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ABSTRACT 8 

GGBS is used extensively as a cement replacement material, reducing the carbon 9 

footprint of cement while potentially improving technical performance. However, 10 

standards consider hydration of slag composite cements only at 20°C. This may not 11 

be applicable for use in tropical climates. This work has investigated the impact of 12 

GGBS composition and curing temperature on the hydration, microstructure and 13 

subsequent transport properties of such composite cements. Two slags, of differing 14 

compositions, were combined with a CEM I 52.5 R at 30% replacement. Paste 15 

samples were characterised by calorimetry, TGA, XRD and SEM to follow hydration 16 

and microstructural development. Mortar samples were used to follow strength 17 

development and water transport properties. All tests were carried out at temperatures 18 

of 20 and 38°C. The higher temperature resulted in an increase in the degree of 19 

hydration of the slags, but had a deleterious impact on the microstructure. The more 20 

basic slag had higher strengths and greater degrees of hydration especially at the high 21 

temperature. The results showed that temperature had a much greater influence on 22 

the reactivity of the slags than the difference in chemical composition. 23 

Keywords: GGBS, slag composition, temperature, hydration, microstructure, slag 24 

blends 25 
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1. Introduction 26 

GGBS is a by-product from iron manufacture. The molten iron slag from the blast 27 

furnace is quenched with water or steam to produce a glassy and granular material, 28 

which is grounded to a fine powder to produce GGBS. The material has almost the 29 

same fineness and specific surface area as Portland cement [1]. The material is glassy 30 

in nature and latently hydraulic [2], and its use in mortar and concrete has been 31 

specified by various standards [3, 4]. However, the nature of the ore, composition of 32 

the limestone flux, coke consumption and the type of iron being made are factors which 33 

affect the chemical composition of GGBS [5]. 34 

The hydraulicity of GGBS depends mainly on its chemical composition, glass content, 35 

particle fineness, alkalinity of the reacting system and temperature at the early stages 36 

of hydration [6]. The hydraulicity increases with the particle fineness [7] and the glass 37 

content. Typical glass content of GGBS vary between 85 and 90% [8]. BS EN 197-38 

1:2011 [9] specifies that at least two-third of the mass of the slag must be glassy, 39 

although research data show that slag samples with as little as 30–65% glass contents 40 

are still suitable [10]. 41 

The oxides of calcium, magnesium and aluminium are known to increase the 42 

hydraulicity of GGBS, while those of silicon and manganese decrease it [11]. MgO has 43 

the same influence as CaO up to about 11% by weight [5]. Increasing the Al2O3 content 44 

to 13% and above will result in an increase in early strength and a decrease in the 45 

later strength [12]. Wang et al. [13] observed a positive correlation between the Al2O3 46 

content and the reactivity of the slags, for slags having a CaO content greater than 47 

37%. In another study by Ben Haha et al. [11, 14], it was observed that the reactivity 48 

of the slags increased with the magnesia content. As they increased the alumina 49 

content, the reactivity of the slags was reduced at early ages, but became similar at 50 



later ages beyond 28 days. However, of the three slags they studied, the CaO content 51 

of the two high alumina slag was less than 37%. For other oxides like P2O5, the 52 

influence depends on the clinker type and test age, but generally has a positive 53 

influence beyond 28 days of curing. Oxides of tin and iron, as well as sulphur, seem 54 

not to have any effect [5]. 55 

Ratios of these oxides have been used by various standards to assess the hydraulicity 56 

of a slag. For example, EN 197-1:2011 prescribes that for GGBS, the (CaO + 57 

MgO)/SiO2 ratio by mass must exceed 1 [9]. Several workers [5, 10, 15], have also 58 

suggested other oxide ratios, some of which have been shown in Table 4. However, 59 

previous studies [10, 15-17] have shown that these ratios do not necessarily give 60 

accurate prediction of a slag’s performance. More so, it becomes more complex when 61 

other factors like changes in temperature are considered. 62 

The contribution of GGBS to the heat of hydration increases with temperature, due to 63 

the accelerating effect of temperature on slag reactivity [18-21], and as a result has 64 

been reported to be very beneficial for use in hot weather concreting [5]. For example, 65 

Wu et al. [20] studied the influence of temperature on the early stage hydration of PC 66 

slag blends using isothermal calorimetry and chemical shrinkage. They used three 67 

different PC slag blends comprising of 40, 50 and 65% of slag. All three blends were 68 

hydrated at temperatures of 15, 27, 38 and 60°C. They observed th at the slag reacted 69 

more slowly than the PC component at 15°C and at an accelerated rat e at 70 

temperatures above 27°C. Substantial portions of the slag had reacted within the firs t 71 

