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Abstract 22 

This study analyses the feasibility of incorporating electric arc furnace dust (EAFD) in 23 

the production of self-compacting mortars from the point of view of durability. Two 24 

types of EAFD, previously characterized and classified as hazardous waste, were used. 25 

Siliceous filler (powder) was replaced at different ratios (25%, 50%, and 100%, by vol-26 

ume). The following self-compacting mortar properties were measured at different cur-27 

ing times: total heat of hydration, compressive strength, ultrasonic pulse velocity, pore 28 

size distribution through mercury intrusion porosimetry, shrinkage and mass loss, water 29 

absorption by capillary, water absorption capacity, bulk density, skeletal density, open 30 

porosity for water, wettability by contact angle measurement, electrical resistivity, and 31 

carbonation depth. Although some of properties linked to the durability of the mortars, 32 

such as water absorption by capillarity, wettability or carbonation, were negatively af-33 

fected by the incorporation of the EAFD, the results show the feasibility of replacing 34 

siliceous filler at up to 25% and the valorisation of EAFD as a secondary raw material 35 

(SRM). This research demonstrated that EAFD can be used as SRM as an alternative to 36 

landfills, thereby contributing to the promotion of the new circular economic model 37 

pursued by the European Union. 38 

Keywords: 39 

Electric arc furnace dust; industrial waste; secondary raw material; self-compacting 40 

mortars; durability.  41 
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1. Introduction 42 

In the search for construction materials that are more cost-competitive than convention-43 

al ones, self-compacting concrete (SCC) has been one of the most important progresses 44 

in the construction industry. SCC is composed of the same materials (cement, water, 45 

aggregates, additives, and mineral additions) as conventional concrete (CC). However, 46 

SCC contains greater amounts of cement and mineral additions, as well as smaller 47 

coarse aggregates. Changes in the composition modify its behaviour in the fresh and 48 

hardened state (Aslani and Nejadi, 2012), therefore, SCC offers advantages over CC, as 49 

its placement and compaction can be carried out without vibration energy, segregation, 50 

blockage of coarse aggregates, bleeding, or paste exudation, resulting in better surface 51 

quality (EFNARC, 2005). Additionally, the increased content of mineral additions re-52 

sults in greater packing of the particles, which allows higher flexural and compressive 53 

strengths (Persson, 2001) and superior durability properties (Assié et al., 2007) of SCC 54 

relative to CC. Owing to such numerous advantages of SCC, its use has become wide-55 

spread in recent years in civil works, construction, and the precast industry. 56 

Additionally, Billberg (1999) argues that concrete rheology can only be optimized if the 57 

mortar phase is designed for optimum rheological performance, therefore, SCC’s perfor-58 

mance is generally defined by the behaviour of the self-compacting mortar phase (SCM). 59 

Nepomuceno et al. (2012) and da Silva and de Brito (2015) evaluated the SCM phase to 60 

predict SCC’s properties. 61 

The use of concrete as a construction material is still associated with strongly negative 62 

environmental effects (high consumption of natural raw materials, CO2 emission, large 63 

production of waste, etc.) that should be reduced as much as possible (Flatt et al., 2012) 64 

to make it a more sustainable material (Weeks et al., 2008).  65 
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SCC is more expensive than CC. To overcome this restriction, supplementary materials 66 

are used as a partial replacement for fine materials in order to reduce the cost and im-67 

prove the durability of concrete (Sharma and Khan, 2017). Assié et al. (2007) performed 68 

a durability comparative study between a SCC and a CC of equal compressive strength. 69 

Despite the higher w/c ratio of SCC, properties such as chloride diffusion, water absorp-70 

tion by capillarity, deterioration against carbon dioxide and ammonium nitrate were 71 

equivalent in SCC and CC, whereas SCC was more resistant to oxygen permeation. 72 

The use of waste as secondary raw material (SRM) in different production processes is a 73 

new paradigm pursued by the European Union with the aim of implementing the circu-74 

lar economy model (COM(2017)33, 2017). In this context, researchers such as Singh 75 

and Siddique (2016), Sharma and Khan (2017), and Si et al. (2018) studied the replace-76 

ment of natural aggregates with wastes such as iron slag, copper slag, and rubber, re-77 

spectively. All these researchers pointed out the viability of the partial replacement of 78 

wastes as SRM in SCC production. 79 

Spain occupies the third position in European steel production. More than 75% of the 80 

steel manufactured is obtained through recycling of scrap as a raw material in electric arc 81 

furnaces (Unesid, 2013). One of the wastes generated during the scrap fusion is electric 82 

arc furnace dust (EAFD). For each tonne of steel produced, around 15-25 kg of EAFD is 83 

generated (Sayadi and Hesami, 2017). This waste is formed by metal volatilization (Zn, 84 

Pb, Fe, or Cd) during scrap fusion and subsequent reaction with oxygen and condensation 85 

into solid particles. The heavy metal content in EAFD can reach up to 25% by weight in 86 

steel operations based on scrap fusion; therefore, the European Waste Catalogue - EWC 87 

(2002) classifies it as hazardous waste. Owing to the high pollution risk and its fineness, 88 

handling of EAFD is difficult; hence, the most usual and quick way to manage it is to 89 

deposit it in landfills after treatment using cement-based materials (Ledesma et al., 2018). 90 
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The valuable metals lost, the amount of natural resources (in terms of natural sand, filler, 91 

cement, etc.) needed, and the volume of non-useful materials generated through the 92 

treatment of EAFD are too high; consequently, landfilling is not an environmentally sus-93 

tainable option as it is not consistent with the circular economy model. 94 

The use of EAFD to prevent its landfilling has been studied by numerous researchers. 95 

Alsheyab and Khedaywi (2013) analysed the possibility of using EAFD as an additive in 96 

asphalt concrete mixes for road construction. These authors concluded that the mixes re-97 

vealed adequate properties for road construction based on the penetration index values 98 

obtained. Mymrin et al. (2016) stated that EAFD’s use led to ceramic materials with three 99 

times the mechanical properties and improved their structures relative to conventional 100 

ones; this behaviour was attributed to the very low melting point of the heavy metals. 101 

Fares et al. (2016) studied the optimal replacement of cement with EAFD and compared 102 

their performance with various supplementary cementing materials. They observed that 103 

3% of EAFD was the maximum content that can partially replace cement with a wa-104 

ter/binder ratio of 0.5, showing good performance with respect to properties such as com-105 

pressive strength or chloride ion penetration. Alsheyab and Khedaywi (2013), Fares et al. 106 

(2016) and Mymrin et al. (2016) highlighted the importance of waste management 107 

through its use in the construction industry. Although there have been studies on the in-108 

corporation of EAFD in construction materials, the development of SCM with EAFD has 109 

been ignored until now. 110 

The main objective of this research is to manage and valorise EAFD as SRM to obtain a 111 

SCM with a performance comparable to that of mortar produced with conventional ag-112 

gregates. Particular attention is devoted to properties connected with the applicability 113 

and long-term durability behaviour of the new SCM that ensure its safe and feasible use. 114 

Up to now, EAFD has been managed through landfilling; therefore, the novelty of this 115 
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study is the use of two EAFDs as replacement of siliceous filler (SF) in the production 116 

of SCM. The several properties studied allowed determining the maximum percentage 117 

of EAFD that could be incorporated. This research helps preventing the deposition of 118 

EAFD in landfills and reintroduces it into the construction industry as SRM, which is in 119 

line with the new circular economy model of the European Union. 120 

2. Materials and methods 121 

2.1. Characterization of mortar component materials 122 

Two EAFD wastes (EAFD1 and EAFD2) were selected from two steelworks located in 123 

Guipúzcoa (Spain). The wastes’ composition was determined by wavelength dispersion 124 

X-ray fluorescence spectrometry (WD XRF) with a power of 4 kW and S4PIONEER 125 

equipment. The EAFDs’ composition shows that the major oxides were ZnO (38.3% 126 

and 34.2%) and Fe2O3 (29.9% and 31.8%), respectively, for both wastes (Figure 1). 127 

The main mineralogical phases of the EAFDs were determined by X-ray diffraction (XRD). 128 

