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Highlights 14 

 Swelling of EAF slag due to free CaO hydroxilation is experimentally investigated.15 

 EAF slag surface enriches of calcite after weathering.16 

 Open porosity is reduced after weathering, improving slag properties.17 

 Limits for maximum allowable slag swelling are provided for some applications.18 

19 

Abstract 20 

Dimensional stability of manufactured aggregates represents a matter of interest for many 21 
applications in civil engineering. Past results evidenced how steel slag might be affected by 22 
potential swelling, due to several concurring causes linked to the presence of free lime and 23 
periclase in their chemical composition. In this work, a detailed analysis about physical and 24 
chemical properties of Electric Arc Furnace slag (EAFS) is developed, using thermogravimetry, 25 
scanning electron microscopy, X-ray diffraction and porosity analysis. The efficiency of a 26 
commonly used method for slag treatment on reducing its swelling-potential is also experimentally 27 
assessed and confirmed, through expansion tests carried out in an experimental apparatus 28 
developed specifically for this scope, based on steam diffusion within the test sample. Lastly, a 29 
maximum allowable limit for slag swelling is proposed for some applications of interest. 30 

31 

Keywords 32 

EAF slag; constructions; expansion; manufactured aggregates; microstructural analysis; recycling. 33 

34 

1. Introduction35 

Iron and steelmaking industry is a very important activity for the economies all over the world. 36 
However, it consumes a large amount of raw materials and energy, and yields a large amount of 37 
waste, among which slags are the most abundant. In Southern Europe, the most common way for 38 
manufacturing steel is through the Electric Arc Furnace (EAF) technology; more than 40% of steel 39 
produced in Europe in this type of furnace is manufactured in Italy and Spain (Worldsteel 40 
association, 2015), and hence huge amount of Electric Arc Furnace Slag (EAFS) should be 41 
managed in these countries. Steel slags are formed from added fluxes, iron oxides and impurities 42 
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of iron and steel scraps originated during melting and oxidizing processes. After separation from 43 
melted steel, slags are cooled with different manners (depending on the production technique) and 44 
stockpiled. 45 

Nowadays, slag stockpiling is gaining increasing importance because of the large amount of steel 46 
waste produced each year. Steel slag re-utilization in civil works is becoming an intensive 47 
business, guaranteeing several benefits related to the environmental safeguard in terms of natural 48 
resources preservation (avoiding onerous quarrying processes) and waste disposal reduction.  49 

An essential feature towards the sustainability of the planet and a circular economy is promoting 50 
the use of waste as raw materials. Currently, construction and civil works industry is one of the 51 
largest consumers of waste materials. Akinmusuru (1991), Geiseler (1996), Motz and Geiseler 52 
(2001) and Koros (2003) first proposed the use of steel slag in construction industry. Other than 53 
these authors, many researchers developed a significant research in this field (Al-Negheimish et 54 
al., 1997; Shelburne and DeGroot, 1998; Bignozzi et al., 2010; Colorado et al., 2016; Faleschini et 55 
al., 2014; Manso et al., 2013; Oluwasola et al., 2016; Pasetto and Baldo, 2006; Adegoloye et al., 56 
2016; Skaf et al., 2016). The main uses proposed for the electric arc furnace slag are as 57 
aggregates in bituminous (Ameri et al., 2013; Bosela et al., 2009; Fronek, 2012; Fronek et al. 2012; 58 
Kavussi and Qazizadeh, 2014; Pasetto and Baldo, 2011; Skaf et al., 2017; Yildirim and Prezzi, 59 
2009) and hydraulic mixes (Anastasiou et al., 2014; Faleschini et al. 2015; Faleschini et al., 2017; 60 
Kim et al., 2013; Papayianni and Anastasiou, 2010; Pasetto and Baldo, 2016; Pellegrino and 61 
Faleschini, 2013; Sekaran et al., 2015), because of its good characteristics of stiffness, strength 62 
and durability. 63 

Due its appearance as gravel (fine-coarse aggregate), laboratory and in-situ research concerning 64 
EAFS re-use in road infrastructure demonstrated good results for asphalt and cement bound 65 
mixtures production. The main reasons to justify this affordable re-use are principally due to 66 
comparable or even enhanced performance in terms of stiffness, rutting potential, fatigue and skid 67 
resistance (Pasetto and Baldo, 2012; Pasetto and Baldo, 2014; Oluwasola et al., 2015; Pasetto et 68 
al., 2016; Pasetto et al., 2017) than alternative aggregates. Also the mechanical properties (Arribas 69 
et al., 2015; Fuente-Alonso et al. 2017; Pellegrino et al., 2013; Santamaría et al., 2016) and 70 
durability (Arribas et al., 2014; Manso et al., 2006; Monosi et al., 2016; Morino and Iwatsuki, 1999; 71 
Ortega-Lopez et al., 2018) of concrete manufactured with this slag have been demonstrated to be 72 
similar, or even better, than concretes made with traditional (natural) aggregates. 73 

