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ARTICLE INFO ABSTRACT

Keywords: The high fine-aggregate content of Self-Compacting Concrete (SCC) means that its deformational
Recycled aggregate self-compacting concrete behavior differs from that of vibrated concrete. SCC performance is further altered when indus-
Ground granulated blast-furnace slag trial by-products are used as raw materials in those fractions. In this paper, the aim is to analyze
Green aggregate powder and to model the deformational behavior under compression and bending of SCC containing
Stress-strain/load-deflection curve 100% coarse and 0%, 50%, and 100% fine Recycled Aggregate (RA), limestone and RA green

Deformational-behavior prediction model aggregate powders sized 0/0.5 mm, and Ground Granulated Blast-furnace Slag (GGBS) cement.

After the fresh and mechanical characterization of the 18 SCC mixes that were produced, their
compressive stress-strain and bending load-deflection curves were determined by continuously
recording the applied load and the strain/deflection values of the SCC test specimens. 100%
coarse RA yielded deformability levels in accordance with international standards, while higher
fine RA contents increased deformation under compression and reduced it under flexural stress.
SCC stiffness increased when GGBS was added, due to the adjustment of the proportion of
cementitious matrix, while the use of limestone powder and, especially, RA powder had the
opposite effect. Both compressive strain and flexural deflection were underestimated with
existing theoretical models. However, the incorporation in the models of both exponential
correction coefficients, dependent on the fine RA content, and partial adjustment coefficients,
dependent on the types of cement and aggregate powder, produced optimal fits with the exper-
imental stress-strain and load-deflection curves. In view of the deformational behavior, which was
successfully modelled with maximum deviations of +10%, fine RA may be used in combination
with GGBS and limestone powder, although it is recommended that fine RA should not exceed
proportions of 50%.

Abbreviations: ANalysis Of VAriance, (ANOVA); Ground Granulated Blast-furnace Slag, (GBBS); Natural Aggregate, (NA); Recycled Aggregate, (RA); Scanning
Electron Microscope, (SEM); Self-Compacting Concrete, (SCC); water-to-cement, (w/c).

* Corresponding author. Department of Civil Engineering, Escuela Politécnica Superior, University of Burgos, ¢/ Villadiego s/n, 09001 Burgos, Spain.

E-mail addresses: vrevilla@ubu.es, vrevilla@ubu.es (V. Revilla-Cuesta), vortega@ubu.es (V. Ortega-Lopez), mskaf@ubu.es (M. Skaf), asadkhan@neduet.edu.pk
(A.-u.-R. Khan), jmmanso@ubu.es (J.M. Manso).

https://doi.org/10.1016/j.jobe.2022.104611

Received 14 March 2022; Received in revised form 21 April 2022; Accepted 2 May 2022

Available online 6 May 2022

2352-7102/© 2022 The Authors.  Published by Elsevier Ltd.  This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:vrevilla@ubu.es
mailto:vrevilla@ubu.es
mailto:vortega@ubu.es
mailto:mskaf@ubu.es
mailto:asadkhan@neduet.edu.pk
mailto:jmmanso@ubu.es
www.sciencedirect.com/science/journal/23527102
https://www.elsevier.com/locate/jobe
https://doi.org/10.1016/j.jobe.2022.104611
https://doi.org/10.1016/j.jobe.2022.104611
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jobe.2022.104611&domain=pdf
https://doi.org/10.1016/j.jobe.2022.104611
http://creativecommons.org/licenses/by-nc-nd/4.0/

V. Revilla-Cuesta et al. Journal of Building Engineering 54 (2022) 104611

1. Introduction

Concrete is the structural material par excellence of the construction sector [1]. Its reduced cost and versatile shapes explain why so
many structures are built from this material [2]. Its remarkable behavior under compression and its strength, the main parameter for
the design of structural elements, are virtually unrivalled [3]. Nevertheless, the deformability of concrete also needs to be considered
[4-6]. On the one hand, the design under failure conditions of any concrete component requires knowledge of the longitudinal (load
direction) stress-strain behavior under compression loads [7], which is defined according to the elastic and plastic zones of its
stress-strain curve under compression [8,9]. On the other hand, the serviceability design of a concrete component requires a limit on its
deflections [10]. For this purpose, determining the load-deflection curves of concrete under bending offers a more accurate approach
to the concrete bending performance for serviceability [11].

Current regulations usually include simplified calculations to estimate the deformational behavior of concrete under both
compression and bending [12,13]. However, the material considered for developing these models is a vibrated concrete produced with
conventional materials, i.e., Natural Aggregate (NA) and ordinary Portland cement [14]. This approach clashes with the increasing
trend to incorporate alternative materials when producing concrete [15], mainly to increase its sustainability [16,17], which in turn
modifies its deformational behavior [18].

As an example of this shift towards versatile and sustainable applications, Self-Compacting Concrete (SCC) can be mentioned. This
type of concrete is characterized by its higher proportion of fine aggregate than vibrated concrete, which together with proper use of
plasticizers, allows SCC to successfully fill the formwork without any external vibration [19]. It also reduces the carbon footprint of
concrete by decreasing energy consumption during concreting [20]. Nevertheless, the use of a large amount of fine aggregate alters the
proportion and composition of the cementitious matrix, which in turn increases plastic deformability (peak and fracture strains) [21,
22]. Moreover, replacing the traditional limestone filler <0.063 mm with larger-sized powders, which usually produces a lower carbon
footprint, due to their lower energy consumption during manufacturing [23], further alters the deformational behavior of SCC [24].

The use of sustainable aggregates produced from industrial by-products has also been gaining prominence in recent times, as it
limits NA extraction from quarries [25]. One of the most widely used alternatives is Recycled Aggregate (RA), generally produced from
precast crushed concrete components [26,27], that consists of NA and adhering mortar fragments (cementitious matrix). More
deformable than NA [28], RA generates a weaker bond between the aggregate and the cementitious matrix [29,30]. Therefore, its use
has the following effects on the deformational behavior of concrete:

e The addition of coarse RA instead of coarse NA leads to a decrease in the peak and the fracture strains of concrete under
compression [31]. A phenomenon that is explained, because the use of this waste increases the likelihood of concrete cracking,
leading to earlier plastic failure [32]. The treatment of coarse RA by reducing the content of adhered mortar or through carbonation
improves its performance [33,34].

o The fine RA fraction has the opposite effect, as it appears to increase the plastic deformability of concrete [22]. The high content of
mortar particles within this fraction, of lower stiffness than NA, explains these results [35].

¢ Inrelation to deflections under bending forces, the effect of both RA fractions depends on the characteristics of this material, such as
the amount of adhered mortar or the strength of the parent concrete, and its adhesion to the cementitious matrix [36]. The higher
deformability of RA should increase deflections, but early cracking decreases them [37,38].