The equipment used was a Bruker D8 Discover A25 with Cu-Kα radiation and a gonio-129 

metric scan from 10° to 70° (2-theta) at the speed of 0.00625° min-1/step was performed. 130 

The mineralogical identification was carried out by using the database of Joint Committee 131 

on Power Diffraction Standard-International - JCPD (1995). Both wastes showed the same 132 

mineralogical phases (Table 1): Franklinite (ZnFe2O4; 22-1012), zincite (ZnO; 36-1451), 133 

metallic Mn (33-0887), manganese oxide (MnO; 07-0230), quartz (SiO2; 33-1161), and 134 

lead oxide (PbO2; 37-0517) (JCPD, 1995). 135 

Cement type CEMI 42.5R and SF were used. These materials were named CEM and SF 136 

and were supplied by SECIL Company (Lisbon, Portugal) and Minas Carmina Palau 137 

Saverdera (Gerona, Spain), respectively. These suppliers also provided the CEM and SF 138 

compositions. The aggregates used were two natural sands with size ranges 0/2 mm and 139 
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0/4 mm (NS-0/2 and NS-0/4, respectively), and their composition was determined by an 140 

energy dispersive X-ray analyser coupled with a scanning electron microscope JEOL 141 

JSM-6300 by using 20 kV acceleration potential and 15 mm distance. The chemical 142 

composition of CEM, SF, NS-0/2, and NS-0/4 is shown in Figure 2. Calcium oxide 143 

(CaO) was the main component of the CEM, which contained lower percentages of 144 

quartz, iron oxide (Fe2O3), and sulphur oxide (SO3). SF was 100% quartz. The main 145 

component of both sands was quartz and other minor components such as aluminium 146 

oxide (Al2O3), potassium oxide (K2O), and iron oxide (Fe2O3) were also present. BASF 147 

company provided the superplasticizer additive MasterEase 5025 (Sp), which is a high-148 

range water reducer based on Poly-Aryl-Ethers polymers. 149 

The specific surface areas of EAFD1, EAFD2, and SF were analysed by the Brunauer-150 

Emmett-Teller method (BET) with Micromeritics ASAP 2010 equipment. The values 151 

were 3.70 m2/g, 4.60 m2/g, and 0.25 m2/g, for EAFD1, EAFD2, and SF, respectively. 152 

SECIL Company provided the specific surface area of CEM (0.35 m2/g). 153 

The real particle densities of EAFD1, EAFD2, SF, and CEM, determined in accordance 154 

with UNE 80103:2013 (AENOR, 2017), were 3.84 g/cm3, 3.81 g/cm3, 2.60 g/cm3, and 155 

3.14 g/cm3, respectively. Regarding the aggregates, their real particle density and water 156 

absorption were calculated according to UNE-EN 1097-6:2014 (AENOR, 2017) as 2.54 157 

g/cm3 and 0.41% for NS-0/2 and 2.62 g/cm3 and 0.46% for NS-0/4, respectively. 158 

Figure 3 shows the particle size distributions of EAFD, CEM, and SF measured with a 159 

Mastersizer S (Malvern Instruments) device, with ethanol as the dispersant of the samples. 160 

The particle sizes of CEM and SF ranged between 0.06 μm and 100 μm, with a higher per-161 

centage of particles sized around 20 μm present in both materials. Both EAFD1 and 162 

EAFD2 showed bimodal particle size distributions, with a maximum size concentrated 163 
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around 0.3 μm for both wastes and another one at 3 μm for EAFD1 and 2.5 μm for EAFD2. 164 

The particle size distribution of the sands was tested in accordance with UNE-EN 933-165 

1:2012 (AENOR, 2017). Table 2 shows the particle size distribution of NS-0/2 and NS-166 

0/4 in terms of mass. The maximum size was 2 mm and 4 mm for NS-0/2 and NS-0/4, 167 

respectively. 168 

2.2. Mortar design 169 

The SCMs were designed by the Nepomuceno method (2005). This method classifies 170 

the cement and mineral additions as "powders" and sand as “fine aggregates”. Conse-171 

quently, this research establishes CEM, SF, EAFD1, and EAFD2 as "powders" and NS-172 

0/2 and NS-0/4 as “fine aggregates”. The Nepomuceno method was carried out using a 173 

ratio of the absolute volumes of the powder materials and fine aggregates (Vp/Vs) of 174 

0.70. A reference mortar (SCRM) was mixed with 50% SF and 50% CEM (by volume). 175 

Then, SF was replaced with EAFD using volume replacement ratios (fAd) of 25%, 50%, 176 

and 100% to prepare SCMs with waste. These mortars were named SCM-EAFDi-j, 177 

where i is the EAFD type (i = 1, 2) and j is the percentage replacement of SF with 178 

EAFD (j = 25, 50, 100). Self-compactability was controlled, as outlined by EFNARC 179 

(2005), through the relative spread area (Gm). The process consisted of iteratively ad-180 

justing the ratio, in absolute volume, between water and the powder materials (Vw/Vp) 181 

and the ratio, in percentage, between the amounts of superplasticizer and powder mate-182 

rials (Sp/p%). Gm was calculated according to equation (1) proposed by EFNARC 183 

(2005) and Nepomuceno et al. (2012). Dm was defined as the slump-flow average of the 184 

recorded diameters and the values were made to be within the range 270 ± 30 mm, 185 

which is suitable for a SCM (Kanadasan et al., 2018). D0 was defined as the initial di-186 

ameter of the base of the used cone. 187 
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 𝐺௠ =  ቀ
஽௠

஽బ
ቁ

ଶ
−  1                 (1) 188 

Table 3 shows the nomenclature, mix proportions (kg/m3 of mortar), composition per-189 

centages by volume (%) of the SCMs, water/cement ratio (w/c), EAFD/cement ratio, 190 

and self-compactability parameters (Vw/Vp, Sp/p%, and Gm) of the mortars. All dry ma-191 

terials were mixed for 30 s without water. Then, 80% of the water was added and mixed 192 

for 2.5 min. Finally, the remaining 20% of the water with the diluted Sp was added. 193 

This paste was then mixed for 1 additional minute. 194 

Vw/Vp and Sp/p% were fixed at 0.84 and 0.60, respectively, in SCRM. When EAFD 195 

was incorporated in the mortars, the water and Sp amounts were higher (Table 3), ow-196 

ing to the EAFD having a finer particle size distribution (Figure 3) and larger specific 197 

surface areas (3.70 m2/g and 4.60 m2/g for EAFD1 and EAFD2, respectively) than the 198 

replaced SF (0.25 m2/g). 199 

In SCM-EAFD1, Vw/Vp and Sp/p% increased slightly relative to SCRM. However, the 200 

use of EAFD2 in mortars caused the auto-compactability parameters Vw/Vp and Sp/p% 201 

to increase to 0.98, 1.12, and 1.40 for Vw/Vp, and 0.70, 0.80, and 1.00 for Sp/p% in the 202 

cases of 25%, 50%, and 100%, respectively. This phenomenon could be attributed to the 203 

differences in the particle size distribution of the two EAFDs. In Figure 3, the highest 204 

percentage volume of the particles was observed in the 0.05-1 μm range for EAFD2 205 

(50.9% in EAFD2 versus 41.5% in EAFD1). The greater number of fine particles in 206 

EAFD2 may have caused a larger surface to hydrate. The higher EAFD2 specific sur-207 

face area compared to that of EAFD1 may also have encouraged this behaviour. 208 

The Gm values decreased when the EAFD content increased even though Vw/Vp and 209 

Sp/p% increased. The Gm values recorded were considered to be acceptable because 210 
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they were within the range 270 ± 30 mm. In addition, the mixes did not visually show 211 

aggregate segregation or water exudation (Table 3). 212 

For each mix, 15 prismatic specimens (40 mm × 40 mm × 160 mm) were prepared. The 213 

specimens were stored in a climatic chamber (95 ± 5% relative humidity and 20 ± 2 ºC 214 

temperature) for 24 h. Then, the specimens were demoulded and cured under the fol-215 

lowing conditions: 95 ± 5% of relative humidity and 20 ± 2 ºC of temperature. Howev-216 

er, SCM-EAFD2 mortars could not be demoulded after 24 h due to the greater amount 217 

of water in them (Table 3). SCM-EAFD2-25 was demoulded after 3 days of ageing. 218 