According to these results, some constructors have employed EAFS in real construction works 74 
(Arribas et al., 2010; García Mochales, 2016). Among the available standards for aggregates used 75 
in civil engineering applications, there is not a complete one that regulate EAFS use, but only some 76 
guidelines are provided (IHOBE, 1999). The European standard EN 12620 (2002) defines the 77 
characteristics of “Aggregates for Concrete” and it classifies this kind of slag as a manufactured 78 
aggregate, however it does not account neither for slag potential volumetric expansiveness, nor for 79 
the other peculiar slag properties. Slag potential expansiveness is one of the key problems which 80 
might hinder slag applicability as a construction material, because it may cause severe damage in 81 
construction works, as it is shown in Figure 1. 82 
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 83 
Figure 1: Effects of slag expansion in some kerbs. 84 
Five main reactions have been found to be responsible for EAFS potential swelling at outdoor 85 
temperature (Tomellini, 1999; Arribas et al 2015): 86 

 The evolution of dicalcium silicate β to γ allotropic form. Due to the presence of P2O5 and 87 
other β-phase stabilizers in the EAFS, this reaction is not frequent. 88 

 The long-term oxidation of metallic iron from iron +2 to iron +3 (not usual in EAFS). 89 
 Hydroxylation of free CaO and subsequent carbonation, in presence of moisture. 90 
 Hydroxylation and carbonation of free MgO. 91 
 Hydration of calcium aluminates, associated to a minor expansion.  92 

 93 
The most common expansive reaction is the hydroxylation and carbonation of free lime.  94 

Some authors have previously shown that free lime in steel slags can be found in two different 95 
morphologies, determined as “primary” and “secondary” (Geiseler and Schlösser, 1998; Ortega-96 
López et al., 2014; Pellegrino et al., 2013; Waligora et al., 2010). Free lime known as “primary” is 97 
the undissolved lime previously described, being a grainy or spongy solid phase suspended in the 98 
liquid slag. In non-hydrated slag, it is possible to find free CaO with particle sizes of 4-60 µm. 99 

“Secondary” free lime, also known as precipitate free lime, may be found in the grain boundaries of 100 
some iron oxide-based compounds (dicalcium ferrite or R-O phase), and dispersed in calcium 101 
silicates. Its size is usually in the range of 4 to 20 µm. This free lime has a slower interaction with 102 
the environment than the “primary”, due to its slower diffusion, and normally it is present in lower 103 
amount than the primary (Wachsmuth et al., 1981). 104 

Hydroxylation and carbonation of free lime result always in a volume increase. Some authors have 105 
studied the swelling of such steel slags due to the presence of this compound (Autelitano and 106 
Giuliani, 2015; Brand and Roesler, 2015; Coppola et al., 2010; DePree and Ferry, 2008; Pellegrino 107 
et al., 2013; Wang et al., 2015; Yildirim and Prezzi, 2011). Wang (2010) and Wang et al. (2010) 108 
have studied this phenomenon, and have proposed a theoretical equation for predicting volume 109 
expansion of steel slag. Other researches (Frías et al. 2010; Manso et al., 2006) have highlighted 110 
that the swelling of this slag can be easily reduced. The hydroxylation of “primary” free lime is a 111 
reaction that usually occurs in few days or weeks, so a weathering period of 90 days after slag 112 
crushing was found to be effective to stabilize the slag, in presence of moisture. 113 

At present, in the European Union (EU), there is not a fixed method to predict the volumetric 114 
expansion of the EAFS, due to the high number of variables that influence this phenomenon, and 115 
even it neither exists a well accepted or agreed value for a maximum allowable slag swelling, to be 116 
used in bituminous and/or concrete mixes. Additionally, the diffusion process of free lime is not 117 
even well known, and doubts exist about if the hydroxylation process happens in the surface of the 118 
slag particles only, or if it occurs inside the particles too. Slag porosity, chemical composition, 119 
particles shape are some of the variables that influence steel slag swelling potential. There are still 120 
many questions open about the expansion of the EAFS, and this paper aims to try to answer to 121 
some of them. 122 
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Hence, in this research, a detailed analysis about chemical properties of electric arc furnace slag 123 
has been developed, trying to evaluate the influence of its expansive compounds. Several 124 
expansion tests, in accordance to the European Standard EN 1744-1:2013 (developed specifically 125 
for other kinds of slag), have been carried out in fresh and weathered EAFS, for a better 126 
understanding of the phenomenon of volumetric expansion of such material. This test method has 127 
been proved to be effective for studying EAFS swelling due mainly to free CaO hydroxylation.  128 
 129 

