of squares (RSS) at defined particle sizes based on the least
squares method (LSM), as follows:

n

RSS = Y (Puix (DI*!) = Prar (DI 1))2 0)

i=1

where P, is the composed mix and the Py, is the target grading calculated from Equation (2).

With the purpose of reaching an optimal concrete design, this research made use of
this algorithm. It should be noted that this algorithm is designed for optimization of the
solid skeleton. Other variables such as SP, PL, and the w/p or w/c ratio must be defined
by the technician considering the target properties including strength and its balance with
the fresh properties. When choosing this methodology, only the solid skeleton formed
by the aggregates was considered, the type of SP or PL and the type of fibers were not
taken into account. However, some restrictions had to be imposed. Thus, based on the
reference mixture REF1, the cement, water and SP amount were fixed in order to start the
first iterations of mixtures. PL constituent was not added to the initial EAFS mixtures as
it was not considered a relevant admixture. After the first design, using the previously
mentioned algorithm with the predefined restrictions and a g value equal to 0.35, it was
realized that w/p ratio value would be equal to 0.55. Then, the w/p ratio was kept constant.

Initially, EAFS mixtures based on those predefined variables were made. In the first
EAFS mixtures the limestone filler ingredient was considered as an addition. Then, the
limestone filler was replaced by the recycled materials EAFS fraction 0-0.5 mm and/or FA.
However, depending on the algorithm optimization, the abovementioned fine powders
may not be incorporated as ingredients in the new EAFS concrete compositions. For EAFS
mixtures based on REF2 the cement, water, SP and PL amounts were changed in accordance
with the REF2 values. During the investigation, it was necessary to make some changes to
the previously predefined restrictions, in order to obtain EAFS mixtures with the predefined
requirements according to the reference mixtures, REF1 and REF2. The restrictions that
underwent successive iterations, until the desired EAFS concrete mixture was obtained,
were the w/p ratio and the distribution modulus, 4. Moreover, the distinct EAFS fractions
were combined in different ways. From these different combinations and iterations, several
EAFS mixtures emerged, as shown in Tables 5 and 6. These EAFS mixtures present the
aggregates amounts as the saturate weight. Figure 3 shows the particle size distribution of
the target and resulting grading curves of the selected EAFS mixtures, which were based
on the modified Andreasen and Andersen particle packing model.

Finally, 0.5% (in volume) of RTSF was added to the selected EAFS mixture, which
was defined as FRC_EAFS (Table 5). The selection of the EAFS mixture was based on
the predefined requirements of the reference mixtures REF1 and REF2, by applying the
optimized particle packing model, designated as EAFS8D1.

Table 7 shows a summarized description of the abbreviations used to designate the
mixtures.
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Table 5. Designed EAFS mixtures based on REF1 [kg/m3 or * L/m?3].
q =0.35 q=0.25 q=0.20 q =0.15
EAFS Mixtures 2 3A 4 6 3B 8B 5C 8C 8D
CEM 234 233.7 233.8 233.7 241.5 252.2 254.4 257.4 257.4
FA_1 3.6 123.7 135.5 169.3 210.4 286.5
Filler 224
Sand 0-2 528.3 176.8 66.9 234.7 194.5 225 247.3
Sand 04 654.1
EAFS 0-0.5 316.7 498.2
EAFS 0.54 810.6 879.8
EAFS 04 848.2 792.1 1050.1 832.5 933
EAFS 4-10 734.4 414.4 394.4 363.1 452.5
EAFS 10-14 144.9
EAFS 14-20 257.4
EAFS 0-20 981.8 958 931 1448.5 721.1 978.5 828.4 705.9
*SP 2.61 2.61 2.61 2.61 2.69 2.81 2.84 2.87 2.87
* Water 155.7 151 153.9 158.9 188.5 153.0 199.8 221.5 195.7
w/p (®) 0.55 0.55 0.55 0.55 0.48 0.37 0.43 0.45 0.35
w/c 0.67 0.65 0.66 0.68 0.78 0.61 0.79 0.86 0.76
RSS 0.07 0.02 0.02 0.10 0.02 0.03 0.02 0.03 0.03
% EAFS @) 69.2 84.3 91.3 59.7 75.8 77.7 84.0 70.6 67.4
% FA @ 0.1 5.0 5.2 6.4 8.9 11.8
(a) Percentage in weight of solid ingredients. (b) Considers all fine powders with a grain size below 125 pm.
* Rietveld method.
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Figure 3. Particle size distribution of the target and resulting grading curves of the EAFS mixtures:

(a) for g = 0.35; (b) For g = 0.25; (c) for g = 0.20; (d) for 4 = 0.15.



Appl. Sci. 2023,13, 2087 9 of 35

Table 6. Designed EAFS mixtures based on REF2 [kg/m3 or * L/m?3].

q=10.20 q=10.15
EAFS Mixtures 8C1 8D1 FRC_EAFS

CEM 194 209.2 205.8
FA_2 1771 244 249.5
Sand 0-2 235.9 279.5 288.5
EAFS 04 1020.1 979.9 995.4
EAFS 0-20 860.5 764.1 776.4

*SP 1.51 1.63 1.61

*PL 1.51 1.63 1.61
* Water 177.3 165.5 181.33

RTSF 39.3

w/p ® 0.45 0.35 0.38

w/c 091 0.79 0.88

RSS 0.03 0.03
% EAFS @) 75.6 70.4 70.4
% FA @) 7.1 9.9 9.9
(a) Percentage in weight of solid ingredients. (b) Considers all fine powders with a grain size below 125 pm.

* Rietveld method.

Table 7. Description of the abbreviations adopted to designate the mixtures performed.

Mixtures Description
REF1 Reference mixture with a slump class of S3 and a strength class of C30/C37
Mixture based on REF1 with EAFS aggregate size fraction of 4-10 and 0-20
EAFS2
for g =0.35
Mixture based on REF1 with EAFS aggregate size fraction of 0—4, 4-10 and
EAFS3A
0-20 for g = 0.35
Mixture based on REF1 with EAFS aggregate size fraction of 0-4, 4-10 and
EAFS3B
0-20 for g =0.25
EAFS4 Mixture based on REF1 with EAFS aggregate size fraction of 0-0.5, 0.5-4,
4-10 and 0-20 for g = 0.35
EAFS5C Mixture based on REF1 with EAFS aggregate size fraction of 0-0.5, 0.5-4,
4-10, 10-14 and 14-20 for g = 0.25
Mixture based on REF1 with EAFS aggregate size fraction of 0-20 for
EAFS6 g =035
Mixture based on REF1 with EAFS aggregate size fraction of 0—4 and 0-20
EAFS8B
for g =0.25
Mixture based on REF1 with EAFS aggregate size fraction of 0—4 and 0-20
EAFS8C
for g =0.20
EAFS8D Mixture based on REF1 with EAFS aggregate size fraction of 0—4 and 0-20
for g =0.15
REF2 Reference mixture with a slump class of 5S4 and a strength class of C25/C30
Mixture based on REF2 with EAFS aggregate size fraction of 0—4 and 0-20
EAFS8C1
for g = 0.20 (low cement amount)
Mixture based on REF2 with EAFS aggregate size fraction of 0—4 and 0-20
EAFS8D1
for ¢ = 0.15 (low cement amount)
FRC_EAFS EAFS8D1 mixture with the incorporation of RTSF

2.2. Mixing Procedure

As a first step, it was necessary to determine the moisture content of the aggregates
by drying them in accordance with [42]. Then, it was possible to calculate the amount of
water required to saturate the aggregates and the amount of intrinsic water (water inside
the aggregate pores). Therefore, the total water of the mixture was obtained by taking also
into account the water necessary to saturate the aggregates.

The mixing was carried out in a horizontal mixer with a maximum capacity of 90 liters.
The procedure was adapted during the study, in order to consider the particularly porous
and glassy nature of EAFS, which leads to the gradual absorption of water during mixing.
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Before the mixing process was started the mixer was moistened, so that it would not absorb
part of the mixing water. After this, the mixing process was started, where the mixture
constituents were added in phases. Initially, the aggregates (coarse and fine) were added in
a decreasing diameter sequence, and then the water required to saturate the aggregates
(approximately 1/3 of the total water of the mixture) was added. Mixing was carried out
for 3 min more, until the aggregates were saturated, and the mixture was homogeneous.
The fine materials and additions were then added to the mixer, and the remaining water
and admixtures were added continuously for about 3 min with the mixer running. The
mixing process was then allowed to continue for an additional period of 5 min.