24 hours at temperatures of 27°C and above. Similar findings were also re ported by 72 

others [22-27]. 73 

In all these studies, the issue of how changes in temperature affect the hydration 74 

process of slags of different chemical compositions was not fully explored. This will be 75 



of importance due to the widespread use of GGBS as a cementitious material in 76 

tropical climatic regions. This paper looks at how variation in chemical composition of 77 

slag coupled with a change in temperature will affect the hydration process of slag 78 

blended cements, and how this relates to the microstructure and subsequent transport 79 

properties.  80 

2. Experimental programme 81 

2.1 Materials 82 

Two slags were combined with a CEM I 52.5 R at 30% replacement level to produce 83 

slag blends designated as S1 and S2 respectively. Both slags had similar physical 84 

properties, with different chemical compositions (notably the alumina and silica 85 

contents). The oxide and phase composition of the as-received slags and cement 86 

are shown in Table 1 and Table 2 respectively. The X-ray diffraction showing the 87 

amorphous and crystalline phases and the particle size distribution of the slags are 88 

shown in Fig. 1 and Fig. 2 respectively. Other physical properties of the cementitious 89 

materials are shown in 90 



 91 

Fig. 1: XRD of the as-received slags 92 

 93 

Fig. 2: Particle size distribution of the slags 94 

Table 3. 95 
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 96 

Table 1: Oxide composition of the starting materials 97 

Property Unit CEM I 52.5 R Slag 1 Slag 2 

LOI at 950°C % 2.54 (+1.66)* (+0.40)* 

SiO2 % 19.10 36.58 40.14 

Al2O3 % 5.35 12.23 7.77 

TiO2 % 0.25 0.83 0.30 

MnO % 0.03 0.64 0.64 

Fe2O3 % 2.95 0.48 0.78 

CaO % 62.38 38.24 37.9 

MgO % 2.37 8.55 9.51 

K2O % 1.05 0.65 0.55 

Na2O % 0.05 0.27 0.36 

SO3 % 3.34 1.00 1.47 

P2O5 % 0.10 0.06 0.02 

Sum at 950°C % 99.50 99.88 99.43 

*The sample was oxidized with HNO3 before the determination of LOI 98 



Table 2: Crystalline phases of the cementitious materials 99 

Phase Unit CEM I 52.5R Slag 1 Slag 2 

Alite, C3S % 62.1   

Belite, C2S % 8.9   

Aluminate, C3A % 9.1   

Ferrite, C4AF % 8.5   

Calcite % 1.8 0.3 0.5 

Anhydrite, AH % 0.6   

Hemihydrate, HH % 2.4   

Gypsum % 1.7   

Merwinite %  <0.1 2.3 

Akermanite %  0.2 <0.1 

Illite %  0.2 <0.1 

Gehlenite %  <0.1 <0.1 

Glass content %  99.3 97.1 

Others % 5.0   

Total % 100.1 100 100 



 100 

Fig. 1: XRD of the as-received slags 101 

 102 

Fig. 2: Particle size distribution of the slags 103 
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Table 3: Physical properties of cementitious materials 104 

Property Unit CEM I 52.5 R Slag 1 Slag 2 

Density g/cm3 3.18 2.94 2.95 

Blaine m2/kg 571 449 409 

Particle size, d50 µm - 11.0 11.9 

 105 
2.2 Reactivity of the slags 106 

The basicity and activity indices shown in Table 4 have been used for the initial 107 

classification of the slags. The basicity index gives an indication of the slag’s 108 

hydraulicity while the activity index shows how the slag will contribute to strength 109 

development. The activity index is defined as the ratio (in percent) of the compressive 110 

strength of the combination (by mass) of 50% of the slag with 50% of the test cement, 111 

to the compressive strength of the test cement on its own [3]. A CEM I 52.5 R was 112 

used as the test cement. 113 

Table 4: Basicity and activity indices of the slags 114 

Basicity/ hydraulic index  

 Requirement for good 

performance 

Slag 1 Slag 2 

CaO/SiO2 1.3 – 1.4 [10] 1.05 0.94 

(CaO + MgO)/SiO2 > 1.0 [9] 1.28 1.18 

(CaO + MgO + Al2O3)/ SiO2 ≥ 1.0 [28] 1.61 1.37 

Activity index (%)  

7 day > 45% [3] 58.8 53.6 

28 day > 70% [3] 84.3 84.3 



2.3 Details of mixes and curing conditions 115 

The composite cements were prepared by blending the slags and the CEM I 52.5 R in 116 

a laboratory ball mill using plastic charges. Two blends were used for this study, each 117 

containing 30% slag and 70% CEM I 52.5 R, and designated S1 and S2 for slag 1 and 118 

slag 2 respectively. A water/binder ratio (w/b) of 0.5 was used for all mixes. Mortar 119 

samples were prepared from the blends in accordance to EN196-1:2005 [29]. Mortar 120 

prisms of 40 x 40 x 160 mm were used for compressive strength tests, while 50 mm 121 

mortar cubes were used for sorptivity tests. Cement paste samples were also prepared 122 

from the blends using the same w/b ratio of 0.5. These were used for the isothermal 123 

calorimetry, thermal analysis, and XRD and SEM studies. 124 

2.3.1 Curing at 20 and 38°C: 125 

For samples cured at 20°C, mixing and casting was done under normal lab oratory 126 

conditions (temperature of 20 ± 2°C), with samples remaining in their moulds f or one 127 

day, after which they were demoulded and cured under water at 20°C. 128 

For samples cured at 38°C, the starting materials and moulds were preconditioned in 129 

an oven at 38°C overnight. Mixing and casting was done at normal la boratory 130 

conditions. After casting, the moulds were covered with thin polythene sheets and 131 

immediately transferred to a pre-heated oven at 38°C. Samples were demoulded after 132 

1 day and subsequently cured under water in water baths maintained at 38°C.  133 

2.4 Test methods 134 

2.4.1 Isothermal calorimetry 135 

The heat flow generated during hydration was measured for cement pastes using a 136 

