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Abstract: An optimization of Portland cement (PC)-supplementary cementitious materials (SCMs) 11 

system focusing on the characteristics of hydration products is significantly important to decrease the 12 

thermal and chemical shrinkages and increase the chloride binding capacity, consequently to decline the 13 

diffusion rate of chloride into cement-based materials. In the present study, ultrafine granulated blast 14 

furnace slag (GBFS) was added into ultrafine Portland cement (PC) pastes to obtain homogenous 15 

hydration products, and then the hydration heat, chemical shrinkage, chloride binding capacity and 16 

stability of the PC-GBFS pastes were investigated. The results show that with the increase of the GBFS 17 

addition, the ultimate hydration heat of the PC-GBFS pastes increased initially and then decreased 18 

sharply, and the chemical shrinkage increased slightly with the increase of the GBFS addition. The 19 

cement pastes with 40-60% GBFS had acceptable hydration heat and chemical shrinkage, more important, 20 

its total bound chloride and non-water-soluble bound chloride increased by 24% and 177%, respectively, 21 

compared to those of Portland cement paste. Additionally, about 50% of chemically bound chloride in 22 

the form of Friedel’s salt was water-soluble chloride due to ion-exchang, and 5-20% of physically bound 23 

chloride in C-S-H was non-water-soluble chloride after desorption.  24 

Key words: Chemically bound chloride; Physically bound chloride; Chloride binding stability; Friedel’s 25 

salt; Chemical shrinkage 26 

1. Introduction 27 

Chloride-induced corrosion is regarded as the key factor influencing the durability of reinforced 28 

concrete structures exposed to chloride-rich environment, such as marine, salt lake, and salt mine areas. 29 

When the concentration of chloride surrounded the steel bar exceeds the threshold, the stable passive 30 



 

2 

layer on the steel surface is partly disrupted followed by accelerated corrosion, and the expansion due to 31 

corrosion products finally results in the cracking and spalling of the concrete cover [1]. On the one hand, 32 

the porous nature of cement paste, in terms of cracks and connected pore-network, provides migration 33 

channels for external chlorides. On the other hand, a certain proportion of chlorides penetrated into 34 

cement-based materials can be captured by the hydration products [2,3]. 35 

Early age or plastic cracking has been increasingly reported especially for cement-based materials 36 

with low water to binder (W/B) ratio [4]. Since concrete is generally well cured at early age, cracks due 37 

to moisture evaporation can be minimized. Therefore, cracks in cement-based materials are mainly 38 

attributed to thermal shrinkage dominated by hydration heat and chemical shrinkage depended on the 39 

density of hydration products [5,6], which are closely related to the characteristics of final hydration 40 

products. For Portland cement (PC), the hydration heat generally relates to its fineness, and the chemical 41 

shrinkage can be estimated by Paulini equation [7,8], as the composition of hydration products varies 42 

slightly, e.g. the composition of C-S-H phase is assigned as C1.7SH4 at early age of hydration [9]. 43 

However, due to significant differences in the hydraulic activity, fineness, chemical and mineral 44 

compositions of supplementary cementitious materials (SCMs), the characteristics of hydration products 45 

in PC-SCMs pastes vary dramatically, thus it is difficult to estimate the hydration heat and chemical 46 

shrinkage. For example, the addition of granulated blast furnace slag (GBFS) with specific surface area 47 

< 400 m2/kg reduces the hydration heat and chemical shrinkage, while opposite trend is observed when 48 
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incorporating GBFS with specific surface area > 400 m2/kg, and the ultimate hydration heat and chemical 49 

shrinkage also largely depend on the addition of GBFS [10,11]. 50 

Chloride can be bound chemically by the calcium aluminate monosulfate (AFm phase, Al2O3-Fe2O3-51 

mono) to form Friedel’s salt (𝐶3𝐴 ∙ 𝐶𝑎𝐶𝑙2 ∙ 10𝐻2𝑂) or adsorbed physically by C-S-H gel due to its large 52 

specific surface area and electrical double layer [2,12]. Notably, the bound chloride can release into pore 53 

solution when the chloride concentration of external environment is decreased [13], that is to say, the 54 

bound chloride is not stable or the chloride binding capacity is declined. The bound chloride can be 55 

further classified into water-soluble and non-water-soluble chlorides, the former can also be diffusible at 56 

a low chloride concentration environment, whereas the latter is solidified firmly and has no contribution 57 

to the chloride migration. SCMs with high Al content, typically GBFS, are used to increase the chloride 58 

binding capacity. Many researchers reported that more Al available increases the amount of AFm, results 59 

in a higher Friedel’s salt content [14,15]. Whereas others argued that the Al3+ released from GBFS is 60 

substituted for Si4+ in C-S-H gel, the C-A-S-H gel formed can adsorb more chloride due to the increased 61 

charge density [13,16]. Thus, the chloride binding mechanism is still not clarified yet. 62 