SCM-EAFD2-50 and SCM-EAFD2-100 were demoulded after 6 days. 219 

2.3. Mortar characterization 220 

A study of the total heat of hydration by isothermal calorimetry was carried out to ana-221 

lyse the influence of EAFD in the hydration of cement. The evolution curves of the 222 

heats of mortars were determined by using a TAM Air conduction calorimeter for 15 223 

days at 25 ºC. This test was carried out in SCRM, with 25% and 100% replacements of 224 

SF with EAFD. 225 

The compressive strengths of the mortars were evaluated according to UNE-EN 1015-226 

11:2000 (AENOR, 2017) after 7, 28, and 56 days by using three specimens for each age 227 

tested. The values were expressed as an average of the three replicates. Electron micros-228 

copy (SEM) was carried out on some mortars to show how the EAFD addition influ-229 

enced the microstructure of hydrated phases. This technique was performance by scan-230 

ning electron microscope JEOL JMS-7800. 231 

The ultrasonic pulse velocity (UPV) was calculated according to UNE-EN 12504-232 

4:2006 (AENOR, 2017) on three specimens. The measurement was made directly, by 233 

placing probes on opposite sides of the specimen. 234 
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The values of mercury intrusion porosimetry (MIP) were obtained using a Micromerit-235 

ics AutoPore IV 9500 equipment at the pressure range 0.0015 to 207 MPa. This test was 236 

used to analyse the volume of pores and its distribution. It was carried out on cut off 237 

samples of volume 1 cm3 that were extracted from the central area of the mortar speci-238 

mens after 91 days. Before cutting the cubes, the specimens were dried in an oven at 239 

100 °C until the mass became constant. The MIP values were recorded for SCRM and 240 

SCM-EAFD1-25, SCM-EAFD1-100, SCM-EAFD2-25, and SCM-EAFD2-100. 241 

The shrinkage and mass loss of mortars were determined by measuring as a function of 242 

time the variation in the length and weight of the three specimens immediately after 243 

demoulding, These specimens were cured in conditions of 65 ± 5% relative humidity 244 

and 20 ± 2 ºC temperature in accordance with UNE 83831:2010 EX (AENOR, 2017). 245 

The water absorption by capillarity coefficient was determined on three specimens in 246 

accordance with UNE-EN 1015-18:2003 (AENOR, 2017).  247 

Additionally, the water absorption capacity was measured according to UNE 248 

83980:2014 (AENOR, 2017) on three specimens. This procedure yielded the amount of 249 

water absorbed after immersion until mass became constant (without saturation) and the 250 

amount of water absorbed after immersion and vacuuming until mass became constant 251 

(with saturation). In accordance with UNE 83980:2014 (AENOR, 2017), the bulk and 252 

skeletal densities and the accessible porosity for water of three specimens were deter-253 

mined. Bulk density refers to the relationship between the mass of the specimen and its 254 

apparent volume (i.e. the volume limited by the outer surface of the specimen, including 255 

any pores). Skeletal density, on the other hand, refers to the relation between the mass 256 

of the specimen and its solid volume (including inaccessible pores). Accessible porosity 257 
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for water refers to the ratio between the volume of pores accessible to water and the 258 

apparent volume of the specimen. 259 

Wettability is the ability of a surface to be moistened by a liquid (Di Mundo et al., 260 

2018). This property was determined in the mortars by measuring the contact angle 261 

(CA) between a drop of water and its solid surface over time. The contact angle was 262 

measured in test pieces of 1 cm3 extracted from the centre of the mortar specimen, on a 263 

plane surface area. A device for contact angle determination OCA 15 EC (Dataphysics) 264 

was used including an electronic syringe unit ESr-N and the software module SCA 20. 265 

The electrical resistivity of the three specimens was determined according to technical 266 

recommendation RILEM TC 154-EMC (Polder et al., 2000). The method involved the 267 

application of 60 V (direct current) to the specimen and the measurement of the reading 268 

in milliamperes (mA) of the current produced between the two measuring electrodes 269 

placed in parallel in contact with the two opposite faces of the specimen. 270 

The three specimens for the carbonation depth test were previously cured up to 21 days 271 

of age at 95 ± 5% relative humidity and 20 ± 2 ºC temperature. Then, they were stored 272 

in a dry chamber at 60 ± 5% relative humidity and 20 ± 2 ºC temperature up to 28 days 273 

of age. After this period, the specimens were introduced in a carbonation chamber under 274 

the conditions of relative humidity 55-65%, temperature 23 ± 3 ºC, and CO2 concentra-275 

tion 5% ± 0.1%. The depth of carbonation was measured after 7, 14, 28, and 56 days of 276 

exposure in the carbonation chamber in accordance with UNE-EN 13295:2005 277 

(AENOR, 2017) after the spraying with phenolphthalein pH indicator. The non-278 

carbonated area showed a purple-red colour in agreement with its high alkaline pH, 279 

whereas the carbonated area showed no colour modification due to its lower pH. 280 
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In a previous research on self-compacting mortars containing EAFD as a substitute for 281 

SF, the leaching behaviour in monolithic and granular state was evaluated (Lozano-282 

Lunar et al., 2019). The environmental classification of the self-compacting mortars, 283 

according to their leaching behaviour, was compared to the established "Non-284 

hazardous" limit of the European Directive 2003/33/EC (2003). In the monolithic state, 285 

all self-compacting mortars registered metal release below the "Non-hazardous" limit. 286 

In the granular state, the mortar with 25% EAFD2 instead of SF was environmentally 287 

safe, keeping all the elements encapsulated due to the self-compacting matrix. In any 288 

case, the main objective of this research is the study of performance and durability 289 

properties of self-compacting mortars with electric arc furnace dust as filler. 290 

3. Results and discussion 291 

3.1. Total heat of hydration 292 

Total heat of hydration can be ascribed to the heat release owing to the formation of 293 

hydrated cement compounds. The assessment of the effect of the EAFD’s on the heat of 294 

hydration allowed us to know if these waste materials substantially interfered with the 295 

normal hydration of the cement. Figure 4 shows the cumulative total heat of hydration 296 

of the mortars over time (360 h) after the isothermal calorimetry test. It is observed that 297 

the highest total heat production was achieved for SCRM (70.93 J/g). 298 

SCM-EAFD1-25 exhibited total heat values of 44.47 J/g. It was recorded that SCM-299 

EAFD1-25 showed total heat values of around 27 J/g after 7 days (168 h), even though 300 

an upward change in the slope of the curve was observed over a greater heat range. This 301 

change in the slope suggests a delay in the hydration of cement associated with a possi-302 

ble heat generation. This attenuated slope can be correlated with a longer induction pe-303 

riod and with a slow heat release during the hydration of the compounds, which are in-304 
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dicative of a delay in the hydration. The SCM-EAFD1-100 mortar showed a curve in 305 

which the upward progression in the total heat production was not observed over time. 306 

Therefore, the hydration of cement in this mortar was not sufficient to be considered as 307 

a cementitious matrix and its use in SCM is not recommended since the heat curve of 308 

hydration not evolved as for the rest of mortars. 309 

SCM-EAFD2-25 showed a total heat evolution curve with a similar tendency to that of 310 

SCRM, reaching a value of 66.70 J/g after 360 h. SCM-EAFD2-100 showed a steeper 311 

slope, with values of 70.83 J/g after 360 h. This suggests that the hydration of the mor-312 

tars with EAFD2 was approximately equal to that of SCRM. Weeks et al. (2008) ob-313 

served a similar trend in mortars with Zn production slag as a substitute of natural sand. 314 

These researchers obtained total heat values similar to those achieved by their reference 315 

mortar, with values between 100 and 120 J/g for all the mortars, except in the case of 316 

20% replacement, which was attributed to a measurement error during the test. 317 

3.2. Compressive strength 318 

The compressive strength of the SCMs is shown in Table 4. It increased for all the 319 

SCMs with curing time. The corresponding values for SCRM reached 48.3 MPa, 62.7 320 

MPa, and 66.2 MPa after 7, 28, and 56 days, respectively. 321 

After 7 days, SCM-EAFD1 exhibited very low compressive strengths (1.0 MPa, 3.3 322 