TAM Air 8 twin channel calorimeter. Measurements were obtained on 9 grams of 137 

cement paste for a period of 28 days at 20 and 38°C. Calorimetry wa s used 138 

qualitatively to measure the degree of reaction of the slag. This was done by replacing 139 



the slag component in the slag blends with quartz of similar fineness as the slags [30-140 

32], to determine the filler effect. This enabled the heat contribution from the slag 141 

during hydration to be separated from that of the cement. The difference between the 142 

quartz- and slag blends can be ascribed to hydration of the slag.  143 

2.4.2 BSE-SEM image analysis 144 

2 mm thick discs cut from the central portions of 14 mm 券 cylindrical hydrated cement 145 

paste samples were hydration stopped by solvent exchange in isopropanol. Samples 146 

were then resin impregnated and polished before BSE-SEM imaging using a Carl 147 

Zeiss EVO SEM. An accelerating voltage of 15 keV was used, combined with a spot 148 

size of 500. A total of 50 electron images were collected per sample at a magnification 149 

of x800 and a working distance of 8 – 8.5 mm, and were analysed to determine the 150 

degree of hydration. Magnesium elemental maps were used to distinguish between 151 

anhydrous slag and portlandite (which have a similar grey level in a BSE image) [30, 152 

32-34].  153 

The degree of hydration was determined for 7 and 28 day old samples using the 154 

expression below [30, 34]: 155 

ሻݐௌாெௌெሺܴܦ ൌ ͳ െ ሺܸ௧ሻௌெሺܸሻௌெ 
(1) 

where: 156 

ሺܸሻௌெ  volume fraction of unreacted SCM before hydration, 157 

ሺܸ௧ሻ volume fraction of unhydrated cement at hydration time t, and 158 

ሺܸ௧ሻௌெ volume fraction of unreacted SCM at hydration time t. 159 

Image analysis was also carried out on the electron images to determine the coarse 160 

porosity. The approach used was similar to that used previously [35-37]. The degree 161 



of capillary porosity was determined for 7 and 28 day old samples, cured at 162 

temperatures of 20 and 38°C. 163 

2.4.3 Unconfined compressive strength 164 

Compressive strength was determined in accordance with the procedure outlined in 165 

EN196-1:2005 [29] for mortar samples. Compressive strength was determined at 1, 7, 166 

28, 90 and 180 days. At the test date, the samples were brought out from the curing 167 

tubs and split into two halves to produce six 40 x 40 x 80 mm samples, which were 168 

used for the test. The test was performed on a Tonipact 3000 concrete cube crusher. 169 

2.4.4 Thermal analysis 170 

Simultaneous thermal analysis (STA) was carried out using a Stanton Redcroft 780 171 

series. About 15 to 18 mg of cement paste samples, whose hydration had been 172 

stopped by solvent exchange with isopropanol, were weighed and placed in an empty 173 

platinum crucible. A corresponding empty platinum crucible was used as the 174 

reference. Both the sample and the reference were heated under a nitrogen 175 

atmosphere from 20 to 1000°C at a constant rate of 10°C/min. The portl andite (CH) 176 

content was determined using the tangent method [33] and was calculated using 177 

Equation 2. The bound water content (Wn) was taken as the difference between the 178 

mass loss at 50 and 550°C, at which point it was assumed that all the pha ses 179 

containing water had fully decomposed [32]. Wn, normalized to the total mass loss at 180 

550°C was calculated using Equation 3. 181 

Ψܪܥ ൌ ௪ܪܥ ൈ ൬  ுଶை൰ (2)ܯுܯ

ܹ ൌ ൬ ହܹ െ ହܹହହܹହ ൰ ൈ ͳͲͲ 
(3) 

where: 182 

 CHw mass loss of water bound to CH 183 



 MCH molar mass of CH, taken as 74g/mol 184 

 MH2O molar mass of water, taken as 18g/mol 185 

 W550 mass loss at 550°C 186 

 W50 mass loss at 50°C 187 

2.4.5 Sorptivity 188 

Sorptivity was determined using similar methods as used by Tasdemir [38], and 189 

Gひneyesi [39]. Triplicate 50 mm mortar samples were used for the test. The samples 190 

were cured for 28 and 90 days at 20 and 38°C, after which they wer e dried to constant 191 

mass in an oven at 50°C. This process took 20 to 35 days depending on  the mix and 192 

age of the sample. After drying, the sides of the samples were coated with paraffin 193 

and weighed to obtain the initial mass before they were placed in a 5mm deep trough 194 

of water at 20°C. The sample mass es were recorded at predetermined times (1, 4, 9, 195 

16, 25, 36, 49 and 64 mins). At each of these times, the mass of water absorbed by 196 

each specimen was calculated by subtracting the initial mass from the recorded mass, 197 

and from this the sorptivity coefficient (k) can be determined using the following 198 

expression: 199 

݇ ൌ  (4) ݐξܳܣ

where: 200 

Q amount of water absorbed in m3, which was calculated by dividing the 201 

mass of the water absorbed in kg, by the density of water (1000 kg/m3) 202 

t  time in seconds 203 

A  cross-sectional area of the specimen that was in contact with the water 204 

in m2 205 

k  sorptivity coefficient in m3/m2s1/2. 206 



3. Results and discussion 207 

3.1 Unconfined compressive strength (UCS) 208 

Fig. 3 shows the development of UCS at 20 and 38°C. Curing at elevated temperature 209 

led to increased strength up to 7 days, but with minimal strength gain beyond 28 days. 210 