Depending on the addition, fineness, chemical composition of GBFS, the type and composition of 63 

hydration products surrounding clinker and GBFS particles present significant differences. For instance, 64 

the proportion of C-S-H gel increases and the crystal phases (such as, CH, AFt, AFm) decrease gradually 65 

with the increase of the hydration degree and the addition of GBFS [17]. Furthermore, the Ca/Si molar 66 

ratio of C-S-H gel decreases from about 1.7 to 0.8, the Al/Si molar ratio of C-S-H gel increases from 67 
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0.08 to 0.25 [9], and the density of C-S-H also increases from 2.25g/cm3 to 2.85g/cm3 [18,19], which 68 

results in a larger shrinkage and higher cracking potential. Therefore, optimizing the characteristics of 69 

hydration products of PC-SCMs system is significantly important to decrease the thermal and chemical 70 

shrinkages and increase the chloride binding capacity, consequently to decline the diffusion rate of 71 

chloride into cement-based materials.  72 

In the present study, ultrafine GBFS was added into ultrafine Portland cement pastes to obtain 73 

homogenous hydration products and minimize the influence of un-hydrated particles. The hydration heat, 74 

chemical shrinkage, and chloride binding capacity of PC-GBFS pastes were followed, and special 75 

focuses were paid on the stability of chlorides bound in C-S-H gel and Friedel’s salt by involving 76 

desorption test. The desirable characteristics of the hydration products to reduce the hydration heat and 77 

chemical shrinkage, and to improve the chloride binding capacity were defined. The results will be 78 

beneficial to the mixture design of cementitious materials from the viewpoint of hydration products, and 79 

consequently to improve chloride resistance and durability of cement-based materials that are very 80 

important in the chloride-rich environment.  81 

2. Materials and testing methods 82 

2.1 Materials 83 

The ultrafine GBFS and PC used in the present study were obtained by employing a laboratory air 84 

classifier, their chemical compositions, BET specific surface area, and specific density are listed in Table 85 

1, and the Bogue mineral composition of PC is given in Table 2. As shown in Fig. 1, the GBFS and PC 86 
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had similar particle size distribution and more than 80% of particles laid in the range of 1.0-5.0 μm. 87 

Therefore, it is expected that more GBFS and PC particles could be hydrated after 28 days curing [20,21].  88 
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Fig. 1. The particle size distributions of PC and GBFS used in the present study. 90 

 91 

Table 1. Chemical composition, BET specific surface area, and specific density of PC and GBFS used in the present 92 

study (wt%) 93 

Material PC GBFS 

SiO2 19.20 34.98 

Al2O3 4.20 12.00 

Fe2O3 2.77 0.24 

CaO 61.60 36.54 

MgO 1.84 11.42 

K2O 0.91 0.51 

Na2O 0.15 0.25 

SO3 4.41 0.66 

LOI 3.23 1.48 

Others 1.69 1.37 

BET specific surface area (m2/g) 7.05 6.08 

Specific density (g/cm3) 3.11 2.84 

Note: LOI represents loss on ignition.  94 

Table 2. Mineral composition of PC used in the present study (wt%) 95 

C3S C2S C3A C4AF CaSO4 Others 

59.99 9.87 6.45 8.42 7.50 7.77 

Note: Others includes free-CaO, alkali sulfates, and amorphous phase. 96 

2.2 Sample preparation 97 

The PC-GBFS pastes were prepared by mixing cementitious materials and deionized water 98 

homogeneously according to the mix proportions listed in Table 3, and the water-to-binder mass ratio 99 

(W/B) was kept as 0.50. To simulate the hydration of GBFS in Portland cement paste, a reference GBFS 100 

paste was prepared by 90 % GBFS and 10% CaO using 0.2mol/L NaOH solution (seen as simulated pore 101 
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solution [22,23]). The fresh pastes were cast into 20 mm×20 mm×20 mm molds and then cured at 20±1 102 

˚C and 90% relative humidity (RH) chamber for 24 h, the specimens were demoulded and cured in lime-103 

saturated water at 20±1˚C. After 27 days curing, the specimens were crashed into small pieces (about 104 

0.9~4.0 mm) and then submerged in liquid nitrogen to terminate their hydration followed by freeze-105 

drying. The dried samples were immediately placed in a 11% RH chamber with soda lime to minimize 106 

carbonation [13]. 107 

Table 3. Mix proportions of the PC-GBFS pastes 108 

Sample ID 
Proportion (wt.%) 

W/B  
Portland cement GBFS CaO 

G0 100 — — 

0.5 (Deionized water) 

G2 80 20 — 

G4 60 40 — 

G6 40 60 — 

G8 20 80 — 

G9 0 90 10 0.5 (0.2mol/L NaOH solution) 

 109 

2.3 Testing methods 110 

2.3.1 Heat evolution measurement  111 

The heat evolution of the PC-GBFS pastes with a W/B of 0.5 was followed at 25 °C using a TAM-112 

Air isothermal calorimeter according to ASTM C 1702-09 [24]. 113 

2.3.2 Chemical shrinkage measurement 114 

The chemical shrinkage of the PC-GBFS binder was measured by volumetric method at 20±1 °C. The 115 

testing procedures used were improved from ASTM C 1608 [25] by adding a magnetic stirring bar to 116 

avoid generation of internal pores, and the details were specified in the literature [26]. 117 

2.3.3 Chloride binding and desorption measurements 118 
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About 20 g freeze-dried hydrated cement paste was placed in a plastic tube containing 40 mL of 119 

Ca(OH)2 saturated-NaCl solution. The concentrations of NaCl solutions were chosen as 0.1, 0.4, 0.7, 1.0, 120 