Concrete sustainability is also promoted within the cement industry through the use of sustainable binders instead of conventional
clinker, which allows reducing the carbon footprint of concrete [24]. The viability of various alternative binders has been analyzed in
concrete production [39-41]. One of the most common is slag binder, i.e., the partial replacement of conventional cement clinker with
Ground Granulated Blast-furnace Slag (GGBS) [42]. This by-product from the steelmaking industry has binder properties and its use in
cement manufacture is regulated in European standard EN 197-1 [43]. The use of GGBS in structural concrete has only recently been
addressed in research and the study of its effect on the deformational behavior of concrete has basically been limited to the elastic
regime [44]. Thus, it has been found that its use in the same proportion as Portland clinker increases elastic deformability and the
plastic-strain levels [45]. Studies on the use of this alternative binder in the production of SCC are very scarce, although it appears that
its addition in percentages up to 40% of binder weight can improve flowability, long-term strength, and plastic ductility in this type of
concrete [22,46].

The simultaneous use of coarse RA and GGBS for the production of vibrated concrete has also been evaluated. According to the
literature, the joint use of both by-products leads to a decrease in mechanical behavior, especially in splitting tensile and flexural
strengths [47], while GGBS compensates for any worsening of durability that is a consequence of using coarse RA [48], resulting in an
optimal substitution of 50% coarse RA and 40% GGBS [47]. The performance of concrete made with both by-products may be
improved with the use of activating agents for GGBS such as lime [49] and desulfurization gypsum [50], which can at the same time
reduce the carbon footprint of concrete by as much as 60% [51] and its costs by up to 23% [52]. Nevertheless, it must be noted that
most of these studies refer to vibrated concrete, and only a few have addressed the specificities of SCC [53]. Furthermore, in all cases,
mechanical and durability behavior of concrete is addressed in those studies, but not the simultaneous effect of both by-products on its
deformational behavior, i.e., on the stress-strain and load-deflection curves. A research gap that is bridged in this paper.

According to the above, the aim of this paper is to analyze the deformational behavior of an SCC containing full replacement of
coarse NA with coarse RA; various percentages (0%, 50%, and 100%) of fine RA; replacement of ordinary Portland cement with CEM
I1I/A, with 45% GGBS; and substitution of limestone filler with greener aggregate powders (limestone powder and RA powder, both 0/
0.5 mm in size). The 18 sample mixtures were tested to obtain the stress-strain curves under compression and the load-deflection
curves under bending, so that the effect and the interactions of the modifications on the composition of the mixtures could be
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analyzed in detail. In addition, models obtained from existing prediction approaches are presented, which allow estimating this
behavior and, therefore, approximating with greater accuracy the design of this type of concrete under failure and service conditions.

The study presented in this paper forms part of a broader research project that is intended to characterize highly sustainable SCC
mixes in all their dimensions, at the same time as demonstrating the feasibility of their use. Some previously analyzed aspects are
temporal fresh and mechanical-property behavior [54,55], the indirect estimation of their compressive strength [56], and the
multi-criteria feasibility of their use [20]. In this study, the aim is to analyze deformational behavior under compression and bending in
detail and to develop models with which to estimate this behavior. In this way, the authors consider that useful tools are provided for
the successful design of structural elements with these types of concrete mixes.

2. Materials and methods

2.1. Raw materials

The components of the SCC mixes were cement, water, admixtures, and aggregates.

Two different types of cement as per EN 197-1 [43] were considered. On the one hand, CEM [ 52.5 R (density of approximately 3.1
Mg/m®) that is used for the development of concretes with optimum strength from a structural point of view [12,13]. On the other
hand, CEM III/A 42.5 N (density around 3 Mg/m®), a type of cement that has a GGBS content of around 45%, which increases its
sustainability, approximately halving its carbon footprint [20].

Two different admixtures were added. First, a plasticizer to give the SCC adequate flowability. Second, a viscosity regulator, to
reduce the amount of water required by the SCC to achieve high flowability.

Three aggregate fractions were used to prepare the SCC:

Coarse aggregate 4/12.5 mm. All mixes incorporated this aggregate fraction of 100% RA to maximize SCC sustainability. This
aggregate obtained from crushing and sieving defective precast concrete components rejected on quality grounds after their
production. The structural purpose of the precast components meant that the characteristic compressive strength of the rejected
components was around 45 MPa.

Fine aggregate 0/4 mm. A combination of two fine aggregates, each of a different type, was incorporated in the SCC: rounded
siliceous sand and recycled aggregate of the same origin as the coarse fraction.

o Aggregate powder. This fraction was the finest SCC aggregate needed to obtain adequate self-compactability [19]. First, limestone
filler <0.063 mm was used, a product commonly utilized in the precast-concrete industry, which has a large carbon footprint
because of the high consumption of energy during its manufacture [23]. Then, two greener aggregate powders, limestone and RA
powders 0/0.5 mm in size, the latter of the same origin as the coarse and fine RA fractions, were also analyzed. Their larger particle
size reduces energy consumption and, therefore, the carbon footprint, enabling the production of a more sustainable SCC [23], an
aspect also favored by the recycled origin of the RA powder.

Table 1 details the density and the water absorption levels of all the aggregates, showing that the properties of both the NA and the
RA had typical values [57]. The RA was therefore of lower density than the NA, although the RA had higher water absorption levels.
Fig. 1 shows the granulometry curve of all aggregates, which in all cases was continuous and adequate for concrete production. A
slightly higher content of fines was detected for the fine RA 0/4 mm than for the siliceous sand.

2.2. Mix design

For all the mix designs, the common objective was a class SF3, i.e., a slump flow between 750 mm and 850 mm as per EN 206 [43].
First, the reference mix was designed following the indications of Eurocode 2 [13], seeking an optimal fit with the Fuller’s curve, and
performing field modifications to obtain the required slump flow. This mix incorporated CEM I, limestone filler <0.063 mm, 100%
coarse RA, and 100% siliceous sand (0% fine RA). In addition, an effective water-to-cement (w/c) ratio equal to 0.50 was defined.
Then, taking this mix as a reference, the rest of the alternative raw materials were progressively incorporated, applying volume
correction for all component substitutions, thus obtaining the other SCC mixes of the study:

e First, two other mixes were designed with contents of fine RA of 50% and 100% (50% and 0% siliceous sand, respectively). The
water content was adjusted so that the effective w/c ratio remained constant (value of 0.50).

e Subsequently, another three mixtures were proportioned with 0%, 50%, and 100% fine RA, although CEM I was replaced with CEM
III/A. The coarse aggregate content was decreased by 20%, due to the higher grinding fineness of GGBS [53]. At the same time, the
cement content was increased to compensate for the lower strength of GGBS compared to conventional cement clinker. In this way,
homogeneous dragging of all aggregate particles was achieved without segregation, thus reaching an SCC of adequate strength with

Table 1
Water absorption and density of the aggregates.
Limestone filler <0.063 Limestone powder 0/0.5 RA powder 0/0.5 RA 0/4 NA 0/4 RA 4/12.5
mm mm mm mm mm mm
15-min water absorption 0.37 1.95 6.32 5.77 0.18 4.90
(%)
24-h water absorption (%) 0.54 2.57 7.95 7.36 0.25 6.25
Density (Mg/m?) 2.77 2.60 2.31 2.37 2.57 2.42
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Fig. 1. Aggregate size gradation.

an SF3 slump-flow class. This increase in cement content in no way compromised the sustainability improvement of SCC.
Considering the carbon footprints of CEM I and CEM III/A, at approximately 0.913 kg CO, eq/m® and 0.514 kg GO, eq/m?,
respectively [20,58], the cement-addition carbon footprints per cubic meter of SCC were 273.9 kg CO, eq/m° and 218.5 kg CO»
eq/m®, following the additions of CEM I and CEM III/A, respectively. Thus, the cement-addition carbon footprint decreased by
around 20% when using CEM III/A. Finally, the water content was the same as for the mixes with CEM I and the same fine RA
content, so the effective w/c ratio in these mixes was 0.40.

e Finally, another twelve SCC mixes were prepared, analogous to the previous ones, but where the limestone filler <0.063 mm was
substituted by limestone powder (six SCC mixes) or RA powder (six other SCC mixes). It was necessary to increase the aggregate-
powder content, due to the larger particle size (0/0.5 mm), to achieve an SF3 slump-flow class. The water content was accurately
modified to maintain an effective w/c ratio of 0.50 for the CEM I mixes and 0.40 for the slag-cement SCC.