Ultimately, the strengths of the samples cured at 20°C were greater than tho se cured 211 

at 38°C. This is consistent with previous findings [ 24, 25, 27] and can be attributed to 212 

the effect of high temperature curing, which would result in a high initial rate of 213 

hydration and slower subsequent hydration rates [24, 40]. 214 

 215 

Fig. 3: Compressive strength for mixes made from slag 1 and slag 2 at 20 and 38°C 216 

At 20°C there was no significant difference in the UCS of the two slag blends, 217 

especially at later ages, whereas at 38°C, there was a clear distinction; with slag 1, 218 

the more basic slag, performing better than slag 2 at all ages. This implies that at the 219 

early ages, the difference in chemical composition of the slags had a greater influence 220 

on the strength performance; whereas at the later ages beyond 90 days, curing 221 

temperature had a greater influence on the strength performance of the slag blends. 222 



As was shown in Table 4, variously proposed basicity indices would predict higher 223 

strengths for the more basic slag. However, this was not so, especially at the lower 224 

temperature of 20°C. This reinforces previous findings that basicity indices are not 225 

always a good predictor of performance [15, 16, 41]. On the other hand, in agreement 226 

with the study by Otieno et al [42], the strength performance at 20°C was seen to tall y 227 

with the prediction of the activity index, which indicated that slag 1 would have better 228 

early age strength performance than slag 2, but similar later age strength performance. 229 

However, at the higher temperature of 38°C, the prediction of the basicity ind ices was 230 

seen to tally with the strength performance of the slag blends. 231 

3.2 Degree of hydration of the slags 232 

3.2.1 Heat of hydration from isothermal calorimetry 233 

The calorimetry results obtained for the paste samples are shown in Error! Reference 234 

source not found. and Error! Reference source not found.. Error! Reference 235 

source not found.a and Error! Reference source not found.b show the heat flow 236 

measured for the slag blends over the first 60 hrs of reaction at 20 and 38°C 237 

respectively, while Error! Reference source not found.c and Error! Reference 238 

source not found.d show the total heat evolved by the slag blends at 20 and 38°C 239 

respectively, for a period up to 30 days (720 hrs). Error! Reference source not 240 

found.a and Error! Reference source not found.b show the positive contribution of 241 

the slag hydration to the total heat evolution at 20 and 38°C respectively. 242 

The addition of either quartz or slag to the CEM I resulted in a slight acceleration of 243 

the alite hydration, as can be observed from Error! Reference source not found.a 244 

and Error! Reference source not found.b, where the principal exotherm for S1, S2 245 

and PC-30Q appeared slightly earlier than that for the CEM I. This can be attributed 246 

to the filler effect [31, 33, 43, 44], where during the early stages of the reaction, the 247 



lack of reaction of either the quartz or slag allow more space for clinker hydrates to 248 

form [33, 44]. 249 

 250 
Fig. 4: Heat flow measured for the slag blends at (a) 20°C and (b) 38°C, Total heat 251 

evolved by the slag blends at (c) 20°C and (d) 38°C . Mix ‘PC’ contains 100% of CEM 252 

I 52.5R, while mix ‘PC-30Q’ contains 70% CEM I 52.5R and 30% Quartz.  253 

 254 

Fig. 5: Slag contribution to total heat evolved at (a) 20°C (b) 38°C  255 



3.2.2 Impact of temperature on the heat of hydration: 256 

High temperature curing resulted in greater early-stage heat evolution. This is 257 

observed in Error! Reference source not found.c and Error! Reference source not 258 

found.d, where at 38°C the total heat curves appeared to be steeper at ea rly ages up 259 

to about 50 hrs, after which there was minimal increase. Conversely, at 20°C initial 260 

heat evolution was lower, but continued for longer. At the end of the measurement 261 

period (at about 720 hrs), the total heat evolved at 20 and 38°C was similar for each 262 

mix, indicating that the overall extent of reaction was the same. For the heat flow 263 

curves (Error! Reference source not found.a and Error! Reference source not 264 

found.b), peaks II and III corresponding to the formation of C-S-H and renewed 265 

ettringite [19, 45] are observed after about 15 hours from the start of the reaction at 266 

20°C compared to after about 7 hours at 38°C. Peaks II and III we re almost coincident 267 

at 20°C; whereas at 38°C, while both peaks appeared sooner, they also sharpened, 268 

such that there was a clear distinction between both peaks. The reason for this is 269 

because at higher temperatures, there is an increased quantity of C-S-H due to the 270 

increased rate of hydration. Also, with increasing temperature there is an increase in 271 

the amount of sulphate ions reversibly bound to the C-S-H phase, such that fewer 272 

sulphates are available to react and form AFt [46-48]. This was clearly reflected in 273 

Error! Reference source not found.b, where the intensity of peak III was much lower 274 

than that of peak II; whereas in Error! Reference source not found.a, both peaks 275 

had similar intensities. The formation of the AFm phases, which is represented by peak 276 