Regarding the mix with the incorportion of recycled fibers, these were added after
the 5 min period of mixing mentioned above, with subsequent mixing until a good fiber
distribution was obtained, which occured approximately 5 min later.

2.3. Specimen Preparation

For each mixture, twelve cylindrical specimens with a diameter of 150 mm and a
height of 300 mm were used [43]. For each age (7, 28 and 90 days) four specimens were
tested, to assess the mechanical properties of the concrete in terms of uniaxial compression
strength and elasticity modulus. In order to characterize the physical properties, namely
the water absorption by immersion at vacuum and the air and water permeability, six
cylindric specimens with a diameter of 50 mm and 40 mm thick were extracted from a slab
(300 x 300 x 60 mm?) that was cast from each mixture. For water absorption characteriza-
tion by immesion at atmospheric pressure and by capillarity, and for carbonation resistance
characterization, three cubic specimens with a 100 mm edge, three cylindric specimens with
a diameter of 150 mm and a height of 300 mm and six rectangular prisms with a 100 mm
edge and 400 mm length of each mixture were cast. The entire vibration and casting process
followed the EN 12390-2 recommendations [44]. After 24 h of curing the specimens were
demolded and kept in a climatic room that guaranteed constant temperature, t, of 20 & 2 °C
and relative humidity, RH, of 60 & 5%, until testing. In the case of the rectangular prisms
(400 x 100 x 100 mm?) the curing conditions were t of 20 + 2 °C and RH of 95 + 5% for
28 days, and after that, the specimens were kept in the laboratory (t between 18-25 °C and
RH between 50-65%) for 14 days more. The slabs (300 x 300 x 60 mm?) were immersed
in water at a temperature of 20 & 2 °C. The specimens used for mechanical characteriza-
tion were rectified before testing. Table 8 shows the experimental program of the tests
performed, type and number of specimens and the corresponding followed standards for
each of the different concrete mixtures studied.

2.4. Testing Procedures
2.4.1. Fresh Properties

According to the European Standard EN 12350-2 [45] the Abrams cone can be used to
indirectly evaluate the viscosity and the shear stress of the mixtures in the fresh state. In this
research this was the procedure adopted to characterize workability of each composition.

2.4.2. Mechanical Properties

The uniaxial compression tests were aimed at obtaining the compressive strength
and elasticity modulus, according to the standards EN 12390-13 [46] and EN 12390-3 [47],
respectively. These were carried out under closed-loop displacement control, at a displace-
ment rate of 0.005 mm/s and using an actuator with a 1600 kN load cell. The adopted
procedure consisted first of determining the compressive strength in one specimen at each
age. Thus, based on this estimated value, the loading procedure to determine the elasticity
modulus in the three remaining specimens could be established. After obtaining specimens’
elasticity modulus, the uniaxial compression test was performed until failure to obtain the
stress—strain relationship. The tests were performed using four LVDTs (Linear Variable Dif-
ferential Transducers), one external LVDT and three internal LVDTs, located between plates
in the sample (Figure 4a). The external LVDT was used just for confirmation purposes. The
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three internal LVDTs were used to determine the mean value of the axial displacement in
each specimen and defining the compressive stress—strain curves. Figure 4b shows the
set-up adopted for the elasticity modulus characterization.

Table 8. Summarized scheme of the overall tests performed for each type of concrete mixture.

Characterization Type Tests Specimen Type N° of Specimens Standards
Fresh properties Slump — — EN 12350-2
o . Cylinder
. . Uniaxial compression (& = 150 mm; H = 300 mm) 12 EN 12390-13
Mechanical properties
. Cylinder
Elasticity modulus (& = 150 mm; H = 300 mm) 9 EN 12390-3
Water absorption by LNE(ih]i igfigized on
immersion at Cubic (100 x 100 x 100 mm) 3 .
. Recommendation
atmospheric pressure CPC11.1
LNEC E 395 based on
Water absorption by Cylinder 6 the RILEM
immersion at vacuum (¢ =50 mm; H = 40 mm) Recommendation
CPC11.3
Physical properties
Water absorption by Cylinder LNECE 393 RHTEM
7 3 Recommendation
capillarity (¢ =150 mm; H = 300 mm) CPC11.2
Air and water Cylinder Leeds Permeability Cell
ermeability (¢ =50 mm; H = 40 mm) 6 (LPC) developed at
P / Leeds University
Accelerated Rectangular prism
carbonation (100 x 100 x 400 mm) 6 BS 1881-210

1 external LVDT

3 internal LVDTs
(in-between plates)

(@) (b)
Figure 4. Experimental set-up: (a) uniaxial compression test; (b) elasticity modulus.

2.4.3. Physical Properties

Physical tests were performed at 28 days after casting for REF2, EAFS8D1 and
FRC_EAFS mixtures. It was considered appropriate to carry out these tests only for
the reference mixture REF2 as baseline, considering that it contains less cement and may
be more likely to perform worse in terms of durability. These tests were focused on the
determination of water absorption by immersion, at atmospheric pressure and at vacuum,
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and by capillarity. Permeability to air and water, as well as resistance to carbonation were
characterized as well. The water absorption by immersion, at atmospheric pressure and
at vacuum, and by capillarity, followed the Portuguese Specifications LNEC E 394 [48],
LNEC E 395 [49] and LNEC E 393 [50], respectively, which are based on the RILEM Rec-
ommendation CPC11.1, CPC11.3 and CPC11.2 [51-53]. The air and water permeability
tests were performed using the Leeds Permeability Cell (LPC) developed at Leeds Uni-
versity [54]. This permeameter ensures that the specimens are subjected to a stable and
uniaxial flow state, and that the fluid passes through the samples under a certain pressure
for a desired period of time (Figure 5). In these tests, the six cylindrical specimens used
previously for water absorption tests by immersion at vacuum were reused. After the water
absorption test by immersion at vacuum, the specimens were dried in a ventilated oven
at a temperature of 105 £ 5 °C until the mass difference measured during a 24 h period
was less than 0.1%. Later, the specimens were waterproofed laterally, with a thin layer
of silicone, in order to ensure uniaxial penetration and transport through the tops of the
specimens. After 12 h to allow the drying of the silicone, the specimens were placed in
the LPC to carry out the air and water permeability tests, following this sequence and
always keeping the specimen inside the LPC. The carbonation resistance was assessed
by accelerated carbonation tests following the standard BS 1881-210 [55]. For this, before
placing the specimens in the carbonatation storage chamber, their upper, lower and two
end faces were sealed. Thus, following the guidelines of the standard, only the lateral faces
of the specimens were exposed to carbonation environment.

(b)

Figure 5. Air and water permeability test set-up: (a) Leeds Permeability Cell (LPC); (b) specimens used.

3. Results
3.1. Fresh Properties
For an initial assessment the Abrams cone was used to characterize the fresh state

behavior of the mixtures with the slump tests. Table 9 shows the results obtained for the
REF1, REF2 and EAFS mixtures, with and without RTSF.