2.0, 3.0 mol/L. The tubes were then sealed firmly to avoid carbonation and stored at 20±1 °C until no 121 

change in chloride concentration of external NaCl solution was detected within 5 days. After equilibrium 122 

adsorption, the external solution was acidified by adding 1 mL (1:1) nitric acid and then the chloride 123 

concentration was tested by potentiometric titration to avoid generating a sepia precipitation (Ag2O due 124 

to oxidation of silver ion in alkaline solution). The amount of bound chloride in the PC-GBFS pastes was 125 

regarded as the reduced chloride in the external solution after equilibrium binding isotherm, and can be 126 

calculated by: 127 

𝐶𝑏 = 35.453 × 𝑉0 × (𝐶𝑖 − 𝐶𝑙)/𝑚      (1) 128 

where, Cb is the amount of bound chloride in hydrated cement paste (mg/g); Ci and Cl are the chloride 129 

concentrations of the external solution before and after binding isotherm test (mol/L); V0 is the volume 130 

of the external solution (mL); m is the dry mass of the hydrated cement paste (g). 131 

After equilibrium binding, samples were taken out from NaCl solution and freeze-dried. Then the 132 

samples were crashed into small pieces (< 0.85 mm) and boiled in distilled water, and water-soluble 133 

chloride content was measured according to ASTM C1218 [27]. 134 

2.3.4 BET specific surface area measurement   135 

The hydrated PC-GBFS pastes were dried and ground into powder passing through 80 μm sieve. The 136 

obtained powders were outgassed in a surface area analyzer (ASAP2020N, Micromeritics instrument) at 137 
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40 °C for 6 h, and then N2 physisorption test was carried out to measure Brunauer Emmett Teller (BET) 138 

specific surface area by Eq. (2) [28].  139 

1

𝑊(𝑃0/𝑃−1)
=

1

𝑊𝑚𝐶
+

𝐶−1

𝑊𝑚𝐶
(
𝑃

𝑃0
)                                              (2) 140 

where, W is the mass of adsorbed N2 at a given relative pressure (P/P0); Wm is the mass of single layer 141 

adsorbate on the surface of cement paste; C is a constant related to the first layer adsorption capacity, 142 

indicating the interaction between adsorbate and adsorbent. 143 

The mass of single layer adsorbate (Wm) on the surface of hydrated cement paste can be calculated 144 

by Eq. (3). 145 

𝑊𝑚 =
1

𝑆+𝐼
                                                                  (3) 146 

where, S and I are the slope and intercept of adsorption lines between 1/[𝑊(𝑃0/𝑃 − 1)] and 𝑃0/𝑃 as 147 

shown in Eq. (2).  148 

Finally, the BET specific surface area of hydrated cement paste can be calculated: 149 

S =
𝑊𝑚𝑁𝐴𝑐𝑠

𝑀𝑊
                                                                          (4) 150 

where, N is Avogadro’s constant (6.023×1023/mol); M is the molecular mass of adsorbate (28.013 g/mol); 151 

Acs is the molecular cross-sectional area of adsorbate (16.2 Å2). 152 

2.3.5 Characterization methods for hydration products  153 

The hydration products and microstructure of the PC-GBFS pastes were characterized using a 154 

scanning electric microscope (SEM, Nova NanoSEM 430, 10 kV) equipped with an Oxford INCA X-155 

Max energy dispersive spectrometer (EDS). Pure compounds or oxides (wollastonite for calcium, SiO2 156 
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for silicon and oxygen, Al2O3 for aluminum, MgO for magnesium) were used as the standard sample, 157 

and ZAF corrections were also automatically performed during EDS analysis, then the Ca/Si and Al/Si 158 

molar ratios of hydration products were calculated according to elemental composition obtained by EDS 159 

point analysis on polished samples.  160 

A PANalytical X’Pert Pro MPD diffractometer using Cu Kα radiation (λ=1.54Å) was used to identify 161 

the crystalline phases in the cement pastes. The mineral composition changes were examined before and 162 

after chloride binding isotherm by comparing the X-ray diffraction (XRD) patterns of the PC-GBFS 163 

pastes. A nuclear magnetic resonance spectrometer (NMR, Bruker AVANCE digital 400 MAS) was 164 

employed to characterize the microstructure of hydration products in the PC-GBFS pastes. The 29Si NMR 165 

spectra was acquired at a spinning speed of 5k Hz, relaxation time of 5 s, single-pulse excitation with a 166 

pulse width of 6 μs, and typically 5000 scans, and the 29Si chemical shifts were referenced to those of 167 

neat trimethylsilane (TKS). The 27Al NMR spectra was obtained at a spinning speed of 13k Hz, relaxation 168 

time of 2 s, a pulse width of 0.5 μs, and 6200 scans, and the 27Al chemical shifts were referenced to those 169 

of 1.0 mol/L aqueous solution of AlCl3·6H2O. To quantify the Friedel’s salt content, thermogravimetric 170 

analysis (TGA, Netzsch STA449C F5) was carried out on the PC-GBFS pastes after chloride adsorption 171 

under heating temperature up to 1000 ºC, heat rate of 10 ºC/min, and protection flow of 50 ml/min N2. 172 

3. The hydration heat and chemical shrinkage of the PC-GBFS binder 173 

As shown in Fig. 2a, the heat evaluation peak in the range of 2-8 h was attributed to the hydration 174 

of C3A and C3S of Portland cement clinker, with a shoulder centered at about 11 h corresponded to the 175 
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formation of AFt, and a broad peak ranged from 8 h to 20 h was assigned to the hydration of GBFS. Pure 176 

