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Electric Arc Furnace Slag (EAFS) can be efficiently reused as aggregate in the production of high-volume
batches of hydraulic concrete mixes that show interesting properties in both the fresh and the hardened
state. Mixtures containing EAFS aggregate in proportions of nearly 50% by volume are prepared for
use as pumpable and self-compacting mixes with consistency classes of S4 and SF2, respectively.
Characterization of the mixtures is presented, examining practical aspects such as thixotropy, segregation
in the fresh state (under 6%), and mechanical and microstructural evolution in the hardened state. The
results yielded compressive strengths of approximately 60 MPa and elastic moduli of 38 GPa after one
year. Finally, real-scale flexural elements are cast and subjected to sustained loading tests of moderate
intensity. Long-term deflection values were approximately 50% (pumpable mixes) and less than 40%
(self-compacting mixes) of the maximum admissible values specified in current standards.

� 2019 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams Uni-
versity. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
1. Introduction

We live in a consumer society that has for decades been manu-
facturing short-lived disposable products that generate large vol-
umes of waste. As the concept of sustainability gains ground,
many industrial sectors have started to express an interest in
sustainable practice linked to the future of the planet [1–3]. One
of the main issues surrounding global sustainability is how to limit
carbon emissions through the reuse of industrial by-products.
Many researchers have focused their studies on steelmaking
slags [4–9]. The main research topics have specifically focused on
the use of Electric Arc Furnace Slag (EAFS) include bedding materi-
als for highways [10–14], bituminous mixes for pavement courses
[15–22], and hydraulic binder mixes for monolithic elements [23–
32]. Its use is also occasionally mentioned in the context of water
depuration, energy storage, and abrasion-resistant layers

The physical and chemical properties of EAFS [33–36] aggre-
gates are advantageous in hydraulic concrete mixes, producing
concretes with improved hardened properties [37–43]. They are
in many cases of similar durability to conventional concretes man-
ufactured with natural aggregates [42,44–49]. Certain drawbacks
have been encountered with the use of EAFS concretes, among
which its higher density, tolerable in some applications for founda-
tions, but detrimental in overhanging elements. Likewise, the
poorer workability of in-fresh mixes may be mentioned that is
advantageous in roller-compacted concrete, but detrimental in
pumpable concrete. As ever, the challenge in terms of engineering
good materials is the mitigation of their disadvantages and the
enhancement of their advantageous qualities.

Encouraging research results have been published on EAFS mass
concrete and its promising behavior at laboratory scale has con-
vinced some (albeit very few) entities to apply these aggregates
to real construction works. In 2008, the large foundation slab and
Electric
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basement walls of the KUBIK research building (Fig. 1a) at Tecnalia
(Bilbao – Spain) were manufactured with EAF slag concrete. In
2015, the Port of Bilbao Authority (Bilbao Harbor – Spain) used
EAFS concrete to manufacture heavy marine blocks for the ‘‘Punta
Lucero” dock walls and to build the new ‘‘Punta Sollana” dock (see
Fig. 1(b and c)) [50], both of which are exposed to aggressive mar-
ine environments. As previously mentioned, in these specialist
applications, where the concrete is cast by gravity and where the
structural performance of the application is directly related to its
weight, the use of steel slag as aggregate was advantageous, due
to its higher density and high resistance to chloride ions present
in seawater and coastal environments.

Divulgation of this type of EAFS concrete and the extension of
its use to construction components will as always depend on a
demonstrable suitability and affordability in practical applications
[51]. In this paper, both the in-fresh and the in-hardened behaviors
of medium-strength concrete mixtures (compressive strength of
30–50 MPa at 28-days) containing EAFS coarse aggregate are char-
acterized, in the particular context of manufacturing large batches
of concrete (over one cubic meter) using industrial mixing
machines. In recent publications [52–54], the authors successfully
manufactured medium–strength self-compacting concrete with
EAF slag coarse aggregate in ‘‘experimental size” batches (less than
fifty liters), using a mix design that differed from the classical
designs of concrete mixes made with conventional aggregates.
The engineering challenges of pouring large rather than small
batches into molds have been analyzed and addressed by various
authors [55,56].

Very few studies along the same lines as the present paper have
been reported. Worth mentioning are the pioneering papers pub-
lished over the last decade in South Korea (Sang-Woo, Yong-Jun,
Kil-Hee and altera) studying the behavior of flexural (2.6–3 m
span) elements manufactured with EAFS as aggregate [57–60].
Likewise, Pellegrino and Faleschini [61–64] studied flexural and
shear failure of 2 m long EAFS-RC (reinforced concrete) elements,
showing that the ultimate flexural and shear stress was higher in
beams manufactured with slag concrete than in beams with con-
ventional concrete aggregate. The use of self-compacting mixtures
of sustainable EAFS concrete in beam applications represents the
original contribution of this paper.
2. Materials and proportions

2.1. Water, cement and natural aggregates

Mix water containing no compounds with adverse effects on
hydraulic binder mixes was taken from the urban mains supply
of the city of Burgos-Spain.
Fig. 1. Kubik building foundation and basement walls (left); a concrete block from the
Harbor (Spain).

Please cite this article as: A. Santamaría, V. Ortega-López, M. Skaf et al., The stud
Arc Furnace Slag (EAFS) as aggregate, Ain Shams Engineering Journal, https://d
Two types of cement were used in the present article; firstly, a
classical Portland cement type-I 52.5 R; secondly, a commercial
Portland cement type-IV/B-V 32.5-N; both certified by the EN
197-1 standard [65]. The type-I cement included 90% Portland clin-
ker with no specifications concerning the usual properties (hydra-
tion heat, sulfate resistance, and high early strength), 5% calcium
carbonate fines, and 5% gypsum by weight, with a specific gravity
of 3.15 Mg/m3. The type-IV/B-V cement included 5% calcite powder
fines, 40% fly ash type-I, 50% Portland clinker without special spec-
ifications, and 4% gypsum by weight, showing a specific gravity of
3 Mg/m3.

