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 9 

Abstract. This paper evaluates the effect of superabsorbent polymers (SAP) on hydration and 10 

microstructure of PC-GGBS mortars. Development of autogenous shrinkage, microstructural 11 

characteristics (MIP/SEM) and compressive strength were analysed during the first 90 days. Four 12 

levels of Portland cement (PC) replacement by GGBS (0%, 25%, 50% and 75%) and two types of 13 

SAP with different water absorption capacities were considered. The results proved the efficiency 14 

of internal curing by SAPs in PC-GGBS systems due to significant reduction in autogenous 15 

shrinkage, especially for higher contents of GGBS. SAP facilitates GGBS hydration activated by 16 

portlandite; its products can be deposited into the nano pores leading to a small relative expansion 17 

of the hardened bulk volume. This process is initiated during the second week and it lasts until the 18 

sixth week. Despite increased total porosity, compressive strength of SAPs modified mortars is 19 

comparable to the reference samples for low GGBS contents in advanced ages. 20 

Keywords: Superabsorbent polymers (SAP), ground granulated blast-furnace slag (GGBS), mortars, 21 

autogenous shrinkage, microstructure. 22 

Highlights: 23 

 The higher GGBS content the higher is reduction in autogenous shrinkage by SAPs; 24 

 Precipitation of CSH (from GGBS hydration) is additionally facilitated by the availability of 25 

water-filled space provided by collapsed SAPs; 26 

 GGBS hydrated products deposited in pores below 20 nm may lead to a small relative 27 

expansion of mortar up to the end of the sixth week; 28 

 SAP does not affect compressive strength for GGBS contents up to 50% and without 29 

additional water at 90 days. 30 

Graphical Abstract. 31 
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1. Introduction 35 

The main constituents of Portland cement (PC) responsible for gain of strength over time are 36 

reactive calcium silicates. Hydration of alite (C3S) and belite (βC2S) produce mainly calcium 37 

silicate hydrates (CSH) and calcium hydroxide (CH) (Eqs. 1-2).  38 

 39 

Alite:    2𝐶3𝑆 +  11𝐻 →  𝐶3𝑆2𝐻8   +  3𝐶𝐻 (1) 

Belite:    2𝐶2𝑆 +  9𝐻 →  𝐶3𝑆2𝐻8   +  𝐶𝐻 (2) 

 40 

In cementitious materials, CSH is primarily responsible for its adhesive characteristic, creating a 41 

rigid, dense and stable skeleton. Additionally, CH can increase alkalinity and also improve 42 

densification of the interfacial transition zone. Thermodynamic modelling shows that more and 43 

more CSH and CH are formed with time until a certain level of saturation is reached. For 44 

portlandite, it is about 1000h after beginning of hydration (Fig. 1) [1]. Alteration in solid phases 45 

during PC hydration implies a decreased pore solution and formation of microstructure which 46 

determines hardened properties of concrete.  47 

 48 

 49 

 50 

 51 
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 65 

Fig. 1. Evolution of the main solid phases during the hydration of Portland cement (adapted from [1]). 66 

 67 

However, the rate and extend of reactions can be influenced by the presence of supplementary 68 

cementitious materials, such as ground granulated blast-furnace slag (GGBS) [2,3]. GGBS reaction 69 

is slower than the reaction of clinker phases, and depends on the chemical composition, fineness, 70 

glass content as well as on the composition of interacting solution [3]. The presence of GGBS 71 

slightly reduces alkali concentration (due to lower potassium and sodium contents) and pH-values 72 

(due to lower OH
-
 contents) of the blended system. Sulphur species negatively charged, such as 73 

sulphide, sulphite and thiosulfate, can additionally decrease OH
-
 concentration of the pore solution 74 

[1,4,5].  75 

GGBS presents primarily cementitious behaviour (latent hydraulic activity) but it may also show 76 

some minimal pozzolanic features (reaction with CH) [6–8]. Reactivity of GGBS requires, 77 

however, an alkaline activator to raise pH in the vicinity of the slag. This is to prevent formation of 78 

a thin Si-rich layer on the surface of its grains (during GGBS hydration), which stifles further slag 79 

reactions. Thus, PC itself shows as a suitable activator in providing CH and alkali hydroxides 80 