MPa, and 4.6 MPa for SCM-EAFD1-25, SCM-EAFD1-50, and SCM-EAFD1-100, 323 

respectively) compared to those of SCRM. This mechanical behaviour cannot be 324 

related to the w/c ratio because the variation was not significant when EAFD1 was 325 

incorporated in the mixes (Table 3). However, SCM-EAFD1-25 gained compressive 326 

strength with values of 22.4 MPa and 48.2 MPa after 28 and 56 days due to a delay 327 

in the cement hydration. This delay in cementitious mixes with EAFD has been relat-328 
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ed to the high concentration of Zn in this waste (Figure 1) that promotes the for-329 

mation of a protective cover on the cement particles, which prevents common cement 330 

hydration (Balderas et al., 2001; de Souza et al., 2010; Fares et al., 2016). Despite the 331 

similar composition, the wastes registered clearly differentiated behaviour when in-332 

corporated in self-compacting mortars for the same percentage of replacement and 333 

that may be related to small differences in their composition. 334 

The different heat of hydration behaviour and subsequent compressive strengths of 335 

mortars with EAFD1 and EAFD2 could be attributed to the different volume of fine 336 

particles in both EAFD (41.52% in EAFD1 versus 50.92% in EAFD2) and greater 337 

specific surface area of EAFD2 (3.70 m2/g for EAFD1 and 4.60 m2/g for EAFD2). 338 

Due to these physical characteristics, EAFD2 could improve the nucleation points 339 

enough to encourage the formation of hydration products (Moon et al., 2017; 340 

Thongsanitgarn et al., 2014). 341 

The pH registered by EAFD1 (9.6) and EAFD2 (13.3) could play an important role 342 

in total heat of hydration and mechanical behaviour. The pH value of EAFD2, closest 343 

to the alkaline pH formed during the hydration of the cement (≈ 12), could favour 344 

normal hydration of cement and, therefore, compressive strengths closer to SCRM´s. 345 

The pH values registered in EAFD played an important role in cement-based materi-346 

als performance the previous research (Ledesma et al., 2018). 347 

The compressive strength behaviour of SCM-EAFD1-25 agreed with the release of its 348 

heat of hydration. After 7 days (168 h), the value of total heat of hydration was around 349 

of 27 J/g and, afterwards, it increased up to 44.47 J/g. 350 

Researchers such as de Castellote et al. (2004) and de Vargas et al. (2006) also observed 351 

a gain in compressive strength over time, although EAFD caused a delay in the hydra-352 
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tion of cement. Castellote et al. (2004) obtained a reference mortar with compressive 353 

strengths of 25 MPa and 38 MPa after 7 and 28 days, respectively, and the mortars with 354 

EAFD/cement ratio equal to 0.86 did not register compressive strength values until after 355 

12 days, with values lower than 3 MPa. However, after 28 days, these mortars showed a 356 

value of approximately 35 MPa. De Vargas et al. (2006) added up to 25% EAFD to ce-357 

mentitious pastes. These researchers observed a gain in compressive strength of the 358 

25% paste, registering a value of 1 MPa after 3 days and 42 MPa after 7 days, while the 359 

reference mortar had values of approximately 48 MPa and 50 MPa after 3 and 7 days, 360 

respectively. These researchers also carried out a setting time study of the cementitious 361 

pastes based on the hydration heat. They observed that the 25% paste did not release 362 

heat for 56 h, justifying the low compressive strength observed after 3 days. 363 

The compressive strengths of the mortars with 50% and 100% EAFD1 did not exceed 7 364 

MPa at any curing time. The higher content of heavy metals in SCM-EAFD1-50 and 365 

SCM-EAFD1-100 could promote a greater delay in the hydration of cement, thereby pre-366 

venting any gain in the compressive strength before 56 days. Based on the results of com-367 

pressive strength, the use of EAFD1 is recommended up to a replacement value of 25%. 368 

The compressive strength of the mortars with EAFD2 was recorded because cement hydra-369 

tion in samples bearing EAFD2 was possible (Figure 4). It decreased relative to SCRM 370 

when the EAFD2 content increased. This could be associated with the greater contents of 371 

heavy metals such as Zn and Pb in SCM-EAFD2 and the higher w/c ratio of EAFD2 (Table 372 

3). The behaviour of SCM-EAFD2 agreed with the results of Ledesma et al. (2017). These 373 

researchers investigated EAFD in conventional mortars with a filler and limestone aggre-374 

gate by using cylindrical specimens and also experimentally determined that the compres-375 

sive strengths decreased when the EAFD/cement ratio increased, as a consequence of the 376 

greater amounts of heavy metals in the mortar and higher w/c ratio. 377 
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Note that the compressive strength of SCM-EAFD2-25 reached a value of 65.3 MPa that 378 

was very close to that of SCRM (66.2 MPa) after 56 days, indicating the feasibility of 379 

using up to 25% EAFD2 with an insignificant loss of the compressive strength (1.4%). 380 

The hydration microstructure of SCRM and SCM-EAFD1-100 was analyzed by SEM 381 

and mapping analysis of elemental composition (Figure 5). These samples corresponded 382 

to the mortars with extreme behaviour shown in Figure 4. 383 

In SCRM (Figure 5 a)) Portlandite particles (Ca(OH)2) were clearly observed according to 384 

the Ca atom mapping and the Si and Al absence in the same zones, which rules out that 385 

these particles are calcium silicates or aluminates. The SEM results for SCRM agreed 386 

with those obtained by Giraldo and Tobón (2006). In SCM-EAFD1-100 (Figure 5 b)), 387 

Portlandite (Ca(OH)2) formation was not registered, related to its low heat of hydration 388 

(Figure 4) and compressive strength (Table 4), being in agreement with the mortar setting 389 

studies with EAFD carried out by Ledesma et al. (2017) and Lozano-Lunar et al. (2019). 390 

3.3. Ultrasonic pulse velocity (UPV) 391 

The UPV results of SCM-EAFD1 and SCM-EAFD2 after 7, 28, and 56 days of age are 392 

shown in Figures 6 and 7, respectively. The values of UPV are useful to monitor the intend-393 

ed level of packing of the mortar. In accordance with Whitehurst (1951), concrete with a 394 

density of approximately 2400 kg/m3 can be classified as “very poor”, “poor”, “good”, and 395 

“excellent” based on UPV values of 0-2000 m/s, 2000-3500 m/s, 3500-4500 m/s, and above 396 

4500 m/s, respectively. Since the performance of a SCC is generally defined by the behav-397 

iour of the mortar phase, the comparison between SCM and SCC is applicable. For this 398 

reason, the classification ranges of mortar quality are included in Figures 6 and 7. 399 

As the curing time increased, the UPV values of all mortars also increased. The speed of 400 

the ultrasonic impulses for SCRM registered values of 5000 m/s, 5049 m/s, and 5097 401 
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m/s after 7, 28, and 56 days of age. The UPV value for SCRM indicates a mix of high 402 

compactness; therefore, it is expected that the UPV does not increase significantly with 403 

the increase in curing time (independently, the other properties show a more significant 404 

change). Şahmaran et al. (2006) obtained similar values (4687 m/s and 4813 m/s after 405 

28 and 56 days, respectively) to those obtained in this study for their reference SCM 406 

fabricated with cement CEMI/42.5R and river sand. 407 

Figure 6 shows that SCM-EAFD1-25 decreased in UPV value (2079 m/s) with respect 408 

to SCRM (5000 m/s) after 7 days. Subsequently, SCM-EAFD1-25 experienced increas-409 

es to 3856 m/s and 4211 m/s after 28 and 56 days of age. After 56 days, the classifica-410 

tion of SCM-EAFD1-25 was "good". However, although the UPV values of the SCM-411 

EAFD1-50 and SCM-EAFD1-100 mortars slightly increased as curing time evolved, 412 

they remained around 2500 m/s at all ages, resulting in the classification of "poor". 413 

In the SCM-EAFD2 mortars (Figure 7), a decrease in the speed of the impulses with 414 

respect to SCRM was observed as the replacement ratio increased. It should be noted 415 

that SCM-EAFD2-25, despite reduced speed of propagation, maintained UPV values 416 