The fine fraction (passing sieve N� 16, 1.18 mm mesh) of a nat-
ural limestone commonly used in northern Spain (calcite fraction
>95%, Los Angeles loss in the interval 16–20%) was used with a
fineness modulus of 1.5 units, specific gravity 2.65 Mg/m3, and a
gradation curve presented in Fig. 2. The main characteristics of this
mineral fraction can be found in previous publications by the
authors [23,52], which can be considered complementary to this
study and that contain detailed information and analysis of the
limestone fine fraction. It is however relevant to recall that its
addition significantly improved the workability of the mixes, so
that the consistency corresponds to self-compacting mixes, pre-
venting segregation and compensating for the lack of fine particles
in the 0–4 mm size fraction of EAFS.
2.2. EAF slag physical-chemical properties

Electric Arc Furnace slag (EAFS) in two size fractions (fine 0–
4 mm and medium 4–12 mm), supplied by the company
Hormor-Zestoa, was used in this research following processing,
crushing, magnetic separation of metal, and three-months of
weathering. The chemical composition and some physical proper-
ties are shown in Table 1; their gradations with a fineness modulus
of 3.9 units for the fine fraction and 5.7 units for the medium-
coarse fraction are shown in Fig. 2.

Perhaps the main characteristics of EAFS aggregate (in the
form of fine and medium fraction gravel sizes), in comparison
with the (non-homogeneous) set of natural aggregates for con-
crete, (mentioning only the main advantages of EAFS aggregate)
are its roughness, angularity, toughness-strength-stiffness, abra-
sion resistance, density, and chemical basicity. Although they
are all of interest, those of particular importance in the context
of this article are included in Table 1, alongside a complete chem-
ical analysis performed by energy -dispersive X-ray spectroscopy
and identification of the main crystalline compounds with X-ray
diffraction, to identify the type of EAFS and its content. Other
authors have found similar characteristics in these types of EAFS
slags [66].
Punta Lucero dock (center) and the Punta Sollana dock wall (right), both at Bilbao
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Fig. 2. Grading of concrete aggregates.

Table 1
Chemical composition and physical characteristics of EAFS.

Compounds EAFS

Fe2O3 (%) 22.3
CaO (%) 32.9
Free CaO (%) 0.8
SiO2 (%) 20.3
Al2O3 (%) 12.2
MgO (%) 3.0
MnO (%) 5.1
SO3 (%) 0.42
Cr2O3 (%) 2.0
P2O5 (%) 0.5
TiO2 (%) 0.8
Loss on ignition (%) Gain
Water absorption (%) 1.12
Specific gravity (Mg/m3) 3.42
Angularity number BS-812 Close to 11
Los Angeles loss (%) 12
X-ray diff. main compounds Wüstite-GheleniteKirsteinite-Calcium olivine
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2.3. Mix design

Four different concrete mixes were designed for this experi-
mental campaign. They all contained EAFS slag as aggregate in
the highest possible proportions, though they were all also
designed to guarantee their applications in construction. In those
mixes, EAFS constituted the totality of the coarse aggregate, and
the larger-sized fraction (>1.2 mm) of the fine aggregate. The rest
of the fine aggregate fraction (<1.2 mm) was a mix of small-size
EAFS (see the grading of the EAFS fraction 0–4 in Fig. 2) and the
above-mentioned fine fraction of limestone aggregate. The cement
proportion (320–330 kg/m3) and the w/c ratio (approx. 0.5 units)
are standard values in large batches of concrete mixtures to obtain
a medium compressive strength (>30 MPa after 28 days in moist-
room-conserved samples). There are multiple combinations of
cement content and different w/c ratios to performmixtures. How-
ever, in this case, the aforementioned ‘‘conventional values” were
chosen for these two variables, before approaching other types of
variables and issues that may influence this aspect.

The first variable introduced in the design is the classification of
the different cement types used for the manufacture of the sample
specimens, type-I and type-IV/B (V) (EN 197-1 standard [65]. The
former is the ‘‘reference” cement for industrial construction. The
second is a more sustainable binder in which almost one half is
Please cite this article as: A. Santamaría, V. Ortega-López, M. Skaf et al., The stud
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another valuable industrial by-product (vitreous fly ash) produced
by the energy industry (coal burning-combustion throughout the
twentieth century), with abundant stockpiles around the world.
The resultant mixes were labelled I-P (type-I cement and pump-
able mix), I-SC (type-I cement and self-compacting mix), and, in
a similar way, IV-P and IV-SC mixes. The binder variable was intro-
duced to show the influence of the cement types on the in-fresh
concrete properties. It also served to study the influence of the
interaction between the mineral additions of cement (limestone
filler, fly ash) and coarse EAF slag aggregate on the structure of
the hardened concrete and its properties. Obviously, from a practi-
cal point of view, the use of the type-IV/B (V) cement enhanced
both sustainability and economic cost, though it also yielded
slightly inferior mechanical properties.

Workability was the second variable introduced in the design of
the mixtures for both pumpable (P) and self-compacting (SC)
mixes; it is widely known and accepted in the literature that an
excessive presence of EAFS aggregate in concrete mixes detracts
from their workability. Initially, a target slump of 200 mm in the
Abrams cone test was set as the objective for the pumpable mixes,
and a spread of 600 mm (of which 500 mm in over four seconds)
for the self-compacting mixes, likewise using the Abram’s cone
test. These targets are not unusual in civil works for practical con-
crete engineering projects.