[9,10]. Reactivity of slag increases when more PC is present in blended system due to increased pH. 81 

Eqs. 3-4 show both GGBS reactions, where CH plays an important role in producing further CSH in 82 

a presence of water. 83 
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Hydraulic reaction:    𝐺𝐺𝐵𝑆 +  𝑤𝑎𝑡𝑒𝑟 
𝐶𝐻
→  𝐶 − 𝑆 − 𝐻 +  𝑜𝑡ℎ𝑒𝑟 𝑝ℎ𝑎𝑠𝑒𝑠 (3) 

Pozzolanic reaction:       𝐺𝐺𝐵𝑆 +  𝐶𝐻 +  𝑤𝑎𝑡𝑒𝑟 →  𝐶 − 𝑆 − 𝐻 (4) 

 85 

Nevertheless, there is still no consensus on the mechanisms controlling hydration kinetics 86 

especially beyond one day. This is due to the difficulty to quantitatively measure GGBS reaction in 87 

blended systems [3]. It is well known that at early ages (up to 30 hours) “filler effects” dominate 88 

leading to an increased, and sometimes also faster, reaction of the PC phases. This is due to more 89 

space relative to the amount of clinker (dilution effect) and increased nucleation rates [2,3,11–13]. 90 

Due to smaller number of clinker grains in a blended system, there is relatively more space for 91 

formation of hydrates in early ages and hence the degree of clinker reaction is significantly higher 92 

(than in a plain material) [11]. Thus, higher early reaction rate in GGBS systems can reflects on 93 

higher chemical shrinkage trigged by self-desiccation process [2,3,14–18]. Additionally, GGBS can 94 

refine capillary pores in blended paste and lead to a higher tensile stress generated by the water 95 

menisci during hydration processes. Due to the surface tension of water, the force of attraction 96 

between pore walls increases as water is consumed, contributing to greater shrinkage [14,18].  97 

However after the first day, there are only speculations that the degree of GGBS reaction could 98 

be limited by lack of space filled by early PC hydrated products [2]. Hydration in long term regime 99 

is mainly due to C2S (and perhaps ferrite) phases by the increment of the sheets number in the 100 

nanocrystalline regions of CSH [19]. In studies with GGBS matrices, Berodier & Scrivener [20] 101 

showed that systems with w/s (water-to-solid) ratios of 0.6 and 0.4 have similar kinetics in the first 102 

week, indicating that space does not limit reaction during early ages. Then from the 7
th

 day, reaction 103 

slows down in the lower w/s system with less space, while it continues in the higher w/s system. 104 

This effect indicates that the slowdown of high content of slag reaction is a result of lack of space in 105 

later ages. Thus, there is a minimum critical pore entry radius reached at high degrees of hydration 106 

(around 8 nm). Below that, formation of hydrates is restricted by the lack of water-filled capillary 107 

pores in later ages. Moreover, reaction of slag could suppress reaction of clinker phases, probably 108 

because of a competition for space. According to Scrivener et al [2], although there are no sufficient 109 

data on long term hydration to understand the mechanisms operating after 1 day, it is becoming 110 

clear that the amount of space available is a critical factor. 111 

Superabsorbent polymers (SAP) have a potential application as internal curing agent for concrete 112 

and mortars. Its high capacity to absorb water from fresh mix and release it over time can control 113 

autogenous shrinkage in early ages [21–28]. Additionally, when SAP collapses, it leaves behind 114 

pores that can significantly change microstructure of hardened concrete and eventually provide 115 

more room for later products deposition [29–33]. 116 

Although there are some studies related to application of SAP on PC-GGBS materials [34–38] 117 

its effects on long term hydration and their microstructure are still unclear and deficient. This paper, 118 

therefore, aims to characterize hydration development and evaluate microstructural alterations in 119 

mortars with different levels of GGBS content modified by two different types of SAPs. The 120 

analysis is carried out by relating results of autogenous shrinkage, MIP/SEM and compressive 121 

strength development during 90 days. 122 

2. Methodology 123 

Mortars with different mix proportions have been produced in the experimental programme; four 124 

levels of Portland cement (CEM I 52.5N) replacement by GGBS (0%, 25%, 50% and 75%) were 125 

adopted. Chemical analysis of CEM I [39] and GGBS [40] are presented in Table 1. 126 