Portland cement paste had a pronounced peak and a shoulder at about 5 h and 11 h, respectively, 177 

presenting significant hydration of clinker phases in Portland cement. With the increase of GBFS addition, 178 

the heat evaluation peak of clinker declined sharply, whereas the heat evaluation peak of GBFS increased 179 

dramatically. Pure GBFS paste had a much wider heat evaluation peak initiated from about 1 h and ended 180 

at approximately 200 h, while the corresponding peak was relatively narrower, indicating the hydration 181 

of GBFS concentrated in 8-24 h in the presence of CH. Generally, the hydration heat of cement pastes 182 

decreased with the increase of the GBFS addition. However, Fig. 2b indicates that the cement pastes with 183 

20% or 40% GBFS had higher ultimate hydration heat compared to the Portland cement paste, though 184 

the cement pastes with GBFS had a slower hydration heat development, particularly when large amount 185 

of GBFS was added. The cement paste with 60% GBFS had nearly equal ultimate hydration heat with 186 

the Portland cement paste, then the ultimate hydration heat reduced remarkably when the GBFS addition 187 

was further increased. It can be inferred that adding small amount of ultrafine GBFS may increase the 188 

hydration heat due to synergistic hydration of clinker and GBFS. 189 

 190 
(a) Rate of heat evaluation                             (b) Heat of hydration 191 

Fig. 2 Heat evaluation of the PC-GBFS pastes with W/B of 0.5 192 

 193 
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As shown in Fig. 3, the chemical shrinkage developed much slower with the increase of GBFS addition, 194 

while the ultimate chemical shrinkage increased gradually. When the GBFS addition was within 60%, 195 

small difference in chemical shrinkage was observed, whereas cement pastes with 80% or more GBFS 196 

had much lower early chemical shrinkage at early ages and higher ultimate chemical shrinkage. For 197 

example, the 3 days and 60 days chemical shrinkages of Portland cement were 5.93 mL/100g and 7.77 198 

mL/100g, respectively, and those of the PC-60% GBFS were 5.20 mL/100g and 8.11 mL/100g, and 199 

changed to1.07 mL/100g and 9.34 mL/100g for 100% GBFS, indicating that GBFS resulted in larger 200 

chemical shrinkage compared with Portland cement at equal hydration degree. 201 

 202 
Fig. 3 The chemical shrinkage of PC-GBFS binder at 20˚C 203 

 204 

4. Chloride binding capacity and stability of the PC-GBFS pastes 205 

4.1 Binding isotherm of the PC-GBFS pastes 206 

Fig. 4 shows the chloride binding isotherms of the PC-GBFS pastes as a function of the concentration 207 

of NaCl solution. The relationship between the amount of bound chloride (Cb) and the free chloride 208 
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concentration (Cf) can be described by Freundlich isotherm [13], and the fitting parameters are listed in 209 

Table 4. The chloride binding capacity of all PC-GBFS pastes increased with the concentration of 210 

external chloride solutions. Specifically, the bound chloride mounted up initially at low chloride 211 

concentration and then slowed down at high chloride concentration. Notably, the incorporation of GBFS 212 

was beneficial to increase the chloride binding capacity, and 40% GBFS addition led to the highest 213 

chloride binding capacity compared to other additions. 214 

 215 
Fig. 4 Chloride binding isotherms of the PC-GBFS pastes 216 

 217 

Table 4. Fitting parameters of Freundlich isotherms of the PC-GBFS pastes 218 

GBFS addition (%) 
Parameter 

R2 
α Β 

0 11.48 0.247 0.997 

20 12.69 0.280 0.992 

40 13.53 0.292 0.987 

60 13.13 0.292 0.995 

80 12.36 0.271 0.990 

 219 

4.2 Phase assemblage changes of the PC-GBFS pastes 220 

Phase assemblage changes of the PC-GBFS pastes exposed to NaCl solutions are shown in Fig. 5. 221 

As the concentration of NaCl solution increased, the intensity of diffraction peaks corresponding to 222 
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Friedel’s salt increased significantly, while the diffraction peak intensity of ettringite increased initially 223 

and then decreased afterward (Fig. 5a). The phenomenon can be attributed to that SO4
2- in AFm crystal 224 

can be substituted by Cl- and then to form ettringite in a low concentration NaCl solution [29], and 225 

ettringite decomposed to form new AFm when the original AFm has been consumed completely in a 226 

high concentration NaCl solution. In Fig. 5b, the diffraction peaks of ettringite and calcite decreased with 227 

the increase of the GBFS addition, and those of Friedel’s salt increased initially and then decreased when 228 

the GBFS addition was higher than 60%. Calcite in cement paste was attributed to the carbonation of 229 

hydration products (mainly Ca(OH)2) during sampling, and more Ca(OH)2 was consumed with the 230 

increase of GBFS addition, leading to a reduction in the Ca(OH)2 content. Though GBFS contains higher 231 

Al2O3 content that can potentially lead to more AFm phase and transform to Friedel’s salt in NaCl 232 

solution, the amount of SO4
2- available decreased with the increase of the GBFS addition, resulting in 233 

less ettringite and AFm and finally decreased amount of Friedel’s salt.  234 

 235 

(a) PC-40% GBFS pastes exposed to different NaCl solutions      (b) Cement pastes with different GBFS addition 236 
exposed to 3.0 mol/L NaCl solution 237 