With regard to the slump tests, three factors can be outlined,
considering that EAFS will form the only coarse mineral aggregate
with gravel sizes between 1.2 and 12.5 mm. Firstly, the angularity
of the slag particles is very high and the adherence between the
slag particles and the cementitious matrix is also fairly high [52];
both factors mean that a high proportion of cementitious matrix
is needed. Secondly, the external surface is markedly rough and
resistant to abrasion and contact during the flow of concrete will
be especially sharp and frictile between the EAFS particles; this
effect has also to be mitigated by a suitable cementitious matrix.
Thirdly, the EAFS particles are of a higher density than the conven-
tional aggregates. The higher tendency to decantation-segregation
due to gravity forces when suspended in fluid matrices is evident.
Once again, the dynamic viscosity of the cementitious matrix, mea-
sured in terms of a Bingham plastic medium, must be suitable.

A suitable gradation of components and well-chosen chemical
admixtures (water reducer, WR, and viscosity conditioner, VMA)
must be employed, to obtain acceptable results in the operation
of pouring large volumes of EAFS concrete into industrial molds
y of properties and behavior of self compacting concrete containing Electric
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Fig. 3. In volume gradation of the mixes and Fuller’s curve.

Table 2
Mix proportions in kg per cubic meter of concrete.

IP IVP ISC IVSC

Cement I 330 330
Cement IV 320 320
Water 160 160 170 170
EAFS coarse (4–12 mm) 980 980 770 770
EAFS fine (0–4 mm) 690 690 550 550
Limestone fines (<1.2 mm) 650 650 900 900
Admixture (% cement weight) 1.5% 1.5% 2% 2%
Total weight (kg) 2815 2805 2725 2715

Table 3
In-fresh mixes properties.

Slump/Spreading (T500 slump flow) L-box Fresh Density (Mg/m3) Occluded air (%)

IP 165/– mm – 2.75 2.4
IVP 180/– mm – 2.69 4.3
ISC –/680 mm (4.3 sec) 0.87 2.67 1.8
IVSC –/700 mm (3.8 sec) 0.9 2.57 5.6
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or formworks, especially if the target is to produce self-compacting
mixtures. The mix gradation and final proportions were finely
determined and are shown in Fig. 3 (in volume) and Table 2 (in
weight). Preliminary small-scale trials and smaller mass mixes
determined the definitive proportions that are reported here [52].

Considering the data displayed in Table 2, it is worth mention-
ing that cement was in all cases added to the mixes in similar
volumetric proportions (about 10.5%) and the water volume of
16–17% was easily deduced. This set of two components consti-
tuted around 27% of the total volume of the concrete mixes. The
volumetric calculations of the remaining 73% were a priority for
managing the workability of mixtures.

In the case of the pumpablemixes, the percentage of EAFS by vol-
ume, with regard to the concrete mix, amounted to approximately
50%, in contrast with the limestone fines at 24%. Considering the
finer (�1.2 mm) fraction of EAFS as a part of the cementitiousmatrix
(5%), its theoretical percentage amounted to 27 + 24 + 5 = 56% of the
total volume. A correction to account for the occluded air in the
cementitious matrix raises that value to 57–58%.

In the self-compacting mixes, the percentage volume of EAFS
stood at around 40% in contrast with a limestone fines volume of
33%. The cementitious matrix in theory amounted to 27 + 33
+ 4 = 64% and the inclusion of occluded air yielded a value close
Please cite this article as: A. Santamaría, V. Ortega-López, M. Skaf et al., The stud
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to 66%. The global in-weight proportion of (EAFS) aggregates with
respect to total aggregate weight was 60% in the pumpable mixes
and, likewise, 50% in the self-compacting mixes.

The last row of data in Table 2 shows the theoretical in-fresh
densities of the concrete mixes. As can be expected, the mixes con-
taining larger amounts of heavy aggregate (EAFS) showed higher
densities. Those theoretical values were subsequently experimen-
tally evaluated (see Table 3) and the resultant values turned out
to be slightly lower. The presence of occluded air and the inherent
difficulty of a highly precise evaluation of the real in-fresh density
of the concrete justify the discrepancy.

Eachmix (of about one cubicmeter) provided sufficient concrete
to fill twenty cubic samples of 100 � 100 mm, twenty cylindrical
samples of 100 � 200 mm, and ten cylindrical samples of
150 � 300 mm. Additionally, three small prismatic samples
(75 � 75 � 285mm) for the long-term shrinkage tests, were always
prepared, plus a few large prismatic samples (150 � 150 � 600 mm)
(depending on the remaining surplus from each mix).

3. In-fresh properties of mixtures

An S4 consistency class (slump 160–210 mm) was achieved for
the pumpable concretes, IP and IVP; the Abrams cone test values
y of properties and behavior of self compacting concrete containing Electric
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Fig. 4. Thixotropic effect [70].
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are presented in Table 3. In this case, the mineral addition in the
cement type-IV/B-V (with spherical-vacuolar fly ash particles)
slightly increased the short-term concrete workability. Slight
vibration of the concrete in the formwork was necessary during
the casting processes of the largest pieces.

The amount of occluded air in the IP mix may be considered as
‘‘normal” (slightly lower than 3%). In the IVP mixes, the higher
amount of occluded air reflected the findings of a previous work
by the authors [52].

According to the literature [67,68], the main self-compacting
properties of a hydraulic mixture can be specified as mobility, fill-
ing ability, and passing ability. Verification of those properties was
performed in three tests, although each test was not limited to one
single property. The slump test measures the total spread on a
plate surface and a 500 mm spread time is used to evaluate both
the mobility and the filling ability, while the L-box (triple grill ver-
sion) test evaluates the capacity of the fluid mass to pass through
reinforcement bars.