 127 

Table 1 – Chemical composition of CEM I and GGBS (%). 128 

 SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O LOI 

CEM I 20.1 4.9 2.7 62.4 2.2 3.2 0.3 0.6 2.8 

GGBS 34.5 13.1 0.2 38.5 9.7 0.4 0.2 0.6 0.6 



 

 129 

Analysis of particle size distribution by using a Mastersizer laser diffractometer (air as 130 

dispersant) showed that GGBS comprises larger particles than CEM I (Fig. 2). While GGBS 131 

contained 90% of particles below 49.78 ± 0.23 µm, CEM I had the same amount under 41.55 ± 0.29 132 

µm. The mean diameters of GGBS and CEM I are shown in Fig. 2; these values were obtained from 133 

volume distribution (D[4,3]) and surface area distribution (D[3,2]). 134 

 135 
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 147 

 148 

Fig. 2. Physical characterization of CEM I and GGBS. 149 

 150 

Two types of modified polyacrylamide SAPs (provided by BASF Construction Chemicals 151 

GmbH, Trostberg, Germany) have been used in the proportion of 0.25% by mass of binder. SAP X 152 

and SAP Y had maximum water absorption capacities (WAC) in cement filtrate solution (w/c = 5) 153 

of 39 g/g and 47 g/g respectively. They were measured by the tea-bag method up to 3h (max WAC 154 

was obtained during the first 30min of testing for both SAPs) [25]. In mixing water, SAP X and 155 

SAP Y had WAC of 24 g/g and 32 g/g, respectively. They were measured based on the amount of 156 

additional water required to obtain a flow value similar to a reference mortar with w/c ratio of 0.42, 157 

i.e., 119 ± 1 mm [41–43]. Fig. 3 shows SEM micrographs of both SAPs in dry conditions; they 158 

present predominant particles sizes in the range of 30-140 µm and mode values of 95.19 ± 0.43 µm 159 

and 85.74 ± 0.23 µm for SAP X and SAP Y, respectively. 160 

 161 

  
Fig. 3. SEM micrographs of SAP X and SAP Y, respectively. 162 

 163 

Mortars have been prepared in the proportion of 1:2 (binder: sand) and with water/binder ratio 164 

(w/b) of 0.5. This w/b ratio was obtained from the additional amount of water for the SAP with the 165 

highest WAC and applied for all mortar samples. Thus, it was assumed that all mortars have an 166 

effective w/b ratio greater (or equal to) 0.42, and PC hydration would not be interrupted by lack of 167 

water in any time [41,42]. Similar w/b values were used by other authors [33,44]. Fine sand used as 168 

fine aggregate contained at least 90% of particles sizes below 0.425 mm [45]. Table 2 shows 169 
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nomenclature of mortar samples, considering type of SAP and binder content used in this 170 

experimental programme. 171 

 172 

Table 2 – Nomenclature of mortars samples. 173 

Sample 

nomenclature 

Type of  

SAP 

CEM I    

[%] 

GGBS 

[%]
 
 

R0 

- 

100 0 

R25 75 25 

R50 50 50 

R75 25 75 

X0 

SAP X 

100 0 

X25 75 25 

X50 50 50 

X75 25 75 

Y0 

SAP Y 

100 0 

Y25 75 25 

Y50 50 50 

Y75 25 75 

 174 

Autogenous shrinkage was tested by the sealed corrugated tubes method [46] (average of three 175 

specimens for each mortar) from the final setting time to 90 days, using a digital bench dilatometer. 176 

In order to identify the autogenous shrinkage tendency, representative and characteristics points 177 

were plotted and smoothly connected. Microstructural features and mechanical properties were 178 

evaluated after unsealed curing in climate chamber (T = 21 ± 2 ºC and RH = 40 ± 5%) at 7, 14, 28 179 

and 90 days. Microstructural characteristics were analysed in terms of total porosity (%) and pore 180 

size distribution (nm) using Mercury Intrusion Porosimetry (MIP) technique. Scanning Electron 181 