The study covered a total of 18 SCC mixes, whose composition in view of the above-mentioned aspects is shown in Table 2. The
mixes were labelled with the code BAP, in which each letter represented one of the SCC components:

e B, cement type: C (CEM I) or G (45% GGBS, CEM III/A).
e A, aggregate powder: L (limestone powder), F (limestone filler), and R (RA powder).
e P, fine RA percentage: 0 (0% fine RA), 50 (50% fine RA), and 100 (100% fine RA).

2.3. Mixing procedure

A three-stage mixing process was implemented. The starting point was the non-simultaneous addition of aggregate and cement and
a fractional addition of water, which maximized both cement hydration and aggregate water absorption [59]. This procedure resulted
in an SCC of higher flowability, at all times achieving an SF3 slump-flow class. After several experimental trials, the three stages were,
in detail:

¢ Incorporation of the aggregate and 50% of the mix water. Mixing for 3 min and resting for 2 min.
e Addition of CEM I or CEM III/A and the other half of the water. Mixing and resting for 3 and 2 min, respectively.
e Admixture pouring.

Table 2

Mix composition (kg/m®).
Mix CEM I # CEM III/A Water Limestone filler # Limestone powder # RA powder Coarse RA Siliceous sand # Fine RA
CFO 300 # 0 185 170 #0#0 530 1120 # 0
CF50 300 # 0 210 170 #0 #0 530 560 # 510
CF100 300 # 0 235 170 #0#0 530 0 #1010
GFO 0 # 425 185 170 #0#0 430 1120 # 0
GF50 0 # 425 210 170 # 0 # 0 430 560 # 510
GF100 0 # 425 235 170 # 0 # 0 430 0 #1010
CLO 300 # 0 185 0 # 340 # 0 530 960 # 0
CL50 300 # 0 210 0#340#0 530 480 # 440
CL100 300 # 0 235 0 # 340 # 0 530 0 # 880
GLO 0 # 425 185 0 # 340 # 0 430 960 # 0
GL50 0 # 425 210 0#340#0 430 480 # 440
GL100 0 # 425 235 0 # 340 # 0 430 0 # 880
CRO 300 # 0 200 0 # 0 # 305 530 960 # 0
CR50 300 # 0 220 0 # 0 # 305 530 480 # 440
CR100 300 # 0 245 0 # 0 # 305 530 0 # 880
GRO 0 # 425 200 0 # 0 # 305 430 960 # 0
GR50 0 # 425 220 0 # 0 # 305 430 480 # 440
GR100 0 # 425 245 0 # 0 # 305 430 0 # 880

All mixes incorporated 4.50 kg/m® of plasticizer and 2.30 kg/m?® of viscosity regulator.
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2.4. Fresh- and hardened-state test methodology

Having manufactured the mixes, the slump-flow test was conducted as per EN 12350-8 [43], checking that all the mixes had a
slump flow with a minimum value of 750 mm and a maximum value of 850 mm (slump-flow class SF3) according to EN 206 [43]. Later
on, the specimens required for the tests performed in the hardened state were manufactured and stored for 28 days in a moist chamber
at a humidity of 90 + 5% and a temperature of 20 + 2 °C, after which all the tests were conducted. The following tests were performed
in the hardened state:

e Compressive strength (EN 12390-3 [43], two 10x20-cm cylindrical specimens), modulus of elasticity (EN 12390-13 [43], two
10x20-cm cylindrical specimens) and flexural strength (EN 12390-5 [43], two 7.5x7.5x27.5-cm prismatic specimens).
Stress-strain behavior under compression (two 10x20-cm cylindrical specimens). A monotonic-load test was performed, with
progressive loading at steps of 2 kN/s, in the same way as in the compressive-strength test, but continuously measuring the applied
load and the strain within the concrete specimens. The setup for load and strain measurement is depicted in Fig. 2. Thus, the applied
load (stress) was continually recorded through a load cell. Furthermore, three strain gauges were used to measure the longitudinal
strain (in the load direction), although these strain measurements were complemented with 2 LVDTs that measured the
displacement of the press (load) piston. The continuous recording of the load (stress) and strain yielded the stress-strain curves of
the mixes under compression.

Load-deflection curves under bending (two 7.5x7.5x27.5-cm prismatic specimens). A flexural-strength test was performed with the
load applied at a rate of 2 kN/s, but with continuous recording of both the applied load and the deflection that the specimens
underwent during the test. The test press recorded the measurements of both parameters on a continual basis.

2.5. Existing theoretical models for calculating the deformational behavior of concrete

There are different models to estimate the stress-strain behavior of concrete under compression. The most common practice is to
estimate the peak and fracture strains of the stress-strain curve using fixed values. The US standard [12] specifies values of 2000 pe for
peak strain and 3000 pe for fracture strain. The European Eurocode 2 [13] estimates these strains at 2000 pe and at 3500 e,
respectively. However, the model in the CEB-FIP model code [60] yields accurate predictions of the complete stress-strain curve of
vibrated concrete containing conventional materials. This model [60] requires the calculation of two coefficients, firstly, coefficient K
(Equation (1)), which depends on the modulus of elasticity (ME, in GPa) and the compressive strength (CS, in MPa) of the concrete,
and, secondly, coefficient ¢y (Equation (2)), which depends exclusively on the compressive strength. Once these coefficients are
determined, the stress (o, in MPa) corresponding to each strain (g, in pe) can be calculated through the compressive strength with
Equation (3).

K:1+2x{<w> 6]

LOAD

AMMIHHIMHHHHTTIIIINGSL.

Load cell

LVDT1

Longitudinal =~
strain gauges

24
, , /

N N \ NNOX N’ N NN

\\\\s\ N\ \\\; N N \ \3\\\\\\(\ AN\ Q\\\\N

Concrete specimen e /\

_~—Loading piston

Fig. 2. Setup for recording the stress-strain curves under compression.
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The theoretical values of deflection in concrete can be obtained with the formulas to calculate deflections that are taken from the
“Strength of Materials” theory [61]. The four-point flexural-strength test can be assimilated to a beam placed on a simple support with
two equal loads that are symmetrically applied (Fig. 3). If the formula for the theoretical calculation of deflection in such a beam [61] is
particularized for the specimen dimensions and its arrangement in this test (Fig. 3), an expression can be obtained that yields the
theoretical deflection for each load that is applied during this test, and through which the theoretical load-deflection curve can be
derived. This expression also has to account for the decreased inertia of the specimen section due to cracking, an aspect that is
simulated by multiplying the theoretical deflection by a factor of ten [13]. In view of the above, the theoretical deflection in the central
section of the specimen during the flexural-strength test (D, in mm) can be calculated with Equation (4), which is based on the modulus
of elasticity of the concrete (ME, in kN/m?) and the applied load (F, in kN).