The results of tests are also shown in Table 3. According to
EFNARC guidelines [69], both concretes achieved a SF2 consistency
class in the slump flow test, a VS2 class with a spread of 500 mm,
and a PA2 class in the L-box test; it must be emphasized that the
achievement of these good self-compaction characteristics for
large mixtures containing EAFS as aggregate is exceptional and
infrequent. The initial workability of the IVSC mix was better than
that of the ISC mix, but thixotropic effects were also very evident in
the IVSC mix. The self-compacting mixes poured in the formwork
required no vibration.

The admixture, a carboxylate-based liquid, acting simultane-
ously as a water reducer (WR) and viscosity modifier agent
(VMA), in general showed good compatibility with the mineral
components of concrete, mainly with EAFS. The amount of
occluded air, at reasonable levels for all mixes, was slightly lower
in the type-I cement mixes, and higher in the type-IV mixes con-
taining fly ash.
3.1. Thixotropic properties of the fresh mixtures

The modeling of the in-fresh mobility of concrete in terms of a
Bingham-type plastic material is widely accepted where the initial
shear stress of the start and the slope of the flux region are the
main variables. The two main admixtures for self-compacting
mixes (WR and VMA) act on each of those characteristics. How-
ever, the real-life behavior of the concrete mixtures slightly differs
from the theoretical model, both due to some singular interactions
between the concrete components and due to interactions
Please cite this article as: A. Santamaría, V. Ortega-López, M. Skaf et al., The stud
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between the basic concrete components and the chemical
admixtures.

The self-compacting concrete manufactured with the type-IV
cement was more fluid at first than the one containing the type-I
cement, although its workability worsened during the casting pro-
cess. This worsening was also slightly visible in mixtures made
with type-I cement, though much more mitigated. The delayed
reduction in workability in the type-IV mixtures can be coarsely
and partially explained by slow and progressive water absorption
capacities of the mineral active addition (hollow, dusty fly ash),
EAF slag, and the fraction of dry limestone fines, although the thix-
otropic effect is obvious.

Thixotropy is, in our case, defined as a progressive loss of con-
crete fluidity when the concrete mass is at rest, which is reversible,
isothermal, and time-dependent, associated with the interaction
between some solid particles influenced by the liquid phase (water
modified by admixtures). So, some of our concrete mixtures
showed low viscosity when intensely agitated in the industrial
mixer, but when poured in the transport ladle and left to rest for
some minutes, their fluidity worsened and their filling ability in
the formwork was greatly impaired.

As compiled in the extensive work of Barnes [70], Fig. 4 depicts
thixotropy as successive states associated with the cement (clin-
ker) particles interacting between each other and with the admix-
ture. The cement particles flocculate, forming a tri-dimensional
rigid network (based on the Van-der-Waals forces appearing at
the end edges of long particles), when the mass has been left to
rest. The network is broken under severe shaking and exposure
to shear forces that favor the fluidity of the concrete mass. The
authors are convinced that not only the clinker particles, but also
the fly-ash and the finest EAFS particles are ‘‘active” in this case,
due to the severity of the process in the type-IV mixes.

In fact, a very notable loss of workability can be seen in Table 4,
in the case of mixtures made with the type-IV cement, which lost
most of their fluidity after ten minutes. The ‘‘open time” of the
type-IV mixtures was really short, complicating the pumping oper-
ation and reducing the interval of usefulness of the IVSC mix (by
that time, a pumpable mix, despite its initial qualification as a
self-compacting mix). In practice, when pumping concrete, the
delay between the moment at which the mixer truck stops turning
a certain portion, and the moment at which that portion fills the
formwork (pumping time) is about five to ten minutes, added to
any delay in the pumping system when pouring has to be inter-
rupted, due to work-site organization.

Surprisingly, this negative behavior can to some extent be con-
sidered advantageous from the point of view of practical engineer-
ing, for mixes IP and ISC, considering that the benefits of concrete
stiffening after casting in the molds means that the concrete can be
walked upon, decreasing pressure on the formwork and avoiding
subsequent segregation of the heavy aggregates. The question is
how much control we have over the time extension of the ‘‘more
fluid period” or ‘‘open period”. It was tolerable in mixtures based
on the type-I cement, but unacceptable in both type-IV mixes.
Unfortunately, this aspect of their performance disqualifies these
type-IV mixes from practical use as self-compacting mixtures.

3.2. Resistance to segregation

Another practical question relating to the preparation of large
batches of concrete is the homogeneity-stability of the whole mass
(lack of segregation) when low-viscosity mixes are performed
(self-compacting concrete) using EAFS, a particularly heavy
aggregate.

In our work, rather than using the prescribed column segrega-
tion test (performed on fresh mixes before setting), it was pre-
ferred to evaluate segregation in the self-compacting mixtures
y of properties and behavior of self compacting concrete containing Electric
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Fig. 5. Cutting a cylindrical specimen to verify segregation.

Table 4
Effects of thixotropy on concrete mixes.

Mix IP IVP ISC IVSC

Initial Slump/Spreading 165/– mm 180/– mm –/680 mm –/700 mm
Slump/Spreading after 10 min 155/– mm 140/– mm –/620 mm –/520 mm
Slump/Spreading after 15 min 145/– mm 100/– mm –/560 mm –/320 mm
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with an original and direct method instead. When fluid concrete is
poured into the formwork, the decantation of heavy EAFS particles
can continue for some hours and the conventional test will fail to
identify the real situation of the material.