Table 9. Results of the fresh properties reached for the reference mixtures REF1 and REF2 and for the
EAFS mixtures.

q Mixtures Slump (mm) Slump Class
REF1 110 S3
EAFS6 30 S1
0.35 EAFS2 164 54
’ EAFS3A 10 S1
EAFS4 0 S1
EAFS8B 20 S1
0.25 EAFS3B 40 S1
EAFS8C 80 52

0.20 EAFS5C 120 S3
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Table 9. Cont.

q Mixtures Slump (mm) Slump Class
0.15 EAFS8D 125 S3
REF2 160 54
0.20 EAFS8C1 50 S1
EAFS8D1 160 54
0.15 FRC_EAFS 0 S1

3.2. Mechanical Properties
Compressive Strength

Table 10 shows the results obtained for the elasticity modulus, E, ¢ at 7, 28 and 90 days,
and for the uniaxial compression tests. The later include the characteristic compressive
strength at 28 days after casting, fx and the average compressive strength at 7, 28 and
90 days after casting, f. . Equations (3) and (4) were used to obtained the characteristic
compressive strengths, f., according to the Standard NP EN 206-1 [56]. The coefficients of
variation obtained for both the elasticity modulus and the average compressive strength,
were quite low, in the ranges of 0.01-0.25 and 0.00-0.43, respectively:

fem = fox +4 3)

With:
fei 2 fek+2 4)

Table 10. Results of the mechanical properties obtained for the REF1, REF2 and EAFS mixtures.

fcm (MPa) Ecm (GPa)
q Mixtures fe (MPa)  Strength Class
7 Days 28 Days 90 Days 7 Days 28 Days 90 Days
REF1 22.70 30.68 30.40 26.68 C25/30 24.63 27.44 30.80
EAFS6 12.86 17.54 18.09 13.54 C12/15 24.79 24.58 26.49
035 EAFS2 12.38 19.43 23.35 15.43 C12/15 26.22 30.47 31.31
: EAFS3A 10.29 — — — — 18.76 — —
EAFS4 10.61 943 13.17 6.59 — 25.44 2211 31.15
EAFS8B 25.20 36.17 — 33.01 C30/37 34.02 37.97 —
0.25 EAFS3B 18.60 26.29 — 22.29 C20/25 30.62 35.01 —
EAFS8C 20.88 35.14 — 31.14 C30/37 32.43 35.79 —
0.20 EAFS5C 22.02 34.91 — 30.91 C30/37 31.78 35.25 —
0.15 EAFS8D 22.66 35.66 — 31.66 C30/37 34.90 35.37 —
REF2 18.40 27.37 35.85 24.10 C20/25 24.58 27.01 30.14
020  EAFS8C1 17.87 31.14 39.93 27.14 C25/30 32.76 37.95 39.91
EAFS8D1 15.40 29.22 36.82 25.22 C25/30 29.70 36.04 36.82
0.15  FRC_EAFS 13.60 25.09 31.64 21.09 C20/25 30.07 37.37 36.74

3.3. Physical Properties
3.3.1. Water Absorption by Immersion

The water absorption test by immersion at atmospheric pressure was performed taking
into consideration three different weight measurements: dry mass (M;), saturated mass
(Ms), and hydrostatic mass (M},). For each composition, the three specimens were dried in
a ventilated oven at a temperature of 105 & 5 °C until the difference in mass in a 24 h time
interval was below 0.1%. Later, the specimens were immersed in water until the change in
mass in a 24 h time interval was below 0.1%, and subsequently the hydrostatic mass was
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measured. The water absorption by immersion at atmospheric pressure (W;) was calculated
using the following equation according to the standard LNEC E 394 [48]:

L (Ms - Md)
W, = 7(Ms — Mh) x 100 5)

For water absorption by immersion under vacuum, three different weight measure-
ments were obtained: dry mass (M;), saturated mass after water absorption under vacuum
(Ms), and hydrostatic mass (Mj,). The test consisted of dying the specimens in a ventilated
oven at a temperature of 105 & 5 °C until the mass variation for a 24 h time interval was
below 0.1%. The specimens were then subjected to a vacuum pressure of 1 bar for 24 h
and water was subsequently introduced slowly, in such a way that the specimens were
completely submerged. The vacuum was maintained for an additional 24 h period. The
pressure was then released to atmospheric level and the specimens remained submerged
for 24 h to ensure full saturation. Lastly, the hydrostatic mass was obtained. The water
absorption by immersion under vacuum (W) was calculated using the following equation
according to the Standard LNEC E 395 [49]:

(Ms - Md)

W =
vc (Ms - Mh)

% 100 ®)

Tables 11 and 12 show the results of water absorption by immersion at atmospheric
pressure and under vacuum, respectively. It should be noted that W; ,, and Wy, are the
average values corresponding to water absorption by immersion at atmospheric pressure

and by immersion under vacuum, respectively. Figure 6 shows the test set-up for both
water absorption by immersion at atmospheric pressure, and under vacuum.

= ="

(@) (b)
Figure 6. Set-up of water absorption test by immersion: (a) at atmospheric pressure; (b) under vacuum.

Table 11. Results of water absorption test by immersion at atmospheric pressure for the REF2 mixture
and for the mixtures with EAFS and RTSF.

Specimen M; (g) M; (g) My (g) W; (%) Wi (%) CoV
REF2_P1 2234.8 2355.9 1322.3 11.72
REF2_P2 2237.0 2359.7 1325.5 11.87 11.56 0.028
REF2_P3 2278.2 2394.1 1350.7 11.11
EAFS8D1_P1 2646.7 2798.2 1755.0 14.53
EAFS8D1_P2 2690.6 2840.6 1788.0 14.25 14.47 0.011
EAFS8D1_P3 2666.7 2821.1 1765.0 14.62
FRC_EAFS_P1 2593.5 2762.4 1717.5 16.16
FRC_EAFS_P2 2566.2 2736.1 1695.2 16.32 16.22 0.005

FRC_EAFS_P3 2587.5 2756.4 1711.7 16.17
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Table 12. Results of water absorption test by immersion under vacuum for the for the EAFS8D1

mixture.

Specimen M; (g) M; (g) My (g) Woye (%) Woem (%) CoV
EAFS8D1_C1 160.75 174.18 111.08 21.28
EAFS8D1_C2 160.81 174.56 110.35 21.41
EAFS8D1_C3 159.39 173.07 109.39 21.48 2175 0.020
EAFS8D1_C4 156.96 171.40 107.65 22.65 ) :
EAFS8D1_C5 159.36 173.20 109.32 21.67
EAFS8D1_C6 154.43 168.14 105.86 22.00

3.3.2. Water Absorption by Capillarity

The water absorption by capillarity test, also called the sorptivity test, was performed
first by drying the specimens in a ventilated oven at a temperature of 105 £ 5 °C until the
mass variation during 24 h was lower than 0.1%. Later, the specimens were immersed
in water at a height of 5 £ 1 mm of water, for 72 h, during which the increase in mass of
the specimens was measured. The water absorption by capillarity (W,) was determined
by the ratio between the increase in weight, M; — M,, and the cross-section of the bottom
surface of the specimen (();), i.e., the surface area in contact with the water, according to

the following equation [50]:

w, = Mi=Mo) 7)

QO

where M, is the mass of the specimen in contact with the water for different times of reading
(v/ti), and M, is the dry mass of the specimen. Tables 13-15 show the results of water
absorption by capillarity for the reference mixture REF2, and for the designed mixtures
EAFS8D1 and FRC_EAFS, respectively. Figure 7 shows the specimens during the water
absorption by capillarity test.

Table 13. Results of water absorption tests by capillarity obtained for the reference mixture REF2.

) o5 Absorption Mass ( x10% mg) W, (mg/mm?) )
Time (min™) ci C2 C3 ci C2 C3 Wen (mg/mm)
0.00 11,676.7 11,659.9 11,669.48 0.000 0.000 0.000 0.000
7.75 11,688.02 11,669.92 11,682.42 0.658 0.585 0.752 0.665
10.95 11,689.94 11,671.98 11,684.76 0.770 0.705 0.888 0.788
13.42 11,696.3 11,674.84 11,688.14 1.139 0.872 1.085 1.032
15.49 11,696.3 11,678.32 11,691.74 1.139 1.076 1.294 1.170
17.32 11,698.52 11,680.34 11,694.12 1.268 1.194 1.432 1.298
34.64 11,718.84 11,701.12 11,716.7 2.450 2.407 2.745 2.534
36.33 11,720.82 11,702.44 11,718.02 2.565 2.484 2.822 2.623
37.95 11,722.36 11,703.76 11,719.74 2.654 2.561 2922 2.712
39.50 11,723.88 11,705.2 11,721.82 2.742 2.645 3.042 2.810
40.99 11,725.6 11,706.9 11,723.16 2.842 2.744 3.120 2.902
51.38 11,736.38 11,717.72 11,735.5 3.469 3.376 3.838 3.561
52.54 11,736.64 11,717.8 11,735.82 3.484 3.381 3.856 3.574
53.67 11,738.86 11,719.1 11,737.08 3.613 3.457 3.929 3.666
54.77 11,739.68 11,720.2 11,738.46 3.661 3.521 4.010 3.731
55.86 11,740.8 11,721.3 11,739.62 3.726 3.585 4.077 3.796
63.87 11,748.54 11,729.1 11,748.28 4.176 4.041 4.581 4.266
64.81 11,748.8 11,729 11,749.1 4191 4.035 4.628 4.285
65.73 11,749.84 11,729.6 11,749.36 4.251 4.070 4.643 4.322
67.53 11,751.76 11,731.2 11,751.36 4.363 4.163 4.760 4.429
74.30 11,757.22 11,736.64 11,757.78 4.680 4481 5.133 4.765
75.89 11,758.22 11,737.64 11,758.64 4.739 4.539 5.183 4.820
77.46 11,759.08 11,738.56 11,759.74 4.789 4.593 5.247 4.876
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Table 14. Results of water absorption tests by capillarity for the EAFS8D1 mixture.

