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Abstract 14 

Ladle slag (LS) is a byproduct from the steel industry that is usually reactive on its own 15 

and hydrates towards cementitious phases when mixed with water. However, these reaction 16 

products are often metastable, leading to micro-structural changes between 7 and 30 days after 17 

mixing. To address this issue, in this experimental investigation, a new binder was designed 18 

where LS was mixed with gypsum in order to deliver an ettringite-based binder (LSG). The 19 

experimental results revealed that the dominant crystalline phase of LSG was ettringite, which 20 
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remained stable with no conversion at later stages. For better understanding of the ettringite-21 

based binder, mortar characterization, mechanical properties, and durability of LSG were 22 

investigated. LSG showed good mechanical properties and excellent freeze-thaw resistance 23 

after 300 cycles, which is comparable to other calcium sulfoaluminate cements. Therefore, as 24 

a result, the byproduct-based ettringite binder synthesized herein could offer a solution to 25 

steelmaking byproducts with a low-CO2 binder, which could be used in a wide range of 26 

applications in the construction industry. 27 
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1. Introduction 30 

Ladle slag (LS) is an industrial byproduct from steel manufacturing processes, which 31 

currently is mostly disposed to landfills or used in low-value applications [1,2]. According to 32 

a statistical report from the World Steel Association [3], 2.1–2.6 million tons of LS is produced 33 

in Europe annually, if every ton of crude steel results in 12–15 kg of unrecycled LS. LS can be 34 

used as a supplementary cementitious material or cement clinker production [4]; however, a 35 

high replacement ratio is not recommended because LS may reduce the strength of concrete 36 

[5]. Furthermore, LS often suffers from self-pulverization, which leads to several potential 37 

challenges (e.g., handling and storing difficulties) [6]. In our previous research, LS has shown 38 

promising properties as an Al-rich precursor for alkali-activated materials (AAM) [7,8]. The 39 
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alkali-activated LS attained up to 70 MPa compressive strength [7] with appropriate durability 40 

[8]. Additionally, LS has been successfully used as co-binder to produce a foam cement for 41 

energy-saving buildings [9], or as high-temperature AAM [10]. 42 

AAM is often an eco-friendly material with up to 80% lower CO2 footprint compared to 43 

the ordinary Portland cement (OPC) [11,12]. However, depending on feedstock sources and 44 

transportation costs, the cost and greenhouse gas emission of AAM can be comparable to that 45 

of typical OPC concretes [13,14]. The main sources of the CO2 emissions (and cost) in AAM 46 

are related to the production of the alkali activators (mainly sodium hydroxide and sodium 47 

silicate), including mining, treatment, and transportation of raw materials using in the 48 

manufacturing processes [15]. Suggestions have been put forward in the literature, e.g. 49 

alternative activators will contribute to decreased environmental impacts for AAM [16]. For 50 

that reason, slag cements with minimized alkali-activator content are of high interest. 51 

An interesting alternative is to use LS as a precursor for ettringite-based binders in which 52 

ettringite (𝐶3𝐴 ∙ 3𝐶𝑆̅ ∙ 32𝐻) is the main reaction product. Ettringite is formed by the reaction 53 

between solid calcium aluminate and calcium sulfate. Calcium sulfoaluminate belite cement 54 

(CSAB) and supersulfated cement (SSC), both which can be produced from byproducts, such 55 

as fly ash and blast furnace slag [17,18], are the most popular ettringite-based binders. These 56 

residue-based binders have lower CO2 emissions while offering comparative mechanical 57 

performance in comparison to OPC [17,18]. LS has been successfully used as a precursor to 58 
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produce an ettringite system through reactions with dehydrated gypsum (CaSO4) [19]. 59 