IV [45], was visible at 20°C, but not at 38°C. This indicates that at the hig her 277 

temperature, the AFt to AFm conversion occurred very early on such that peak IV was 278 

hidden underneath peaks II and III. This can be attributed to the accelerating effect of 279 



temperature on the early stages of hydration [46, 49], and explains the reason for the 280 

initial higher strengths observed at 38°C in Fig. 3. 281 

From Table 5, it can be seen that the maximum peak heat flow (qmax) measured for 282 

the slag blends at 38°C was about three-times that measured at 20° C, and the time 283 

taken to reach qmax at 38°C was about one-third of that at 20°C. Previous studies [ 18-284 

21] have reported that at higher temperatures, GGBS contributes more to the total 285 

heat of hydration than at lower temperatures. Indeed, from Error! Reference source 286 

not found.a and Error! Reference source not found.b, it can be seen that the 287 

contribution to the total heat from the hydration of the slags was far greater at 38°C 288 

than at 20°C. This explains the shorter times taken to reach q max at 38°C, and indicates 289 

that at 38°C the slags reacted more rapidly and contributed to the heat released in the 290 

system. However, despite the increased slag hydration at 38°C, this was not clearly 291 

reflected on the overall total heat evolved by the slag blends at 38°C, as seen at the 292 

later stages (at about 720 hrs) in Error! Reference source not found.c and Error! 293 

Reference source not found.d. This is because the total heat evolved by the neat 294 

CEM I at about 720 hrs, is greater at 20°C than at 38°C, thus masking the  increased 295 

contribution from the slag hydration at the higher temperature. This would explain why 296 

towards the later stages of the measurement, the total heat evolved from each slag 297 

blend was almost independent of temperatures. This indicates that high temperature 298 

favours the reactivity of slags more than that of clinker and is in agreement with 299 

previous findings [22, 27, 50]. Although it can be seen that the higher temperature 300 

accelerated the hydration of slag 1 more than slag 2. 301 



Table 5: Maximum peak heat flow (qmax) and time taken to reach qmax 302 

 20°C 38°C 

 qmax  

(mW/g of PC) 

Time 

(hrs) 

qmax 

(mW/g of PC) 

Time 

(hrs) 

S1 5.24 13.70 19.85 4.55 

S2 4.98 14.95 18.29 4.81 

 303 

3.2.3 Impact of slag composition on heat of hydration: 304 

Both heat flow and total heat evolution was greater for S1 (the more-basic, high 305 

alumina slag blend) than for S2 at both temperatures, and is in agreement with 306 

previous findings [51, 52]. Furthermore, the total heat evolved by S1 compared to S2, 307 

was far more at 38°C than it was at 20°C. This can be seen clearl y by comparing 308 

Error! Reference source not found.a and Error! Reference source not found.b. 309 

At both temperatures, the qmax of S1 was higher than that of S2. Since the level of 310 

replacement was the same for both mixes, the higher values of qmax obtained for S1 311 

indicates that slag 1 had a higher degree and rate of hydration. This correlates with 312 

the compressive strength results shown in Fig. 3. The reason for this can be attributed 313 

to the lower activation energy of the slag 1 blend (discussed in the next section), which 314 

is a consequence of its chemical composition. Richardson et al. [19] observed for slag 315 

blends that the reaction of the silicates and aluminates were accelerated at higher 316 

temperatures. Since slag 1 has a higher alumina content than slag 2 (as seen in Table 317 

1), the higher temperature would accelerate its reaction more than that of slag 2. 318 

3.2.4 Activation energy of the slags 319 

The activation energy of the slag blends was determined from the cumulative heat 320 

flow, by applying an Arrhenius-type equation as shown below [5, 20]: 321 



ଶݐଵݐ ൌ ݔ݁ ܴܧ ൬ ͳܶଵ െ ͳܶଶ൰ (5) 

Where t1 and t2 = time at 50% degree of hydration at temperatures T1 and T2 (in Kelvin) 322 

respectively, E = activation energy in kJ/mol, and R = gas constant taken as 8.314 JK-323 

1mol-1. 324 

Activation energies of 43.65 and 44.57 kJ/mol were obtained for slag 1 and 2 blend 325 

respectively, within the range reported for slag blends [5, 20, 24]. The activation 326 

energy of the slag 1 blend is slightly lower than that of the slag 2 blend, explaining why 327 

the accelerating effect of temperature was more pronounced on the slag 1 blend than 328 

the slag 2 blend. 329 

3.2.5 XRD analysis 330 

XRD analysis was carried out to examine the influence of temperature on hydration 331 

and phase assemblage. Fig. 6 shows a section of the XRD patterns obtained from 332 

both slag blends after hydration at 20 and 38oC for 1, 7 and 28 days. As observed by 333 

calorimetry, the high temperature accelerated the early hydration of the clinker phases. 334 

After 1 day there was no trace of C3A in the samples cured at 38°C and the peaks of 335 

C3S and C2S were much less intense than those from the samples cured at 20°C. At 336 

later ages of 7 and 28 days, the C3S and C2S peaks were of similar intensities at both 337 

temperatures. Also Fig. 6 indicated that, at both temperatures, the blends containing 338 

slag 1 contained less portlandite than those containing slag 2, thus implying that slag 339 

1 had reacted more than slag 2. This is in line with the results of the isothermal 340 

calorimetry shown in Error! Reference source not found., and will be discussed 341 

further in 3.2.7. 342 



 343 

Fig. 6: XRD patterns of paste samples showing the effect of temperature on the 344 

initial hydration of the slag blends 345 

Fig. 7 shows the impact of temperature on the evolution of the AFt and AFm phases 346 

for all the mixes at 20 and 38°C. Ettringite (E), which is the main AFt p hase had less 347 

intense reflections at the higher temperature for all the samples, as was observed by 348 