Absorption Mass ( x10° mg)

W, (mg/mmz)

Time (min®?)

Wem (mg/mmz)

C1 Cc2 C3 C1 Cc2 C3

0.00 15,513.04 15,462.02 15,443.78 0.00 0.00 0.00 0.00
7.75 15,522.58 15,471.74 15,452.7 1.34 1.42 1.34 1.37
10.95 15,530.22 15,479.26 15,458.8 1.87 1.97 1.84 1.89
13.42 15,536.04 15,485.84 15,465.48 2.30 2.39 2.18 2.29
15.49 15,541.16 15,491.28 15,470.76 2.62 2.76 2.56 2.65
17.32 15,545.3 15,495.68 15,474.46 291 3.07 2.85 294
34.64 15,592.54 15,544.06 15,519.78 3.14 3.31 3.06 3.17
36.33 15,596.04 15,547.44 15,522.9 5.78 6.03 5.60 5.80
37.95 15,599.12 15,550.54 15,525.96 597 6.22 577 5.99
39.50 15,601.96 15,553.3 15,528.46 6.14 6.40 5.94 6.16
40.99 15,604.54 15,556.1 15,530.78 6.30 6.55 6.08 6.31
51.38 15,629.54 15,580.64 15,553.42 6.45 6.71 6.21 6.46
52.54 15,631.36 15,5682.72 15,555.38 7.84 8.09 7.48 7.81
53.67 15,633.16 15,584.64 15,556.94 7.94 8.21 7.59 791
54.77 15,635.18 15,586.5 15,558.7 8.04 8.32 7.68 8.01
55.86 15,637.16 15,588.12 15,560.26 8.16 8.42 7.78 8.12
63.87 15,654.38 15,606.02 15,576.56 8.27 8.51 7.87 8.21
64.81 15,655.98 15,607.5 15,578.1 9.23 9.52 8.78 9.18
65.73 15,657.3 15,608.8 15,579.4 9.32 9.60 8.87 9.26
67.53 15,660.7 15,612.1 15,582.66 9.39 9.67 8.94 9.33
74.30 15,673.64 15,625.1 15,594.98 9.58 9.86 9.12 9.52
75.89 15,676.36 15,627.92 15,598.04 10.30 10.59 9.81 10.24
77 .46 15,678.88 15,630.22 15,600.12 10.46 10.75 9.98 10.40

Table 15. Results of water absorption tests by capillarity for the FRC_EAFS mixture.

) o5 Absorption Mass ( x10% mg) W, (mg/mm?) W )
Time (min™) c1 2 C3 c1 2 s om (mgfmm’)
0.00 13,386.32 13,406.08 13,308.64 0.00 0.00 0.00 0.00
7.75 13,402.76 13,419.58 13,325.06 0.94 0.78 0.96 0.90
10.95 13,407.16 13,423.16 13,329.14 1.20 0.99 1.20 1.13
13.42 13,412.06 13,427.1 13,332.96 1.48 1.22 1.43 1.37
15.49 13,417.9 13,432.06 13,338.44 1.81 1.51 1.75 1.69
17.32 13,421.28 13,435.36 13,341.88 2.00 1.70 1.95 1.89
34.64 13,461.02 13,466.16 13,376.86 4.28 3.49 4.00 3.93
36.33 13,463.92 13,468.1 13,379.52 4.45 3.61 416 4.07
37.95 13,466.78 13,471.1 13,382.76 4.61 3.78 435 425
39.50 13,470.4 13,473.68 13,385.56 4.82 3.93 4.51 4.42
40.99 13,473.26 13,476.32 13,387.98 4.99 4.08 4.65 4.57
51.38 13,494.86 13,493.92 13,407.46 6.22 511 5.80 5.71
52.54 13,496.48 13,494.64 13,408.48 6.32 5.15 5.86 5.77
53.67 13,499.24 13,496.72 13,410.8 6.48 5.27 5.99 5.91
54.77 13,501.32 13,498.38 13,412.74 6.60 5.37 6.11 6.02
55.86 13,503.5 13,500.18 13,415.08 6.72 5.47 6.24 6.14
63.87 13,519.2 13,513.22 13,429.3 7.62 6.23 7.08 6.98
64.81 13,521.12 13,514.28 13,430.72 7.73 6.29 7.16 7.06
65.73 13,522.64 13,515.7 13,432.1 7.82 6.37 7.24 7.14
67.53 13,525.8 13,518.1 13,434.96 8.00 6.51 7.41 7.31
74.30 13,538.6 13,527.84 13,446.26 8.73 7.08 8.07 7.96
75.89 13,540.94 13,529.48 13,448.34 8.87 7.17 8.19 8.08
77.46 13,543.32 13,531.04 13,450.64 9.00 7.26 8.33 8.20
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Figure 7. (a) Set-up for water absorption test by capillarity; (b) representative specimens after a
certain time of exposure to water, during the absorption test by capillarity.

3.3.3. Permeability to Air and Water

For air and water absorption, two different coefficients were obtained. In case of
air permeability, the modified D’Arcy’s law used for gases was applied according to the

following equation:
_ 20n-L-P,

T am-m ?
where K is the coefficient of gas permeability, v is the gas flow, 7 is the dynamic viscosity of
the gas (considered as 18.2 x 1076 Ns/ mz), L is the thickness of the concrete cross-section,
A, is the concrete cross-section traveled by the gas, P; is the absolute inlet gas pressure (in
the current case 3 bar) and P; is the absolute outlet gas pressure (atmospheric pressure,
1 bar). In order to measure the gas flow, v, five constant flow readings were taken by
measuring the travel time of a soap bubble for a known distance of 10 cm (Tg). For this
purpose, a pipette with an inner diameter of 2.5 mm was used. For the determined water
permeability coefficient, ky, the Valenta equation was employed (Equation (9)):

W x d)?

kw_2><t><h ©)

where Wy is the porosity of the specimen (determined above), d, is the water penetration
depth, t is the time during which the pressure was applied, i.e., the time taken to reach a
penetration depth x; (adopted as 3 h), and & is the equivalent pressure to the water head
(adopted 3 bar = 30.621 mH,O). In order to measure the depth of water penetration, d,, eight
readings were taken on each of the two broken faces of the specimen obtained after splitting
tensile test. To improve the readings, a color indicator—phenolphthalein—was used, in
combination with the water, which evidences the boundary of water penetration. The
conversion factor for the coefficient, ky, when using phenolphthalein solution, from m/s to
m?, is: Ky (m2) = 1.3 x 107 ky (m/s). Tables 16 and 17 show the results of permeability to
air and water obtained for EAFS8D1 mixture, including the gas and water coefficients (K¢
and Ky), the average specimen length (L), cross-section area (A;,), travel time of a soap
bubble for a distance of 10 cm (T0,,) and depth of water penetration (dp). The coefficients
of variation obtained for the parameters analyzed were somewhat high, which is normal
due to the heterogeneity of the porous structure. Figure 8 shows a representative EAFSSD1
specimen where water penetration was measured after performing the water permeability
test in LPC.
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Table 16. Results of air permeability obtained for EAFS8D1 mixture.