2. EAFS characterization 130 

Black oxidizing EAFS comes due to the addition of fluxes, other oxides as lime and burnt periclase 131 
and the oxygen blowing, in the electric arc furnaces during steelmaking; it is separated from the 132 
bath of steel due to specific weight difference, being the melted slag floating at the surface. Then, it 133 
is cooled from the temperature of about 1300°C to ambient conditions, typically through water 134 
spraying, in a relative short time. Alternatively, blocks may be solidified in outdoor conditions, thus 135 
implying a longer process. In both cases, and mainly in the latter, a certain amount of free calcium 136 
and free magnesium oxides may be entrapped in the slag; these two compounds represent the 137 
main potential source of expansive reactions in this material, when moisture is present. Hence, it is 138 
expected, in general terms, that slag characteristics in the so-called “fresh state” differ from those 139 
after weathering (Tomellini, 1999).  140 
 141 
Accordingly, in this work an experimental campaign aimed to characterize an EAF slag is carried 142 
out; physical properties, chemical composition, morphology and microstructure are analyzed in the 143 
following sections. One kind of slag produced in a steelmaking facility in north Italy has been 144 
analyzed at two stages: in the “fresh state”, i.e. at 1-2 days after cooling; and in the “weathered 145 
state”, i.e. after 3 months of exposure at atmospheric conditions, processing as an aggregate 146 
(sieving, crushing, metallic iron removal, etc.) and one week of daily wetting-drying cycles. In the 147 
initial liquid state after pouring, slag is cooled through water-spaying, and this process lasts one 148 
day. The cooling method could influence slag physical and chemical characteristics at long term, 149 
as some of the same authors of this paper have highlighted in a previous work (Santamaria et al., 150 
2017), even though it is not considered as a variable for this study, being the cooling procedure the 151 
same for both the “fresh slag” and the “weathered” one. Concerning weathering time, also this 152 
variable is known being an influencing parameter for slag characteristics (Santamaria et al., 2017). 153 
However, most of the scientific literature agree identifying a maturation time of 3 months as a 154 
suitable weathering period (Manso et al. 2006; Pellegrino and Gaddo, 2009; Pellegrino et al., 155 
2013), and many practitioners have adopted such method in the current practice, both in Italy and 156 
Spain. Other criteria can however be identified to establish the condition of “weathered slag”.     157 
 158 
Table 1. Oxide composition of the analyzed EAF slag at the fresh state. 159 
 160 

Oxides MgO Al2O3 SiO2 CaO Cr2O3 MnO FeO/Fe2O3 

Amount in % 2.8 10.5 16.3 26.8 2.6 5.6 35.4 

 161 
The chemical composition of the oxidizing slag is listed in Table 1 and it can be considered as a 162 
“typical” EAFS, even though the content of iron oxides might vary significantly among slags 163 
produced in different facilities. Indeed, its composition lays within the typical range of EAFS from 164 
carbon steel production, as it can be observed comparing oxides content with ones listed in the 165 
experimental dataset collected by Pellegrino and Faleschini (2016). The most abundant oxides are 166 
FeO/Fe2O3, CaO, SiO2 and Al2O3. A notable density can be also expected, at least as a rough 167 
estimation, because the after-blowing iron-manganese-chromium oxides density exceeds 5000 168 
kg/m3, while the rest of oxides combine in form of compounds with a density lower than 3000 169 
kg/m3.  170 
 171 
The slag appears as a stony material, with high density and low porosity, with few particles 172 
characterized by higher porosity at macroscopic sight. Its color, in the fresh state, varies from black 173 
to dark-grey; conversely, it becomes light grey after ageing. Figure 2 shows the color change with 174 
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time of a fresh slag particle, respectively 2 and 9 days after slag cooling. Locally, white powder 175 
appears at the surface.  176 
  177 