Although the material showed promising properties (e.g., appropriate setting time, good 60 

compressive strength), the preparation process was sub-optimal as it necessitated 61 

uneconomical steps, such as re-melting and rapid cooling of the slag. Furthermore, dehydrated 62 

gypsum (CaSO4) was used instead of hydrated gypsum (CaSO4·2H2O), which is available as a 63 

secondary resource. The use of hydrated gypsum reduces energy consumption in the 64 

dehydration process in comparison to dehydrated gypsum. 65 

Encouraged by a need for a new eco-friendly binder and better utilization for LS, this 66 

experimental investigation aimed to develop a novel ettringite-based binder from the hydration 67 

between LS and hydrated gypsum (CaSO4·2H2O). The binder produced here resulted from a 68 

reaction between naturally-cooled LS and hydrated gypsum. The only processing step needed 69 

was grinding of LS to similar particle size as OPC. Hence, the energy demand to produce the 70 

material was relatively low. To assess the quality of the hydrated ladle slag cements, the 71 

mechanical properties and durability of hydrated LS with and without gypsum (abbreviated as 72 

LSG and HLS, respectively) were investigated. 73 

2. Materials and Methods 74 

2.1. Materials 75 

The LS was supplied by SSAB Europe Oy (Raahe, Finland). The slag was collected at the 76 
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slag cooling pit of the company, where the material has been exposed to natural weather 77 

conditions. The chemical composition of the LS, as shown in Table 1, was analyzed by X-ray 78 

fluorescence (XRF) (PANalytical Omnian Axiosmax) at 4 kV. The free CaO measured by the 79 

method described in the standard EN 450-1 [20] was zero. After characterization, the as-80 

received LS was milled with a ball mill (TPR-D-950-V-FU-EH by Germatec, Germany) to 81 

reach a d50 value of less than 10 µm as recommend in [7]. The particle size distribution was 82 

measured by a laser diffraction technique (Beckman Coulter LS 13 320) using the Fraunhofer 83 

model [21]. Quantitative XRD (QXRD) was undertaken to determine the amorphous and 84 

crystalline content in the slag, analytical grade crystalline titanium oxide (10 wt.%) was added 85 

to the slag as internal standard. The mineralogical content of the slag is reported in Table 1 and 86 

Figure 1. It is worth noting that the polymorph of C3A is cubic; as in XRD spectra (Figure 1), 87 

there is a peak at a diffraction angle of around 33.5° [22]. 88 

Table 1. Mineralogy content (wt %) of LS measured by QXRD 89 

Oxide γ-C2S C3A C12A7 MgO Amorphous 

LS 22.6 11.5 26.9 13.0 15.9 
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 90 

Figure 1. XRD characterization of the as-received LS 91 

A commercially available gypsum (CaSO4·2H2O) supplied by VWR Finland (product code 92 

22451.360) was used as a calcium sulfate source in this study. The particle size distribution of 93 

gypsum was measured by the same equipment and technique with LS; the median particle size 94 

d50 was 11.5 µm. Furthermore, XRF was used to assess its chemical composition (see Table 2). 95 

It is expected that gypsum will react with mayenite (C12A7) in the unhydrated LS to form 96 

ettringite (𝐶3𝐴 ∙ 3𝐶𝑆̅ ∙ 32𝐻) [19]. The reaction between C12A7 and gypsum is as follow: 97 

𝐶12𝐴7 + 12𝐶𝑆̅ ∙ 2𝐻 + 137𝐻 → 4𝐶3𝐴 ∙ 3𝐶𝑆̅ ∙ 32𝐻 + 3𝐴𝐻3 (1) 

Table 2. Chemical composition (wt %) of LS measured by XRF 98 

Oxide CaO SiO2 Al2O3 Fe2O3 MgO SO3 Others 

Nomenclature C S A F - 𝑆̅ - 

LS 51.0 8.3 27.9 1.1 6.3 0.8 4.6 
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Gypsum 41.4 1.0 0.1 0.1 0.5 53.8 3.1 

Due to the fast setting properties of C12A7 in the LS, citric acid (product code C1949 by 99 

