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Effect of the interactions between crystal and gel hydration products on the volume change of 9 

cementitious materials 10 

Abstract: 11 

The volume change of cementitious materials is often studied based on the properties of the 12 

individual hydration product, either from the gel products causing shrinkage or the crystal products 13 

causing expansion. Previous studies of the team have theoretically revealed that the interactions 14 

between crystal and gel products produce the “micro self-stressing”, which affects the volume 15 

change of cementitious materials. This work presents theoretical and experimental studies into the 16 

impact of the interactions between crystal and gel products on the volume change of cementitious 17 

materials. Firstly, a theoretical model for the volume change of cementitious materials was 18 

proposed. Secondly, in the followed experiment, the crystallization pressure, which affects the 19 

interactions between crystal and gel products, was tailored by immersing specimens in different 20 

exchange solvents or solutions to change the solubility product. Water, isopropyl alcohol, ethanol, 21 

calcium hydroxide and calcium acetate were selected as the exchange solvents or solutions. 22 

Subsequently, cement pastes were vacuum dried. Volume changes of cement pastes were tested 23 

during the whole process. Inductively-coupled plasma mass spectrometry and ion chromatography 24 

were utilized to test the ion concentrations and calculate the crystallization pressure. Finally, the 25 

experimental results were compared with the calculated results to validate the model. Results 26 

indicated that cement pastes immersed in different solvents or solutions exhibited different volume 27 

changes. An increase in crystallization pressure by 45.3% resulted in a 46.1% increase in the 28 

expansion of cement paste. Moreover, the reduction in the interactions should be one of the factors 29 

contributing to the drying shrinkage of cement paste. 30 
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1. Introduction 33 

Concrete typically undergoes macroscopic volume changes due to the gain or loss of water, 34 

which can lead to cracking, altered mechanical properties and reduced structural durability, 35 

ultimately affecting the overall engineering quality. The volume change component in concrete is 36 

the cement paste [1,2]. The cement paste is mainly composed of hydration products and unhydrated 37 

cement particles. The spatiotemporal evolution of hydration products significantly affects the 38 

performance of cement paste.  39 

Cement pastes exhibit varying volume changes behaviors under different environmental 40 

conditions, including shrinkage in dry environments and expansion in wet conditions [3]. Three 41 

primary mechanisms contribute to the drying shrinkage of Portland cement paste: the solid surface 42 

free energy [4–7], capillary forces [5,8–10], and disjoining pressure [5,11–14]. It is reported that the 43 

shrinkage of cement paste is caused by the combined effects of the above mechanisms [15]. More 44 

recently, an analytical framework by multi-mechanism approach based on above three mechanisms 45 

was established, and a drying shrinkage formulation was adopted [14]. However, the shrinkage 46 

caused by those mechanisms cannot fully describe the total drying shrinkage of cement paste [14]. 47 

The expansion mechanism of cement paste can be explained by three theories: water adsorption 48 

[3], increase in solid volume [16,17], and crystallization pressure. However, calcium sulfoaluminate 49 

(CSA) cement, whose hydration products are mainly ettringite (AFt) or monosulfoaluminate (AFm) 50 

crystals that cannot adsorb many water molecules, exhibits greater expansion [18,19]. Thus, water 51 

adsorption should not be the primary cause of this expansion. In addition, no direct relationship was 52 

observed between the volume of ettringite formed and the expansion of the cement paste in CSA 53 
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expansive cement [20], suggesting that the increase in solid volume should not be the primary cause 54 

of expansion. Crystals growing in a supersaturated solution can exert sufficient force to lift a 55 

specific mass [21]. This phenomenon is attributed to the development of the crystallization pressure. 56 