Microscopy (SEM) was used to characterize typical macro pores. Their diameter sizes were 182 

measured by Image-J software. Mechanical properties were verified by standard compressive 183 

strength determination method from prismatic specimens (160 x 40 x 40 mm
3
) [47]; averages of six 184 

samples for each mortar were considered. 185 

3. Results and discussions 186 

3.1 Autogenous shrinkage 187 

Fig. 4 shows results of autogenous shrinkage measurements. Overall, SAPs reduced autogenous 188 

shrinkage in mortars with and without GGBS compared to the reference samples. 189 

Mortars without SAP had the greatest values of autogenous shrinkage, clearly influenced by 190 

GGBS level: the greater GGBS content the greater was autogenous shrinkage. For all reference 191 

samples, shrinkage sharply increased in the first weeks and reduced its rate from the middle of the 192 

second month (considering sealed specimens of corrugated tubes). At 90 days, autogenous 193 

shrinkage reached approximate values of -450, -600, -750 and -900 µm/m for mortars with 0%, 194 

25%, 50% and 75% of GGBS respectively. 195 

Although relatively high w/b ratio (0.50) has been adopted in this study, significant autogenous 196 

shrinkage for the reference mortars was observed. Generally, systems with w/b ratio up to 0.42 are 197 

expected to shrink due to self-desiccation processes [41,42]. However, it depends not only on the 198 

amount of water but also on the characteristics of cement, especially chemical composition and 199 

fineness [48,49]. Autogenous shrinkage greatly depends on the contents and degree of hydration of 200 

C3A and C4AF. Also, the finer the cement particle, the greater is autogenous shrinkage; the cement 201 

fineness induces a finer porous network and hence more intense capillary effects [50,51]. Other 202 

studies has found similar autogenous shrinkage values for the reference samples with 0.5 w/b ratio 203 

[14,51].  204 

 205 



 

 206 

 207 

 208 

 209 
Fig. 4. Autogenous shrinkage development during 90 days (traced lines show autogenous shrinkage 210 

tendency). Arrows indicate relevant effects of SAP on PC-GGBS mortars. 211 
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Moreover, when GGBS is added to the mix, autogenous shrinkage is considerably increased. The 213 

higher GGBS content the greater is autogenous shrinkage, as reported in the other studies [2,14–214 

18]. This result can be attributed to the physical presence of GGBS, the so-called filler effect. First, 215 

the substitution of PC by GGBS at the same w/b ratio indicates a dilution effect. The higher GGBS 216 

proportion the lower is the amount of clinker grains. Since GGBS has lower rate of reaction, there is 217 

relatively more space for formation of the clinker hydrates at early ages. Therefore, the degree of 218 

reaction of clinker component is significantly higher than in GGBS-free material. Additionally, 219 

GGBS surfaces may act as nucleation sites for hydrates [2,11]. However, this effect is relatively 220 

minor in the present study since PC particles are finer than GGBS ones (Fig. 2). Moreover, addition 221 

of GGBS may lead to formation of finer pores, which in turn results in increased autogenous 222 

shrinkage. The smaller capillaries the higher is tensile stress triggered by water menisci between 223 

pores’ walls [14]. Thus, the increment of GGBS content can lead to formation of material, which is 224 

more prone to deformation.  225 

Addition of SAPs significantly reduced autogenous shrinkage in all mortars when compared to 226 

the reference samples. The effectiveness of SAP as an internal curing agent has been proved for 227 

plain PC materials [21–27]. SAP Y seemed to be more efficient in reduction of autogenous 228 

shrinkage that may be attributed to its higher water absorption capacity. Thus, more water is 229 

available in the system that is gradually released. As a result, mortars with SAP Y had the lowest 230 

values of shrinkage in comparison with the other samples.  231 

Moreover, GGBS level has influenced the behaviour over time and the final performance of 232 

mortars with SAP at 90 days. Firstly, the higher GGBS content the more pronounced was reduction 233 

in autogenous shrinkage by SAP, as indicated by Arrows I in Fig. 4. Secondly, for low or no GGBS 234 

content, mortars with SAP shrank in the first days (although less than the reference samples) and 235 

then either stabilized (for SAP Y) or followed in the same pace than the reference sample (for SAP 236 