(4508 m/s) very close to those of SCRM after 56 days (5000 m/s). These values allowed 417 

SCM-EAFD2-25 to be classified as "excellent". 418 

The decrease in UPV relative to SCRM implies a mortar of worse quality with the in-419 

crease in the EAFD content, since generally high velocities are associated with signifi-420 

cant mechanical strength. The study of UPV in SCMs with EAFD has not been previ-421 

ously carried out as part of other studies that included EAFD in the compositions of 422 

mortars or concrete. Nevertheless, the relationship between mechanical behaviour and 423 

UPV has been widely studied by researchers such as Hamid et al. (2010), Tennich et al. 424 

(2015), and Sharma and Khan (2017) for the replacement of cement or natural aggregate 425 
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with silica fume, marble waste, marble tile waste, or copper slag in the production of 426 

high-performance concrete or SCC. Furthermore, Şahmaran et al. (2006), Le at al. 427 

(2017), and Kanadasan et al. (2018) studied the replacement of cement or natural aggre-428 

gate with fly ash, limestone powder, brick powder crushed from clay bricks, kaolinite, 429 

stainless steel slag sand, or palm oil clinker in the production of SCMs that are conven-430 

tional or have high fluidity. All of them observed a good correlation between the UPV 431 

values and the mechanical strengths experimentally determined for their materials. 432 

Figure 8 shows the correlation between the UPV and compressive strength values for 433 

the mortars investigated in this research. For short curing times, the slope is greater than 434 

those corresponding to 28 and 56 days of age, which indicates that the replacement ef-435 

fect is more relevant for 7 days. 436 

3.4. Mercury intrusion porosimetry (MIP) 437 

The MIP values of the mortars are shown in Figure 9. Figure 9 a) shows the graph of 438 

cumulative mercury intrusion values versus pore diameter for the intrusion (solid line) 439 

and extrusion (dotted line) cycles. The cumulative mercury intrusion values increased 440 

with the amount of EAFD incorporated, with the highest values being recorded for the 441 

mortars with 100% EAFD. Figure 9 b) exhibits the mercury intrusion difference values 442 

as a function of pore diameter, i.e. the frequency of pore size. The cumulative and dif-443 

ferential intrusion values were consistent with each other, and more intrusions were 444 

observed as the contents of EAFD1 and EAFD2 increased. 445 

The classification of pore sizes in hydrated cement pastes is included in Figure 9, ac-446 

cording to Silva et al. (2001). Pores with sizes lower than 0.01 μm were named "gel 447 

porosity", those between 0.01 μm and 0.05 μm "medium capillaries", those between 448 

0.05 μm and 10 μm "large capillaries", and those larger than 10 μm "large capillaries 449 
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and entrained air". In capillaries considered as "gel porosity", mercury does not fully 450 

penetrate (Abbaszadeh and Modarres, 2017) and these pores are related to C-S-H phas-451 

es. “Medium capillaries” influence properties such as shrinkage since the water con-452 

tained in these pores is due to surface tension and when it is removed can cause contrac-453 

tion of the system (Mehta and Monteiro, 2017). "Large capillaries" have been reported 454 

to be detrimental to properties such as compressive strength and water permeability 455 

(Silva et al., 2001; Mehta and Monteiro, 2017; Ortega-López et al., 2018). 456 

In Figure 9 b), it is observed that all mortars showed mercury intrusion curves with main-457 

ly two maximums of the pore diameter (Cook and Hover, 1999). One was observed at 458 

around 100 μm; these pores are related to the air contained in the mixes (Mehta and 459 

Monteiro, 2017). The second sharp peak (corresponding to maximum frequency of the 460 

pore size) varies its location depending on the mortar. Between 100 μm and 0.3 μm, the 461 

mortars revealed very similar intrusion volumes. SCM-EAFD1-100 exhibited an intrusion 462 

volume of up to 1.38 mL/g approximately in "large capillaries" (around 0.2 μm). This 463 

phenomenon is consistent with the values shown in Table 4, which suggests that the com-464 

pressive strength of SCM-EAFD1-100 is not comparable to that of SCRM. For around 465 

0.06 μm (Figure 9 b)) in the "large capillaries", both SCRM and SCM-EAFD1-25 showed 466 

maximum intrusion volumes; the volume was higher in the mortar with EAFD1 (0.33 467 

mL/g versus 0.18 mL/g for SCRM). Once again, the compressive strength values record-468 

ed in these mortars (Table 4) were consistent with those recorded for mercury intrusion. 469 

Regarding the mortars with EAFD2, SCM-EAFD2-25 showed an intrusion volume in 470 

"large capillaries" that was slightly lower than that of SCRM (0.12 mL/g for SCM-471 

EAFD2-25 versus 0.18 mL/g for SCRM). This small difference may be considered negli-472 

gible, which agrees with the distribution of the "large capillaries" of SCM-EAFD2-25 473 

with a similar compressive strength (Table 4) to SCRM. 474 
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The sharp peaks indicate mercury intrusion in the mortar specimen through the pores 475 

connected to the surface (Garboczi, 1990; Cook and Hover, 1999). However, SCM-476 

EAFD2-25 exhibited a different behaviour. Its mercury intrusion curve (Figure 9 b)) re-477 

vealed rounded peaks at 0.007 μm and 0.04 μm, indicating a different intrusion mecha-478 

nism. Researchers such as Cook and Hover (1999) pointed out two possible reasons for 479 

this behaviour. On the one hand, the rounded peaks may appear due to the intrusion of 480 

mercury into a material phase with a wide distribution of smaller pores. On the other 481 

hand, during the hydration of cement, the interconnected pores can be totally isolated, 482 

leading to the disappearance of the sharp peak. However, if there is a pore volume that is 483 

still blocked, the mercury may access the pore by destroying the blockages and facilitate 484 

the appearance of the rounded mercury intrusion peaks. 485 

Although SCM-EAFD2-100 registered the minimum intrusion volume in the "large 486 

capillaries" (0.06 mL/g), in "medium capillaries" (0.01 μm and 0.05 μm) the intrusion 487 

reached a value of 0.92 mL/g, with a maximum between 0.01 μm and 0.02 μm. The rest 488 

of the mortars revealed lower intrusion volumes in “medium capillaries”: 0.19 mL/g for 489 

SCRM, 0.38 mL/g for SCM-EAFD1-25, 0.11 mL/g for SCM-EAFD1-100, and 0.30 490 

mL/g for SCM-EAFD2- 25. 491 

Regarding "gel porosity", it is observed that the SCM-EAFD1-100 mortar did not register 492 

any value (0.00 mL/g), which is in accordance with the consideration of a non-493 

cementitious matrix (the absence of C-S-H phases in agreement with the negligible re-494 

lease of heat during hydration, as showed in Figure 4). The remaining values were: 0.01 495 

mL/g, 0.08 mL/g, 0.13 mL/g, and 0.24 mL/g, for SCRM, SCM-EAFD1-25, SCM-496 

EAFD2-25, and SCM-EAFD2-100, respectively. 497 

Table 5 shows the values obtained from the MIP test, according to the total volume of 498 
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mercury intrusion, threshold diameter, median pore diameter, bulk density, skeletal den-499 

sity, and porosity. The total volume of mercury intrusion increases with EAFD content, 500 

with values of 0.42 mL/g, 0.82 mL/g, 1.56 mL/g, 0.61 mL/g, and 1.27 mL/g for SCRM, 501 

SCM-EAFD1-25, SCM-EAFD1-100, SCM-EAFD2-25, and SCM-EAFD2-100, respec-502 

tively. It was observed that EAFD1 produced a greater intrusion than EAFD2. 503 

The threshold pore diameter physically refers to the diameter above which a capillary 504 

trajectory cannot be formed in the entire sample (Cui and Cahyadi, 2001). SCRM record-505 

ed a threshold pore diameter of 0.15 μm with a total volume of mercury intrusion of 0.42 506 

mL/g (Table 5). EAFD1 produced a small decrease in the threshold pore diameter for 507 

25% substitution (0.10 μm), thus increasing the total volume of mercury intrusion. For 508 