The theory of crystallization pressure appears to be the most plausible explanation for the observed 57 

expansion of the cement paste [17,22–24]. 58 

The growth of crystal is controlled by the interface attachment kinetics [25]. Crystallization 59 

pressure is generated when a crystal grows within a confined space such as a grain boundary or 60 

contact area, exerting pressure on the surrounding material [26]. Crystallization pressure is 61 

generated when a thin fluid layer exists at the crystal-solid interface [27], but disappears when the 62 

thin fluid layer is gone [28]. The reason is that the fluid layer provides a mass transport channel for 63 

the growing crystal. With crystallization pressure, the crystal continues to grow or exert greater 64 

stress on the surrounding materials until the chemical potential at the interface reaches equilibrium 65 

with that in the solution. It is a process in which chemical potential is converted into mechanical 66 

work. 67 

Crystallization pressure in cementitious materials often leads to changes in the properties of the 68 

matrix. It has been reported that the crystallization pressure in pores can generate a tensile pressure, 69 

and the matrix cracks when this pressure exceeds the tensile strength of the samples [29,30]. A 70 

model based on the crystallization pressure with a single pore was established to calculate the 71 

average hydrostatic tensile stress in the solid, and it showed that the expansion is affected by the 72 

temperature, crystallization pressure and the amount of restricted crystals [31]. A poromechanical 73 

damage model based on crystallization pressure in a homogeneous state was proposed, and it 74 

showed that the expansion of cementitious materials increased with the amount of ettringite crystals 75 

and the crystallization pressure [32,33]. In the CSA cement paste, the crystal hydration product AFt 76 
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or AFm can generate crystallization pressure, and the pressure exerted on the pore walls induces 77 

microstructural deformation of the matrix, resulting in expansion of the cement pastes [34]. So far, 78 

the physical and mechanical effect of crystal crystallization in pores have not yet been treated as an 79 

independent subject [35].  80 

Cement paste is a complex porous material, primarily composed of the hydration products that 81 

can be categorized into crystal (calcium hydroxide (CH), ettringite, or monosulfoaluminate) [36–38] 82 

and gel (calcium silicate hydrate (C-S-H) or aluminum hydroxide gel (AH3)) phases [39,40] based 83 

on their crystallinity. The gel products form a continuous matrix with pores and the crystals grow 84 

within these pores. It plays a critical role in volume change of cement paste [41]. According to the 85 

hypothesis “centroplasm hypothesis” for cementitious materials [42], the properties of cement paste 86 

are affected not only by the micro centroplasm (crystal phase) and micro medium (gel phase) but 87 

also by the interactions between the two phases [43,44]. Existing studies on volume change of 88 

cement paste mostly focus on the properties of the crystal products themselves, while ignoring the 89 

gel products and the interactions between crystal and gel products. In addition, the pore solution 90 

chemistry is not easy to obtain [33]. Therefore, the study on the properties of cementitious based on 91 

the crystallization pressure requires further improvement. 92 

Solvent replacement techniques are commonly used to study and analyze the properties of 93 

cementitious materials, with ethanol and isopropyl alcohol being frequently employed solvents 94 

[45,46]. It has been observed that cement paste exhibited shrinkage during isopropyl alcohol 95 

replacement, which was attributed to three mechanisms: different diffusion speeds of water and IPA, 96 

osmotic extraction and chemical interaction [47]. A necessary condition for generating 97 

crystallization pressure is the occurrence of ion exchange between the crystal and the solution [48]. 98 

Calcium hydroxide and ettringite, the main crystal products of cement paste, are almost insoluble in 99 
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isopropanol [49,50]. When the pore solution in cement paste is replaced by isopropyl alcohol, the 100 

crystallization pressure dissipates. Therefore, it should be one of the reasons for the shrinkage of 101 

cement paste. 102 

In the present study, the volume change of cementitious materials affected by the interactions 103 

between crystal and gel products based on the crystallization pressure was discussed. A Theoretical 104 

model based on the interactions was developed to describe and calculate the volume change of 105 

cementitious materials. In the followed experiment, the crystallization pressure, which affects the 106 

interactions between crystal and gel products, was tailored by immersing specimens in different 107 

exchange solvents or solutions to change the solubility product in the pore solution. Water, 108 