Tokyo Chemical Industry Co., Ltd., Japan) was used as a retarder to prolong the workability of 100 

the matrix. Based on preliminary results, 0.8 wt% (to water) citric acid solution was used to 101 

attain almost 1 hour before initial setting time. The anhydrous citric acid was mixed with water 102 

at roughly 300 rpm for about 20 minutes. Automatic Vicat machine (model E044N by Matest, 103 

Italy) was employed to record the setting time of the mortars complying with ASTM C191 [23]. 104 

A standard sand (DIN EN 196-1) was used in this study to prepare mortar samples. 105 

2.2. Methods 106 

2.2.1. Sample preparation and analysis 107 

The required amount of gypsum to fully complete the reaction of C12A7 was calculated to 108 

be 30 wt% using the modified Bogue equation as proposed in [19]. LS and gypsum were 109 

initially blended for 3 minutes, after which citric acid-water solution and sand were added in a 110 

5-liter mixer at low (roughly 70 rpm) and high (roughly 150 rpm) speed following EN-196 111 

[24]. Mortar samples were cast into 40 × 40 × 160 mm3 molds and vibrated for two minutes at 112 

a frequency of 1 Hz. Samples were cured in plastic bags at room temperature for 24 hours 113 

before demolding. Samples were then cured in a water bath at room temperature 114 

(approximately 23°C) until testing (7 and 28 days). The mixture composition/proportion is 115 

shown in Table 3. For HLS samples, the procedure was the same with LSG but without adding 116 
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gypsum. 117 

Table 3. Mix proportions (in gram) of the LSG and HLS 118 

ID Slag Gypsum Sand Water*
 

HLS 450 - 1350 202.5 

LSG 315 135 1350 202.5 

*water-to-binder ratio was 0.45 119 

Quantitative X-ray diffraction (QXRD) data was collected for LSG paste samples using 120 

Rigaku SmartLab 9 kW. The analysis employed Co Kα radiation (Kα1 = 1.78892 Å; Kα2 = 121 

1.79278 Å; Kα1/Kα2 = 0.5), at a scan rate of 3°/min in the range 5°-90° (2θ), and 0.02°/step. 122 

Phase identification was done using “X'pert HighScore Plus” (PANalytical software) and for 123 

the Reitveld quantitative phase analysis. Due to unidentifiable coordination, QXRD/Rietveld 124 

analysis for HLS paste sample was not possible to quantify the changes in mineralogy at both 125 

7 and 28 days. SEM observation was done for paste samples on Zeiss Sigma using a secondary 126 

electron detector with a voltage of 5–15 kV. Precisa Gravimetrics AG “prepASH automatic 127 

drying and ashing system” was used for thermogravimetric analysis (TGA-DTG). Crushed 128 

samples of similar mass were transferred to crucibles and heated from 23 to 1000 °C at 129 

10 °C/min in a nitrogen atmosphere to detect the change in mass. Isothermal calorimetry 130 

analysis was undertaken at room temperature (23 °C) for the two mixtures to study the heat 131 

evolution at early hydration times. A TAM Air instrument was used, the samples were mixed 132 
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in-situ and the measurement lasted up to 50 hours. 133 

2.2.2. Mechanical and durability tests 134 

The mechanical properties of HLS and LSG measured included flexural and compressive 135 

strength; the volume stability was also analyzed for the hardened mortar with drying shrinkage. 136 

The three-point bending and compressive strength tests, according to the standard [24], were 137 

conducted after 7 and 28 days of curing, employing a Zwick mechanical testing instrument 138 

with a load cell of 100 kN. The three-point bending test was done using force control at 0.05 139 

kN/s for two parallel samples. The compressive strength was measured by loading the halves 140 

of the prismatic bending specimens. At least four specimens were tested, and the force speed 141 

was set at 2.4 kN/s. 142 

Drying shrinkage measurements were carried out on duplicate prism samples with 143 

dimensions of 40 × 40 × 160 mm3 cured at room temperature and relative humidity of 60%, 144 

according to ASTM C596 [25]. The length measurement was carried out using a Matest E077 145 

kit length comparator at the age of 1, 3, 7, 14, 28 and 90 days after casting. The length change 146 