F
D =766666.7 X — 4
ME

3. Results and discussion: fresh behavior and mechanical properties

This section provides an overview of the fresh and mechanical properties of the mixes for a proper characterization and under-
standing of their deformational behavior. A more detailed study of these properties can be found elsewhere [54,55].

3.1. Slump flow

All mixes had a filling-ability class SF3 as per EN 206 [43], as prescribed in the mix design. Each modification in the SCC
composition affected slump flow in a different way, as shown in Fig. 4:

e 100% coarse RA was no impediment to high-flowability, due to the adequate coarse-to-fine-aggregate ratio in the SCC mix design,
which compensated for the angular shape of the coarse RA [62].

The slump flow increased with higher amounts of fine RA (Fig. 4a), although fine RA usually reduces the slump flow, due to its
prolonged high water absorption and its irregular shape [63]. This situation is explained by the water compensation in the mix
design and the higher fines content of fine RA compared to NA (Fig. 1), which augmented the cement-paste ratio.

GGBS commonly tends to reduce SCC slump flow, because of its smaller particle size compared to conventional cement clinker [64],
which in turn leads to more irregular dragging of the aggregate particles [53]. Nevertheless, in this research the proportions of
coarse aggregate and cement paste were adjusted in the mix design when using GGBS, which led to an increased slump flow in the
CEM III/A mixes (Fig. 4b). In this way, for the same fine RA content and type of aggregate powder, the use of CEM III/A increased
the slump flow in most cases by around 30-60 mm.

Each aggregate powder affected the slump flow of SCC (Fig. 4c) in different ways. On the one hand, the lowest slump flow values
were obtained with RA powder 0/0.5 mm, because of its high water absorption levels and irregular shape [57]. On the other hand,
limestone filler <0.063 mm gave the SCC a higher slump flow than limestone powder 0/0.5 mm of around 4-8%, due to its smaller
particle size. The available literature shows that the slump flow can increase by up to 10%, if the precise amount of limestone filler
is used, compared to the use of coarser limestone aggregate powders [65].

In addition, all mixes met the standard requirements (EN 206 [43]) of an SCC for viscosity (classes VS2 and VF2), passing ability
(class PA1), and segregation resistance (class SR2), as detailed in another paper from the authors [54].
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Fig. 3. Calculation of theoretical deflections.




V. Revilla-Cuesta et al. Journal of Building Engineering 54 (2022) 104611

(a) -%-0% fine RA -#-50% fine RA = 100% fine RA (b) “%-CEM | -~ CEM IIl/A
870 870
o) ad
850 850
= L g 7
830 = $ommqmonee, - 830 T/ =
E e — E - - =
£ L} £ X a
S 810 ~ 3 810 ‘
8 ~ s *
‘2790 > ‘2790
-
5 *~ 5 5 < /( I
@ 770 \ @ 770 3 ’/
750 % 750
730 730
290 cF <8 R GF GL GR FO FS0 F100 L0 LS0 L100 RO RSO R100
(c) —¥-Limestone filler ~ -#-Limestone powder - #- RA powder (d) 870 mco 7“C50 €100 GO EG50 @G100
870 =
* 850
850 -
L
830 P 3 = — 830
£ s o= o g
<810 <810
3 - - E}
3 = : 2
‘2790 = 2790
rg
£ P = £
3 . = 3
770 - 770
750 |—= B 750 ||
730 730 | i
0 Cs50 C100 GO G50 G100 Limestone filler Limestone powder RA powder

Fig. 4. Slump flow of SCC: (a) effect of the content of fine RA; (b) effect of cement type; (c) effect of the type of aggregate powder; (d) overview.

3.2. Mechanical properties: behavior under compression

The compressive strength and modulus of elasticity of the SCC mixes are shown in Fig. 5 and Fig. 6, respectively. It can be noted that
the SCC with 100% coarse RA, 0% fine RA and limestone aggregate powders was adequate for structural use (around 45 MPa
compressive strength and 40 GPa modulus of elasticity) [12,13], even though coarse RA usually reduces both concrete properties by
around 20%, due to its higher flexibility and worse adhesion with the cementitious matrix than NA [8,66]. The addition of fine RA
reduced both mechanical properties, due to the fact that fine RA usually increases the porosity of concrete, forming a cementitious
matrix with poorer adherence to the coarse aggregate particles [35]. Weaker strength and increased porosity have also been reported
when using coarse and fine RA simultaneously [67,68].

Conventional cement clinker is of higher strength and stiffness than GGBS [25]. Therefore, the use of that alternative binder usually
reduces the modulus of elasticity and compressive strength of concrete in the short term [40], although modulus of elasticity values of
up to 35 GPa can be achieved in the long term [46]. To compensate for this effect, as indicated in the mix design, the cement content of
the SCC was increased when CEM III/A was used, so the expected reduction in the compressive strength and modulus of elasticity never
occurred. Thus, moduli of elasticity of 40-45 GPa were achieved when this alternative binder was combined with 100% coarse RA,
which were higher than the values found in the literature [46].

Finally, limestone filler (<0.063 mm) and limestone powder (0/0.5 mm) presented similar results in terms of compressive strength
and modulus of elasticity, although limestone powder showed a slightly better performance. In some studies, the use of limestone
aggregate powders has been shown to increase compressive strength by more than 10 MPa compared to other aggregate powders [65].
In this research, both limestone aggregate powders contributed to compressive strengths that were some 10-20 MPa higher than the
strength achieved with RA powder 0/0.5 mm, because the most negative aspects of fine RA 0/4 mm were aggravated in its finer
fractions [57], causing a large increase in concrete porosity and a significant decrease in the adhesion between the cementitious matrix
and the aggregate particles [56].

3.3. Mechanical properties: behavior under bending

The flexural strength of each mix is shown in Fig. 7. It can be seen that the modifications to the mix composition had similar effects
regarding the compressive strength and the modulus of elasticity:

mCo C50 C100 GO B G50 [ G100

.
%
_

Limestone filler Limestone powder RA powder

Fig. 5. 28-day compressive strength.
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mCo C50 C100 GO B G50 BG100

Limestone filler Limestone powder RA powder

Fig. 6. 28-day modulus of elasticity.
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Fig. 7. 28-day flexural strength.

e The use of 100% coarse RA achieved flexural-strength values of around 5-6 MPa, adequate for structural concrete [12,13]. The
quality of the coarse RA contributed to these strengths, as any dispersion of these aggregate properties can sometimes reduce
flexural strengths to only 3-3.5 MPa [69]. Furthermore, the addition of CEM III/A also favored this aspect, as it improved the
flexural strength of SCC, due to the increased cement content.

e Increasing the fine RA content reduced the flexural strength of the SCC, due to the reduced adhesion between the aggregate and the
cementitious matrix [37]. Furthermore, these adhesion problems were generally amplified when fine RA was combined with coarse
RA [38]. The combination of GGBS with 50% fine RA yielded a flexural strength of 4-5 MPa, 20% higher values than those obtained
for vibrated concrete with this combination of by-products in other studies [47].

o Both limestone aggregate powders showed very similar performances that were better than the RA powder. The RA powder notably
reduced the adhesion between the aggregate and the cementitious matrix, decreasing its tensile strength, which in turn reduced its
flexural strength [19].