Taking into account the practical nature of this paper on the
preparation of large volumes of fairly fluid concrete, the eventual
segregation was verified on hardened samples of self-compacting
mixtures by CAT (Computerized Axial Tomography), a technique
based on X-ray scanning of plane sections and volumetric recon-
struction of the internal structures of pieces, used by the authors
on similar mixes in previous works [71,72]. The volumetric recon-
struction generated different regions colored from light grey to
dark grey or even black depending on the average atomic mass
of the different particles. Both occluded air and water and heavy
EAFS can be distinguished from the cementitious matrix, and the
relative volume that each one occupied can be estimated from
the total volume.
Table 5
Volumetric proportions of EAFS in the samples. All data are averages of two measuremen

Mixture
Sample

ISC

Piece 1

EAFS volume (% on total volume) 38.6
Difference between both pieces 5.4%

Table 6
Hardened properties of the mixes.

Dry density
(Mg/m3)

E (GPa) after 180 days in
moist room

Poisson
coefficient

Compressive str
in moist room (

IP 2.71 38.6 0.23 42–53–63–64–6
IVP 2.62 31.4 0.22 18–29–36–48–5
ISC 2.60 39.9 0.22 42–53–66–76–7
IVSC 2.52 33.8 0.21 19–31–37–55–6

Please cite this article as: A. Santamaría, V. Ortega-López, M. Skaf et al., The stud
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Two 150 � 300 modeling of the in-fresh mobility of mm cylin-
drical specimens of each self-compacting mix were employed, due
to their similar height with respect to the bending elements man-
ufactured with these mixtures (see Section 5). The samples were
cut as shown in Fig. 5 and the resultant upper and lower pieces
(labelled as pieces 1 and 3) were tested in the CAT apparatus.
The peripheral part of the pieces (10 mm) was discarded, due to
the skin effect of concrete that affected the presence of coarse
aggregate. Furthermore, the finest fraction of EAFS (smaller than
0.2 mm) cannot be detected due to the pixel resolution. Table 5
displays the results of these measurements. An admissible differ-
ence of around 5–6% can be seen in the volumetric fraction of EAFS
between the upper and the lower region of the sample.
4. Properties of hardened mixtures

The main mechanical characteristics of the hardened mixtures
are presented in Table 6, showing dry densities that varied
between 2.52 and 2.71 Mg/m3. It must be emphasized that the
results shown in Table 6 were obtained from cylindrical and cubic
samples conserved over one year in a moist chamber (20 �C and at
98% relative humidity).

The evolution of concrete strength is depicted in Fig. 6 after
testing cubic samples of 100 � 100 mm; all the mix strengths were
at the quality level required for structural concretes. At early ages
(until 28 days), the concrete can be divided into two strength
classes according to the type of cement that is employed. Concretes
manufactured with the type-IV cement reached around 30 MPa
and concretes manufactured with the type-I cement were well
over 50 MPa. The subsequent evolution of strength in the type-IV
cement mixes was clearly influenced by the delayed pozzolanic
reaction of fly ash, widely present in that type of cement.

After 360 days of curing in the moist room, the self-compacting
concretes reached higher values than those corresponding to the
pumpable concretes, for both types of cement, as can be appreci-
ated in Fig. 6. These excellent long-term strengths can be explained
by the higher proportion of limestone fines (passing the N�100
ts.

IVSC

Piece 3 Piece 1 Piece 3

40.8 37.9 40.2
5.7%

ength 7–28–90–180–360 days
MPa)

Indirect tensile
strength (MPa)

Water penetration
depth (mm)

Maximum Average

4 5.50 10 7
6 4.45 9 5
7 5.43 19 8
2 4.62 15 7
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Fig. 6. Development of long-term compressive strength.
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ASTM-Tyler sieve [73] with respect to the amount of EAFS in the
self-compacting concrete; their presence (up until a certain limit)
[74] has also been shown to improve the concrete strength. This
affirmation could be justified in Fig. 6 by the increase in strength
of the ISC mix (and the IVSC mix where the limestone effect is
added to pozzolanic effect) between 90 and 180 days. It seems rea-
sonable to expect that the amount of limestone fines (approxi-
mately 240 kg per cubic meter, smaller than 0.15 mm) of the
Fig. 7. Shrinkage of EAFS mixtur
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self-compacting mixes (ISC, IVSC) would be close to the ideal con-
tent in this ‘‘singular” type of concrete containing EAFS aggregate;
natural aggregate concretes have lower recommended amounts of
fines (160 kg per cubic meter).

The elastic moduli of the concretes manufactured with the
type-I cement, measured in cylindrical samples of 150 � 300
mm, after 180 days of moist room curing, stood at around
40 GPa. The concretes manufactured with the type-IV cement
had moduli of 31–34 GPa, as shown in Table 6. The Poisson’s mod-
uli values, in all case higher than the ‘‘standard” value of 0.2 units,
can be attributed to the high proportion of ‘‘cementitious matrix”
in these mixtures compared with the ‘‘conventional” concrete mix-
tures with only natural aggregates.

Cylindrical samples of 150 � 300 mm were also tested with
conventional methods after 180 days in the moist room to analyze
the depth of water penetration under pressure and indirect tensile
strength in the Brazilian (splitting) test. In Table 6, mix permeabil-
ity (fairly similar values) under pressurized water shows a quality
range of ‘‘low-permeability” concretes, with values lower than the
conventional maximum threshold of 25 mm and the average of
15 mm. Likewise, the values obtained for indirect tensile strength
(Brazilian test) denoted good quality concrete mixes, with values
between 4.45 and 5.5 MPa.
es, 7a linear, 7b logarithmic.
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Table 7
Capillary test results.