(LC) over time was then calculated using Equation 2. 147 

𝐿𝐶(%) =
L𝑖 − 𝐿𝑥
𝐺

× 100 (2) 

Where Li is the difference between the comparator reading and the reference bar at 3 days, Lx 148 

is the length at each curing age of the specimen and G is the nominal effective length. 149 

The freeze-thaw resistance of HLS and LSG were assessed for better understanding about 150 
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the durability of materials. This investigation used a freezing and thawing testing scheme 151 

modified according to ASTM C666 [26]. The specimens were kept half-immersed in water and 152 

half in air for up to 300 cycles. Each cycle consists of reducing the temperature of the specimens 153 

from 15 °C to -20 °C for 2 hours and maintaining at this temperature for 1 hour, and then raising 154 

it from -20 °C to 15 °C for 2 hours and maintaining this temperature for 1 hour. The residual 155 

compressive strength, weight loss and relative modulus of elasticity of HLS and LSG mortars 156 

was determined after each 60 freeze-thaw cycles. Matest ultrasonic pulse (Matest, Italy) was 157 

used to determine pulse velocity (UPV) before freeze thaw and after each 60 cycles of freeze-158 

thaw. It is worth noting that UPV has shown an acceptable correlation with the compressive 159 

strength of inorganic binders as reported in the literature [27,28]. The relative dynamic modulus 160 

of elasticity (Ed) was then calculated using Equation 3 [29,30]. 161 

𝐸𝑑 =
𝑉𝑑
2

𝑉0
2 × 100 (3) 

where Vn is the ultrasonic pulse velocity after n cycles and V0 at 0 cycles. 162 

3. Results and Discussion 163 

3.1. Phase structure and composition 164 

LSG formed mainly ettringite as its crystalline hydration product (see Figure 2) similar to 165 

CSAB and SSC [17,18]. The QXRD pattern of LSG in Figure 2a clearly shows that ettringite 166 

(AFt) is the dominant crystalline phase in the structure. In addition, LSG produced ettringite 167 
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quickly after the reaction among LS, gypsum, and water. Through Rietveld analysis, the 168 

calculated amount of ettringite produced at 7 days was determined to be roughly 34.4 wt.% of 169 

the total mineralogy of the paste. While this value slightly decreased at 28 days with an 170 

ettringite value recorded to be around 27.3 wt.% (Figure 2b). This may be probably due to the 171 

transformation of ettringite to calcium monosulfoaluminate (AFm) as further hydration occurs 172 

in the gypsum-slag mix. It is expected that the hydration of the anhydrous gypsum-slag cement 173 

would continue by reacting further with already formed ettringite to form AFm at extended 174 

hydration times [31]. This is consistent with the increased amount of AFm from 0.5 wt.% at 7 175 

days to 5.3 wt.% at 28 days in Figure 2b. Consequently, the amorphous content of LSG 176 

increases gradually from 45.6 wt.% at 7 days to 46.7 wt.% after 28 days of hydration. This 177 

analysis shows that ettringite and an amorphous hydration product are the dominant hydrated 178 

product and thus the strength-giving phase in the material. From Equation 1, one of the 179 

anticipated hydration product of the reaction between mayenite and gypsum is gibbsite (AH3). 180 

However, its detection in XRD is difficult to detect and possibly contributes to the amorphous 181 

content in the LSG sample. As in [32], AH3 could offer higher indentation modulus, hardness, 182 

and compression strength to the ettringite-based binder. 183 

On the other hand, HLS converted its hydrated products during the curing period. 184 

Diffractograms (Figure 2c) for HLS at 7 days shows dicalcium aluminate hydrate (C2AH8), and 185 

katoite (C3AH6) as the main hydration products. In high-calcium aluminate materials, the initial 186 
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hydration products are proposed to be metastable hydrates such as dicalcium aluminate hydrate 187 