3.4. Microstructural analysis

Mix CR100 showed the worst mechanical properties. Images of the fragments obtained from the compressive-strength-test spec-
imens were taken using a Scanning Electron Microscope (SEM), to analyze their behavior in detail. An image of the cementitious matrix

Fig. 8. SEM analysis of mix CR100.
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and two particles of RA smaller than 1 mm are shown in Fig. 8: one at the top and the other to the right of the image. Detachment
between the aggregate and the cementitious matrix was only observed in the particle located on the right-hand side. The decrease in
mechanical properties was due not only to detachment phenomena, but also to a worsening of the quality of the cementitious matrix,
possibly because of the high content of mortar particles and altered unhydrated cement in the fine RA and RA powder [57].

4. Results and discussion: stress-strain behavior under compression
4.1. Stress-strain curves: influence of mix composition

The stress-strain curves of the SCC mixes are shown in Fig. 9. All of them presented the usual form, an initially elastic zone and
subsequently a zone of plastic deformation. Both the compressive strength and modulus of elasticity values were in line with those
shown in section 3.2.

The plastic deformability of SCC is defined by the peak and fracture strains, i.e., the strain at which the compressive strength is
reached and the strain at which the final failure occurs, respectively [60]. These strains are shown in Fig. 10 (peak strain) and Fig. 11
(fracture strain):

e The addition of 100% coarse RA to an SCC containing ordinary Portland cement yielded peak and fracture strains in the range
2100-2700 pe, close to the reference values indicated by the standards (Figs. 10a, 11a) and 2000 pe for the peak strain and 3000 pe
for the fracture strain [12]. The strains values obtained were slightly higher than those found in vibrated concrete made with 100%
coarse RA, which were found between 1800 and 2200 pe [69], possibly due to the higher proportion of cement paste in the SCC.
Therefore, the stress-strain behavior in the plastic regime containing large amounts of coarse RA meant that the SCC was suitable
for structural use [12,13].

Increasing the fine RA content enhanced the plastic deformability of the mixtures, so the addition of this RA fraction increased both
the peak strain (Fig. 10a) and the fracture strain (Fig. 11a). An effect quite unlike the addition of coarse RA, which reduces both
strains, due to the presence of mortar particles in the fine fraction of this alternative aggregate [34]. This increase of plastic
deformability was higher when using CEM III/A, especially with regard to the peak strain. Thus, for example, the peak strain
increased by 15% when adding 100% fine RA to an SCC manufactured with CEM I and limestone powder, while this increase was
21% when using CEM III/A.

The mixes with CEM III/A had both lower peak and fracture strains (Figs. 10b and 11b), even though GGBS has a higher
deformability than conventional cement [44]. The higher cement content compensated its higher deformability and even reduced
the plastic strain of the G mixes, the peak strain never exceeded 3000 pe in 8 of the 9 mixes, although in other studies the use of 20%
GGBS had led to peak strains of 3000-3300 pe [70]. In this way, when 45% GGBS was used as binder, 100% coarse RA and 50% fine
RA were combined, peak and fracture strains close to the standard values (2000 pe and 3000 pe, respectively [12]) were obtained.
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Fig. 9.

Stress-strain curves: (a) mixes with limestone filler; (b) mixes with limestone powder; (c) mixes with RA powder.



V. Revilla-Cuesta et al. Journal of Building Engineering 54 (2022) 104611

(a) -%-0% fine RA -#-50% fine RA - - 100% fine RA (b) —-CEM | --CEM IIl/A
3300 3300
u *
3100 < 4 3100 = B
ROPCURS =i d — /
72900 — N At - —— g 2900 Vsl (,’ \
H v L - = %
ézmo / - = = I s ;E At ¥ L7 * \
" ’
& 2500 e = = £2500 [/ 7 a =
'l » /
2300 ] 2300 et *
| «
2100 2100
CF cL CR GF GL GR FO F50 F100 Lo L50 L100 RO R50  R100
(c) — —%-Limestone filler ~ -#-Limestone powder - - RA powder (@ mco %50 €100 Go =650 @G100
3300
n
3100 3100
~ 4 3 s
R e N\
Clan 7 - P = 52500 7§
: e — 2 N\
£ 2700 . = * 2700 § é§
3 e £ N\ N
g 2500 e = E 2500 § g§
P
2300 2300 § %
2100 2100 2& %&
c cso €100 Go G50 G100 Limestone filler Limestone powder RA powder
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Fig. 11. Fracture strain of the SCC mixes: (a) effect of the content of fine RA; (b) effect of cement type; (c) effect of aggregate powder type; (d) overview.

e Both limestone aggregate powders demonstrated very similar behavior, although limestone filler slightly increased the stiffness in
the plastic regime (Figs. 10c and 11c). Thus, the lowest peak strain was reached in mix GF0O (2196 pe). The use of RA powder
increased the plastic deformability of SCC, although not as noticeably as fine RA. In fact, mix CR100 showed peak and fracture
strains of only 2556 pe and 3216 pe, respectively. A result that was explained due to the low compressive strength of this mix (15.4
MPa at 28 days), which caused its premature failure during the test [37].

The deformability of the SCC mixes conditioned another two aspects. On the one hand, the shape of the stress-strain curve. So, the
mixes with CEM I, despite their lower strength, presented greater curvature than those containing CEM III/A (Fig. 9), because of their

Table 3
Three-way ANOVA (o = 0.05) for stress-strain curves under compression.
p-value (peak strain) p-value (fracture strain)
Factors Fine RA content 0.0000 0.0000
Cement type 0.0000 0.0000
Type of aggregate powder 0.0000 0.0000
Interactions Fine RA content and cement type 0.0000 0.0049
Fine RA content and type of aggregate powder 0.1822 0.1940
Cement type and type of aggregate powder 0.0125 0.0108
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higher plastic deformability. Nevertheless, the fracture strain was 1.1-1.25 times the peak strain in all the mixes, the highest values of
this relationship were obtained in the most deformable ones (mixes C100). On the other hand, the deformability of the mixes also
influenced their failure mode. It was noted that the compressive failure mode of the CEM I mixes with limestone aggregate powder and
up to 50% fine RA was due to crushing, yielding the usual double inverted cone, as found in other studies [65]. The lower deformability
of the mixes when CEM III/A was used (Figs. 10b and 11b) favored a more brittle failure of the SCC. On the contrary, the addition of
100% fine RA (Figs. 10a and 11a) and RA powder (Figs. 10c and 11c) increased the peak and fracture strains of SCC, which favored a
more ductile failure, reflected by the appearance at failure of vertical cracks around the perimeter of the specimen, which was
attributed to worse adhesion between the coarse RA and the cementitious matrix and the lower quality of the cementitious matrix [29].