. Ly, Am T1om 4 K¢ Kem
Specimen (mm) (mm?2) (s) (x10-8 m3/s) (x10-16 m2) (x10-16 m?) CoV
EAFS8D1_C1 39.13 1640.66 9.279 5.290 0.584
EAFS8D1_C2 39.02 1649.10 10.082 4.869 0.533
EAFS8D1_C3 39.15 1642.63 9.060 5.418 0.597 0558 0.07
EAFS8D1_C4 39.37 1642.63 9.036 5.432 0.602 : ’
EAFS8D1_C5 39.38 1640.30 10.635 4.616 0.513
EAFS8D1_C6 38.45 1634.56 10.274 4.778 0.520
Table 17. Results of water permeability obtained for EAFS8D1 mixture.
Specimen dpm (mm) Kw (x10~18 m?2) K (x10~18 m?2) CoV
EAFS8D1_C1 947 3.751
EAFS8D1_C2 10.82 4.929
EAFS8D1_C3 11.57 5.646
EAFS8D1_C4 11.96 6.366 4.20 0.40
EAFS8D1_C5 8.84 3.324
EAFS8D1_Cé6 5.29 1.210

Figure 8. Representative EAFS8D1 specimens after water permeability test.

3.3.4. Resistance to Carbonation

Carbonation resistance was measured using an accelerated carbonation test. The spec-
imens were exposed to an environment with a concentration of 5 & 0.5% of carbon dioxide
at a temperature of 20 &+ 2 °C and relative humidity of 55 £ 5% for up to 186 days. For each
of the exposure times adopted, as shown in Table 18, the failure surfaces obtained after
splitting the beam specimens into two halves were sprayed with a phenolphthalein solution,
resulting in a pink coloration showing the uncarbonated concrete portion. As shown in
Table 17, this color difference was used to measure the carbonation depth. The carbonation
resistance, Rc¢5, was calculated using equation (10), following the recommendation of the
Portuguese Standard LNEC E 465 [57]):

2 X Cpeel X 1y

% (10)

Rees =

where C, is the CO, concentration adopted to accelerate the carbonation process (=90 x
103 kg/m?), and # is the time required to reach a carbonation depth Xj in the specimen.
The obtained variables of carbonation resistance (R.¢5), average carbonation resistance
(Regsm), time (t1) and average carbonation depth (X1,,) for REF2, EAFS8D1 and FRC_EAFS
mixtures are shown in Tables 19 and 20.
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Table 18. Evolution of carbonation depth at increasing exposure times for the REF2 mixture and for
the mixtures designed with EAFS and RTSF.

t1 (Days) REF2 EAFS8D1 FRC_EAFS

28

56

70

90

122

143

149

163

170

174

186
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Table 19. Results of average carbonation depth, X, for the REF2 mixture and for the mixtures
designed with EAFS and RTSF.

X1 (mm)
t1 (Days)
REF2 EAFS8D1 FRC_EAFS
28 19.12 15.41 17.07
56 27.22 20.63 23.17
63 27.85 22.26 22.80
70 28.70 24.89 23.44
90 28.83 24.67 24.61
122 34.11 28.79 28.97
143 38.10 32.10 33.15
149 38.36 32.69 34.83
163 41.31 35.72 34.61
170 43.71 36.13 36.24
174 43.19 36.29 35.64
186 42.29 37.00 35.83

Table 20. Results of carbonation resistance, Rc¢5, for the REF2 mixture and for the mixtures designed
with EAFS and RTSE.

(Davs) Ree5 (kg-year/m®) Reesm (kg-year/m®)/CoV
t ays
1 4 REF2 EAFS8D1 FRC_EAFS REF2 EAFS8D1 FRC_EAFS
28 37.75 58.17 47.39
56 75.51 64.92 51.44
63 40.06 62.69 59.75
70 41.92 55.73 62.82
90 53.39 72.93 73.27
122 51.70 72.59 71.69
143 48.58 68.45 64.19 48.92/0.189 65.30/0.076 63.42/0.119
149 49.94 68.74 60.58
163 47.10 62.99 67.10
170 43.87 64.22 63.85
174 45.99 65.15 67.54
186 51.28 67.01 71.46

4. Discussion
4.1. Fresh Behavior

The EAFS aggregates significantly altered concrete fresh state behavior when com-
pared to natural aggregates typically used in structural concrete design. This is most likely
due to the increased water absorption by the EAFS aggregates and the lack of fine particles
which may be clearly identified in the grading curves (Figure 1b). Compositions have been
shown to be very sensitive to the process of mixing and to the w/p or w/c ratio, most likely
due to the porous nature of the EAFS aggregates. The EAFS aggregates porosity leads to the
gradual absorption of water during the mixing process, resulting in alterations of the fresh
and hardened behavior. In this regard, it is important to adapt the mixing process in order
to take the best advantage of the physical properties of EAFS aggregates. This problem
extends to any other situation where alternative aggregates or ingredients are included
in conventional concrete mixtures, mainly in the case of the incorporation of wastes or
industrial by-products.

As shown in Figure 9, EAFS concrete mixtures showed distinct behaviors, initially
very different from REF1 and REF2. Figure 10 shows some of the results obtained for
representative specimens during the slump test. The mixtures EAFS3A and 4 (Figure 10c),
with a distribution modulus of 0.35, had a very dry behavior; therefore, it was decided to
decrease the distribution modulus in the subsequent mixtures. It seems that the porous
nature of EAFS requires a greater volumetric percentage of paste in the concrete, necessary
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to cover the pores at the surface of the EAFS aggregates and lubricate the interparticle
movement, in order to reach equivalent fresh behaviors. With the change from g = 0.35
to g = 0.25, the fluid behavior did not show great improvement, although workability
seemed to show an improvement. With the decrease in the distribution modulus to 0.20
and 0.15, a remarkable improvement in fluidity was observed, giving these mixtures the
best performance in terms of fresh behavior (Figure 10d,e), with the exception of EAFS2.
EAFS2 was the only alternative mixture with g = 0.35 that showed a fresh behavior close
to the expected one. This may be explained by the fact that the optimization procedure,
in this case, resulted in a greater amount of fine sand, probably because the aggregate
fractions selected generated an unbalance in the grading curve, that ended up being fully
compensated with fine sand. The mixture EAFS8D1 has demonstrated a good workability
and was very close to the one observed in reference mixture REF2, proving that the use of
g = 0.15, in the Andreasen and Andersen model, was adequate. Furthermore, the addition
of fibers in fresh state caused a loss of workability, resulting in a FRC slump equal to zero.
Thus, the FRC_EAFS was characterized as a dense concrete.
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Figure 9. Results of average slump: (a) for REF1 and mixtures designed with EAFS; (b) for REF2 and
mixtures designed with EAFS.
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Figure 10. Cont.
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Figure 10. Images of representative specimens during slump test of REF and EAFS mixtures: (a) REF1
mixture with a slump class S3; (b) REF2 mixture with a slump class 54; (¢) EAFS mixture with a
slump class S1; (d) EAFS mixture with a slump class 52/53; (e) EAFS mixture with a slump class S4.

4.2. Mechanical Properties
4.2.1. Compressive Behavior of EAFS Mixtures

The average compressive strength, f.;;, and the average elasticity modulus, E, ob-
tained when considering REF1 as the reference mixture are presented in Figure 11. The
same results but considering REF2 as the reference mixture are presented in Figure 12. The
failure modes of representative EAFS mixtures are shown in Figure 13.

Figure 11a shows that the EAFS3B mixture exhibited a strength at 28 days of 26.29 MPa,
which is relatively low when compared to the strength of the EAFS8B mixture, for the same
distribution modulus, 4. However, an improvement in the behavior, both in the fresh and
in the hardened state, was noted when compared to the EAFS3A mixture. After preparing
the EAFS5C mixture, it was found that it would not be advantageous to repeat the EAFS4
mixture for a lower g, since the EAFS4 mixture as the EAFS3A mixture, was very dense and
showed poor mechanical properties (Figure 13a,b). The EAFS4 mixture, like the EAFS5C
mixture, also contains in its composition a larger number of EAFS aggregate fractions, and
the results obtained for the EAFS5C mixture at 28 days show no significant advantages over
the EAFS8B and 8C mixtures, which were composed of fewer fractions of EAFS aggregate
(less laborious and costly), exhibiting compressive strengths and elasticity modulus as high
as the EAFS5C mixture (Figure 11). By comparing the characteristic compressive strength
of cylinders at 28 days, it was possible to confirm that the mixtures showing a strength
class equal to or higher than the REF1 were the EAFS8B, 8C, 5C and 8D mixtures.