 178 
Figure 2. Slag appearance: 2 and 9 days after cooling. 179 
Concerning its specific weight, slag can be considered as a heavy-weight artificial aggregate: 180 
indeed, it is characterized by an apparent density of almost 4000 kg/m3, which value slightly 181 
changes depending on the slag age and particles dimension. However, it should be recalled that 182 
fluctuations in iron oxides content and vacuolar porosity value might lead to significant variations in 183 
the specific weight of EAFS, i.e. from 3000 kg/m3 to 4500 kg/m3. In this case, fresh slag, which has 184 
a mixed grading as it is unprocessed, has an apparent density of about 3750 kg/m3; whereas, the 185 
values of the apparent density for the weathered slag are 3970 kg/m3, 3950 kg/m3, 3900 kg/m3 and 186 
3800 kg/m3, respectively for the 4-8 mm, 8-12 mm, 12-16 mm and 0-4 mm grading fractions. The 187 
water absorption WA% is higher in the fine fraction and at the fresh state, than in the other cases. 188 
Indeed, WA% values range between 1 and 1.5% at the fresh state and for the 0-4mm fraction, in 189 
the weathered condition; values decrease less than 1% for the weathered coarse fraction. 190 
Therefore, these values are close to those of natural aggregates typically employed in civil 191 
engineering applications (Mehta and Monteiro, 2013). 192 
 193 
Another physical property analyzed in this work is the porosity. From an extensive review of 194 
literature, it emerges that there is a significant scatter between the specific weight of slags used 195 
among many research works. This difference may be due to a different structure and porosity of 196 
the slag, other than to its composition and content of heavy-weight elements. Hence, Mercury 197 
Intrusion Porosimetry (MIP) tests are carried out to evaluate slag porosity and density through a 198 
more accurate method, than the macroscopic one based on pycnometer test. Tests are carried out 199 
with a Thermo Scientific Pascal Mercury porosimeter, on three samples of fresh slag: two are 200 
taken from the superficial layer of the stockpile (samples 1 and 2), whereas one is taken from an 201 
inner layer (sample 3). Three further samples of weathered slag particles are analyzed, which at 202 
macroscopic sight seem structurally similar (samples 4-6).  203 
 204 
Pore volume distribution is obtained analyzing Figure 3(a,b), where the incremental pore volume 205 
(in percentage) is plotted against pore size diameter. Figure 3a refers to fresh slag particles; it is 206 
worth to note that samples 1 and 2 display a similar internal structure, which is made mainly by low 207 
size pores. The measured porosity values of these two samples is 1.76% and 2.23% respectively, 208 
whereas the measured bulk density is 3890 kg/m3 and 3980 kg/m3. Conversely, sample 3 has a 209 
relevant number of pores within both the micrometer and nanometer scales, being thus more 210 
porous than the previous (porosity of 7.78%). The measured bulk density is 3850 kg/m3, which 211 
agrees with the higher porosity value obtained.  212 
 213 
Figure 3b shows instead the incremental pore volume curves of weathered slag: also in this case, 214 
two samples display similar structure, whereas the third has more pores with low diameter size 215 
(within the nanometer scale). Indeed, 30% of the porosity has less than 10nm in sample 6. It is 216 
worth to note that in this case the precision of the instrument was less detailed than in the previous 217 
analyses, due to laboratory constraint, and hence it is not possible to better identify how exactly the 218 
curve tail is constituted. The measured porosity of samples 4, 5 and 6 is 2.69%, 0.96% and 0.49%, 219 
respectively. These values are significantly less than the ones observed for the fresh slag, and this 220 
may be related to the advanced stage of slag ageing and stabilization after the maturation protocol; 221 
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during ageing, pores can be partially filled by new expansive compounds. Concerning the 222 
measured bulk density of the samples, the values obtained with MIP analysis are consistent with 223 
the porosity results, and are 3770 kg/m3, 4280 kg/m3 and 4260 kg/m3, in average higher than the 224 
ones obtained for the fresh slag. This result also confirms the macroscopic test made with the 225 
pycnometer, which provided higher density of the weathered than the fresh slag. 226 
 227 

 228 
 229 

 230 
Figure 3. Incremental (percentage) pore volume curves of: a) fresh slag particles; b) weathered slag. 231 
 232 
Additional information about the interconnection of the pores can be obtained looking at Figure 233 
3(a,b), which show the cumulative pore volume curves. Concerning the overall amount of mercury, 234 
it is significant that the intrusion volume in sample 3 is 0.022 mL/g, about one order of magnitude 235 
greater than in other two samples (sample 1: 0.0045 mL/g; sample 2: 0.0056 mL/g). This result 236 
indicates that samples 1 and 2 have a close structure, which means that these slag particles are 237 
almost impermeable. Conversely, the third sample shows an interconnected structure, more 238 
porous, with a structure which can be compared to that of a cement-based material. This may be 239 
explained by the fact that this sample, extracted from an inner layer of the fresh stockpile, and 240 
already cooled, might be subject to high thermal cycles. Indeed, when the first layer of slag is 241 
cooling, which occurs in a relative short time as the thickness is still small, further liquid slag 242 
discharges may be carried out, thus implying severe thermal loads for the bottom material. This 243 
thermal stress induces the formation of microcracks in the slag particles, which per se increases 244 
particles porosity, because the internal porosity due to the presence of occluded gases in the slag 245 
becomes accessible. Another possible explanation for this different porosity is that allotropic 246 
changes of some slag components are also probable. Changes in dicalcium silicate from β to γ, 247 
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decomposition of tricalcium to dicalcium silicate, evolution of iron +2 to iron +3 (wustite-magnetite-248 
hematite system) are reactions that occur between 150°C and 1300°C, which is the same 249 
temperature range of slag cooling process. Looking instead at Figure 3b, it can be noted that the 250 
cumulative pore distributions are similar for the weathered slag, and they reflect the different 251 
porosity values obtained. Also in absolute terms, the overall amount of mercury intruded is within 252 
the same range, and it is similar to the amount observed also for samples 1 and 2. 253 
Table 2 summarizes some of the main physical properties of the slag: apparent density and water 254 
evaluated with the pycnometer method, and bulk density and porosity measured with MIP test.  255 
 256 
Table 2. Physical properties of EAFS. 257 
 258 