Final mass (g) Initial mass (g) Section (cm2) Height (cm) ee (%) k (g/m2�min0.5)

IP 2719 2648 100 10 7.1 0.48
IVP 2616 2516 100 10 10 0.68
ISC 2576 2535 100 10 4.1 0.3
IVSC 2547 2493 100 10 5.4 0.37

Fig. 8. Water penetration per unit area in grams/cm2.
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4.1. Long-term dry shrinkage

Prismatic specimens sized 75 � 75 � 285mmwere used to eval-
uate the long-term dry shrinkage of the concrete mixes. The elon-
gation over time of three samples of each mix exposed to the
indoor environment at room temperature was measured in a rigid
frame. The results were expressed as the average of the measure-
ments from three samples.

Fig. 7 depicts the evolution of length variation over time for all
mixes with a linear, in 7a, and a logarithmic, in 7b, x-axis. Shrink-
age values were globally smaller in the self-compacting mixes than
in the pumpable mixes. This tendency, as mentioned in recent
works [23,45], confirmed that the pumpable mixes with a high
content of EAF slag, in general, showed a slightly higher dry shrink-
age than the (self-compacting) mixes containing smaller slag
amounts. In contrast, the mixes containing the type-I cement
showed slightly higher shrinkage than those containing the type-
IV cement, with fly ash; a difference that was consolidated during
the first two weeks of curing, in which the hydraulic activity of the
type-I cement was very much higher than the pozzolanic reaction
of fly ash in the type-IV cement.

Logarithms can be successfully applied to the results for their
adjustment over time (x-axis); see Fig. 7b, in which three regions
are clearly observed. In the ‘‘first region”, the logarithmic scale pre-
cisely estimated that the above-mentioned period would be
between 12 and 14 days in the different mixes. A ‘‘second period”
from 12 to around 200 days corresponded to the release of ‘‘inter-
layer or inter-crystalline water from binder hydration products”, to
produce the well-established ‘‘long-term dry shrinkage” of the con-
crete. Very similar sloped curves revealed similar trends in all four
mixtures. Finally, a ‘‘third period” was noted from about 200 days
to the end of the shrinkage test. The graph shows a much flatter
slope and in practical terms, the interlayer water was in quasi-
equilibrium with the environment, with a very weak loss rate
throughout that period.
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4.2. Capillary water penetration test

Permeability and porosity tests are usually performed to obtain
information on the internal micro-macrostructure of concrete
mixes and to establish correlations between microstructure,
mechanical behavior, and durability.

The capillarity water penetration test was performed on
100 mm cubic samples conserved in the moist-room and aged
180 days, as per standard UNE 83,982 [75] ‘‘Determination of cap-
illarity water absorption of hardened concrete. Fagerlund method”;
the test results revealed the capillary structure of the hardened
concrete. Based on Darcy’s laws of water permeation in porous
media, the test constituted an additional verification of the global
quality of the mixes, by measuring global porosity, pore-size distri-
bution, connectivity, and even hydrophilicity.

The results are presented in Table 7 using the conventional
units (cm, g) of Darcy permeation tests. Following the specifica-
tions of the standard, the lower faces of the samples were placed
on the bottom of a tray in contact with water, which rises by cap-
illarity from the bottom to the top of the sample. The water supply
was constituted by a 10 mm thin layer in the tray, and water was
left to permeate (ascend) through a 100 mm high cubic sample by
capillary action from the lower face of the sample (scratched face,
visible aggregates and matrix, skin effect eliminated) to the upper
face. Mass sample gains were evaluated, and the mass gain was
plotted against the square root of time, as shown in Fig. 8. The test
ended when the water absorption had stabilized and the mass of
the saturated sample remained constant over time.

In Table 7, ee is the effective porosity of the concrete (measured
in this test) and k is the capillary absorption coefficient. The values
that were obtained indicated that most of the mixes were of good
quality. In fact, effective porosity values of approximately 5% can
be qualified as excellent and values of 10% as tolerable. In contrast,
capillary absorption values below 1 g/m2�min0.5 denote very good
quality concrete with regard both to strength and to durability.
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Fig. 9. detail of beam reinforcement in delayed deflection test.

Fig. 10. Lay out of sustained load-delayed deflection test.
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Again, the self-compacting mixtures were of better quality than
the pumpable mixes, while mixes IP and ISC showed lower capil-
lary absorption rates than the corresponding mixes IVP and IVSC.

5. Sustained loading testing

Beam-type elements were molded and subsequently tested to
support regular in-service loading and to verify the practical per-
formance of these sustainable concrete mixes manufactured in
large batches. In the opinion of the authors, this technique is the
best way to assess the in-service behavior of elements made with
these four types of concrete mixtures. In terms of basic science, this
test constitutes an evaluation of the resistance of mixtures against
long-term deformation at room temperature, i.e. ‘‘room tempera-
ture creep”. In the literature, no work has been found that performs
this test specifically on EAFS self-compacting concrete mixes,
although some work has been reported using mixes performed
with Construction and Demolition Waste (C&DW) aggregates
[76] among others [77,78].

5.1. Specific details of beams and test setup

The nominal dimensions of the molded beams were
200 � 300mm in cross section with a length of 4400 mm. In all,
the nominal volume was 0.264 cubic meters, with an approximate
weight of around 0.7 Tons. Three beams were molded in each con-
crete batch and one of them was devoted to this sustained load
test. Four reinforced concrete beams (one from each batch) were
subjected to long-term deflection tests under sustained loading
in a three-point bending test with a clear span of 4 m.

The steel ribbed bars used in the reinforcement were placed as
follows: tensile region, bottom, 2Ø25 mm; compressive region,
top, 2Ø8 mm, with transversal stirrups of Ø6/200 mm. All the
ribbed steel reinforcement bars were included in the class AP
500 S, manufactured with B 500 S steel, as per the specifications
in UNE 36,068 standard [75]. The general cover depth of the
transversal reinforcing bars was 15 mm; reinforcement details
and geometrical characteristics are depicted in Fig. 9.