Taking into account the data gathered from the algorithm based on the modified
Andreasen and Andersen particle packing model, it was found that the adoption of more
EAFS aggregate fractions leads to lower RSS values, and the resulting target curves show
better agreement. Therefore, it was expected that the EAFS5C mixture at 28 days, as the
EAFS mixture with the largest number of EAFS aggregates fractions, would have reached
the best compressive strength characteristics. As shown in Figure 11a, the EAFS5C mixture
is among the ones showing higher compressive strength, classifiable as C30/37 strength
class. However, the EAFS8B, 8C and 8D mixtures at 28 days, with slightly greater values of
RSS, also showed high values of compressive strength, reaching the strength class obtained
with the EAFS5C mixture. It may be concluded that the EAFS8B, 8C and 8D mixtures were
more advantageous over the EAFS5C mixture, since good performances in the hardened
state were reached with a lower number of EAFS aggregate fractions required, which makes
them more practical and economically viable. To some extent, the particularly porous and
irregular nature of the EAFS aggregates may justify these results.

The mechanical properties obtained at 90 days were slightly higher than the ones
obtained at 28 days after casting (Figure 11), except for EAFS6, which did not contain
FA additions. As commonly accepted, one of the characteristics of the FA is to confer
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additional strength in the long term, and at 90 days the effect of this type of addition is
already observed.

Figure 11a,b show that the EAFS mixtures with a distribution modulus equal to 0.35
did not reach desirable characteristics in terms of strength and stiffness, since according to
Eurocode 2 [58] the average values of concrete cylinder compressive strength and elasticity
modulus for a strength class C30/37 are 38 MPa and 33 GPa, respectively. On the other
hand, EAFS mixtures with a distribution modulus equal to 0.20, 0.25 and 0.15 were much
closer or even reached the mechanical requirements, except for EAFS3B.

Considering the fresh behavior of EAFS8B, EAFS8C, and EAFS8D mixtures and by
analyzing the results shown in Figure 11a,b at 28 days, it was possible to note that EAFSSC
and 8D mixtures were the ones, with high cement amount, that best meet the reference
structural concrete properties (REF1). These showed a favorable fresh behavior, with slump
class S2/S3, and reached a strength class C30/37. In the design of both EAFS mixtures a
cement quantity of 257 kg was used, this amount being smaller than REF1 (280 kg). With
this reduction in cement and considering that the EAFS 8C and 8D mixtures contained less
fractions of EAFS aggregates, the objectives of producing a structural concrete comparable
to a conventional one in terms of deformability and durability, seem feasible and are
economically advantageous and environmentally more efficient.
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Figure 11. Mechanical testing results at 7, 28 and 90 days after casting for REF1 and EAFS mixtures
with high cement amount: (a) average compressive strength, f.;; (b) average elasticity modulus, E.

With respect to the percentage of EAFS aggregates of the abovementioned mixtures, 8C
and 8D, it is noted that the lower the distribution modulus, the lower the coarse aggregate
quantities and consequently the higher the quantity of fine aggregates required. Since
the fresh and hardened characteristics of these two mixtures are essentially the same, it
was found that the EAFS8C mixture showed to be environmentally more favorable when
compared to the EAFS8D mixture, considering the higher percentage of EAFS aggregates
present in its composition, which leads to a decrease in the amount of sand required, a
natural aggregate that is scarce.

Subsequently, for the mixtures found to be the most advantageous, EAFS8C and 8D,
the cement amount was reduced to values similar to that of the REF2 mixture, resulting
in the mixtures EAFS8C1 and EAFS8D1. As shown in Figure 12a, both the EAFS8C1 and
EAFS8D1 mixtures clearly exceeded the REF2 mixture in terms of strength and deforma-
bility, with the compressive strength class of both mixtures equal to C25/30, as shown in
Table 10. However, the EAFS8C1 mixture did not reach the 54 slump class required, when
comparing to the REF2 mixture (Figure 9b).
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Considering these results, EAFS8D1 was the mixture selected to continue with the
study of FRC design with RTSF. It reflects the optimal balance between the percentage of
EAFS aggregate used and the behavior reached in the fresh and hardened state, therefore
showing good potential for the inclusion of the RTSF.

As shown in Table 10 the compressive strength class of EAFS_FRC mixture reduced to
C20/25 when compared to EAFS8D1 mixtures (C25/30). In fact, by analyzing Figure 12 it
is clear that the fiber reinforced concrete, FRC_EAFS, reached a lower compressive strength

than EAFS8D1 and REF2.

This result was somewhat expected, since the RTSF were directly added to the concrete
mixture without any previous treatment to separate rubber pieces or other impurities, or
separate larger or smaller fibers. Therefore, the fresh behavior of the concrete mixture was
significantly impacted by the introduction of the RTSF, as well as the compressive strength

and elasticity modulus.

w7 days W28 days ™ 90 days
—- C30/37 target strength at 28 days

q=0.20

Average compressive strength, f,,, (MPa)
cuwb L8R8 HKSEELE RS
1

(a)

q=0.15

7 days M 28 days M 90 days
50 4 —— C25/30 target eslasticity modulus at 28 days

45 g=0.20 g=0.15

Average elasticity modulus, £, (GPa)

(b)

Figure 12. Mechanical testing results of REF2, EAFS8C1 and EAFS8D1 mixtures at 7, 28 and 90 days
after casting, with lower cement amount: (a) average compressive strength, fo;,; (b) average elasticity

modulus, E,.

(a) (b)

(c) (d) (e)

Figure 13. Failure modes obtained after compression tests: (a) failure mode of EAFS3A mixture;
(b,c) failure mode of EAFS4 mixture; (d,e) representative failure modes of EAFS6, 2, 8B, 3B, 8C, 5C,
8C1, 8D and 8D1 mixtures in accordance with the satisfactory failure modes of the standard [47].
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4.2.2. Optimal Parameters for Designing EAFS Concrete Based on the Andreasen and
Andersen Particle Packing Model

Considering the results obtained when designing EAFS concrete mixtures adopting
the modified Andreasen and Andersen particle packing model, it is important to further
understand how the different design variables influenced the results obtained. Of particular
interest are the percentage of EAFS aggregates added, the water/powder ratio, w/p, and
the distribution modulus, 4. As shown in Figure 14, for a q value of 0.35, as the percentage
of EAFS increases, the characteristic compressive strength and elasticity modulus also
increases. The reverse happens for high percentages of EAFS, where the characteristic
compressive strength and elasticity modulus starts to decrease. The last may be justified,
due to the decrease in paste compared to the amount of EAFS aggregates, which is not
enough to obtain such a compact solid skeleton. As the g increases to 0.25, both the
characteristic compressive strength and elasticity modulus increases substantially. Note
that, despite the two EAFS3B and EAFS8B mixtures being very similar, the mixture EAFS3B
has lower characteristic compressive strength and elasticity modulus. As the EAFS3B
mixture has a greater variety of EAFS grain size fractions, the resulting paste had a higher
amount of EAFS fines (<125 pm) and less CEM and FA compared to the resulting paste of
EAFS8B. The EAFS8B mixture has only two EAFS grain size fractions, which means that
it has a lower amount of EAFS fines than in the EAFS3B mixture, and therefore, a paste
that is richer in CEM and FA, making its solid skeleton stronger. On the other hand, if the
value of q decreases by 0.20 or 0.15, the characteristic compressive strength and elasticity
modulus will be approximately similar, independent of the EAFS amounts added. This
means that an optimal value of g has been reached. This optimal value is lower than what
was expected when using conventional aggregates (g = 0.30) perhaps due to the porous
nature and angular shape of the EAFS aggregate particles, which appear to require a greater
amount of paste [59,60]. For mixtures with a g value equal to 0.20 it is verified what was
explained above about the mixtures with higher EAFS grain size factions having lower
characteristic compressive strength and elasticity modulus because they have a paste with
more EAFS powder fine particles. In this case, this happens for the mixtures EAFS5C (with
higher grain size fractions of EAFS) and EAFS8C (with only two grain size fractions of
EAFS), however, this difference is not so pronounced for a value of q equal to 0.20. From
these findings it can be stated that there is an optimal value of 4 that depends on the EAFS
percentage. This EAFS percentage comes from achieving a balance between the amount of
EAFS particle size fineness in the EAFS mixture paste and EAFS aggregates. The higher the
value of g, the lower the amount of paste and the higher the amount of aggregates, and
therefore, the lower the strength and the elasticity modulus. On the contrary, the smaller
the value of g, the greater the amount of paste present in the mixture and the smaller
the amount of aggregates, which makes the solid skeleton more compact and stronger.
However, if the value of g drops below 0.15, both the strength and the elasticity modulus
have a decreasing tendency, that is, for a value of g that is too low there will be a large
amount of paste for a small amount of aggregates, and therefore, these small amounts of
aggregates are not enough to form a strong solid skeleton.