  Fraction Apparent 
Density (kg/m

3
) 

Water 
Absorption (%) 

Bulk density 
(kg/m

3
)  

Porosity 
(%) 

Fresh slag   Mixed 3750 1 – 1.5 3850 1.76-7.78 

 
Weathered slag 
 

0-4 mm 3800 1 – 1.5 3940 2 

4-8 mm 3970 

< 1 4270  0.49-2.69  8-12 mm 3950 

12-16 mm 3900 

 259 
 260 
 261 
2.1 SEM-EDS analysis 262 

Slag morphology is analyzed through an experimental campaigned carried out with Scanning 263 
Electron Microscopy (SEM), equipped with Energy Dispersive X-Ray Spectroscopy (EDS). Images 264 
are taken in the backscattered-electron (BSE) mode, on slag surface, before and after particles 265 
weathering, with varying resolutions. 266 
 267 
Figure 4 shows the surface of a fresh EAFS sample: from an EDS analysis carried out on an 268 
extended area of the sample shown in Figure 4a, about 35% by mass is constituted of Fe oxides, 269 
whereas Ca and Si oxides represent about 25% and 15%, respectively. Al, Mn, Mg and Cr oxides 270 
are also found on the surface of the sample. Looking in detail at Figure 4b, it is worth to note that a 271 
complex structure is present, which is mainly characterized by lighter zones (points 1), rich in Fe 272 
(with a lower amount of Mg, Mn and Ca), and by darker zones (points 2) that contain principally Ca 273 
and Si, and sometimes Al. The former suggests the presence of a solid solution of (Fe, Ca, Mn, 274 
Mg)O, structurally close to wüstite, in agreement with the results obtained by XRD analysis. The 275 
latter, i.e. darker zones, can be instead attributed to larnite and gehlenite phases, in accordance 276 
with X-ray diffraction (XRD) analysis, which results are shown in the next section. The presence of 277 
free CaO and MgO was not detected.  278 
 279 
 280 
 281 

 282 
Figure 4. BSE-SEM photo of fresh slag particles: a) low magnification; b) high magnification. 283 
 284 
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Figure 5 shows instead the surface of a EAFS sample subject to standard weathering, as 285 
performed in the treatment plant, where slag is managed. In this case, the morphology appears 286 
irregular and with the presence of fragmented and isolated particles, in comparison with fresh 287 
sample surface. A superficial layer, very thin, of light-grey color covers the particles: according to 288 
an extended EDS analysis, it is possible to detect an increased amount of Ca oxide, if compared to 289 
the previous case. Indeed, the composition (by mass) is made mainly by Ca, Fe and Si oxides, 290 
being respectively about 45%, 28% and 9%. It is worth to note that the weathered slag surface is 291 
enriched in Ca oxides, which content is significantly increased if compared to the case of fresh 292 
particles. The darker particles, the most abundant on the surface, (points 1) resulted to be 293 
constituted by Ca, O and C, suggesting the presence of CaCO3. The grey zone (point 2) was 294 
constituted by Ca, Si and Al oxides, whereas the white particles (points 3) were rich in Fe oxides.   295 
Such results can be compared also with the ones obtained in weathered slag cross-sections, as 296 
carried out in Faleschini et al. (2016). In that case, slag particles were cut in half and analyzed. 297 
SEM-BSE image of such samples revealed the same constituents found on the fresh slag surface.  298 
 299 

 300 
 301 
Figure 5. BSE-SEM photo of weathered slag particles: a) low magnification; b) high magnification. 302 
 303 
 304 
2.2 XRD Analysis 305 