isopropyl alcohol, ethanol, calcium hydroxide and calcium acetate with different concentrations 109 

were selected as the exchange solvents or solutions. The ion concentrations were tested by 110 

inductively-coupled plasma mass spectrometry and ion chromatography to calculate the 111 

crystallization pressure. In addition, the volume changes of cement pastes with different 112 

crystallization pressure in pore solution exchange and vacuum drying process were tested to discuss 113 

the effect of the interactions between crystal and gel hydration products on volume change of 114 

cementitious materials. 115 

2. Theoretical analysis of the volume change based on the interactions between crystal and 116 

gel products 117 

2.1 The interactions between crystal and gel products in cementitious materials 118 

Cement paste expansion requires two key conditions: 1) the growth of hydration products 119 

should be restricted and 2) the expansive stress should be generated [51]. For Portland cement, the 120 

gel hydration products (C-S-H) exhibit limited expansion compared to the crystal hydration 121 
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products (CH). Due to the limited capacity of CH to adsorb water molecules, the primary source of 122 

expansion might be the crystallization pressure generated by the restricted growth of CH.  123 

Fig. 1 (a–e) illustrate the interactions between crystal and gel hydration products in cement 124 

paste, along with their formation and growth process. The crystals nucleate and grow within the 125 

pore spaces created by the gel phase (Fig. 1(a)), driven by the continued precipitation of ions from 126 

the supersaturated solution onto the growing crystal faces. When a crystal is restricted on both sides 127 

by the gel phase, its growth is restricted (Fig. 1(b)). However, according to the principles of 128 

crystallization kinetics, ions in a supersaturated pore solution can continue to be supplied to the 129 

restricted growth faces of a crystal through a thin liquid film (Fig. 1(c)). Restricted crystal growth 130 

within the gel phase can generate stress owing to the difference in the chemical potential between 131 

the crystal and the surrounding pore solution. This stress, known as crystallization pressure, is 132 

exerted on the gel, inducing internal stress (σgel) within the gel structure (Fig. 1(d)). It can cause the 133 

gel to undergo volumetric expansion (εgel) until an equilibrium is reached, where the stress exerted 134 

on the restricted crystal reaches the maximum crystallization pressure Pcry. Under drying conditions, 135 

the complete evaporation of the pore solution eliminates the liquid film between the gel and the 136 

crystal. When the liquid film is absent, mass can no longer be transported from the solution to the 137 

restricted crystal, leading to the disappearance of crystallization pressure [28]. Consequently, 138 

theoretical analysis indicates that the original stress and strain within the crystal and gel products 139 

are altered. For example, the reduction in compressive stress on the crystal products reduces their 140 

previous compressive deformation, while the reduction in tensile stress on gel products diminishes 141 

the prior tensile deformation. During this process, since the elastic modulus of the crystal products 142 

is higher than that of the gel products, the latter undergo more pronounced deformation. 143 

Consequently, the disappearance of the crystallization pressure results in the overall shrinkage (εsh) 144 
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of the cement paste (Fig. 1(e)). In summary, theoretical analysis suggests that the interactions 145 

between crystal and gel products may alter the internal stress state of the hydration products, 146 

ultimately leading to changes in volume and mechanical properties of the cement paste. This paper 147 

aims to study the effect of the interactions between crystal and gel hydration products on the 148 

volume change of cementitious materials. 149 

 150 

Fig. 1. The interactions between crystal and gel products in cement paste. 151 

 152 

2.2 Theoretical model for the volume change of cement paste 153 

Our previous study [52], combined with the analysis of interactions between crystal and gel 154 

hydration products, suggested that the volume change of cement paste during hydration can be 155 

categorized into four distinct stages. Fig. 2 illustrates the interactions, the volume change and 156 

microstructural development of the cementitious materials at different stages.  157 

 158 

Fig. 2. Simplified model of volume change and microstructural development of cementitious 159 

materials. 160 

 161 

Stage I represents the early hydration period, which occurs before the cement paste hardens. 162 