100% EAFD1, the threshold pore diameter increased to 0.25 μm. In general, the smaller 509 

the threshold pore diameter, the finer the structure of the pores is considered (Cui and 510 

Cahyadi, 2001). In this sense, the mortars with EAFD2 showed the smallest threshold 511 

pore diameters (of 0.08 μm for SCM-EAFD2-25 and 0.04 μm for SCM-EAFD2-100). 512 

The values of bulk density, skeletal density or total porosity were observed to be slightly 513 

lower than those obtained in the normalized test (Figures 18-21), because mercury does not 514 

penetrate gel porosity, while water does (Cook and Hover, 1999; Abbaszadeh and 515 

Modarres, 2017). The values of total porosity registered by MIP for the mortars with 25% 516 

substitution (EAFD/CEM ratio of approximately 0.30; see Table 3) agreed with those ob-517 

tained by Castellote et al. (2004) for a matrix with an EAFD/CEM ratio of 0.55 (17.47%). 518 

3.5. Shrinkage and mass loss 519 

The shrinkage and mass loss of the mortars were measured up to a period of 91 days. 520 

The results of the total shrinkage and mass loss test for SCM-EAFD1 and SCM-EAFD2 521 

are shown in Figures 10, 11 and 12. 522 
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SCRM showed a shrinkage of 1208 μm/m after 28 days, beyond which a change in the 523 

trend of the curve of shrinkage was observed that stabilized the results and finally re-524 

vealed a value of 1390 μm/m after 91 days. The shrinkage curve increased very fast in 525 

the first few days, reaching 60–90% after 28 days (Acker and Ulm, 2001). The mass 526 

loss of SCRM reached 95.65% after 91 days. 527 

The evolution of the hydration reactions associated with shrinkage depends on the 528 

amount of water available in the mortar for the reaction (Alrifai et al., 2013). Thus, the 529 

performance of SCM-EAFD agreed with the highest w/c ratio respect to SCRM (Table 530 

3). In addition, the shrinkage recorded in the mortars with EAFD was related to the me-531 

chanical behaviour. Mortars with less shrinkage had the highest compressive strength 532 

(Table 4). Ledesma et al. (2015) and Torres-Gómez et al. (2016) prepared mortars with 533 

50% each of natural sand and recycled sand from ceramic waste. They related the great-534 

er shrinkage of the mortars to their lower compressive strengths and greater w/c ratio 535 

relative to the reference mortar. 536 

SCM-EAFD1 (Figure 10) did not show a dosage-pattern response as a function of the 537 

EAFD1 content. SCM-EAFD1-25 had the highest shrinkage (1479 μm/m after 91 days). 538 

The behaviour of SCM-EAFD1-25 reflected the predominance of drying shrinkage, 539 

since the mass loss tendency is the same of shrinkage. SCM-EAFD1-50 experienced the 540 

least shrinkage (844 μm/m after 91 days), with values lower than those registered in 541 

SCRM. SCM-EAFD1-100 recorded values that were intermediate (1250 μm/m after 91 542 

days) between those of SCM-EAFD1-50 and SCM-EAFD1-25. Up to 25% replacement 543 

of EAFD1 by SF retraction occurred. The total shrinkage behaviour of SCM-EAFD1-50 544 

and SCM-EAFD1-100 could be linked to incorrect and/or delayed setting times as a 545 

consequence of the EAFD1 incorporation (Figure 4) and therefore, the shrinkage did not 546 

evolve as in SCM-EAFD1-25. Figure 11 shows, as a way of example, the evolution of 547 
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the heat flow of SCRM and SCM-EAFD1-100. For SCRM a second peak in the curve is 548 

observed at 10 h approximately (corresponding to the setting heat after the induction 549 

period), which is not observed in SCM-EAFD1-100 for 360 h. Additionally, the com-550 

pressive strengths of SCM-EAFD1-50 and SCM-EAFD1-100 were not in the same 551 

range as that of SCRM or SCM-EAFD1-25 (Table 4). Consequently, SCM-EAFD1-50 552 

and SCM-EAFD1-100 could not be considered as cementitious matrixes. Moreover, the 553 

mass loss due to water loss reinforced this behaviour because it did not show the same 554 

tendency as shrinkage. 555 

The shrinkage of the mortars with EAFD2 is shown in Figure 12. Owing to the demoulding 556 

of SCM-EAFD2-25 after 3 days and SCM-EAFD2-50 and SCM-EAFD2-100 after 6 days, 557 

their shrinkage was measured immediately after the respective demoulding age. In SCM-558 

EAFD2, total shrinkage was high in the initial curing period and stabilized after 28 days 559 

(Acker and Ulm, 2001). 560 

SCM-EAFD2 exhibited greater shrinkage for higher EAFD2 content. This fact could be 561 

explained by the greater number of finer particles (Figure 3) when the percentage replace-562 

ment increased and also the large specific surface area of EAFD compared to SF 3.70 m2/g, 563 

4.60 m2/g and 0.25 m2/g for EAFD1, EAFD2 and SF, respectively. Although shrinkage 564 

during the initial period was greater in SCM-EAFD2-25 than in SCM-EAFD2-50, after 14 565 

days, both mortars revealed very similar total shrinkage values (1604 μm/m and 1813 μm/m 566 

after 91 days). The largest dimensional change was recorded in the mortar with 100% SF 567 

replacement with EAFD2, with a value of 2302 μm/m after 91 days, which represents an 568 

increase in shrinkage of approximately 65% as compared with SCRM. 569 

The shrinkage behaviour of SCM-EAFD2-100 agreed with the MIP values (Figure 9 570 

b)). It is known that capillaries smaller than 0.05 μm ("medium capillaries") are more 571 
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relevant to properties such as shrinkage (Mehta and Monteiro, 2017). In this sense, 572 

SCM-EAFD2-100 exhibited a greater total volume of mercury intrusion in "medium 573 

capillaries" (0.92 mL/g). 574 

The total volumes of mercury intrusion in the "medium capillaries" of SCRM and the 575 

mortars with 25% SF replacement also agreed with their recorded shrinkage. SCRM 576 

registered the smallest shrinkage after 91 days (1390 μm/m) and the smallest volume 577 

(0.19 mL/g). The mortars with 25% substitution displayed very similar values of the 578 

total volume of mercury intrusion in "medium capillaries" (0.38 mL/g for SCM-579 

EAFD1-25 and 0.30 mL/g for SCM-EAFD2-25), thus recording very close shrinkage 580 

values after 91 days (1479 μm/m and 1604 μm/m, respectively). In terms of mass loss, it 581 

was observed that it increased proportionally with shrinkage. This behaviour indicated 582 

that shrinkage in SCM-EAFD2 occurred predominantly through drying of the mortars. 583 

The literature on shrinkage of mortars with EAFD is scarce. Maslehuddin et al. (2011) car-584 

ried out a shrinkage study by drying in concrete, replacing cement with 2% of EAFD and 585 

using a w/c ratio of 0.45. These authors observed 175% higher shrinkage in concrete with 586 

EAFD compared to that of the reference concrete. In general, the greater the fine content 587 

introduced in mortars, the higher the shrinkage achieved (De Angelis et al., 2002; Silva et 588 

al., 2009; Braga et al., 2012), as it is promoted by a greater absorption of fine particles. 589 

3.6. Water absorption by capillarity 590 

The results of water absorption by capillarity after 28 and 56 days are shown in Figures 591 

13 and 14. After 56 days, all mortars revealed slightly decreased water absorption by 592 

capillarity, except SCM-EAFD1-25 that showed a strong drop. This phenomenon is 593 

related to the evolution of the internal pores of the mortars. After 28 days of curing, the 594 

chemical reactions had not yet completed, allowing the pores to be less interconnected; 595 
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therefore, the pore structure of the cement pastes became finer with the increase in cur-596 

ing time (Cui and Cahyadi, 2001). 597 

SCRM showed water absorption by capillarity values of 0.10 and 0.09 kg/(m2·min0.5) 598 

after 28 and 56 days, respectively. The mortars revealed higher water absorption by capil-599 

larity in comparison with SCRM when EAFD1 was incorporated in the mixes (Figure 600 

13). The high capillary coefficients represent the high water absorption rates (Lucas et al., 601 