Slag mineralogy is investigated through X-Ray Diffraction (XRD) analysis, obtained for samples of 306 
fresh and weathered coarse slag particles. Particularly, XRD analyses are carried out both on the 307 
surface of the slag (particles with a planar surface were chosen), and on pulverized samples. Tests 308 
are carried out using a Siemens D500 diffractometer, with a stepped and continuous scanning 309 
device, and CuKα radiation (λ=1.5405 Å); operating conditions of 40 kV and 30 mA are used.  310 
Concerning the mineralogic composition of the slag surface, the main phases obtained in the fresh 311 
slag are wüstite (FeO), magnetite (Fe3O4), larnite (Ca2SiO4) and gehlenite (Ca2Al2SiO7), Figure 6a. 312 
Conversely, in the weathered slag, the main peaks are related to the presence of calcite, wüstite, 313 
magnetite, larnite and gehlenite (Figure 6b). This result confirms the evidence obtained with the 314 
SEM-EDS analysis, through which it was possible to observe an enrichment of Ca oxides content 315 
on slag surface, directly correlated to the presence of calcite, which gives the light-grey color to the 316 
weathered slag.   317 
 318 
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 319 
Figure 6. XRD pattern obtained for the surface of: a) fresh slag and b) weathered slag particles.  320 
 321 
The XRD patterns obtained with the pulverized slag samples are shown in Figure 7. In this case, 322 
the powder was obtained both with the fresh slag and the weathered slag samples. Additionally, 323 
the powder resulting from the fresh slag sample was subject to a further weathering process lasting 324 
for 7 days.    325 
As it can be observed, the patterns of the powder coming from the fresh slag (Figure 7a) and 326 
weathered slag (Figure 7b) are very similar, and the main phases detected are wüstite, magnetite, 327 
larnite and gehlenite. These phases are the same found on the surface of the fresh slag samples. 328 
Instead, the weathered powder of the fresh sample (Figure 7c) was characterized by the presence 329 
of calcite. Therefore, it can be concluded that calcite presence seems mostly related to a 330 
superficial enrichment.  331 
 332 

 333 
 334 
Figure 7. XRD pattern obtained for pulverized samples of: a) fresh slag and b) weathered slag; c) powder of 335 
fresh slag weathered for 7 days. 336 
 337 
2.3 TGA-DTA analysis 338 
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Thermogravimetric Analysis (TGA) and Differential Thermal Analysis (DTA) techniques were used 339 
to further characterize both fresh and weathered EAFS. The first allows studying the variation of 340 
chemical and physical changes of a material, depending on the temperature, whereas DTA results 341 
provide information regarding the physical phenomena occurring in a temperature range. A 342 
Nietzsch STA 429 model was used, with a heating rate of about 9°/min, up to 1200°C.  343 

 344 
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Figure 8. TGA and DTA curves obtained on: a) fresh slag and b) weathered slag.  351 
 352 
Figure 8 shows the result of this analysis on fresh slag sample (Figure 8a) and weathered sample 353 
(Figure 8b). In the case of fresh slag, loss of free water can be seen before 120ºC, and water loss 354 
of other hydrated minerals (low proportions of amorphous calcium aluminates and silicates easily 355 
hydratable) until 380ºC. The mass loss is 0.5% due to endothermic reactions, as showed by the 356 
enthalpy curve. From 400ºC to 1000ºC a mass gain can be appreciated, that can be attributed to 357 
the oxidation of metallic iron, always present in the oxidizing slag in proportions over 5%. The 358 
mass gain is in the order of 2.5%, corresponding to the stoichiometry of the oxidation from Fe0 to 359 
Fe+3. In the enthalpy curve an exothermic zone is observed. Together with the above mentioned 360 
reactions, dehydroxilation of calcium hydroxide and decarbonation of calcium carbonate can be 361 
expected. In Figure 8a, a mass loss or enthalpy variation of calcium hydroxide at 450ºC cannot be 362 
observed, but within the region of 800ºC an enthalpy peak and the mass loss of calcium carbonate 363 
decomposition can be easily identified. The mass loss is about 1.7%, corresponding to a calcite 364 
content of 3.9%, due to a free lime content of 2.2%. Finally, between 1000º and 1200ºC, a slight 365 
loss of mass and an endothermic process appear, corresponding to the loss of an unknown 366 
substance of low interest in this study. 367 
Concerning the weathered slag, shown in Figure 8b, some of the above described phenomena are 368 
again present. Over 120ºC the moisture water is removed (amount about 1%), and from 12º to 369 
400ºC some hydrated compounds loose water in an amount of 3%, clearly higher than in the fresh 370 
slag. These phenomena correspond to an endothermic region in the enthalpy curve. From 400ºC, 371 
the oxidation of metallic iron is not observed, and in the region of 400º-500ºC no dehydroxilation is 372 
displayed. In the interval ranging between 600º and 800ºC, decarbonation of calcite is observed, 373 
with an endothermic peak associated to an amount of 3% of carbon dioxide, corresponding to a 374 
content of 6.8% of calcite; this content is own to the slag surface, as it was shown in Figure 7b. 375 
Finally, a slight mass gain is visible in the interval 820º-950ºC, and a mass loss in 950º-1200ºC, 376 
both having low importance in this study. 377 
 378 
  379 
3. EAFS expansion: experimental methods 380 