X). However, a slight swelling was noticed in SAP modified mortars with higher GGBS contents 237 

(above 50%) after a maximum shrinkage around -200 and -100 µm/m for SAP X and Y, 238 

respectively (Arrows II, Fig. 4). At 75% of GGBS, specimens with both SAPs seem to reach similar 239 

values of shrinkage (below -100 µm/m) at later ages. This effect of “relative” expansion (after the 240 

maximum shrinkage is reached) seems to be more pronounced for SAP X specimens (with lower 241 

water absorption capacity). Other studies have confirmed an expansion in systems when using 242 

shrinkage reducing admixtures [35,52].  243 

Overall, mortars with SAPs and high GGBS content shrank until the second week and, after that, 244 

they started to slightly swell. This effect may be related to the beginning of GGBS hydration 245 

facilitated by the presence of SAP as water supplier in certain range of pores (as further discussed). 246 

GGBS has reacted with water and the formation of hydrated products led to the “relative” 247 

expansion of SAP mortars. When water was consumed and SAP collapsed, no significant external 248 

volume changes were noticed, and autogenous shrinkage curves had a tendency to flatten out.  249 

Moreover, GGBS reaction is directly related to the saturation of portlandite obtained from PC 250 

hydration. According to Fig. 1 [1], most of CH is formed during the first 1000h hydration (or 42 251 

days), approximately when mortars with high GGBS contents exhibited maximum relative 252 

expansion. The maximum amount of portlandite means the max activation obtained for GGBS 253 

hydration, inducing the production of further CSH (Eq. 3). The more CH, the higher is pH in the 254 

vicinity of GGBS grains, and hence the higher is the reactivity of slag. These later hydrated 255 

products fill extra spaces which were not filled by the cement hydrates due to the lack of clinker 256 

[2,53]. CH grains may also contribute to mortar expansion [52], but in a relatively minor manner. 257 

This is because in plain PC mortars, no further expansion was observed (Fig. 4). Additionally, 258 

although the amount of portlandite in PC-GGBS systems is similar or even higher than in CEM I 259 

mortars during the first days (due to this faster clinker reaction caused by filler effect), in long term 260 

the amount of CH is generally reduced [3,54,55]. 261 

On the other hand, no further swelling was observed in mortars without SAP in later ages. It can 262 

indicate that there is no sufficient amount of water (present in a specific range of pores, as further 263 

discussed) for late reaction of GGBS. In this case, GGBS can act as fine aggregate (finer than fine 264 



 

sand used) responsible for creation of large amount of finer pores (filler effect). Indeed, its double 265 

role as mineral admixture and very fine aggregate can also be noticed when analysing workability 266 

[36]; GGBS demands more water during mix preparation (for the same consistency) due to its 267 

higher capacity for absorption and adsorption compared with both cement and sand. Consequently, 268 

it increases porosity of mortars when compared to samples without GGBS. Results of 269 

microstructural analysis are discussed in Item 3.2. 270 

 271 

3.2 Microstructural characteristics 272 

GGBS addition can lead to higher total porosity due to reduction of cement content and decrease 273 

of the total volume of hydrates formed [3]. In general, the higher GGBS content the higher is total 274 

porosity (overall tendency in Fig 5). As the reaction of slag does not lead to such high increases in 275 

solid volume as does the reaction of clinker, total porosity in GGBS systems is expected to be 276 

higher than in plain PC mix [20]. 277 

 278 

 279 
Fig. 5. Results of total porosity by MIP. 280 

 281 

During the first 90 days, a general tendency of increased total porosity by SAP was noted. It was 282 

particularly evident when compared to the reference samples at 90 days. The highest total porosity 283 

values were mainly observed for the polymer with higher WAC; SAP Y was able to absorb more 284 

water from fresh mix and form larger capillary pores when it collapsed. The increment in porosity 285 

by SAP is aligned with other studies [29,44,56–58]. In an ordinary blended system (without SAP), 286 

the degree of GGBS reaction could be limited by the amount of space available to accommodate 287 

hydrated products. It seems that reaction of slag could even supress the reaction of the clinker 288 

phases due to a competition for space [2,20]. In this context, collapsed SAPs could further help 289 