(C2AH8) and also AH3 [33,34]. Due to it instability, C2AH8 crystals inevitably convert to stable 188 

hydrates (i.e., C3AH6), with a change in volume. This phenomenon led to the strength loss of 189 

the concrete at 28 days (as will be discussed in Section 3.3.1). Furthermore, the diffractograms 190 

at 28 days show a notable reduction in the C2AH8 and an increase in the intensity of katoite, 191 

which may suggest the conversion taken place. Furthermore, when this conversion occurs, 192 

there is a release of water, which is available for supplementary hydration of C12A7 or the 193 

anhydrous material in the slag [35]. Similar diffractograms of formation and reduction in peak 194 

intensity can be found in studies on high-alumina cements by Chavda et al. [36] and Adesanya 195 

et al. [37]. In addition, strätlingite existed in the diffractograms at 28 days; this may have 196 

surfaced due to the increased alkalinity of the matrix during aging/reactions, which 197 

subsequently leads to the hydration of silicon in the anhydrous or unreacted slag. In addition, 198 

by using gypsum, the system formed ettringite through the reaction with C12A7 (see Equation 199 

1), and hence eliminated the mineral conversion and related strength loss. Further identification 200 

of these hydration products and conversion process are discussed providing more details in the 201 

TGA-DTG analysis. 202 
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(c) 

Figure 2. X-ray diffraction analysis for (a) LSG (b) QXRD of LSG and (c) HLS at 7 and 28 203 

days of curing. 204 

The thermogravimetric analysis in Figure 3 helps to identify the reacted phases and the 205 

hydration products of the pastes. The analysis is consistent with the conversion mechanism of 206 
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corresponds to the decomposition of poorly crystalline AH3 [40]. It is noteworthy to know that 211 
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hydration product C2AH8, while the peak centered at 350 ○C is attributed to the stable C3AH6 215 

[40,42]. At early age, the intensity of C2AH8 peak is more profound than C3AH6. However, at 216 

28 days, the intensity of the endotherm peak of C3AH6 increased, while that of C2AH8 reduced 217 

due to the conversion of the hydrates. This behavior is fully consistent with the proposed 218 

conversion process and is in agreement with the strength reduction at 28 days, detailed in 219 

Section 3.3.1. 220 
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(b) 

Figure 3. Thermal gravimetric analysis (TGA) of LSG and HLS mortar under heating 221 

scheme to 10000C at (a) 7 days and (b) 28 days 222 

SEM was used to observe the fractured surfaces of the samples at different ages (Figure 4). 223 

LSG formed needle-like elongated crystals, which is typical of ettringite crystals’ formation in 224 

cement microstructures. Ettringite was found in the LSG with SEM observation and this was 225 

in accordance to the expectation based on Equation 1. The crystal was a stable phase, thus there 226 

were no conversion and microstructural changes. In contrast, the microstructure images of HLS 227 

confirm the conversion process when comparing the observation on fracture surface at 7 and 228 

28 days (see Figure 4b). At 7 days, the paste microstructure shows plate-like crystals, which 229 

are consistent with C2AH8 [33,43,44]. However, at 28 days, the microstructure of fracture 230 

surface for HLS contained finely shaped cubic crystals indicating C3AH6. This is in agreement 231 
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with a previous investigation on calcium aluminates cement [42]. Moreover, the microstructure 232 

appears more porous compared to HLS microstructure at 7 days. The differences between HLS 233 

and LSG, observed by SEM, is relevant with the XRD and TGA results shown in Figure 2 and 234 

3 respectively. 235 

 236 

 
(a) 

 

 

 
(b) 

 

 

Figure 4. SEM images of LSG (a) and HLS (b) after 7 (left) and 28 (right) days of curing 237 

3.2. Heat of hydration via isothermal calorimetry 238 

Isothermal calorimetry signal clearly distinguishes the heat evolved of LSG and HLS from 239 

mixing of the slag to 50 hours of hydration. Figure 5 shows the heat evolution (J/h.g) and 240 
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cumulative heat released (J/g) curves for the first 50 hours of hydration of both HLS and LSG. 241 