Expansion tests are performed with an apparatus realized by the researchers of the University of 381 
Padova. Following the standard EN 1744-1:2013 “Tests for chemical properties of aggregates, Part 382 
1: Chemical analysis”, the apparatus is composed by: a steam generator (the water is heated up to 383 
boiling point with a heating coil, producing the steam), an isolated pipe (to transport the steam from 384 
the generator to the sample), a chamber, a perforated base, a mold and the sample. 385 
 386 
The chamber is a steel hollow cylinder, with an internal diameter of about 150 mm and a height of 387 
about 120 mm, closed and welded at the extremities by two steel plate square-shaped. The plate 388 
on the top is drilled in the center with a diameter equal to that of the cylinder. The perforated base 389 
is a steel square-shaped plate and, similarly to the chamber, the base has four holes. In addition, 390 
the perforated base has 49 holes (3 mm diameter), as indicated by the standard. The mold is 391 
realized with a hollow steel cylinder (diameter 150 mm and height 120 mm) too, that contains the 392 
slag sample. Chamber, perforated base and mold are mounted together with four bolts/nuts, one 393 
for each vertex.  According to EN 1744-1, a fabric mat (filter paper) is placed between the 394 
perforated base and the sample; another fabric mat, a glass beads (5 mm diameter) layer, a 395 
perforated plate (30 % open area), a surcharge support (to allow the steam passage) and a 396 
surcharge are placed on the top of the slag sample. The overall load on the slag sample is about 397 
7.5 kg. All the parts have been insulated with foam-rubber to prevent heat dispersion. On the top of 398 
surcharge, a displacement indicator is placed (see Figure 9a). 399 
 400 
The steam flow produced by the generator machine arrives in the chamber and passes through the 401 
sample. The amount of slag particles is about 2.32 kg for each test sample, using an analogy in 402 
terms of vapor flux passing through a sample with standard dimensions. Time of testing is fixed at 403 
24 hours, even though after 8 hours no expansion increase is detected anymore. During the test, 404 
steam interacts with free calcium oxide particles and high temperatures favor the expansion 405 
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acceleration, making it possible to measure the expansion through the indicator placed on the top 406 
of the apparatus. The steam interacts with the free magnesium oxide particles too, but their 407 
expansion is much lengthy over time. 408 
 409 
Test procedure follows the standard EN 1744-1. Slags are sampled, dried, sieved and then are 410 
combined together to realize the test sample. EAFS size ranges from 0 mm to 22 mm (Figure 9b), 411 
and the overall grading follows the Fuller grading curve. Subsequently, slags are compacted in the 412 
mold, which is placed and connected to the chamber as previously described. Displacements 413 
measurement starts when steam vapor is visible through the sample. As required by standard, 414 
measurements were performed each 15 minutes during the first 4 hours, then each 30 minutes. 415 
Expansion results were expressed in terms of percentage variation over the original sample 416 
volume.  417 
 418 

 419 

Figure 9. a) Chamber and molds of the expansion apparatus; b) slag particles sample inside the mold. 420 
 421 
 422 
4. Results and discussion 423 