Fig. 5 XRD patterns of the PC-GBFS pastes exposed to NaCl solutions 238 

 239 

4.3 Chloride binding capacity of the PC-GBFS pastes 240 



 

14 

As shown in the DTG curves (Fig. 6), the sharp weight loss in the range of 50-200ºC attributes to the 241 

water loss from C-S-H, ettringite, and Friedel’s salt (mainly 4 mol interlayer water, Eq. 5), whereas that 242 

ranged from 230 ºC to 370 ºC only relates to the loss of 6 molecule main-layer water released from 243 

Friedel’s salt as presented by Eq. 6 [30]. Commonly, weight losses in the range of 390-450 ºC and 580-244 

700 ºC correspond to the decomposition of portlandite and calcite, respectively.  245 

𝐶𝑎4𝐴𝑙2𝐶𝑙(𝑂𝐻)12 ∙ 4𝐻2𝑂
170°C
→   𝐶𝑎4𝐴𝑙2𝐶𝑙(𝑂𝐻)12 + 4𝐻2𝑂 ↑        (5) 246 

𝐶𝑎4𝐴𝑙2𝐶𝑙(𝑂𝐻)12
230−370°C
→       𝐶𝑎4𝐴𝑙2𝐶𝑙𝑂6 + 6𝐻2𝑂 ↑       (6) 247 

As shown in Fig. 6a, the weight loss at 230-370 ºC related to Friedel’s salt became more and more 248 

pronounced with the increase of chloride concentration, whereas the weight loss due to decomposition 249 

of CH became less pronounced. With the increase of the chloride concentration, the weight loss assigned 250 

to 6 molecule main-layer water released from Friedel’s salt increased gradually. In contrast, the weight 251 

loss assigned to Friedel’s salt increased and then declined with the increase of GBFS addition, and it can 252 

be inferred that the cement paste with 40% GBFS had highest Friedel’s salt content as shown in Fig. 6b.  253 

 254 
(a) PC-40% GBFS pastes exposed to different NaCl solutions     (b) Cement pastes with different GBFS addition 255 

exposed to 3.0 mol/L NaCl solution 256 
Fig. 6 DTG curves of the PC-GBFS pastes exposed to NaCl solutions 257 

 258 
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The weight loss in the range of 230-370 ºC was calculated and then calibrated based on the DTG 259 

curves of the PC-GBFS pastes without immersion in NaCl solution, then the content of Friedel’s salt in 260 

the PC-GBFS pastes was calculated according to Eq. 7 [31]:  261 

𝑤𝐹𝑠 =
𝑀𝐹𝑠

6×𝑀𝑤
𝑤𝑤 =

𝑀𝐹𝑠

6×𝑀𝑤
∙ 𝑆𝑤           (7) 262 

where, wFs is the content of Friedel’s salt in cement paste (wt.%), ww is the weight loss of 6 molecule 263 

main-layer water released from Friedel’s salt (wt.%), Sw is the integral area of the peak in the range of 264 

230-370 ºC in DTG curves (%), MFs and Mw are the molar masses of Friedel’s salt (561.3 g/mol) and 265 

H2O (18.02 g/mol), respectively.  266 

For cement paste with 40% GBFS, the Friedel’s salt content increased from 3.22% to 10.65% with the 267 

increase of chloride concentration (Table 5). After adsorption in 3.0 mol/L NaCl solution, the Friedel’s 268 

salt content in pure Portland cement paste was 3.6%, and increased to 10.65% for the cement paste with 269 

40% GBFS. The content of Friedel’s salt, however, reduced to 5.51% when 80% GBFS was added into 270 

cement paste, which was consistent with the results of XRD analysis (Fig. 5). 271 

 272 

Table 5. The Friedel’s salt content in the PC-GBFS pastes calculated based on the weight loss in the range of 230-273 
370 ºC  274 

Chloride concentration 

(mol/L) 
Friedel’s salt content (%) Ca(OH)2 content (%) CaCO3 content (%) 

0.1 3.22 1.78 3.60 

0.4 4.87 1.48 3.48 

0.7 6.70 1.14 3.23 

1.0 7.55 1.35 3.53 

2.0 9.52 0.67 3.46 

3.0 10.65 0.55 2.01 

GBFS addition (%) Friedel’s salt content (%)   

0 3.60 5.86 7.89 

20 6.57 2.07 5.80 

40 10.65 0.55 2.01 

60 9.69 0.42 0.63 

80 5.51 0.50 0.26 

275 
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4.4 Chloride binding stability of the PC-GBFS pastes 276 

To evaluate the stability of bound chloride, desorption test was carried out on the PC-GBFS pastes 277 

after equilibrium binding in 3 mol/L NaCl solution. Table 6 indicates that more than 60% of bound 278 

chloride in all PC-GBFS pastes is water-soluble chloride, which can be released into water. Notably, 279 

only 13.8% of bound chloride (2.05 mg/g) was non-water-soluble chloride for pure Portland cement paste, 280 

whereas the non-water-soluble chloride content of the cement paste with 40% GBFS was 7.51 mg/g, 281 

contributing to 40.61% of total bound chloride. Although the total bound chloride of the cement paste 282 

with 40% GBFS was only increased by 24% compared with that of Portland cement paste, the amount 283 

of non-water-soluble chloride was increased by 266%, which might lead to significant improvement of 284 

chloride resistance when cement-based materials exposed to chloride-rich environments. Additionally, 285 

the amount of non-water-soluble chloride was obviously less than the amount of chemically bound 286 

chloride calculated based on the DTG curves, illustrating that partial of chemically bound chloride may 287 

be released when exposed to water or low chloride concentration solution [2,29]. 288 