Finally, Table 3 shows the three-way ANalysis Of VAriance (ANOVA) results for the peak and fracture strains, which were used to
analyze whether the effect of each modification in the SCC composition was significant from a global approach. At a significance level
of 0.05, it can be noted that every factor (fine RA content, cement type, and type of aggregate powder) had a significant effect on the
plastic deformability of SCC. Furthermore, the interaction of the cement with both the fine RA content and the type of aggregate
powder was significant, which indicates that the effect of increasing the fine RA content or modifying the aggregate powder type was
different depending on the type of cement (CEM I or CEM III/A). Thus, for example, the increase in peak and fracture strains with the
addition of 100% fine RA was greater when SCC incorporated CEM III/A. However, the effect of increasing the fine RA amount was the
same regardless of the aggregate powder, i.e., the interaction between these two factors was not significant.

4.2. Estimation of the stress-strain curves according to existing models

The stress-strain curve under compression of concrete can be fully estimated using the model in the CEB-FIP Model Code [60] that is
detailed in section 2.5. To do so, all that is necessary is to know the compressive strength and modulus of elasticity of the concrete. As
an example, Fig. 12 shows the comparison between the experimental stress-strain curves and those estimated through the afore-
mentioned model for the SCC mixes containing limestone filler. In turn, Fig. 13 shows the quotient between the estimated and
experimental strains for every load level in all the SCC mixes.

It can be noted that the model fit was especially accurate in the elastic zone (Fig. 12), in which the estimated and the experimental
stress-strain curves practically coincided. However, in the plastic zone, both curves moved farther apart as the applied load increased,
with the estimated stress-strain curves showing higher stiffness than the experimental curves within the plastic zone. The higher fines
content of SCC compared to conventional vibrated concrete appears to lead to higher plastic deformation than expected from its
modulus of elasticity and compressive strength [18]. This behavior was noted despite the addition of 100% coarse RA, which reduces
the plastic deformability of concrete [31]. The increase in the content of fine RA improved the fit between both curves, so that its
plastic deformability was more in accordance with the values of its compressive strength and modulus of elasticity. The type of cement
in use appeared to have no significant influence on the fit of the model.

The aspects identified in Fig. 12 for the mixes containing limestone filler are confirmed in Fig. 13 for all the SCC mixes. The fit
between the estimated and experimental stress-strain curves was correct in the elastic zone, with differences between the experimental
and estimated strains of at most 10%, although the mixes with CEM I and 100% fine RA showed a higher underestimation up to 30%
compressive strength in comparison with the other mixes. However, the strains were notably distant in the plastic zone, so that the
estimated peak strain was 0.7-0.8 times the experimental one. The influence of the type of aggregate powder may also be noted, such
that the underestimation of plastic deformability was higher when limestone aggregate powders were used. As with fine RA (Fig. 12),
the mixes with RA powder appeared to have had a stress-strain behavior under compression that was more in accordance with the
values of their compressive strength and modulus of elasticity.

4.3. Model adjustment for accurate estimation of stress-strain curves

As explained in the previous section, the fit of the CEB-FIP model (section 2.5) [60] with the experimental results of the mixtures
was good within the elastic zone, but the fit within the plastic zone was defective. It was therefore decided to readapt this model for a
proper estimation of the plastic behavior up to the peak strain, which entailed consideration of the following points:
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Fig. 12. Comparison between experimental stress-strain curves and stress-strain curves estimated with the CEB-FIP model [60] for mixes containing limestone filler:
(a) CEM I; (b) CEM III/A.
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Fig. 13. Quotient between experimental compressive strain and compressive strain estimated with the CEB-FIP model [60]: (a) mixes with limestone filler; (b) mixes
with limestone powder; (c) mixes with RA powder.

e An approach was performed to exclude the interactions between the factors (cement type, fine RA content, and type of aggregate
powder) regarding the plastic behavior of SCC (Table 3).

e The model fit in the elastic zone was not modified, so the difference between the experimental and estimated strains continued to be
at most £10%. Efforts were focused on optimizing the fit in the plastic zone, to reduce the difference between both strains at most
+10%.

e A balance between the largest under- and overestimations of the experimental strain was sought, so that all of them were at most
+10%. The objective was to obtain an estimated stress-strain curve centered on the experimental one.

e The fracture zone of the stress-strain curves, i.e., the zone of plastic behavior after the point of maximum stress, was omitted. The
behavior in this zone was different for each mix and could not be generalized by readapting the CEB-FIP model [60]. Moreover,
peak strain is the key parameter in structural design [12,13].

The proposed readjustment of the model involves calculating the coefficient K with Equation (1). Subsequently, once Equation (1)
has yielded the value of coefficient K, the coefficient ¢p may be calculated with Equation (2). These two aspects from the original model
remain unchanged. The difference relates to the fact that the values of the coefficients K and &y with which the stress-strain curve is
calculated must be modified by a coefficient of an exponential nature (A and B, respectively), thus defining the coefficients K’ and ¢y’
(Equation (5) and Equation (6)). In addition, it is necessary to modify the strain, ¢, which was multiplied by 1.05, in consideration of
the effect of such high amounts of fines within an SCC. Thus, the formula of the stress-strain curve is shown in Equation (7).

K =AxK (5)

£ =Bxé& 6)

CS x (K’ X 1.05,><€_ (1.05/><s)2)
& &

o @
g L.05xe
14+ (K =2)x e
Table 4
Values of the correction coefficient w.
Aggregate powder Coefficient w
Limestone filler <0.063 mm 1.00
Limestone powder 0/0.5 mm 2.63
RA powder 0/0.5 mm 2.45
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Coefficients A and B are calculated with Equation (8) and Equation (9), respectively, as a function of the fine RA content (FRA, in
percent per one) and a correction coefficient, w, that depends on the type of aggregate powder. The values of the correction coefficient
w are shown in Table 4. The values of coefficients A and B are independent of the type of cement (CEM III/A or CEM I).

A=w x exp(0.40 —0.27 x FRA) ®

B=w x exp(0.24 —0.21 x FRA) ©

This model presented an overall correlation coefficient R? of 96.8% and the stress-strain curves of the mixes showed an optimum fit,
as may be seen in Fig. 14 for the mixes with limestone filler. Furthermore, it was successful at obtaining relative differences between all
experimental and estimated strains below 10% in absolute value, as depicted in Fig. 15. It can therefore be stated that its use would be
suitable for the estimation up to the peak point of the plastic stress-strain behavior under compression of the SCC mixes.

5. Results and discussion: load-deflection curves under bending

5.1. Load-deflection curves: influence of mix composition

Fig. 16 shows the load-deflection curves for all the SCC mixes. These curves showed a rising tendency, so much so that the
deflection increment progressively decreased as the applied load increased. The most representative value of these curves was the
maximum deflection, i.e., the deflection at which the flexural strength was reached. The maximum deflection of each mix, as well as the
effect of each factor (fine RA content, cement type and aggregate powder type) is shown in Fig. 17.

The use of 100% coarse RA yielded load/deflection ratios for the SCC mixes that were adequate for structural use [12,13]. For
example, mixes CFO and CLO showed maximum deflections of 1.10 and 1.36 mm, respectively. The deflection levels were sufficient to
guarantee proper design for serviceability [10].