The evolution of characteristic compressive strength, f, and average elasticity mod-
ulus at 28 days, E.y, for different g is represented in Figure 15. Based on designed EAFS
mixtures it was possible to correlate the different distribution modulus with the charac-
teristic compressive strength and elasticity modulus through a second-degree polynomial
equation. As it was already verified for high g values that the strength and elastic modulus
tends to decrease, this deduction is possible by using the equation referred to in Figure 15
for EAFS aggregate mixtures. The second-degree polynomial equation also shows that
from a certain value of g the strength and elastic modulus will not increase any more but
must decrease if 4 becomes too low.
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Figure 14. Mechanical behavior as function of the amount of EAFS aggregates at 28 days: (a) charac-
teristic compressive strength, f; (b) average elasticity modulus, Ey.
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Figure 15. Evolution of the mechanical behavior as function of distribution modulus, g, at 28 days:
(a) characteristic compressive strength, f; (b) average elasticity modulus, Ecy,.

The w/p can be correlated to the distribution modulus, g, characteristic compressive
strength, f, and average elasticity modulus at 28 days, E., as shown in Figures 16 and 17,
respectively. For this type of aggregate the mixtures show, as expected, that for greater g
values the w/p increase according to a linear relation represented in Figure 16. Moreover,
for high w/p values, the characteristic compressive strength and elasticity modulus will be
smaller, according to the linear relation shown in Figure 17. It should be noted that, the
linear regression has a maximum coefficient of determination (R?) of 62% for the relation
of g with w/p ratio (Figure 16), and of 71% and 56% for the relation of the characteristic
compressive strength with w/p ratio and elasticity modulus with w/p ratio, respectively.

That means that there is a small deviation of the w/p ratio values of the EAFS mixtures
from the optimal w/p ratio. However, it can be stated that this difference is due to the
different amounts of EAFS particle size fineness that the different EAFS grain size fractions
have, that is, it may be necessary to increase or decrease the w/p ratio so that different EAFS
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compositions reach the same workability as the reference mixtures, keeping the amount of
SP equal between them.
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Figure 17. Evolution of the mechanical behavior with respect to the water/powder ratio, w/p, at
28 days: (a) characteristic compressive strength, f; (b) average elasticity modulus, E.

In conclusion it can be said that, according to the modified Andreasen and Andersen
particle packing model and within the limits of the current investigation, parameters
such as w/p and g may be approximately deduced adopting the linear and second-degree
polynomial equations described before. These expressions are valid within the domain
g € [0.15, 0.35] and it may be assumed that similar relationships may be obtained by
conducting similar studies for alternative materials. The quantity of EAFS waste aggregates
can additionally be reflected as shown in Figure 14.

4.3. Physical Properties
4.3.1. Porosity

Figure 18a shows the results obtained for water absorption by immersion at atmo-
spheric pressure. Mixture FRC_EAFS demonstrated slightly higher open porosity than
EAFS8D1 (12.1%) whereas REF2 shows a smaller open porosity compared with EAFS8D1
(25.1%). The average porosity of FRC_EAFS, EAFS8D1 and REF2 were, respectively, 16.2%,
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14.5% and 11.6%. Previous studies indicated porosity values for ordinary concretes be-
tween 10.4-20.2% [61,62] and for concretes made with fine recycled concrete aggregates
between 13.2-16.5%, being 17-46% higher than their reference concrete [63]. This allows us
to conclude that the addition of industrial by-products and recycled fibers did not cause a
significant increase in the open porosity, in the context of water absorption, and that the
slight increase observed with respect to the reference mixture may be associated to the
highly porous nature of EAFS aggregates.
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Figure 18. Results of water absorption by immersion: (a) for REF2, EAFS8D1 and FRC_EAFS mixtures
at atmospheric pressure; (b) for EAFS8D1 under vacuum.
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Figure 18b presents the test results of water absorption by immersion under vac-
uum, which indicates that the average open porosity of the EAFS8D1 mixture was 21.8%.
Comparing the results obtained in vacuum with the values of open porosity obtained at
atmospheric pressure, a higher porosity was obtained as expected. Prior studies showed
results of water absorption by immersion under vacuum varying between 11.9-17.9%
for ordinary concretes [61,64] and between 9-13% for concretes with bottom ashes or fly
ashes as cement replacement [65]. In the present case, the open porosity under vacuum
showed slightly higher values, which can again be justified due to the porous nature of
EAFS aggregates. The study of alkali-activated ceramic/slag-based mortar showed an open
porosity under vacuum of 23.26% [66], which emphasizes that the use of porous materials
leads to an open porosity under vacuum higher than other current materials.

4.3.2. Sorptivity

Figure 19 represents the amount of water absorbed by capillarity per unit area versus
square root of time. According to Coutinho J. [67] the quality of the concrete can also be
measured depending on the capillarity water absorption coefficient (S), which corresponds
to the slope of the curves represented in Figure 19 during the initial 4 h of testing. The
obtained values of S were 0.0747 mg/mm?.min’> for REF2, 0.1704 mg/mm?2.min® for
EAFS8D1 and 0.1055 mg/mm?.min®® for FRC_EAFS, which according by Browne, R. D.
(1991) cited in Camoes [62] are typical of high-quality concrete in the case of REF2 and
FRC_EAFS, and medium quality concrete in the case of EAFS8D1. The higher capillarity
water absorption coefficient of EAFS8D1 can be justified by the porous nature of EAFS
aggregates, which represent 70.4% of the total solid ingredient content of the mixture.
The material has a high capillarity and reduces open porosity when the diameters of
accessible pores are reduced and, conversely, when the diameters are large, the capillarity is
reduced, and the open porosity is high. FRC_EAFS showed smaller capillarity compared to
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EAFS8D1, perhaps because of the RTSF incorporation and the presence of rubber residue,
which may contribute to slightly reduce the permeability.

Average REF2
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Figure 19. Results of water absorption by capillarity for REF2, EAFS8D1 and FRC_EAFS mixtures.

4.3.3. Permeability to Air and Water

As shown in Tables 16 and 17, the coefficients of variation of air and water permeability
were 6.7% and 40.1%, respectively. Some authors suggest that for concretes with w/c ratio
below 0.53, the coefficient of variation (CoV) is small, and six samples are sufficient, while
for concretes with a w/c ratio above 0.65, the CoV is large, and it is necessary to increase the
number of samples to consider the increase in concrete heterogeneity translated by a higher
CoV. They also noted that a CoV of up to 20% is considered acceptable for air and water
permeability coefficients, Kg and Ky [61,68]. In this study, the CoV of air permeability
coefficient was within the order of magnitude of the CoV expected for that type of test,
while in the case of water permeability coefficient the CoV result was higher. Probably the
higher CoV obtained for water permeability coefficient can be justified by the use of EAFS
aggregates, which made the concrete matrix more heterogeneous due to its irregularity and
porosity, and therefore it is recommended to increase the number of test samples to reduce
the CoV.