 289 
Table 6. The distribution of bound chloride in the PC-GBFS pastes after equilibrium adsorption in 3 mol/L NaCl 290 
solution 291 
Sample 

ID 

Total bound chloride 

(mg/g) 

Water-soluble chloride 

(mg/g) 

Non-water-soluble 

Chloride (mg/g) 
Solidification ratio (%) 

G0 14.88 12.83 2.05 13.8 

G2 17.34 12.39 4.95 28.6 

G4 18.50 10.99 7.51 40.6 

G6 17.99 11.54 6.45 35.9 

G8 16.70 12.40 4.30 25.8 

From the DTG curves (Fig. 7) of the PC-GBFS pastes after desorption, the weight loss peak at 230-292 

370 ºC related to Friedel’s salt became less pronounced for all PC-GBFS pastes, indicating that partial 293 

of chloride in Friedel’s salt may be released, or the Friedel’s salt is not stable when the chloride 294 

concentration of external solutions reduced. The reason may lies in that the nature of Friedel’s salt is a 295 
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kind of layered double hydroxides, like hydrotalcite, the anions in the interlayer of Friedel’s salt can be 296 

substituted to form monosulfoaluminate, or monocarbonaluminate [29].  297 

 298 

Fig. 7 DTG curves of the PC-GBFS pastes after desorption in distilled water 299 

 300 

Generally, a proportion of bound chloride is existed in terms of Friedel’s salt, and the rest bound 301 

chloride is physically adsorbed on the surface of C-S-H gel. These two forms of bound chloride, in terms 302 

of chemically bound chloride and physically bound chloride, are further classified according to Eq. 8 and 303 

9. 304 

𝐶𝐹𝑠 =
2𝑀𝐶𝑙×10

𝑀𝐹𝑠
𝑤𝐹𝑠                    (8) 305 

𝐶𝐶 = 𝐶𝑏 − 𝐶𝐹𝑠              (9) 306 

where, Cb is the amount of total bound chloride (mg/g), CFs is the amount of chemically bound chloride 307 

(mg/g), CC is the amount of physically bound chloride (mg/g), MCl is the molar mass of chloride (35.45 308 

g/mol).  309 
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By comparing the amount of bound chlorides before and after desorption as shown in Fig. 8, the 310 

stability of chemically and physically bound chlorides was clarified. 5~20% of physically bound chloride 311 

still existed in the hydrated PC-GBFS pastes after desorption in water, presenting about 80~95% of 312 

physically bound chloride was water-soluble chloride (Fig. 9). In contrast, about 35-50% of chloride in 313 

the form of Friedel’s salt was measured after desorption in water, suggesting that 50~65% of chemically 314 

bound chloride was released in water. In other words, the major part of non-water-soluble chloride was 315 

from chemically bound chloride in the form of Friedel’s salt, the rest (10-25%) was contributed by 316 

physically bound chloride adsorbed by C-S-H. The amount of non-water-soluble chloride in the cement 317 

paste with 40% GBFS was 7.51 mg/g, which was 3.66 times higher than that of pure Portland cement 318 

paste (2.05 mg/g in Fig. 8), indicating significant improvement in chloride binding capacity. It can be 319 

inferred that the chloride resistance of the cement pastes with 40~60% GBFS can be enhanced 320 

dramatically, as much more chloride can be firmly solidified in hydration products, then the migration 321 

rate of chloride into the internal paste reduces effectively. 322 

 323 

Fig. 8 The amount of chemically and physically bound chlorides of the PC-GBFS pastes before (left column) 324 
and after (right column) desorption 325 



 

19 

 326 

Fig. 9 Proportion of non-water-soluble chloride in chemically and physically bound chlorides 327 

 328 

5. The characteristics of hydration products in the PC-GBFS pastes 329 

Since ultrafine Portland cement and ultrafine GBFS were used, the PC-GBFS pastes had high 330 

hydration degree after 28 days curing (>85%) according to previous investigation [32], then hydration 331 

products were characterized to clarify the influence of GBFS. 332 

5.1 BET specific surface area  333 

As shown in Fig. 10, the BET specific surface area of the hydrated cement pastes increased linearly 334 

with the increase of the GBFS proportion. For instance, pure Portland cement paste had a specific surface 335 

area of 54.7 m2/g, whereas that of the cement paste with 80% GBFS was up to 146.4 m2/g, indicating 336 

that hydration products of the PC-GBFS pastes had a larger internal specific surface area, which might 337 

lead to a larger chloride binding capacity.  338 
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 339 
Fig. 10 BET specific surface area of the hydrated cement pastes with GBFS 340 

 341 

5.2 The Ca/Si and Al/Si molar ratios of hydration products  342 

The Ca/Si and Al/Si molar ratios of hydration products were calculated based on the EDS results of 343 

more than fifty spot-analyses of the polished PC-GBFS pastes. As shown in Fig. 11, with the increase of 344 