The test started 180 days after demolding, while the beams
were at rest, exposed to an indoor environment in the laboratory
test shed. The sustained loading test was performed over a
fifteen-month period; it consisted of a first part (one year from
06/21/2016 to 06/22/2017) of deflection under constant loading,
and a second part (three months until 09/29/2017) with no exter-
nal charge (under its own weight), in which the beams partially
recovered from the previous deformation.

Three-point bending tests were performed to evaluate the
delayed deflection of the beams; the lay out of the test is displayed
in Fig. 10. In each beam, an LVDT at the bottom of the midspan sec-
tion and three classical comparator clocks C1, C2, and C3 on the top
face were used to measure all beam displacements, as shown in
Fig. 10.

A permanent centered load was applied in the midspan of each
beam by means of two hydraulic jacks (yellow) and two steel
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pieces for distribution of the load (dark red color in Fig. 10). A load
cell on each beam instantaneously transmitted the vertical load
values. The load was transferred through two 8 mm thick neoprene
plates; the charge level was periodically adjusted with a pump
(hydraulic system, manual pump, and a gas-type accumulator),
to avoid relaxation greater than 2%.

5.2. Results of long-term deflection under sustained loading test

The beams with a clear span of 4 m were subjected to a sus-
tained concentrated centered surcharge of 40 kN, added to their
own weight (section 200 � 300 mm, dry density 2.52 to 2.72 Mg/
m3 as shown in Table 7). That sustained load value was estimated
to amount to between one third and one half of the flexural col-
lapse charge, which the authors considered to be representative
of the real in-service charge of these reinforced concrete elements.
The load level was included in the linear behavior region of the
beams in a flexural state (linear ratio between stress and strain
in the concrete compressive and steel tensile tests and linear ratio
between load and deflection in the whole beam).

The elastic deflections in the central section of the beam after
40 kN initial loading appear in the second column of Table 8 under
the heading ‘‘initial deflection a(to)”. The beam deflections after
twelve months under sustained loading appear in the third col-
umn, under the heading ‘‘final deflection a360”. The long-term
deflections of the IP, ISC, and IVSC-type beams differed (mix IVP
was the highest), as can be observed in Fig. 10 in which ‘‘t” is a gen-
eric instant during the test and a(t), the deflection at any given
moment. The use of EAFS in the pumpable and self-compacting
mixes yielded the ratio of ‘‘total one-year deflection” over ‘‘initial
deflection”, in the order of 1.67 and 1.51 units respectively (fourth
column in Table 8). Hence, the experimental ‘‘creep deflection
ratios” were about 0.67 units in the pumpable mixes and about
0.51 units in the self-compacting mixes.

Finally, the deflection recovery results for instantaneous
unloading are shown in the fifth column of Table 8, and the delayed
spontaneous unloaded recovery over three months, see Fig. 11
y of properties and behavior of self compacting concrete containing Electric
oi.org/10.1016/j.asej.2019.10.001

https://doi.org/10.1016/j.asej.2019.10.001


Fig. 12. Relative deflection of beams over time.Fig. 11. Deflection of beams over time in the sustained load test.

Table 8
Long-term deflection test, experimental measures.

Initial deflection a
(t0) (mm)

Final deflection
a360 (mm)

Long term (360 days)/initial
deflection ratio

Unloading recovery
in (mm)

3-month spontaneous
recovery in mm

Residual deflection after 15-
month (mm)

IP 8.5 14.1 1.65 6.6 0.7 6.8
IVP 10.6 17.8 1.67 8.8 1.1 7.9
ISC 8.4 12.8 1.52 6.3 0.7 5.8
IVSC 8.7 13.2 1.51 7.4 0.8 5.1
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from 360 to 450 days, and residual deflection (referring at all times
to the central section) are all shown in the final columns of Table 8
(these data are also represented in the ordinates of Fig. 11).

In Fig. 12, the relative deflection (quotient between the total
deflection at any moment of the test divided by the initial deflec-
tion in each beam) on the y-axis is depicted as a function of time
on the x-axis.

The similar specifications for this behavioral test found in the
Spanish code EHE-08 [74] and in the ACI 318 code [79], both refer
to the lambda coefficient, k, as the quotient between creep deflec-
tion (excluding the initial deflection), at any given moment,
divided by the initial post-loading elastic deflection. Furthermore,
the equation k = n/(1 + 50q2) is also proposed, considering the
presence of a light compressive reinforcement q2 ¼ As2

bd ; in our case,
k = 0.92�n.

In Table 9, the values for the ‘‘theoretical” coefficient, n, are dis-
played, partially taken from the above-mentioned codes. They rep-
resent the long-term creep deflection of any beam (manufactured
with an indeterminate concrete) from a large set of historical
experimental results. These values of the ‘‘theoretical” coefficient,
n, can be represented by a logarithmic regression as n = 0.304�Lt
� 0.3433, where time, ‘‘t”, is measured in days. The values for n
obtained in our tests on the EAFS concrete beams are also dis-
played in the two last rows of Table 9; two expressions referred
to as ‘‘customized formulations” are stated for this function, n,
deduced from the results of tests performed in this work after a
semi-logarithmic regression. As can be seen, the same results were
Table 9
Theoretical and experimental results of beam deflection (percentages between brackets).

Days 7 30 60 90 180 240

Months 0.2 1 2 3 6 8
Years 0.0 0.1 0.2 0.2 0.5 0.7
n theoretical 0.25 0.69 0.90 1.0 1.2 1.3
n beams P (%) 0.25 (100) 0.43 (62)) 0.52 (58) 0.57 (57) 0.65 (54) 0.6
n beams SC (%) 0.23 (92) 0.36 (52) 0.42 (47) 0.46 (46) 0.52 (43) 0.5
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obtained for this coefficient, n, in both type-P mixtures, and we
obtained the same results in both type-SC mixtures.