Figure 20 shows the air and water permeability coefficients obtained. The average air
and water permeability coefficients were, respectively, 0.558 x 10716 and 4.20 x 10718 m2.
For conventional concretes and concretes with higher amounts of bottom or fly ash, of a
strength class C25/C30, other studies found K¢ values between 0.39-0.88 x 10~16 m2, which
was in accordance with the K¢ value obtained in the present study [64,65,69]. By comparing
the Ky value obtained with other studies, it was found that for conventional and higher
amount of FA concretes of a strength class C25/C30 values of 6.4 and 2.16 x 1078 m? were
obtained [61,64]. Hence, the result of Ky determined in this research was in accordance
with the literature. It is possible to classify qualitatively the concrete based on the coefficient
of water permeability, using the classification proposed by Coutinho J. [67] according to
the Table 21. In this way, the EAFS8D1 mixture can be classified as a concrete of normal
quality in terms of water permeability.

Table 21. Quality class of concrete as a function of its water permeability coefficient.

Water Permeability Coefficient, Water Permeability Coefficient,

Ky (m/s) Ky (m?) Quality Class
>1x 10710 >13 x 107V Reduced
1 x 107121 x 10710 1.3 x 1071913 x 10717 Normal

<1x 10712 <13x107Y High
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Figure 20. (a) results obtained for air permeability coefficient, K, for EAFS8D1 mixture; (b) results
obtained for water permeability coefficient, Ky, for EAFS8D1 mixture.

4.3.4. Resistance to Carbonation

Figure 21 shows the average results of the accelerated carbonation test of concrete
samples REF2, EAFS8D1 and FRC_EAFS for up to 186 days of exposure. The depth
of carbonation can be expressed as a function of the square root of the exposure time,
typically resulting in a linear trend of evolution. The slope of the linear trend corresponds
to the carbonation coefficient, K., which, as shown in Figure 21, were 2.86, 2.61 and
2.41 mm/day?? for the REF2, EAFS8D1 and FRC_EAFS mixtures, respectively. This means
that the carbonation coefficient of the REF2 mixture was 9.4% higher when compared to
the carbonation coefficient of the EAFS8D1 mixture, and the carbonation coefficient of
the EAFS8D1 mixtures was 8.6% higher when compared to the carbonation coefficient of
FRC_EAFS. This indicates that the REF2 mixture was more susceptible to carbonation than
the EAFS8D1 mixture, and the EAFS8D1 mixture was more susceptible to carbonation than
FRC_EAFS.
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Figure 21. Results of carbonation depth along exposed time for REF2, EAFS8D1 and FRC_EAFS
mixtures.

As shown in Table 20, the variation of the average carbonation resistance, R¢¢5,,, from
REF2 to EAFS8D1 was 25.1% smaller, which corroborates the observations made at the
surface of REF2 mixture specimens that showed a greater progress depth of the carbonation
front (Table 18). The same conclusion can be drawn for the EAFS8D1 mixture, which has an
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average carbonation resistance, Regs;;, 3% smaller than FRC_EAFS mixture; however, this
difference is almost insignificant. Thus, somewhat contrasting to what was expected based
on the previous results of water absorption at atmospheric pressure and by capillarity, the
EAFS8D1 and FRC_EAFS mixtures show higher carbonation resistance than the reference
mixture REF2 does in the uncracked state. This can be explained due to the changing of
calcium hydroxide (Ca(OH),) into calcium carbonate (CaCOs3) by the uptake of CO,. The
expansion of the solid volume inside the concrete caused by the portlandite (Ca(OH);)
carbonatation partially filled the free pores [70-72]. Since in the case of the EAFS8D1
and FRC_EAFS mixtures the porosity and sorptivity were greater than REF2, the reaction
products resulting from the accelerated carbonatation test in the EAFS8D1 and FRC_EAFS
mixtures were also greater. In this way, the EAFS8D1 and FRC_EAFS mixtures could exhibit
an improved behavior to potential carbonation resistance relative to the REF2 mixture.
That process can be confirmed by performing water absorption and sorptivity tests after
submitting both mixtures to accelerated carbonation test, where porosity and sorptivity
should be lower than the results obtained previously in the uncarbonated state. This
porosity and sorptivity reduction should be more significant in the case of the EAFS8D1
and FRC_EAFS mixtures. Another reason for the EAFS mixtures presenting an enhanced
carbonatation resistance behavior in relation to the reference mixture REF2 is the released
of Ca" ions from the EAFS’ Ca-bearing phases, which reacted with CO, forced into the
microstructure. This reaction resulted in the precipitation of CaCOj3, which significantly
densified the microstructure, and as explained above, partially filled the free pores [73].

5. Conclusions

The present research was aimed at studying the design approach for structural concrete
mixtures with the incorporation of wastes. In particular, electric arc furnace slag (EAFS)
aggregates and fly ash (FA) powder, as well as recycled tire waste (RTSF) were used and
the developed matrixes were compared with two reference mixtures, REF1 and REF2.
According to the predefined requirements of the two target mixtures and by using the
modified Andreasen and Andersen particle packing model, it was possible to achieve EAFS
optimized concrete compositions, reaching the highest compactness and strength. RTSF
were also incorporated in the EAFS concrete selected in order to assess the feasibility of
developing FRCs including high wastes percentages. Workability and mechanical behavior
were evaluated for reference mixtures, REF1 and REF2, and for the designed EAFS mixtures
developed with and without RTSF. Physical properties were investigated for EAFS8D1,
FRC_EAFS and the reference mixture REF2, as representatives of the studied mixtures.
The FRC_EAFS allowed to study the effect of the incorporation of RTSF on the physical
properties of the designed mixtures. The main conclusions of this study are:

(1) The EAFS aggregates significantly altered the concrete fresh state when compared
to natural aggregates typically used in structural concrete design. Compositions have been
shown to be very sensitive to the process of mixing and to the w/p or w/c ratio, most
likely due to the porous nature of the EAFS aggregates. The EAFS aggregates’ porosity
leads to the delayed absorption of water during the mixing process, resulting in alterations
of the fresh and hardened behavior during mixing that could be solved by adapting the
mixing process.

(2) Two of the mixtures of greater interest for a waste-based structural concrete were
the EAFS8C and EAFS8D1 mixtures, which reflected the optimal balance between the
percentage of EAFS aggregate used and the behavior reached in the fresh and hardened
state. Nevertheless, the EAFS8D1 mixture seemed to be a more sustainable mixture, since
the amount of cement used in its composition was approximately 19% lower than the
EAFS8C mixture. The replacement of a significant portion of the natural ingredients with
substantial quantities of industrial by-products increases the sustainability potential of
concrete, in particular with the EAFS8D1 mixture. The replacement percentages (in weight
of solid ingredients) were about 10% of FA and 70% of EAFS aggregates.
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(3) For a structural concrete containing EAFS aggregates, the results seemed to indi-
cate that parameters w/p and g can be initially estimated for intermediate values of the
parameters studied adopting the linear and second-degree polynomial equations.

(4) The average air and water permeability coefficients of EAFS8D1 were in accordance
with the values found in the literature. Moreover, based on water permeability coefficients,
Ky, the EAFS8D1 mixture can be classified as a concrete of normal quality by using the
classification proposed by Coutinho J. [59].

(5) The carbonation coefficient of REF2 mixture was 9.4% higher compared with the
carbonation coefficient of the EAFS8D1 mixture, and the variation of the average carbona-
tion resistance, R g5,,, of REF2 was 25.1% lower than EAFS8D1. FRC_EAFS showed even
better results, when compared to REF2. In this way, the EAFS8D1 and FRC_EAFS mixtures
showed an improved behavior to carbonation resistance relative to the reference mixture.

By adopting the design approach followed, it was possible to design concrete mixtures
that, while meeting the fresh and hardened state requirements, were able to incorporate
large percentages of wastes or industrial by-products, and therefore potentially improve
environmental performance. The mixtures developed even outperformed the conventional
reference mixtures in some of their characteristics, such as strength and resistance to car-
bonation. Therefore, the methodology studied showed great potential to be used as a
standard approach to maximize wastes and industrial by-products incorporation in struc-
tural concrete. In particular, EAFS showed interesting characteristics to be used as aggregate,
impacting positively both the mechanical properties and the carbonation resistance.
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