GBFS addition in the PC-GBFS pastes, the Ca/Si molar ratio of hydration products declined, whereas 345 

the Al/Si molar ratio increased linearly. The phenomenon can be attributed to that the hydration of GBFS 346 

consumed considerable amount of Ca(OH)2 to form C-S-H gel with lower Ca/Si molar ratio and higher 347 

Al/Si molar ratio, as Si in the main chain of C-S-H gel was substituted by Al originated from GBFS to 348 

form C-A-S-H gels, resulting in a larger chloride binding capacity due to higher binding site density for 349 

chloride [33,34].  350 

 351 
Fig. 11 The Al/Si and Ca/Si molar ratios of hydration products in the PC-GBFS pastes 352 
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 353 

5.3 The main chain of C-S-H gel 354 

Changes in the main chain of C-S-H gel is evaluated by solid state NMR spectra. The peak around -355 

75 ppm in 29Si spectra represents Q0 silicate tetrahedron in the form of C3S and C2S as shown in Fig. 12, 356 

and the broad band from -76 to -82 ppm is also the resonance peak of Q0 silicate tetrahedron in residual 357 

GBFS. Q1 and Q2 present the end-chain silicate tetrahedron and middle-chain silicate tetrahedron, 358 

respectively. And the Q2 peak can be further classified into Q2B, Q2P and Q2(1Al), which are bridging 359 

silicate tetrahedron, paired silicate tetrahedron, and bridging silicate tetrahedron with substitution of Al 360 

for Si, respectively [35]. With the increase of GBFS addition, the intensity of Q0 peak related to C2S and 361 

C3S decreased sharply, while the broad peak assigned to GBFS increased slightly. More importantly, the 362 

peak from -80 to -90 ppm became more pronounced with the increase of GBFS addition, indicating a 363 

higher proportion of Q2 and a decreased amount of Q1. Therefore, the chain structure of hydration 364 

products in cement paste with GBFS was fairly different from that in PC, as abundant Al from GBFS 365 

was incorporated into C-S-H gel [36].  366 
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 367 
Fig. 12 The 29Si MAS NMR spectra of the hydrated PC-GBFS pastes 368 

 369 

According to the location of Qn, a peak-fit process was carried out on the NMR spectra (Fig. 13), the 370 

amount of Qn was quantified and then the mean chain length (MCL) of C-S-H gel was calculated by Eq. 371 

10. 372 

MCL =
2

𝑄1

𝑄1+𝑄2

=
2

𝑄1

𝑄1+𝑄2(0𝐴𝑙)+
3
2
𝑄2(1𝐴𝑙)

=
2

𝑄1

𝑄1+𝑄2𝐵+𝑄2𝑃+
3
2
𝑄2(1𝐴𝑙)

           (10) 373 

 374 

 375 
(a) Portland cement paste                                          (b) PC-80% GBFS paste 376 

Fig. 13 Peak-fit process of 29Si NMR spectra of PC and PC-80% GBFS pastes 377 

 378 

Fig. 14 shows the MCL of C-S-H gel increased with the increase of GBFS proportion. While the rising 379 

rate slowed down when GBFS exceeded 60 wt.%. Notably, the MCL of C-S-H gel in the cement paste 380 
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with 80% GBFS was as high as 8.5, indicating that the Al introduced by GBFS mainly substitutes for the 381 

Si on the main chain of C-S-H gel and consequently increases the MCL of C-S-H gel.  382 

 383 
Fig. 14 The MCL of C-S-H gel in the hydrated PC-GBFS pastes 384 

 385 

In 27Al spectra (Fig. 15), the coordination number of Al in hydration products is mainly 4 (Al[IV]), 5 386 

(Al[V]) and 6 (Al[VI]), presenting its different roles. Al[IV] exists in the main chain of C-A-S-H gel 387 

instead of silica tetrahedron [37], Al[V]  only exists at the end, in the interlayer, or on the surface of C-388 

S-H gel, while Al[VI] represents Al in the structure of ettringite and AFm. As shown in Fig. 15, Al 389 

mainly existed as Al[VI] in the hydration products of pure PC paste, whereas Al[IV] was gradually 390 

predominated in the hydration products of the PC-GBFS pastes with the increase of the GBFS proportion. 391 

The finding was consistent with the pronounced Q2 (1Al) resonance in 29Si MAS NMR spectra, as most 392 

of Al from GBFS was incorporated into C-S-H gel rather than to form AFm or ettringite (identified by 393 

XRD (Fig. 5) and EDS (Fig. 11) results). 394 
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 395 

Fig. 15 The 27Al MAS NMR spectra of hydrated PC-GBFS pastes 396 

 397 

Table 7. The proportion of Al with different coordination number in the hydrated PC-GBFS pastes 398 

GBFS addition Total Al content (%) Absolute content (%) Relative content (%) 

Al[IV] Al[V] Al[VI] Al[IV] Al[V] Al[VI] 