Lothenbach et al. [50]. This is because higher temperatures accelerate the conversion 349 

of AFt to AFm [46-48].  350 



 

E – Ettringite, Ms – Calcium monosulfoaluminate, Hc – Calcium hemicarboaluminate, Ht – 

Hydrotalcite, Mc – Calcium monocarboaluminate, F - Ferrite 

Fig. 7: XRD patterns of paste samples showing the effect of temperature on the 351 

evolution of the Aft and AFm phases 352 

The accelerating effect of temperature on the early hydration of C3A can also be seen 353 

from Fig. 7, where, after 1 day, the reflections due to the AFm phases 354 

(monosulfoaluminate – Ms, hemicarboaluminate – Hc, monocarboaluminate – Mc) are  355 

more prominent at 38°C than at 20°C, and supports the earlier obse rvation in the heat 356 

flow measurements (shown in Error! Reference source not found.). This indicates 357 

that the reaction of C3A occurred at a faster rate at the higher temperature. This may 358 

be due to the unavailability of sulphate ions at the higher temperature, due to 359 

increased uptake by C-S-H, inducing the reaction of C3A with water (a reaction which 360 



is known to occur at a much faster rate). Indeed, XRD patterns of 1 day old paste 361 

samples clearly showed weak reflections for gypsum at 2し angle of about 23.4° (as 362 

shown in Fig. 8). This explains why peak IV was not clearly visible at the higher 363 

temperature, as seen in the heat flow curve shown in Error! Reference source not 364 

found.b. 365 

 366 

Fig. 8: XRD patterns of 1 day old paste samples showing the depletion of gypsum 367 
(G) for samples cured at 38°C  368 

 369 

The reflection for hydrotalcite (Ht), a product of slag hydration [53-55], overlapped with 370 

that of Mc, and was more prominent after 1 day at the higher temperature, indicating 371 

that the early hydration of the slags was accelerated at the higher temperature. This 372 

correlates with the calorimetry results (Error! Reference source not found.). The 373 

reflections for Hc were more prominent in the aluminium-rich slag blend (S1) as 374 

observed by Whitaker et al. [32], and temperature did not seem to have any impact on 375 

the amount formed except at 1 day. At 38°C, Mc was formed at the expense of Ms for 376 



the slag 1 blend. For the slag 2 blend, the amount of Hc decreased progressively and 377 

was barely noticeable after 28 days especially at the higher temperature, due to the 378 

conversion of Hc to Mc. The reflections for Ms and Ht were more prominent at 38°C 379 

than at 20°C for the slag 2 blend. The higher temperature did not have a ny significant 380 

effect on the amount of Mc formed for the slag 2 blend, as compared to the slag 1 381 

blend.  382 

Overall, in terms of the hydration products formed in both slag blends, the reflections 383 

due to Ms were slightly less intense for S1 than for S2, but the reflections due to Ht 384 

and Mc were more prominent for S1 than for S2 at both temperatures, but especially 385 

at the higher temperature. This reflects the higher degree of hydration of slag 1 than 386 

slag 2 at 38°C, and possibly also the higher aluminium content of slag 1. It also  387 

correlates with the calorimetry and compressive strength results shown in Error! 388 

Reference source not found. and Fig. 3 respectively. 389 

3.2.6 BSE-SEM image analysis 390 

Table 6 shows the degree of slag hydration, as determined by BSE-SEM image 391 

analysis, of 7 and 28 day old paste samples cured at 20 and 38°C. The results followed 392 

the same trend as the calorimetry and XRD (Error! Reference source not found. 393 

and Fig. 6), where it was seen that the higher temperature increased the rate of slag 394 

hydration. The higher temperature resulted in an increase in the degree of slag 395 

hydration, especially at early age. At 7 days, the degree of hydration of slag 1 and slag 396 

2 at 38°C was greater than that of 20°C by about 14 and 11 percen tage points 397 

respectively. By 28 days, this difference had fallen to about 8 and 5 percentage points 398 

for slag 1 and slag 2 respectively. 399 

In terms of the impact of the chemical composition of the slags, the more reactive slag 400 

1 had hydrated to a greater extent than slag 2, at both ages and curing temperatures. 401 



At 20°C, the degree of hydration of slag 1 was about 8 and 11 percent age points higher 402 

than that of slag 2 at 7 and 28 days respectively; while at 38°C, this became about 11 403 

and 13 percentage points at 7 and 28 days respectively. At 38°C, as th e curing 404 

duration was increased from 7 to 28 days, the degree of hydration of slag 1 was 405 

increased by about 9 percentage points compared to about 6 percentage points for 406 

slag 2. This indicates that slag 1 responded more to the higher temperature, as was 407 

previously observed by calorimetry and XRD. 408 

Table 6: Degree of hydration (%) of the slag blends at 7 and 28 days 409 

Mix Temperature 7 day  Error 28 day  Error 

S1 20°C 39.64 1.29 54.85 1.00 

 38°C 53.29 1.12 62.40 1.01 

S2 20°C 31.81 1.84 43.76 1.55 

 38°C 42.44 1.76 48.92 1.50 

 410 

3.2.7 Portlandite and bound water content 411 

Thermal gravimetric analysis was performed to follow the development of portlandite 412 

and bound water contents over a period of 6 months. These are shown in Fig. 9 and 413 