During this stage, the gel phase (shown in gray) grows on the surface of the unhydrated cement 163 

particles (black), while crystals (blue) begin to form within the pore spaces. Moreover, the gel phase 164 

has not yet formed a continuous network, and the interactions between crystal and gel products are 165 

limited. Therefore, the cement paste exhibits a relatively small volume change. 166 
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As the gel phase develops into a continuous network throughout the cement paste, typically 167 

after hardening, Stage II commences. Earlier in Stage II, the gel phase forms a continuous network 168 

with interconnected pores. However, crystals within these pores typically do not yet contact the 169 

pore walls at either end, which means that the growth of crystals is still not restricted. Therefore, the 170 

interactions between crystal and gel products do not occur in the early period of Stage II, resulting 171 

in a minimal volume change of the cement paste.  172 

Later in Stage II, as the hydration proceeds, the crystals within the pores continue to grow and 173 

contact with the surrounding gel network, and interactions between crystal and gel products occur. 174 

The pore solution ions remain in a supersaturated state throughout the hydration process. Based on 175 

the principles of crystallization kinetics, the ongoing growth of stressed crystals (red) within the 176 

pores generates crystallization pressure. This pressure exerts a tensile stress (σgel) on the 177 

surrounding gel phase and a compressive stress (σcry) on the crystal phase. As the volume of the 178 

stressed crystals increases further, the interactions between the gel and crystal products increase, 179 

leading to increased expansion of the cement paste.  180 

Stage III commences when the hydration degree is high, and the amount of hydration products 181 

and the concentration of ions in the pore solution reach a relatively constant state. During this stage, 182 

the interactions between crystal and gel hydration products tend to remain relatively stable, 183 

resulting in a relatively stable volume of the cement paste. 184 

However, a mismatched generation of the gel and crystal products or the excessive 185 

crystallization pressure leads to an imbalance in the interaction between crystal and gel products, 186 

causing the gel to experience excessive tensile stress, which commences Stage IV. Once the tensile 187 

stress of the gel phase exceeds its tensile strength, microcracks are formed within the gel network. 188 

This reduces the ability of cracked gel phases to restrict the growth of crystals, potentially leading 189 
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to the further extension of microcracks. Complete penetration of microcracks through a section 190 

diminishes the gel phase's ability to constrain crystal growth, resulting in excessive expansion and 191 

eventual cement paste failure. 192 

2.3 Mathematical model for the volume change of cement paste in water-saturated condition 193 

In cement paste, gel hydration products constitute a porous continuous phase (such as C-S-H or 194 

AH3) and crystal hydration products (such as CH, AFt, or AFm) develop within these pores. 195 

Drawing upon the principles of poroelasticity [32], a relationship between the expansion of cement 196 

pastes and the interactions between crystal and gel products was established as follows: 197 

Consider a cement paste sample with volume V, comprising a gel phase (Vg), a crystal phase 198 

(Vc), and an interconnected pore space (Vp), such that the total volume V is the sum of these three 199 

volumes: 200 

 g c p+ +V V V V                                                      (1) 201 

The porosity (ϕ) is defined as follows: 202 

 
p p

g c p

= =
+ +

V V

V V V V
                                                 (2) 203 

Under unconstrained conditions, the volume change of the cement paste is influenced by the 204 

interactions between crystal and gel products, which are driven by the crystallization pressure (Pcry) 205 

defined in Eq. 3 [27]. The volumetric strains are selected as kinematic variables to formulate the 206 

constitutive equations for volumetric deformation. 207 

 
ion

g

cry ion

cry

ln( )
R T Q

P
V K


                                                 (3) 208 

where, Rg is the gas constant; T is the absolute temperature; Vcry is the molar volume of the crystal; 209 