The increase of the fine RA content reduced the flexural deformability of SCC (Fig. 17a), unlike the stress-strain behavior under
compression. The addition of fine RA causes early concrete cracking when subjected to bending stresses [37], which leads to a very low
increase in deflection from the initial cracking of the concrete to its failure, the point at which the flexural strength is reached [36]. This
chain of events results in lower maximum deflections. A performance pattern that can be noted in Fig. 16, as the slope of the
load-deflection curves was higher with increasing fine RA contents. Thus, for example, mixes CF0, CF50, and CF100 showed maximum
deflections of 1.10 mm, 0.55 mm, and 0.39 mm, respectively.

The addition of large amounts of GGBS through the use of CEM III/A increased the flexural stiffness of SCC (Fig. 17b), the same
trend as in the stress-strain behavior under compression. Deflection therefore decreased at same loading levels. Despite the lower
stiffness of GGBS compared to Portland cement clinker [53], the increased cement content when using this alternative binder created
an SCC with a higher volume of cementitious matrix that was, therefore, less ductile when bending. For example, the maximum
deflections of mixes GFO and GLO were 0.74 mm and 0.82 mm, respectively, around 35% lower than those of the mixes containing CEM
I, following similar trends that those found in the literature [17].

Finally, as with the stress-strain curves, limestone filler was the aggregate powder that provided greater stiffness to SCC, followed
by limestone powder (Fig. 17¢). The use of RA powder 0/0.5 mm increased the deflection range of SCC, unlike the effect of fine RA 0/4
mm. It therefore appears that the finer particles (<0.5 mm) of RA increased the flexural deformability of the SCC, while the addition of
particles between 0.5 mm and 4 mm led to a loss of deformability, possibly due to decreased adhesion between the aggregate and the
cementitious matrix [29].

As regarding peak and fracture strains, a three-way ANOVA (Table 5) showed that the effect of all the factors (fine RA content,
cement type, and type of aggregate powder) was significant. No interaction of the aggregate powder with either the fine RA content or
the cement type was detected, although there was significant interaction between the fine RA content and the cement type, which can
be understood in two ways:
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Fig. 14. Comparison between experimental stress-strain curves and stress-strain curves estimated with the developed model for mixes containing limestone filler: (a)
CEM I; (b) CEM III/A.
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Fig. 15. Quotient between experimental strain and strain estimated with the developed model: (a) mixes with limestone filler; (b) mixes with limestone powder; (c)
mixes with RA powder.
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Fig. 16. Load-deflection curves: (a) mixes with limestone filler; (b) mixes with limestone powder; (c) mixes with RA powder.
e On the one hand, in the mixes with CEM I, the decrease in maximum deflection when adding 50% fine RA was approximately twice

that of adding 100% fine RA (Fig. 17a). However, in the mixes with CEM III/A, this reduction was similar regardless of the amount
of fine RA (50% or 100%).

14



V. Revilla-Cuesta et al. Journal of Building Engineering 54 (2022) 104611

(a) e -%-0% fine RA -#-50% fine RA - 100% fine RA (b) 15 —-CEM | -e-CEM III/A
|_—x \
_13 > _13 X
€ €
£ £
11 11
s S
& 09 - $ 0.9 \
] = 3 0 =
b = [ —— | % RN SN
3 - ] —— 5 . -
go7 e —== £07 ™ <
H g o = N S,
05 T £ — - 05 ¥ +
[ Laaas = = %.(
03 03
CcF a R GF GL GR FO  F50 F100 L0 150 L100 RO RSO R100
(@,  limestonefiler _-4-Limestone powder - RApowder (g) s ueco cs0 €100 G0 =G50  mG100
= 1
.
13 13
£ E
£ £
5 11 ,\ 51
8 2
2 3
%09 =
3 509
. £ 1
g0 g07
3 =
= s
05 ~ 05
03 03
o C50 C100 GO G50 G100 Limestone filler Limestone powder RA powder

Fig. 17. Maximum deflection of the SCC mixes: (a) effect of the content of fine RA; (b) effect of cement type; (c) effect of the type of aggregate powder; (d) overview.

Table 5
Three-way ANOVA (o = 0.05) for load-deflection curves under bending.

p-value (maximum deflection)

Factors Fine RA content 0.0000
Cement type 0.0004
Type of aggregate powder 0.0019
Interactions Fine RA content and cement type 0.0015
Fine RA content and type of aggregate powder 0.2554
Cement type and type of aggregate powder 0.1766

e On the other, as shown in Fig. 17b, the mixes with 0% fine RA exhibited the largest loss of deformability when CEM I was replaced
with GGBS, while the reduction in the maximum deflection was almost nil when the SCC contained 100% fine RA.

5.2. Estimation of the load-deflection curves according to existing models

The deflection that the concrete underwent can be estimated with Equation (4), shown in section 2.5. Fig. 18 shows the relationship
between the deflection estimated with that formula and the experimental deflection (Fig. 16). It can be noted that at all times the
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Fig. 18. Quotient between experimental flexural deflections and flexural deflections estimated with Equation (4): (a) mixes with limestone filler; (b) mixes with
limestone powder; (c) mixes with RA powder.
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estimated deflection was lower than the experimental one. This approximately linear relationship, especially as from 30% flexural
strength onwards, showed a constant positive slope, so that the estimated deflection moved closer to the experimental one as the load
increased. The patterns of this relationship were the same for all the SCC mixes, regardless of their composition, although the level at
which the deflections were underestimated for each mix differed. Thus, the experimental deflections were less underestimated in the
mixes with 100% fine RA, while the levels of underestimation for the other mixes were quite similar.

5.3. Model adjustment for accurate estimation of load-deflection curves

The load-deflection curves of the SCC mixes under study could not be correctly adjusted with the existing model (Equation (4)), so
that the estimated deflection was at all times lower than the experimental one. Therefore, as with the stress-strain curves (section 4.3),
the existing model was refined so that the estimation of the load-deflection curves could be properly performed. The aspects considered
in this adjustment were as follows:

e A procedure for minimizing the influence of the interactions between the factors (Table 5) was developed. However, it was
necessary to consider the influence of the cement type, in order to obtain adequate accuracy, unlike the stress-strain curves under
compression.

e The maximum deviation between experimental and theoretical deflections was set at +10%. The development of a model with that
level of accuracy guarantees its applicability to structural design calculations [12,13].

e Finally, the adjustment was performed for flexural-stress values at and above 30% flexural strength. As indicated in section 5.2,
there was no stabilization of the ratio between the estimated and experimental deflection up to that level of flexural stress.
Therefore, the experimental deflections from the beginning of the test up to 30% flexural strength were ignored in the adjustment.

The idea behind the readjustment was to calculate the load-deflection curve using the existing model shown in Equation (4) (D,
deflection in mm; F, load in kN; ME, modulus of elasticity in kN/m?), but modifying the deflection values by a dimensionless coefficient
C. The resulting model is shown in Equation (10).