In Fig. 12, the different expressions are based on the fact that
the magnitude in ordinates represents the total deflection divided
by the initial deflection. The ACI 318 code [79] equation for n was
therefore multiplied by a factor, 0.92, to obtain the lambda value,
k = 0.28�Lt-0.316, and when a unit is added, the ratio a(t)/a(to)
= 1 + k = 0.28�Lt + 0.684. The expressions displayed in Fig. 12 for
the a(t)/a(to) factor in the P-beams and SC-beams, derived from
the experimental results after a linear regression in logarithmic
scale, were calculated in the same way from the ‘‘customized for-
mulations” shown in Table 9.

The deflection predictions after 360 days in EHE-08 [74] and ACI
318 [79], see Table 9, are based on the results of concretes made
with (standard) aggregates and components, which yielded a fig-
ure of 1.45 units in terms of the n coefficient; a much higher value
than 0.58–0.76 units obtained for n after regression in our beams.
In rows 5 and 6 of Table 9, the ratios (in percentage terms) of
the experimental results with respect to the theoretical values
specified in the standards (row 4) are displayed; in the long-term
(5 years), those values are close to 50% in the pumpable mixes
and 38% in the self-compacting mixes.

Customized formulations:

n ¼ 0:13Â � Ln tð Þ þ 0:001 for beam type Pð Þ;

n ¼ 0:09Â � Ln tð Þ þ 0:054ðfor beam type SCÞ
300 360 730 1095 1460 1825

10 12 24 36 48 60
0.8 1 2 3 4 5

2 1.39 1.45 1.66 1.78 1.87 1.94
9 (52) 0.72 (52) 0.76 (52) 0.85 (51) 0.9 (51) 0.94 (50) 0.97 (50)
5 (42) 0.57 (41) 0.58 (40) 0.65 (39) 0.68 (38) 0.71 (38) 0.73 (38)
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It can be observed that our experimental values are about one
half or three-fifths of the value proposed by the aforementioned
calculation codes, although the EAFS aggregate could not be men-
tioned as the only cause. The code predictions recorded far higher
values, probably because the calculation codes include the ‘‘addi-
tion” of the two experimental effects affecting the dimensional sta-
bility of concrete, creep, and shrinkage. Logically, the deflections in
our tests are thought to be mainly due to the creep effect, while the
influence of shrinkage was probably minor or negligible, due to the
initial rest state of the beams over six months, previous to the load-
ing of these tests, as mentioned in Section 5.1.

The most relevant observation following these long-term tests
on four mixtures is the difference in the long-term behavior
between the type-P (pumpable) and the type-SC (self-
compacting) mixtures, both of which were independent of the
cement type. The self-compacting mixes showed a much better
behavior than the corresponding pumpable mixes in view of the
long-term deformation under constant loading (creep at room
temperature), and their most relevant differential characteristic,
as previously mentioned, was the larger amount of suitably sized
limestone fines in the self-compacting rather than in the pumpable
mixtures. The positive features of permeability (see Table 7) and
porosity of the self-compacting mixes, lower than that of the cor-
responding pumpable mixes (better pore sizing to resist creep
and better compactness in SC mixes) were considered decisive fac-
tors on that question. The results of other authors [80] agree with
these values using recycled and natural aggregates and large vol-
umes of fly ash, as in our study on the type-IV cement mixtures.

It can finally be concluded that a massive use of EAFS as aggre-
gate in the concrete mixtures showed no detrimental long-term
characteristics (and could even be qualified as fairly good), in com-
parison with an ‘‘average” broad set of results for conventional
aggregate mixtures following the same standard specifications
and calculation codes.

6. Conclusions

The main conclusions of this study can be summarized as
follows.

� Two self-compacting concrete mixtures and two pumpable con-
crete mixtures containing high amounts of EAFS aggregate and
using two different Portland cements (types I and IV) have been
successfully designed and manufactured in batches of one cubic
meter by volume. Consistency classes of S4 and SF2 were
achieved in the slump tests for the pumpable and the self-
compacting mixes, respectively.

� Self-compacting mixtures initially showed fairly good proper-
ties in the fresh state, for filling formworks with a steel rein-
forcement cage, when submitted to classical flowability and
stability tests (spreading close to 700 mm, T500 close to 4 sec,
L-box value 0.9 units, and segregation less than 6%).

� Undesirable thixotropic effects were detected in both the self-
compacting and the pumpable mixes made with the type-IV
Portland cement. Any chance of using this kind of cement in
large volumes of concrete is therefore limited.

� Themechanical and the dimensional characteristics of themixes
used in this work (compressive and tensile strength, stiffness,
long-term shrinkage), obtained on samples conserved in moist
room, denoted good quality concretes, useful for the production
of reliable and durable construction and building elements.

� The internal concrete microstructure, evaluated by means of
water penetration under pressure tests, and capillary absorption
ofwater tests performedon laboratory samples frommoist room,
was in general fairly good, mainly in self-compacting mixes.
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� The resistance to sustained load of flexural elements made with
these mixtures can be grouped into two categories. Relative
deflection (creep deflection of beams divided by the initial
instantaneous deflection) of the pumpable mixes was greater
than the relative deflection of the self-compacting mixes (about
52% of the maximum value proposed by conventional standards
in the case of pumpable mixes, and about 40% in the case of self-
compacting mixes); the quality of the self-compacting EAFS
concrete mixtures was excellent at withstanding sustained
loading.
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