For HLS, two distinct peaks can be observed as early dissolution peak and later acceleration 242 

peak. The initial peak for HLS is attributed to the wetting and dissolution of LS. The intensity 243 

of this initial heat is however lower than LSG’s initial heat curve due to the combined heat 244 

evolved from gypsum with LS. After this initial peak, a short dormant period for HLS occurred 245 

and then a sharp increase to an acceleration peak with the highest peak occurring 5 hours after 246 

the start of the measurement. This high-intensity peak is attributed to the reaction of C12A7. 247 

Although C12A7 is a fast setting crystal, the hydration has, however, been retarded by the citric 248 

acid added, which contributed to the later acceleration peak starting after approximately 2 hours. 249 

 250 

Figure 5. Isothermal calorimetry measurement for heat of hydration between LSG and 251 

HLS 252 
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This heat evolution behavior indicates that the addition of gypsum had a significant effect on 254 

the hydration. The first peak was due to wetting and dissolution of gypsum-slag blends. After 255 

this initial peak, LSG experienced a longer dormant period lasting up to 8 hours because of the 256 

set retardation effects of both gypsum and citric acid in the paste. This period was then followed 257 

by a sharp acceleration that peaked at 10 hours after the start of the hydration, the heat evolved 258 

at this stage is attributed to the formation of ettringite in the gypsum-slag binder. The third peak 259 

is attributed to the second formation of ettringite. The shoulder with heat flow peak at 28 hrs 260 

of the deceleration peak is attributed to renewed dissolution of the anhydrous gypsum-slag 261 

cement, which possibly reacts with ettringite to form monosulfoaluminate. According to 262 

Quennoz [45], the third peak is suggested to be second formation of ettringite while the 263 

shoulder peak is caused by the formation of monosulfoaluminate consistent with the 264 

mineralogy in Figure 2a. In addition, the cumulative heat released curves (Figure 5) shows that 265 

LSG has the highest total heat evolved after 50 hours of hydration, which demonstrates the 266 

collective influence of gypsum addition to influencing the hydration of the LSG. 267 

3.3. Mechanical and durability properties 268 

3.3.1. Compressive and flexural strength 269 

LSG achieved considerably high compressive strength at an early age, and the compressive 270 

strength at final curing age was 35 MPa. Figure 6a shows the compressive properties of the 271 

materials. At 7 days, the compressive strength of LSG gained 30 MPa, which was 272 
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approximately 85% of the compressive strength after 28 curing days. Similarly to other 273 

ettringite-based binders [17,18], LSG is a high-early-strength cementitious binder due to the 274 

rapid development of ettringite. In addition, it is worth mentioning that the compressive 275 

strength of LSG after 28 days of curing was relatively good (i.e., 35 MPa) and, hence, could 276 

be used in structural design codes (e.g., Euro code 2 [46]). In contrast, the compressive strength 277 

of HLS reduced after 28 days of curing due to the conversion of the metastable hydration 278 

products as reported in previous sections and in [8,37]. 279 

 

(a) 

 

(b) 

Figure 6. Strength test: (a) compressive strength, (b) flexural strength at 7 and 28 days 280 

The flexural strength of LSG was approximately 4 MPa, which is comparable with the 281 

ettringite-based binder developed in [47]; there was only minor change over time (Figure 6b). 282 

In contrast, the flexural strength of HLS dropped from early to final age by roughly 40%. As 283 
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suggested in [8], a method to reduce strength loss due to mineral conversion is needed. 284 

Scrivener [48] suggested reducing the amount of water (water-to-binder ratio ≤ 0.4) to 285 

minimize the conversion rate. Another possibility that requires more energy consumption is 286 

through high temperature treatment and rapid cooling of the slag. 287 

3.3.2. Drying shrinkage 288 

The ettringite-based binder shrunk less than the hydrated LS. Figure 7 shows a comparison 289 

in drying shrinkage between HLS and LSG in the observation of 90 days. The drying shrinkage 290 

of LSG started at the early ages (3 days after casting) and stabilized from 7 days of curing 291 

onward. Similar findings were reported in the literature [49,50]. In addition, the shrinkage of 292 