0% 4.45 0.49 1.10 2.86 10.99 24.77 64.24 

20% 8.62 3.05 1.72 3.85 35.37 19.99 44.64 

40% 10.25 4.88 1.73 3.72 44.51 17.86 37.63 

60% 12.79 6.86 1.94 3.99 53.67 15.16 31.17 

80% 14.88 8.54 1.88 4.46 57.37 12.64 29.99 

6. Factors influencing the chloride binding stability of the PC-GBFS pastes 399 

The factors influencing the chloride binding stability of the PC-GBFS pastes were discussed based 400 

on the characteristics of hydration products.  401 

6.1 The stability of chloride chemically bound in the form of Friedel’s salt  402 

Both Friedel’s salt and AFm phases are lamellar double hydroxides constituted by a stacking of 403 

positive charged main layers (hydroxylated layers with a stoichiometry of [𝐶𝑎2𝐴𝑙(𝑂𝐻)6]
+) separated by 404 

interlayered anionic species and water molecules [30]. In the pore solution of cement paste, hydroxyl, 405 

carbonate and sulfate ions are dominated in the interlayer of AFm phases, and then the monosulfate and 406 
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monocarbon type AFms are usually formed as shown in Fig. 16. Since the ion-exchange order is: CO
2- 

3  > 407 

SO
2- 

4  > OH- > Cl- [29], the interlayer monovalent or divalent anions of AFms can be ion-exchanged with 408 

external chloride to form Friedel’s salt when exposing to chloride-rich environment. However, the 409 

chemically bound chloride in Firedel’s salt is not stable, particularly when the chloride concentration 410 

of the external solution declines, as partial of chloride on the weak points can be replaced by other 411 

anions [13,30]. About 45-50% of chloride in Firedel’s salt can be released in deionized water, indicating 412 

that only about 50% of chloride is non-water-soluble chloride and firmly bounded in Friedel’s salt. 413 

 414 

Fig. 16 The illustrating diagrams of conversion between AFm and Friedel’s salt under chloride environment 415 

 416 

6.2 The stability of chloride physically bound in C-S-H gel 417 

As mentioned above, C-S-H gel, the main hydration product, dominates the physically bound 418 

chloride due to its large specific surface area. However, the amount of physically bound chloride in 419 

the PC-GBFS paste is not proportional to its specific surface area (Fig. 9). The amount of physically 420 

bound chloride is reduced initially and then increased sharply, with the increase of the GBFS addition. 421 

On the one hand, with increasing GBFS addition, more Al is substituted for Si in the bridging and 422 

paring positions of the C-S-H gel, and then two functional surface sites called silanol (≡Si-OH) and 423 

aluminol (=Al-OH) are generated and attached to Ca2+ (as shown in Fig. 17), leading to a higher positive 424 

charge density and consequently to a higher physically bound chloride [34,39]. Moreover, the specific 425 
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surface area also increased significantly, which are beneficial to the adsorption of chloride onto the 426 

surface of C-S-H gel [40]. On the other hand, the substitution of Al for Si leads to a higher mean chain 427 

length and a lower Ca/Si molar ratio, indicating higher polymerization degree and protonation degree. 428 

Finally, the amount of physically bound chloride reduces sharply due to a lower positive charge density, 429 

as the amount of Ca in C-S-H is reduced with the increase of protonation degree [33,41]. It can be 430 

inferred that the increase of the polymerization degree and protonation degree are the main reasons 431 

leading to a reduction in physically bound chloride, when the GBFS addition is lower than 40%. 432 

Whereas specific surface area and site density are the dominate effects for cement paste with > 60% 433 

GBFS, particularly increase in binding site density leads to dramatic increase in physically bound 434 

chloride. 435 

 436 

Fig 17. The illustrating diagrams of the chloride physically bound on the surface of C-S-H with/without Al 437 
substitution based on the diffuse double layer theory 438 

 439 

Based on the experiment results and above discussion, the cement pastes with 40-60% GBFS have 440 

nearly equal hydration heat and slightly higher chemical shrinkage compared to pure Portland cement 441 

paste. More important, the chemically bound chloride is nearly tripled, although the physically bound 442 

chloride reduces to about 50%. Notably, the amount of non-water-soluble chloride can be as high as 443 



 

27 

7.51 mg/g, which is 3.66 times as high as that of Portland cement paste, which might result in a 444 

desirable chloride resistance and durability. 445 

7. Conclusions 446 

Conclusions that can be drawn from the present study are summarized as follows: 447 

(1) The ultimate hydration heat of the PC-GBFS pastes increased initially and then decreased sharply 448 

with the increase of ultrafine GBFS addition. Whereas the chemical shrinkage increased slightly with the 449 

increase of the GBFS addition. 450 

(2) The total bound chloride of the hydrated PC-GBFS pastes increased initially and then decreased with 451 

the increase of GBFS addition. Though the total bound chloride of the cement paste with 40% GBFS 452 

increased by 24% compared with that of Portland cement paste, the non-water-soluble bound chloride, 453 

however, can be 2.77 times as that of Portland cement paste.  454 

(3) 5-20% of physically bound chloride is non-water-soluble chloride after desorption, and about 50% of 455 

chemically bound chloride was also water-soluble water, indicating chloride in Friedel’s salt can be 456 

soluble due to its high ion-exchanging ability.  457 

(4) The physically bound chloride was not only influenced by the specific surface area, but also affected 458 

significantly by the characteristics of C-S-H gel. Specifically, the substitution of Al for Si in C-S-H gel 459 

provided higher binding site density and lager specific surface area, leading to a higher chloride 460 

adsorption. Whereas the increase in polymerization degree and protonation degree resulted in a reduction 461 

in physically bound chloride. 462 
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(5) Cement pastes with 40-60% ultrafine GBFS had nearly equal hydration heat and slightly higher 463 

chemical shrinkage, and much higher chloride bounding capacity, which will lead to superior cracking 464 

resistance and durability. 465 
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