Results obtained in triplicate of fresh slag displayed global values of swelling ranging between 424 
1.54% and 2.06% (see Figure 10a), evidencing that after one hour of test, the corresponding 425 
swelling is about 2/3 of the final value. This circumstance demonstrates the efficiency of the test to 426 
perform the hydration of expansive slag compounds. The strongly cloistered (Ortega-Lopez et al., 427 
2014; Herrero et al., 2016) free CaO takes several hours to reach total hydration, as well as in the 428 
case of magnesium oxide. 429 
Results of the tests carried out in triplicate of weathered slag showed lower expansion values than 430 
in the former case, being 0.72%, 0.58% and 0.33% (Figure 10b). Some of them are higher than the 431 
indication proposed in ASTM D-2940 Standard Specification for Graded Aggregate Material 432 
(2015), which is 0.5%, for bases and sub-bases of highways and airports, but in all the cases, they 433 
are less than 1%, a limit value indicated in less exigent countries for hydraulic and bituminous 434 
concretes (WSDOT, 2015). Only one curve displayed a delayed peak at about 7 hours; in that 435 
case, an undesired anomaly during swelling record appeared, as it was demonstrated by a flat 436 
branch lasting for the further duration of the test. 437 
 438 
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 439 
Figure 10. Expansion test results carried out on: a) fresh slag samples; b) weathered slag samples. Curves 440 
are cut after 8 hours form the initial time as no further expansion occurred. 441 
 442 
Further two tests were carried out on fresh slag. Slag was dried, sieved and then placed into a 443 
mold as a sample of non-well graded pieces, made mainly of coarse particles (gap-graded 444 
sample). Subsequently, this sample was compacted in the mold, and subject to the steam flow. 445 
After testing, the resultant slag pieces were crushed and combined to fit, as much as possible, 446 
Fuller grading curve with lower maximum size of aggregate than the former test (re-crushed 447 
sample). In such way, new available specific surface was provided for further hydration, which 448 
occurred re-testing the sample. Results of this new test are reported in Figure 11: it is possible to 449 
see how slag expanded again after further crushing. Undoubtedly, the mentioned delayed 450 
hydration and carbonation of free CaO and free periclase can be activated. In ordinary condition, 451 
i.e. when slag is placed in construction works and particularly in concrete with low permeability, 452 
such long-term swelling might be neither not activated, because of the non-accessibility of moisture 453 
to secondary lime. 454 
 455 

 456 
Figure 11. Expansion test results carried out on fresh gap-graded sample, and re-crushed slag. 457 
 458 
 459 
The obtained results demonstrate the reliability and affordability of the use of electric arc oxidizing 460 
slag in construction and building after a simple stabilization treatment, by weathering at outdoor 461 
exposition. After this treatment, the potential swelling of this slag is about 0.5%, a tolerable value in 462 
most of the current standards, and considered also by the authors of this work as a reliable limit for 463 
applications in cement-based matrix. Additionally, a less restrictive limit of 1.0% can be also 464 
considered for applications in bituminous-bounded matrixes, according to authors experience. It is 465 
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worth noting how such treatment is essential in reducing potential swelling, and particularly it 466 
should be performed after the operations of crushing and sieving of the aggregates, in order to do 467 
not provide further available specific surface for potential hydration of free CaO when processed. 468 
However, many variables may be present during slag production, depending on the operating 469 
conditions inside the furnace, slag cooling, etc., which influence slag physical and chemical 470 
properties. Instead, a different behavior is expected when managing ladle furnace slag, which is 471 
also a by-product in EAF steel plants. Indeed, such slag might contain MgO quantities as higher as 472 
10%; in this case, long-term swelling represents the main obstacle for its use in civil engineering 473 
applications (Yildirim and Prezzi, 2017). Volumetric strains of 0.98% and 0.83% at about 16 474 
months of ageing have been recorded, without the evidence of developing any steady state or 475 
expansion reduction.   476 
The presence of an outstanding amount of calcite in the external surface of slag particles after 477 
weathering is a positive factor, which allows also an increase of its performance when used in 478 
hydraulic and bituminous mixes. Indeed, surface texture allows the development of the often 479 
observed excellent adhesion and compatibility of calcite with the classical binders present in civil 480 
engineering materials, i.e., bituminous products and cementitious pastes (Mehta and Monteiro, 481 
2013). 482 
5. Conclusions  483 

This work has analyzed the problem of EAFS swelling potential with a detailed approach, based 484 
both on a chemical and physical characterization of slag particles, and also on expansion tests 485 
based on steam diffusion, carried out on samples of both fresh and weathered slag. 486 
Based on the experimental evidences obtained in this work, the following conclusions can be 487 
drawn: 488 

 hydroxylation of free CaO and subsequent carbonation in presence of moisture is 489 
considered as the most relevant reaction responsible for EAFS expansion; 490 

 if hydroxylation of free CaO is controlled, i.e., if operators allow its development after a 491 
specific weathering and curing treatment, such phenomenon can even improve slag 492 
properties, due to the formation of a layer of calcite onto the slag surface; 493 

 slag surface enrichment in calcite promotes a better bond of slag particles with the matrixes 494 
where they are employed, e.g. with cement pastes and bitumen;   495 

 open porosity of slag can be filled by hydration products, resulting in a less porous 496 
aggregate, thus improving again mechanical performance; 497 

 slag re-crushing, without any subsequent dimensional stabilization treatment (e.g., water 498 
spraying) is not recommended, because it might activate again slag swelling due to the new 499 
available slag surface. 500 

 501 
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