LSG at 90 days was almost the same with that of 7 days, and the shrinkage level was relatively 293 

low in comparison to HLS. This behavior is in agreement with the compressive strength of 294 

LSG (see Figure 6a) where LSG formed ettringite rapidly within initial 24 hours, and 295 

eventually there were no many changes in its structure later on. On the other hand, from day 3 296 

to day 90, the shrinkage of HLS increased almost 5 times more than LSG; this might be due to 297 

the mineral conversion of the metastable hydrates to a stable hydrate during the testing period. 298 

This conversion phenomenon resulted a change in structural and volumetric properties of the 299 

concrete. The metastable hydrate (C2AH8), which was formed initially at early age, has a 300 

density (i.e., 1750 kg/m3) different from that of C3AH6 (i.e., 2520 kg/m3) [43]. This volumetric 301 

difference led to a reduction in solid volume of the concrete as reported in [43]. This 302 
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phenomenon was accompanied by releasing water, which might have evaporated during the 303 

course of the test contributing to the shrinkage values recorded. In addition, no macro or micro 304 

cracks were observed on the concrete structure during the length change analysis. Consequently, 305 

the strength loss of HLS, as discussed in section 3.3.1, is in accordance to the high shrinkage 306 

rate. However, the shrinkage value of HLS is comparable to that of activated blast furnace slag 307 

cement reported in [49]. 308 

 309 

Figure 7. Drying shrinkage of LSG and HLS cured in air at RH 65% measured until 90 310 

days 311 

LSG shows similar shrinkage behavior with other ettringite-based binders. Ettringite is 312 

typically expansive; the crystal developed inside the capillary pores and hence produced an 313 

expansive force to reduce the shrinkage. Consequently, ettringite-based binders usually have 314 

very low shrinkage. Similar findings were reported in the literature. In [51], a composition of 315 
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aluminium-rich slag with gypsum, which formed ettringite in its structure, had the lowest 316 

drying shrinkage due to the expansion tendency during early age. In [52,53], the 317 

expansion/shrinkage of ettringite-based binder could be very low or almost negligible. 318 

Therefore, in this investigation, the drying shrinkage of ettringite-based binder was in a good 319 

agreement with other binders developed in [51,52]. However, further investigations on 320 

micromechanics to understand the drying shrinkage of LSG is suggested. 321 

3.3.3. Freeze-thaw resistance 322 

After 300 freeze-thaw cycles, LSG showed much better material stability and less change 323 

in mass than HLS. Figure 8 shows the material appearance and the mass loss of both HLS and 324 

LSG after 300 cycles. LSG exhibits a great freeze-thaw resistance with just about 2% mass 325 

change after 300 cycles. On the other hand, HLS indicates an inferior durability in which the 326 

mass dropped and the shape of specimens changed significantly after 180 cycles. The 327 

appearance and mass loss of samples are consistent with the residual strength of materials as 328 

detailed in Figure 9. 329 
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(a) 

(b) 

Figure 8. Freeze-thaw test: (a) material appearance after 180 cycles and (b) mass change 330 

of LSG and HLS 331 

LSG shows a very good freeze-thaw resistance after 300 cycles (see Figure 9). After 300 332 

cycles of freeze-thaw, LSG still attained a good residual compressive strength (i.e., 30 MPa) as 333 

shown in Figure 9a; this compressive strength is satisfied with most of structure design codes 334 

(e.g., [46]). Interestingly, the residual compressive strength of LSG after 120 cycles increased 335 

by roughly 25% in comparison to the sample before aging. This is probably due to some further 336 

reactions in the ettringite system in which water came into the material through micro cracks 337 

and formed some new hydration products. After 120 freeze-thaw cycles, the compressive 338 

strength of LSG decreased slightly, but still retained approximately 30 MPa compressive 339 

strength. LSG had the residual strength after freezing and thawing as good as a fiber reinforced 340 

composite reported in [54,55] or other calcium sulfoaluminate cement [56]. In contrast, HLS 341 
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shows a very poor resistance under freeze-thaw cycles; HLS samples failed after 240 cycles. 342 