F
D=Cx7 T X — 1
C x 766666 7 (10)

Coefficient C is exponential in nature, as shown in Equation (11), and depends on two values. On the one hand, it depends on the
applied force (F, in kN), which is the same as that introduced in Equation (10). This implies that the value of coefficient C will differ for
each load value and, therefore, for each calculated deflection. On the other hand, the estimated bending failure load (Fj, in kN),
characteristic of each SCC mix, must be also considered. In addition, it is necessary to define four adjustment coefficients: m, n, p,,, and

Dn-
F
C:exp(p,,,xmfpnxnxln<—)> an
Fy

The estimated failure load under bending (Fy, in kN) is determined by Equation (12), which depends on the compressive strength
(CS, in MPa) of the SCC mix and two adjustment coefficients, a and b, the values of which are shown in Table 6. These two adjustment
coefficients depend on the type of aggregate powder, so that the compressive strength accurately reflects the effects of both the fine RA
content and the cement type on the failure load of the SCC under bending forces.

1.88

I atbxCs? (12)

Coefficients m and n show the influence of the fine RA content and the cement type. These coefficients are not dependent on the
type of aggregate powder and their values are shown in Table 7. Both coefficients are obtained using exponential formulas dependent
on the percentage of fine RA (FRA, in percent per one).

The coefficients pp, (Table 8) and p,, (Table 9) depend on the type of aggregate powder and the cement type. However, the fine RA
content (FRA, in percent per one) also has to be considered in some cases to improve the accuracy, especially with regard to the
coefficient py,.

The proposed model presented an overall coefficient R? of 92.6%, similar to the one obtained for the model of the stress-strain
curves under compression. Thus, an optimal fit of the load-deflection curves was possible from the visual point of view, as shown
in Fig. 19, for the mixes produced with limestone filler, in addition to an estimation of all deflection values with a maximum deviation
of +£10%, as depicted in Fig. 20. The quotient between the estimated and experimental deflections showed no differences in the fit
accuracy between the SCC mixes as a function of their composition, the more or less accurate fit depending on the individual values
obtained during the test.

Table 6

Coefficients a and b for estimating the failure load under bending.
Aggregate powder Coefficient a Coefficient b
Limestone filler <0.063 mm 0.43 -1.02-107*
Limestone powder 0/0.5 mm 0.26 -3.10-107°
RA powder 0/0.5 mm 0.36 -1.02:107*
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Table 7
Coefficients m and n of the load-deflection-curve model.
Cement type Coefficient m Coefficient n
CEM I exp(0.66 — 1.07 x FRA) exp(— 0.76 — 0.96 x FRA)
CEM III/A exp(0.33 — 0.85 x FRA2) exp(— 0.41 + 0.11 x FRA)
Table 8
Coefficients p,, of the load-deflection-curve model.
Type of aggregate powder CEM I CEM III/A
Limestone filler <0.063 mm 1.00 0.99
Limestone powder 0/0.5 mm 0.95 0.96
RA powder 0/0.5 mm 0.88+ 1.21 x FRA — 0.97 x FRA? 0.92+ 0.71 x FRA — 0.90 x FRA?
Table 9
Coefficients p, of the load-deflection-curve model.
Type of aggregate powder CEM I CEM III/A
Limestone filler <0.063 mm 1.02 1.01
Limestone powder 0/0.5 mm exp(0.42 + 0.92 x FRA) 0.63
RA powder 0/0.5 mm 1.35 0.73
(a) = CFO: experimental === CF50: experimental = = CF100: experimental  (b) == GFO: experimental === GF50: experimental = = GF100: experimental
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Fig. 19. Comparison between experimental load-deflection curves and estimated load-deflection curves with the developed model for mixes containing limestone
filler: (a) CEM I; (b) CEM III/A.

6. Conclusions

In this paper, the deformational behavior of a Self-Compacting Concrete (SCC) of an SF3 slump-flow class has been evaluated. The
SCC contained both coarse and fine Recycled Aggregate (RA), Ground Granulated Blast-furnace Slag (GGBS) cement, and aggregate
powders with a lower carbon footprint than limestone filler, such as limestone and RA powders 0/0.5 mm. By continuously recording
both the load and the strains/deflections in the compressive-strength and flexural-strength tests, it has been possible to obtain the
stress-strain curves under compression and the load-deflection curves under bending, respectively, of the 18 SCC sample mixes. In this
way, an analysis of every change in the composition of the SCC and its effect on its deformational performance could be conducted.
Furthermore, existing models were refined for an accurate estimation of both curves. From those aspects under study, the following
conclusions can be drawn:

e Adequate mix slump flows were achieved by adjusting the fines content when adding fine RA and the coarse-aggregate-to-cement-
paste ratio when adding GGBS. These adjustments to the SCC composition also meant that the addition of 50% fine RA caused a
decrease in the mechanical properties that was less than half the decrease due to 100% fine RA, and that the mechanical behavior
improved when adding GGBS compared to the CEM I mixes performance. Finally, the SCC containing limestone powder 0/0.5 mm
yielded the best in-fresh and mechanical performance.

e The use of 100% coarse RA yielded an SCC with adequate levels of both longitudinal strain in compression and deflection in
bending. In fact, the values satisfied the requirements of international standards for structural use.

e The increased content of fine RA had opposite effects on the deformational behavior of the SCC. On the one hand, its high content of
mortar particles caused a decrease in stiffness both in the elastic and plastic zone under compressive loading. Thus, both peak and
fracture strains increased when using this waste. On the other, its reduced adhesion with the cementitious matrix led to earlier
cracking of the SCC under bending, which resulted in decreased deflections at the same load level.
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Fig. 20. Quotient between experimental deflection and estimated deflection with the developed model: (a) mixes with limestone filler; (b) mixes with limestone
powder; (c) mixes with RA powder.

Increasing the cement content and, therefore, the proportion of cementitious matrix when using a high GGBS content reduced the
compressive and flexural stiffness of the SCC. Both the longitudinal strain under compression and the deflection under bending
therefore decreased when using GGBS. An interaction between the amount of fine RA and the type of cement was detected, as the
variation in the deformability of SCC following additions of RA was higher in mixes containing ordinary Portland cement.

The use of limestone powder 0/0.5 mm instead of limestone filler slightly increased the deformability of the SCC under both types
of stresses. The use of RA powder had the same effect as fine RA under compressive stress, as its use increased the peak and fracture
strains. However, unlike fine RA, it also increased deflections in bending. Both green powders combined with GGBS further
increased the deformability under compression of the SCC.

The deformability of the SCC mixes under study was underestimated with the existing theoretical models for the prediction of the
stress-strain curve under compression and the load-deflection curve under bending. Nevertheless, the use of correction coefficients
of an exponential nature dependent on the amount of fine RA, as well as partial adjustment coefficients according to the type of
cement and aggregate powder, refined those models and both curves could be adjusted with maximum deviations between the
estimated and experimental values of +£10%. The effect of the cement type could be avoided in the compressive behavior, while in
the flexural behavior it had to be considered for an adequate adjustment.

To sum up, it can be affirmed that the simultaneous addition of coarse RA, GGBS, and limestone aggregate powders yielded an SCC

with a deformational behavior suitable for structural use. The fine fraction of RA should be used more cautiously, due to its opposite
effect under compressive and flexural stresses. It was not recommendable to add more than 50% fine RA to the SCC mix. The models
developed in this study could be useful for assessing serviceability and failure conditions in the design of structural components with
the designed SCC mixes, although the validity of any design calculations should at all times be carefully studied.
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