GGBS products by providing, not only water, but also enough room for later CSH being deposited. 290 

Moreover, GGBS addition altered mortars microstructure and changed pore size distribution 291 

patterns. Fig. 6 shows the comparison of pore size distribution curves for samples without and with 292 

75% GGBS at the ages of 7, 14, 28 and 90 days.  293 
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Fig. 6. Unimodal and bimodal distribution for samples with 0% and 75% of GGBS, respectively. 295 

 296 

Pore size distribution curves for mortars with no or lower amount of GGBS are of unimodal 297 

shapes, with diameter range between 5-500 nm (peak around 80 nm). However, as GGBS content 298 

was increased, bimodal curves started to dominate. In particular for high GGBS content, two 299 

predominant bands were formed: one with larger pores (200-700 nm) and the other with smaller 300 

pores (below 50 nm). Firstly, the presence of larger particles of GGBS when compared to CEM I 301 

(Fig. 2) could form the band with peak around 400 nm. These larger particles could be responsible 302 

for reduction of GGBS reactivity and hence for an increase of mortars porosity. Also, GGBS can 303 

decrease total volume of hydrates formed in a blended system, increasing its porosity [3]. Secondly, 304 

GGBS can produce finer capillaries due to its filler effect [2,14]; its particles are smaller than fine 305 

sand. Also, the greater water demand in fresh mix [36] can indicate that GGBS grains absorb/adsorb 306 

more water than other dry materials. The availability of more water attached to GGBS particles 307 

could promote creation of denser network of CSH, with the predominance of pores under 50 nm of 308 
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diameter. The results showed that both models (unimodal curves for 0% of GGBS and bimodal 309 

curves for mortars with 75% of GGBS) have the same pattern for all samples studied. 310 

This GGBS capacity to produce finer pores can directly contribute to autogenous shrinkage 311 

development (Fig. 4). In smaller capillaries, the force of attraction between pore walls due to water 312 

surface tension is increased. Thus, higher tensile stress in the capillary pores (for mortars with 313 

GGBS) can result in an increased autogenous shrinkage [14]. 314 

SAPs can also modify pore size distribution in PC-GGBS mortars, as shown in Fig. 7.  315 

 316 

    

    
Fig. 7. Pore size distribution curves of mortars at 90 days. Arrows indicate relevant effects of SAP on PC-317 

GGBS mortars porosity. 318 

 319 

Overall, SAPs had a tendency to form larger capillary pores when compared to the reference 320 

samples. Arrows III (Fig. 7) indicate that pores with diameter greater than 500 nm may be formed 321 

by collapsing SAPs. In general, mortars with SAP Y created the largest pores; SAP Y absorbs more 322 

water from fresh mix, and consequently leaves behind larger voids in hardened state. This formation 323 

of larger capillaries resulted in higher total porosity of SAP Y specimens at 90 days when compared 324 

to the other samples (Fig. 5). 325 

Formation of larger voids by SAPs can also have an impact on the surface roughness as seen on 326 

SEM micrographs (Fig. 8). Macro pores and big concaves can be clearly identified in SAP samples. 327 

The higher total porosity resulting from macro pore formation in SAP containing specimens, 328 

regardless the amount of water in the mix, have been previously reported [33,44,58]. In particular, 329 

Snoeck et al. [44] found that the diameter size of macro pores was in the range of 270 ± 54 µm for 330 

PC mortars using SAPs with similar particle sizes and WAC. These values are in the same order as 331 

those showed in Fig. 8, for typical macro pores in SAP mortars at 90 days. 332 
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Fig. 8. SEM micrographs of mortars at 90 days. Higher roughness surface can be observed in samples 334 

modified by SAPs when compared to the reference samples. Typical macro pores are indicated on SAP 335 

samples.  336 

 337 

Besides producing larger pores, SAPs can also have an effect on smaller pores in mortars with 338 

high GGBS content; decreased amount of pores with diameter under 20 nm (indicated by Arrow IV, 339 