2016), which is not desired for a construction material such as SCM considered in this 602 

study, because it would favour the release of the heavy metals present in EAFD. 603 

It is worth highlighting the behaviour of SCM-EAFD1-25, which had a water absorp-604 

tion by capillarity value six times higher (0.59 kg/(m2·min0.5)) than that of SCRM (0.10 605 

kg/(m2·min0.5)) after 28 days. However, the value of SCM-EAFD1-25 fell to 0.12 606 

kg/(m2·min0.5) after 56 days. This was related to delays in the hydration of cement and 607 

the gain of compressive strength of this mortar after 28 days (22.4 MPa) compared to 608 

after 56 days (48.2 MPa). Therefore, the change in the slope of the total hydration heat 609 

curve (Figure 4) and the delay observed in the development of compressive strength 610 

(Table 4) influenced the amounts of water absorbed by capillarity recorded over time. 611 

The maximum capillary values were 1.08 and 1.04 kg/(m2·min0.5) after 28 and 56 days, 612 

respectively, for the SCM-EAFD1-50 mortar. The SCM-EAFD1-100 mortar showed slight-613 

ly lower values than SCM-EAFD1-50. For 50% and 100% replacement of SF with EAFD1, 614 

the compressive strengths remained below 7 MPa, and could not be considered as cementi-615 

tious matrices for use in SCC. The greater capillary volume can be attributed to the lower 616 

degree of hydration (Silva et al., 2001). The total heat of hydration (Figure 4) and MIP of 617 

SCM-EAFD1-100 (Figure 9 b)) corroborated this hypothesis through the low total heat of 618 

hydration experimentally obtained and the maximum frequency of the pore size in "large 619 
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capillaries". The presence of “large capillaries” does not benefit properties like water ab-620 

sorption by capillarity (Ortega-López et al., 2018). Additionally, Mehta and Monteiro 621 

(2017) reported that well hydrated pastes with low w/c ratios show pores with sizes between 622 

0.01 µm and 0.05 µm. The maximum frequency of pore size in SCM-EAFD1-100 was out-623 

side this range; therefore, SCM-EAFD1-100 is surely not considered a cementitious matrix. 624 

Once again, the results obtained in the SCM-EAFD1 mortars point to non-utilization when 625 

the percentage replacement of SF with EAFD1 is greater than 25%. 626 

In SCM-EAFD2 (Figure 14), capillarity increased with increasing EAFD2 content, re-627 

vealing maximum values of 0.21 and 0.19 kg/(m2·min0,5) after 28 and 56 days, respec-628 

tively, in SCM-EAFD2-100. SCM-EAFD2-25 showed very similar capillarity to 629 

SCRM, with values of 0.10 and 0.08 kg/(m2·min0,5) after 28 and 56 days, respectively. 630 

The increase in water absorption by capillarity may also be linked to the greater w/c 631 

ratio of the mortars when EAFD was incorporated. Although the w/c ratio in SCM-632 

EAFD2 was higher than that in SCM-EAFD1, the greater number of fine particles of 633 

EAFD2 (Figure 3) may have caused a filler effect that alleviated the effect of w/c ratio 634 

in the mortars, thereby decreasing the number of pores interconnected and favouring 635 

lower coefficients of water absorption by capillarity. In addition, EAFD2 allowed set-636 

ting of the mortars (Figure 4) and gains in compressive strength (Table 4). 637 

Figure 15 shows a good correlation between water absorption by capillarity of the mor-638 

tars and their compressive strength. It is observed that water absorption by capillary 639 

decreased when compressive strength increased. This suggests that the internal pores 640 

were less connected, which favoured a stronger structure, and vice versa. 641 
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3.7. Water absorption capacity, bulk and skeletal density and open porosity for 642 
water 643 

Water absorption capacity, density and open porosity for water were measured in all 644 

mortars after 28 days. However, for SCM-EAFD1-100, the water absorption after im-645 

mersion and vacuum, bulk density, skeletal density and open porosity for water could 646 

not be evaluated. The specimens of SCM-EAFD1-100, previously conditioned at 100 647 

ºC, showed cracks after immersion in water for 48 h and subsequent vacuuming and, 648 

therefore, measurement was impossible. This mortar had previously been discarded for 649 

not exhibiting sufficient compressive strengths for consideration as SCM. 650 

The water absorption capacity after immersion and after immersion and vacuuming of 651 

the mortars are shown in Figures 16 and 17, respectively. SCRM displayed the lowest 652 

water absorption values (7.38% and 7.41% after immersion and after immersion and 653 

vacuuming, respectively). 654 

All mortars absorbed more water when EAFD was incorporated in the mixes. SCM-655 

EAFD-1 (Figure 16) increased its water absorptions after immersion and after immer-656 

sion and vacuuming to 11.04% and 11.11% for SCM-EAFD1-25, 12.07% and 12.11% 657 

for SCM-EAFD1-50, respectively, and 14.17% for SCM-EAFD1-100. The water ab-658 

sorbed by SCM-EAFD2 (Figure 17) was slightly lower than that measured in SCM-659 

EAFD1. The values recorded after immersion and after immersion and vacuuming were 660 

9.45% and 9.51% for SCM-EAFD2-25, 10.69% and 10.75% for SCM-EAFD2-50, and 661 

14.35% and 14.43% for SCM-EAFD2-100, respectively. The increase in water absorp-662 

tion after immersion indicates that a greater number of pores are filled with water. The 663 

saturation of these pores will be greater after subsequent immersion and vacuuming, 664 

since the air contained in them is displaced by water. 665 

The bulk density and skeletal density of the mortars are shown in Figures 18 and 19, 666 
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respectively. SCRM recorded values of 2.17 g/cm3 and 2.58 g/cm3 for bulk density and 667 

skeletal density, respectively. Bulk density decreased as the amount of EAFD increased. 668 

SCM-EAFD1-25, and SCM-EAFD1-50 showed the same bulk density of 2.02 g/cm3. In 669 

SCM-EAFD2, the mortar with 100% replacement had the lowest bulk density of 1.98 670 

g/cm3. The decrease in bulk density indicates that the number of pores increased with 671 

increasing amount of EAFD relative to SCRM. This behaviour is in accordance with 672 

that observed for water absorption after immersion and after immersion and vacuuming. 673 

The skeletal density increased with waste content. SCM-EAFD1-50 and SCM-EAFD2-674 

100 exhibited values of 2.67 g/cm3 and 2.77 g/cm3, respectively. The skeletal density 675 

increased due to the higher real particle density of the wastes compared to that of the 676 

replaced SF (3.84 g/cm3 for EAFD1, 3.81 g/cm3 for EAFD2, and 2.60 g/cm3 for SF). 677 

The open porosity for water is the ratio between the volume of pores accessible for water 678 

and the volume limited by the external surface of the specimen, including any pores. This 679 

property measured after 28 days, is shown in Figures 20 and 21. SCRM had an open porosi-680 

ty for water of 16.06%. The mortars showed a higher open porosity for water as the EAFD 681 

content increased, registering values of 22.46% and 24.42% for SCM-EAFD1-25 and 682 

SCM-EAFD1-50, respectively. This represents increases in porosity of 39.85% and 52.05% 683 

for SCM-EAFD1-25 and SCM-EAFD1-50 relative to SCRM, respectively. Regarding 684 

SCM-EAFD2, the values were 19.79%, 22.24%, and 28.56% for SCM-EAFD2-25, SCM-685 

EAFD2-50, and SCM-EAFD2-100, respectively, representing increases of 23.22%, 686 

38.48%, and 77.83% in comparison with SCRM, respectively. The increased open porosity 687 

for water may be attributed to the higher w/c ratio in the mortars containing EAFD. Garijo 688 

et al. (2018) observed higher values of open porosity in natural hydraulic lime mortars when 689 

the w/c ratio increased. In the study of Lucas et al. (2016), the open porosity increased in 690 

mortars with replacement of sand with sanitary ware waste due to the increase in w/c ratio. 691 
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3.8. Contact angle 692 