Fig. 10 respectively.  414 



 415 

Fig. 9: Portlandite content from STA for all mixes at 20 and 38°C  416 

For both blends, the portlandite content measured after 1 day at 38°C was significantly 417 

higher than that measured at 20°C. This reflects the accelerated initial hydration o f the 418 

clinker at high temperature, as also observed by calorimetry and XRD. The portlandite 419 

content of the blends rose initially then decreased steadily over time due to its 420 

consumption during slag hydration [17, 26, 56]. This supports previous observations 421 

that slag hydration is gradual and continues for long periods [32, 33, 57]. After 7 days 422 

and beyond, the portlandite contents were lower following curing at higher 423 

temperatures than at lower temperatures, reflecting the greater degree of slag 424 

hydration. S1 had lower portlandite contents than S2 at both temperatures, with the 425 

difference being much higher at 38°C . This reflects the increased reactivity of slag 1 426 

over slag 2 at the higher temperature as observed previously by calorimetry, XRD and 427 

SEM, and explains the significant difference observed in the strength development of 428 

these two blends at 38°C (as seen in Fig. 3). 429 



 430 

Fig. 10: Bound water content from STA for all mixes at 20 and 38°C  431 

There was a steady increase in bound water content with time (Fig. 10), indicating an 432 

increase in the overall degree of hydration. The bound water content was initially 433 

higher for the samples cured at 38°C than those cured at 20°C, but was lower at later 434 

ages. Furthermore, the bound water content of the samples cured at the higher 435 

temperature did not increase much beyond 28 days. This can be attributed to the 436 

impact of high temperature curing. High temperature curing results in a high initial rate 437 

of hydration, retarding subsequent hydration [24, 40, 50]. It should be noted that the 438 

bound water content at 38°C was not corrected for any changes in th e water content 439 

of the hydrates as a function of temperature. Gallucci et al. [58] observed that the 440 

bound water content of C-S-H was reduced by about 14.5% when the temperature 441 

was increased from 5 to 60°C. If we take this into consideration at 38°C, and ignore 442 

minor contributions to the bound water content due to CH and AFt, the degree of 443 

hydration at the later ages would be similar at both temperatures, as was observed 444 

when comparing the portlandite contents. The bound water content of S1 was higher 445 



than that of S2 at both temperatures, indicating the increased reactivity of slag 1. Also, 446 

it was observed that the difference between the bound water content of S1 and S2 447 

blend was greater at 38°C than at 20°C, as was seen in the compressive strength, 448 

calorimetry, and SEM results. 449 

3.3 Pore structure 450 

3.3.1 Determination of coarse capillary porosity 451 

Fig. 11 and Fig. 12 shows selected BSE-SEM images obtained from samples cured 452 

for 7 and 28 days. The samples cured at 38°C for 7 days had a lower apparent porosity 453 

than the ones cured at 20°C . The reason for this can be attributed to the increased 454 

reactivity of the slags at 38°C as discussed previously. Anguski da Luz and Hooton 455 

[51] observed that paste samples made from super sulphated cements and cured for 456 

7 days at higher temperatures had similarly lower porosities than ones cured at lower 457 

temperatures. After 7 days (as shown in Table 6), the degree of slag hydration in the 458 

samples cured at 38°C was about 53% for slag 1 and 42% for slag 2 , compared to 459 

about 40% and 32% at 20°C. These additional hydration products at early stages  will 460 

have a pore blocking effect on the microstructure [8]. This reduced porosity at 7 days 461 

observed for the slag blends at 38°C was reflected in the strength results (Fi g. 3), 462 

where the slag blends had greater early age strengths at 38°C than at 20 °C. However, 463 

on prolonged curing for 28 days, samples cured at 38°C had greater app arent 464 

porosities than those cured at 20°C. The reason for this can also be linked to t he 465 

reactivity of the slags at 38°C. From Table 6, after 28 days there was only sli ght 466 

difference in the degree of hydration of the slags at 20 and 38°C. This, coupled with 467 

the effect of prolonged high temperature curing on the microstructure, would explain 468 

why the porosity of the samples cured for 28 days at 38°C became greate r than those 469 



cured at 20°C. This indicates that prolonged curing at the lower temperature was m ore 470 

beneficial for the microstructural development of the slag blends. 471 

 472 

Fig. 11: BSE-SEM images of 7 day old paste samples (a) S1 at 20°C (b) S2 at 20°C 473 
(c) S1 at 38°C (d) S2 at 38°C  474 



 475 

Fig. 12: BSE-SEM images of 28 day old paste samples (a) S1 at 20°C (b) S2 at 476 
20°C (c) S1 at 38°C (d) S2 at 38°C  477 

The coarse porosities, as determined from the electron images, are shown in Table 7. 478 