Fig. 6-7). This reduction can be attributed to the filling of pores with later GGBS hydration products 340 

that were facilitated by SAP’s water supply. Desorption of SAP is mainly controlled by osmotic 341 

pressure in early-ages. After that, there is a detachment between SAP and the pore wall (from the 342 

cement matrix). Thus, SAP remaining moisture can be released to the paste under humidity gradient 343 

(in form of vapour) for continuous curing in later stages [59]. The water stored by polymer tends to 344 

move through smaller pores since they provide more surface area for water to adhere to [60]. 345 

Indeed, there is a preference of GGBS products in precipitating into smaller pores in non-saturated-346 

water condition [61,62]. In this context, SAP Y is more efficient to provide additional water for 347 

hydration and hence the observed reduction of small pores in high GGBS mortars. On the other 348 

hand, no significant reduction was recorded for the reference sample since there was not enough 349 

water for further GGBS hydration. 350 
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As smaller pores are being filled with later hydration products, these products start to exert 351 

pressure upon the pore walls. Due to the potential lack of room for CSH precipitation, there is a 352 

“space competition” between hydrated products and hardened microstructure. Consequently, this 353 

stress leads to the “relative” expansion of the hardened bulk volume in later ages as indicated by 354 

Arrows II (Fig. 4).  355 

This outcome is in line with findings of Scrivener, Juilland & Monteiro [2]. The authors 356 

acknowledge that, despite of the lack of long-term data on GGBS hydration processes, the amount 357 

of space available may be a critical factor. Berodier & Scrivener [20] concluded that slag reaction is 358 

limited at higher replacement levels due to the lack of space in systems with w/b ratios of 0.6 and 359 

0.4. The authors showed that capillary pore space is refined in long term and is soon dominated by 360 

pores with sizes approximately between 8-16 nm. These values coincide with those found in the 361 

present paper, i.e. pores below 20 nm. Below this diameter range, cementitious reactions (GGBS 362 

and clinker phase) are limited by the lack of water-filled capillary pores at later ages. Thus, it seems 363 

that there is a space competition for filling the smaller pores with further CSH in long term [2]. 364 

Therefore, a small relative “expansion” was recorded in SAP-PC-GGBS systems.  365 

Indeed, the difference in increased mortar porosity by using different types of SAP has affected 366 

autogenous shrinkage development, especially for high GGBS content. Coming back to Fig. 4, it 367 

seems that the higher GGBS content the closer is X and Y curves. It can indicate that further 368 

external expansion is more pronounced in samples with SAP X. This is because the polymer with 369 

lower WAC creates less or smaller pores than SAP Y. Thus, any further formation of hydrated 370 

products (due to high content of GGBS) is more likely to provoke relative increase in bulk volume. 371 

On the other hand, mortars with SAP Y have higher porosity and hence they can provide more sites 372 

for nucleation of late hydration products. These products can also be deposited into the larger SAP 373 

Y capillary pores and consequently SAP Y mortars expand less than those with SAP X. In this way, 374 

although SAP Y increases porosity (produces larger pores when compared to the other samples), it 375 

more efficiently reduces autogenous shrinkage and supply more water and space for further GGBS 376 

hydration.  377 

Therefore, mechanisms of hardening process in PC-GGBS mortars modified by SAP, during the 378 

first 90 days, may be affected by saturation of CH, availability of SAP water and empty spaces for 379 

depositing hydrated products. Fig. 9 shows a schematic representation of the effect of nano pores 380 

filling on the bulk volume expansion. 381 

 382 

 383 
Fig. 9. GGBS hydration products deposited into smaller pores and its effect on bulk volume expansion. 384 

 385 

Overall, SAP addition increases total porosity in PC-GGBS mortars due to its capacity to create 386 

macro pores and larger capillaries in collapsed state. On the other hand, SAP can aid GGBS 387 

hydration, contributing to water supply for further reactions in a prolonged time (up to 90 days). 388 

The later GGBS reaction is facilitated not only by SAP water (that is adhered to smaller pores, with 389 

high surface area) but also by the presence of portlandite from PC hydration (max CH saturation is 390 