Figure 22 shows the recorded contact angle of a drop of water on the surface of the mor-693 

tars. The mortars exhibited higher hydrophilic surface areas as the percentage of EAFD 694 

increased. SCRM displayed the highest contact angle, followed by the mortars with 25% 695 

substitution of SF with EAFD. SCM-EAFD1-25 and SCM-EAFD2-25 showed very simi-696 

lar contact angles, close to that of SCRM. For 100% substitution, EAFD2 formed a less 697 

hydrophilic surface than EAFD1. SCM-EAFD1-100 registered a very short lifetime of the 698 

drop of water on the surface of the mortar as well as a low contact angle, which were re-699 

lated to the large macro porosity of this mortar (Figures 9 b) and 13). This indicates that 700 

SCM-EAFD1-100 is a hydrophilic material, whose contact angles rapidly diminish with 701 

time (Klein et al., 2012). This behaviour justified the impossibility of measuring the water 702 

absorption after immersion and vacuuming, bulk density, skeletal density and open poros-703 

ity of SCM-EAFD1-100 (Figures 16, 18, and 20). 704 

3.9. Electrical resistivity 705 

The electrical resistivity of the mortars after 7, 28, and 56 days was evaluated. This 706 

property characterizes the greater or lesser difficulty of the ion mobility inside the ma-707 

trix (da Silva, 2013). This property has been used by other researchers to indirectly 708 

characterize the durability of concrete by relating it to the chloride transport mechanism 709 

(Real et al., 2015). Table 6 shows the values obtained expressed in Ω·m. For all the 710 

tested samples, the electrical resistivity decreased relative to that of SCRM (20000 Ω·m, 711 

45000 Ω·m, and 60000 Ω·m after 7, 28, and 56 days, respectively) when the EAFD 712 

replacement was higher, achieving the lowest values for 100% replacement (17.5 Ω·m, 713 

44.5 Ω·m, and 76.7 Ω·m after 7, 28 and 56 days, respectively, for SCM-EAFD1-100 714 

and 34.8 Ω·m, 232.5 Ω·m, and 390.6 Ω·m after 7, 28, and 56 days, respectively, for 715 

SCM-EAFD2-100). Higher EAFD content in the mortars results in a higher heavy metal 716 
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content, which can justify a higher conductivity, and, consequently, lower electrical 717 

resistivity. When the amount of EAFD increases in the mixes, the w/c ratio increases, 718 

which decreases the electrical resistivity (Neville, 1995). 719 

In general, electrical resistivity increased when curing time was higher, w/c ratio de-720 

creased, or a reactive mineral such as blast furnace slag, fly ash or silica fume was add-721 

ed (Polder, 2001). Particularly, in cement-based materials, this property can be affected 722 

by factors such as the composition and humidity of the mixes, their porosity, the solu-723 

tion contained in the pores, and the number and distribution of these pores (Polder, 724 

2001). In this context, the electrical resistivity values revealed the same trend as proper-725 

ties such as MIP, water absorption by capillarity, open porosity for water, and contact 726 

angle, because the higher the w/c ratio, the more porous and interconnected the SCMs 727 

were. Therefore, the electrical conductivity of the mortars is higher when the EAFD 728 

content increases. Sharma and Khan (2017) analysed the replacement of natural aggre-729 

gates with copper slag in SCC. These authors observed a decrease in electrical resistivi-730 

ty of concrete for 80% and 100% copper slag and related this behaviour to the greater 731 

open porosity for water recorded in the matrices and the high amount of copper slag. 732 

Chloride migration depends mainly on the paste, and not on the aggregate. This was 733 

confirmed by Real et al. (2015). The relation between concrete resistivity and rapid 734 

chloride migration coefficient was revealed through the relation (2) proposed by Dura-735 

crete (2000). Where: A was LN(965:384), ρ were electrical resistivity values of self-736 

compacting mortars and constant B was equal to -1.0027. 737 

𝐷ோ஼ெ = 𝐴 ∙  ρ஻          (2) 738 

Based on the electrical resistivity values obtained in this research, it is possible to eluci-739 

date the migration of chlorides in SCC fabricated based on the mortars considered in 740 
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this study (Table 7). It is observed that as the EAFD content increases, the rapid chlo-741 

ride migration coefficient will also be higher, which results in a SCC of lower quality. 742 

3.10. Carbonation depth 743 

The carbonation depth was measured in all mortars after 7, 14, 28, and 56 days of expo-744 

sure. The evolution of carbonation with exposure time (year0.5) is shown in Figure 23. 745 

SCRM did not show carbonation at any age. SCM-EAFD1-25 showed rapid carbona-746 

tion, with the process occurring 7 days faster than in SCM-EAFD2 at any point in time. 747 

After 7 days, the carbonation depth of SCM-EAFD1-25 evolved more slowly, with a 748 

coefficient of 36.89 mm/year0.5 after 56 days. 749 

SCM-EAFD1-50 and SCM-EAFD1-100 recorded complete carbonation after 7 days, 750 

which implied that the use of these mortars in the production of reinforced concrete is not 751 

recommended. The presence of a large amount of "large capillaries" (Figure 9 b)) justifies 752 

the fact that SCM-EAFD1-100 showed complete carbonation after 7 days of exposure. 753 

In SCM-EAFD2, the coefficient of carbonation was higher as the replacement percentage 754 

increased, with values of 17.82 and 31.09 mm/year0.5 after 56 exposure days in SCM-755 

EAFD2-25 and SCM-EAFD2-50, respectively, and 50.84 mm/year0.5 after 28 days in 756 

SCM-EAFD2-100. SCM-EAFD2-100 showed complete carbonation after 56 days. Figure 757 

24 shows the carbonation depth of SCM-EAFD1-25 and SCM-EAFD2-25 after 56 days. 758 

The carbonation depth values of the mortars agreed with those of MIP (Figure 9 b)), 759 

water absorption by capillarity (Figures 13 and 14), open porosity for water (Figures 20 760 

and 21), and contact angle (Figure 22). When EAFD was incorporated in the mortars, 761 

the number of connected and accessible pores increased compared to that in SCRM, 762 

which led to faster diffusion of the CO2 inside the mortar. Song and Kwon (2007) sug-763 
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gested that the volume of pores and the depth of carbonation are proportionally related. 764 

In addition, the higher carbonation depths of the mortars with EAFD1 and EAFD2 were 765 

also related to the higher w/c ratios of these mortars compared to those of SCRM 766 

(Khunthongkeaw et al., 2006). 767 

4. Conclusions 768 

This research analysed, from the point of view of the view of chemical, physical and 769 

mechanical properties and durability, the feasibility of fabricating self-compacting mor-770 

tar (SCM) with two industrial wastes (Electric Arc Furnace Dust: EAFD1 and EAFD2) 771 

as replacements of SF at of 25%, 50%, and 100% in volume. 772 

The results showed that up to 25% EAFD1 may be incorporated in the fabrication of SCM, 773 

exhibiting a performance that was similar to that of the self-compacting reference mortar 774 

(SCRM). However, the incorporation of 50% and 100% EAFD1 was detrimental to the 775 

hydration of cement, which was demonstrated by the low heat of hydration, insufficient 776 

compressive strength, inadequate ultrasonic pulse velocity and incorrect evolution of 777 

shrinkage relative to the SCRM. Therefore, amounts higher than 25% of EAFD1 were dis-778 

carded as cementitious matrices for use in SCM. Additionally, further analysis of the mortar 779 

with 100% EAFD1 confirmed the highest total volume of mercury intrusion compared with 780 

that of the SCRM and its negative impact on the absorption of water by capillarity, water 781 

absorption capacity, bulk and skeletal density, open porosity for water, contact angle, elec-782 

trical resistivity, rapid chloride migration coefficient, and depth of carbonation. 783 

Compared to EAFD1, EAFD2 affected to a lower extent the hydration reactions of ce-784 

ment and the properties studied. Although the incorporation of EAFD2 negatively af-785 

fected the analysis of the durability properties, the mortar with 25% EAFD2 showed a 786 

behaviour that was very close to that of the SCRM, guaranteeing the feasibility of pro-787 
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ducing SCMs containing this waste. 788 

In line with the new circular economy model pursued by the European Union, the re-789 

sults of this research confirmed that using EAFD as secondary raw material (SRM) to 790 

produce SCM is a viable alternative to depositing it in landfills. 791 
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