At 7 days, the coarse porosity of the samples cured at 38°C was about 25% low er than 479 

that of the 20°C samples but at 28 days this reversed and the coarse porosity became 480 

about 35% higher. 481 

Comparing the 2 slags, the blends prepared with slag 1 always showed a lower coarse 482 

porosity than the equivalent blend prepared with slag 2. Furthermore, the difference in 483 

performance between the 2 slags increased with increasing temperature. This 484 

correlates with the previous results and further explains why samples prepared with 485 

slag 1 had higher strengths than those prepared with slag 2.  486 



Table 7: Degree of porosity (%) of the slag blends at 7 and 28 days 487 

Mix Temperature 7 days Error 28 days Error 

S1 20°C 11.75 0.10 6.54 0.11 

 38°C 9.21 0.14 8.87 0.08 

S2 20°C 12.27 0.12 7.03 0.07 

 38°c 9.88 0.11 9.48 0.09 

 488 
3.3.2 Sorptivity 489 

Table 8 shows the sorptivity of 28 and 90 day old samples which had been cured at 490 

20 and 38°C. As was observed with coarse porosity, the sorptivities of blends prepared 491 

with slag 1 were lower than those for slag 2 blends at both temperatures. This is due 492 

to the greater degree of hydration and subsequent finer pore structure in the more 493 

reactive slag blends [59]. The 90 day sorptivity was lower than the 28 day sorptivity 494 

for both slag blends at both temperatures, thus indicating that the slags continued to 495 

hydrate thereby resulting in the formation of a denser microstructure. At 20°C, t he 28 496 

day sorptivity of S2 was about 60% higher than that of S1, but at 90 days this reduced 497 

to about 35%. This highlights the impact of prolonged curing on the microstructural 498 

development of the slag 2 blend and would explain why both slag blends had similar 499 

later-age strengths at 20°C as seen in Fig. 3 .  500 

Curing at elevated temperature resulted in a significant increase in sorptivity. At 28 501 

days, the sorptivity of both slag blends was about 90% higher in the samples cured at 502 

38°C compared to those cured at 20°C. After 90 days this difference increa sed to 503 

about 160% and 200% for S1 and S2 respectively, indicating that the high temperature 504 

curing was more detrimental to the microstructure of the less-reactive slag 2. This 505 

supports the compressive strength results and explains the lower later-age strengths 506 



observed for the samples cured at 38°C, and the larger difference observed between 507 

the compressive strengths of the slag blends cured at 38°C.  508 

Table 8: Effect of curing age and temperature on sorptivity 509 

Mix Age Sorptivity, k (m3/m2s1/2)x10-5 

  20°C 38°C 

S1 28 days 2.08 ± 0.05 3.96 ± 0.07 

 90 days 1.37 ± 0.04 3.55 ± 0.08 

S2 28 days 3.32 ± 0.09 6.36 ± 0.04 

 90 days 1.85 ± 0.07 5.60 ± 0.04 

 510 
4. Summary and conclusions 511 

This study has examined the performance and microstructure of 30% replacement 512 

slag cement blends, and looked at the combined influence of temperature and a 513 

difference in slag chemical composition. High temperature curing was seen to increase 514 

the early strength of all the mixes, but not the later strength. Beyond 28 days, there 515 

was minimal strength increase at 38°C while the samples cured at 20°C continued  to 516 

gain strength. This was attributed to the effect of high temperature curing on hydration, 517 

which would accelerate the early hydration, and slow down subsequent hydration. 518 

In terms of the strength performance of the slag blends, at 20°C both slag blends 519 

showed similar strength development, especially at later ages. Conversely, at 38°C 520 

there was a clear difference in performance, with slag 1, the more basic of the 2 slags, 521 

performing better than slag 2 at all ages. Although, the higher temperature increased 522 

the reactivity of the slags, the effect was seen to be greater on slag 1 (the more 523 

reactive slag). This was attributed to the chemical composition of slag 1 leading to a 524 



lower activation energy. The strength performance of the blends tallied with the 525 

predictions of the slag activity index and basicity index at 20°C and 38°C respectiv ely. 526 

Increased degrees of hydration are known to reduce porosity. However, the results 527 

have shown that the degree of hydration alone cannot explain porosity and transport 528 

properties. Rather, temperature has been shown to have a great impact. For all the 529 

samples studied, high temperature curing was seen to increase the degree of capillary 530 

porosity and rate of water penetration. The effect of the high temperature curing was 531 

more pronounced on the slag 2 blend. Regardless of the temperature and curing 532 

duration, the slag 1 blend had lower porosities and exhibited better transport properties 533 

than the slag 2 blend. This was attributed to the higher reactivity of slag 1. Prolonged 534 

curing at 20°C led to significant improvements in the microstructure and transp ort 535 

properties of the slag blends. However, this impact was seen to be greater for the slag 536 

2 blend. 537 

Although, it has been shown in previous studies that the reactivity of slag is greatly 538 

influenced by the chemical composition of the slag, this study has further shown that 539 

this influence is dependent on the hydration temperature. At the lower temperature of 540 

20°C, difference in chemical composition of the slags did not seem to hav e any 541 

significant impact on the strength and transport properties of the slag blends studied, 542 

especially at the later ages; whereas it did at all ages, at the higher temperature of 543 

38°C. This indicates that in hot climates, like the tropical regions, to achiev e good 544 

performance, slag blends should be prepared from slags of higher basicity or higher 545 

alumina contents. While both slags used in the study met with the requirements as 546 

specified in BS EN 197-1:2011 [9] and BS EN 15167 [3], and performed well at the 547 

lower temperature, the results clearly showed that the compositional requirements are 548 

more exacting at higher temperatures. 549 
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