The residual compressive strength dropped significantly (lower than 10 MPa) after 180 cycles 343 

and then failed before reaching the cycles of 240. Therefore, it can be clearly seen that LSG 344 

had much better durability than HLS under freeze-thaw conditions. 345 

 

(a) 

0 60 120 180 240 300
0

10

20

30

40

50
 HLS

 LSG

number of freeze-thaw cycles

R
es

id
u

al
 c

o
m

p
re

ss
iv

e 
st

re
n

g
th

 [
M

P
a]



 

26 

 

(b) 

Figure 9. Freeze-thaw test: (a) residual compressive strength, (b) relative dynamic modulus 346 

elasticity (Ed) of LSG and HLS measured by UPV technique after freeze-thaw cycles 347 

The measurement of Ed by UPV confirms the good performance of LSG (see Figure 9b). 348 

The threshold (60%) indicates the lower limit of measurement where the concrete is deemed 349 

sub-standard and further analysis stopped [26]. The Ed of LSG generally decreased under 350 

freeze-thaw process by 15% after F300. In addition, there was no significant difference among 351 

samples from cycle 0 to cycle 240 in term of Ed; a good agreement was indicated in Figure 9a 352 

for the residual compressive strength of LSG. As for HLS, the Ed dropped sharply after 180 353 

cycles, which is also in the same trend with the residual strength of HLS. The measurement of 354 

Ed has been used as an estimation and prediction of the mechanical properties and internal 355 

damage of cement and concrete [57]. 356 
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4. Conclusions 357 

In this study, the properties of hydrated ladle slag and its modification with gypsum to form 358 

an ettringite-based binder were investigated. The experimental investigation indicated that LS 359 

can be employed effectively as a precursor for the ettringite-based binder (i.e., LSG) via 360 

hydrations between LS and gypsum. LS and gypsum can be utilized with a mass ratio of 70% 361 

and 30%, respectively, as an eco-cement. Ettringite is the main crystalline phase of the binder, 362 

providing relatively good compressive strength to LSG mortars (i.e., 35 MPa). The material 363 

was characterized by X-ray diffraction, thermogravimetric analysis, scanning electron 364 

microscope, and isothermal calorimetry to give better understanding of its mineralogical 365 

behavior. 366 

The compressive strength of LSG developed rapidly and was roughly 30 and 35 MPa at 7 367 

and 28 days of curing respectively. On the other hand, the flexural strength remained almost 368 

constant for the two curing ages. In addition, LSG showed much lower drying shrinkage than 369 

HLS and similar to other ettringite-based binders reported in the literature. Furthermore, LSG 370 

exhibited a superb freeze-thaw resistance in which the residual compressive strength after 300 371 

cycles was almost the same with the material before testing (i.e., approximately 30 MPa). In 372 

contrast, during these same strength tests periods, HLS showed reduction in strength due to the 373 

conversion of hydration products from C2AH8 to C3AH6. Moreover, HLS exhibited much 374 

higher drying shrinkage, which might lead to micro cracks in the material, and poor freeze-375 
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thaw resistance (failed in the test after 240 cycles). 376 

The produced ettringite-based binder is a low-cost cementitious material that results from 377 

a synergistic reaction between byproduct-based raw materials (LS and gypsum); > 98% of the 378 

raw materials exist as byproducts with minor additives used for set retardation. The 379 

manufacturing process, hence, requires energy mainly for the grinding of the raw materials. 380 

Consequently, the manufacturing process is economically and environmentally promising. 381 

Finally, this study provides the details and understanding of the byproduct-based ettringite 382 

binder from steel manufacturing byproducts. There is still work to be done, including whether 383 

there is conversion in LSG after a long period of time, durability of the material under 384 

aggressive environments (i.e., chloride and sulfate attack), and life-cycle assessment of the 385 

material. 386 
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