 

about 42
nd

 day). Thus, the later hydration products start to form after the second week into the 391 

smaller pores (under than 20nm) resulting in an increment of internal compressive stress. This, in 392 

turn, leads to a slight “relative” expansion of the bulk volume of SAP mortars with high GGBS 393 

contents. 394 

 395 

3.3 Compressive strength 396 

Results of compressive strength are shown in Fig. 10. In general, the higher level of replacement 397 

by GGBS the lower compressive strength. This can be related to the higher porosity observed for 398 

GGBS mortars due to its lower hydration rate compared to CEM I [3]. It has been shown that 90% 399 

of slag has reacted after 3.5 year hydration [5]. 400 

 401 

 402 
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 405 

 406 

 407 

 408 

 409 

 410 

 411 

 412 

 413 

 414 

Fig. 10. Results of compressive strength. 415 

 416 

Mortars with SAP X had a very similar performance to the reference samples. Apart from 417 

mortars with high GGBS content at 90 days, all the other samples had compressive strength values 418 

in the same order of those without polymer. It can indicate that the increment in porosity by 419 

addition of SAP X may not significantly interfere with compressive strength results, especially 420 

when lower GGBS levels are considered (up to 50%). 421 

Addition of SAP Y to the mix seemed to reduce compressive strength in the first month. 422 

However, mortars with this polymer presented comparable results to the reference samples with 423 

lower GGBS contents (up to 50%) at 90 days. As SAP X samples, mortars with 75% of GGBS 424 

modified by SAP Y also had lower values of strength in comparison to the reference sample. When 425 

results were compared over the time, a considerable gain of strength can be noticed for samples 426 

with higher GGBS contents and the polymer with higher WAC (samples Y50 and Y75). Although 427 

SAP Y has reduced compressive strength because of increased porosity (compared to the reference), 428 

it improved the rate of GGBS hydration in later ages. It seemed that GGBS hydrated products may 429 

have filled pores formed by SAP Y and significantly increased compressive strength values at 90 430 

days (compared to 28 days). 431 

Overall, it seemed that SAP may not have significant effect on mechanical properties in 432 

advanced ages for lower GGBS contents, even with increased porosity in a unimodal pore size 433 

distribution. As GGBS level is increased and its pore size distribution is changed to bimodal curves, 434 

the increase in porosity by both SAP and GGBS can be evinced by reduction in strength level. In 435 

order to keep the same compressive strength values for mortars with and without SAP, the limit 436 

level of PC replacement by GGBS should be 50%. Above this content, decrease in compressive 437 

strength takes place. 438 

 439 

 440 
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4. Conclusions 442 

From the experimental results, the following can be concluded:  443 

 Mortars with SAP can significantly reduce autogenous shrinkage, especially with higher 444 

GGBS contents. After max shrinkage (up to -200 µm/m) in the first weeks, mortars with 445 

high GGBS level modified by SAPs slightly swell due to the filling of nano pores with later 446 

hydration slag products. Further CSH is formed due to the availability of water supplied by 447 

SAP and a presence of space created by collapsed SAPs. Also, GGBS reaction is activated 448 

by CH formed in PC hydration; the max relative expansion takes place at the end of week 6, 449 

when the max amount of portlandite is formed; 450 

 Both studied SAPs are able to supply water for longer GGBS hydration. Its products can be 451 

deposited into the smaller pores (under 20 nm of diameter) formed by high contents of 452 

GGBS. It is because smaller pores have greater water affinity due to their higher surface 453 

area. SAP Y is more efficient in decreasing the number of smaller pores due to its higher 454 

capacity to absorb and also to provide water for later hydration; 455 

 Pores with diameter greater than 500 nm may be formed by addition of polymer. SAP Y, 456 

with higher water absorption capacity, is able to produce larger pores than SAP X. However, 457 

this increment of porosity by SAP does not affect compressive strength for low GGBS 458 

contents at 90 days (considering the same w/b ratio). Reduction in mechanical properties can 459 

be observed for substitution levels above 50% when compared to the reference samples; 460 

 Overall, although SAP increases total porosity in PC-GGBS mortars, it reduces autogenous 461 

shrinkage, extends GGBS hydration, and keeps the same level of compressive strength (for 462 

low GGBS contents) when compared to the reference samples with the same w/b ratios. 463 
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