Kion is the equilibrium solubility; and Qion is the solubility product. 210 

  eff cry

1V
P

V K
 


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P

V K
 


                                                    (5) 212 
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eff cry

c c

1V
P

V K
 


                                                    (6) 213 

where, κeff denotes the volume coefficient of stressed crystals; K, Kp, and Kc denote the bulk moduli 214 

of cement paste, pore volume and crystal, respectively; α, β, and γ are the effective stress coefficient 215 

of cement paste, pore volume and crystal, respectively. 216 

According to our previous study, the volume coefficient of stressed crystals κeff can be 217 

expressed as [53]:  218 

 

0

eff

.3

1 e 


                                                    (7) 219 

The effective stress coefficients and bulk moduli are related as follows [54]: 220 

 
s

=1
'

K

K
                                                                  (8) 221 

 
p

s

=1
''

K

K
                                                                 (9) 222 

 c

s

=1
'''

K

K
                                                                (10) 223 

where, Ks', Ks'', and Ks''' denote the bulk moduli of the skeleton (gel), pores, and crystals, 224 

respectively, in the unjacketed test. 225 

The porosity variation Δϕ can be obtained as follows: 226 

 
p p

=
V V V

V V




   
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 
                                              (11) 227 

Based on Eq. 1, the following set of kinematic relations can be derived: 228 
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Using the above equations, the volume variation of gel phase can be obtained as follows: 231 

 
 c/gg c/g p c

c/g

g p c

1+1+
=

1 1

RV R V VV
R

V V V V



 

  
   

 
                           (14) 232 

where, Rc/g denotes the volume ratio of the crystals to the gel phase (Rc/g =Vc/Vg). 233 

Assuming the cement paste to be an ideal porous medium, the solid and pore spaces are 234 

deformed in the same proportion, which can be expressed as follows: 235 

 
g p c

g p c

= = =
V V VV

V V V V

  
                                            (15) 236 

The crystal morphology affects the interactions between the hydration products, which in turn 237 

affects the volume change of the cement paste. The shape factor κshape is introduced to characterize 238 

the influence of crystals with different morphologies on the volume change of cement paste. In this 239 

study, the κshape values for AFt, CH and AFm were set to 1, 2/3 and 2/3, respectively. 240 

Substituting Eqs. 4–6 into Eq. 14, the stress-strain equation for the gel phase based on the 241 

crystallization pressure can be obtained as follows: 242 

 
 

   

 

 
eff shape cry c/sc/s

exp c/s

s

1+1+
=

1 1 1 1 1

P RR
R

K

    


    

 
    

     
         (16) 243 

Thus, the change in cement paste volume due to the interactions between crystal and gel 244 

products can be computed using Eq. 16. The strain on cement paste is affected by crystallization 245 

pressure (Pcry), volume ratio of crystal to gel phase (Rc/g) and the porosity (ϕ). 246 

2.4 Mathematical model for the volume change of cement paste in drying condition 247 

The interactions between crystal and gel products in the cement hydration products arise from 248 

the crystallization pressure. Crystallization pressure generated when the growth of crystals in a 249 

supersaturated solution is constrained and a liquid film exists between the crystal and the gel phases. 250 

However, the liquid film is disrupted during drying, eliminating the crystallization pressure, 251 

resulting in shrinkage of the cement paste. Therefore, the stress unloading of the interactions 252 
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between crystal and gel products in the cement hydration products should be considered as one of 253 

the origins of drying shrinkage. 254 

Existing studies primarily attribute the total shrinkage strain in cement paste to three 255 

mechanisms: capillary forces, solid surface tension, and disjoining pressure. The RH ranges 256 

required for operation of these three mechanisms are listed in Table 1. The drying shrinkage of the 257 

three mechanisms can be mathematically expressed as shown below. 258 

Capillary forces [10,55,56]: 259 

 
2

1
cf

1 1
( ) d ln( )

3

RH
w

RH
b w

S RT
RH

K K M



                                       (17) 260 

where, εcf denotes the drying shrinkage strain caused by capillary forces; K and Kb are the bulk 261 

moduli of cement paste and solid phase, respectively; Sw is the degree of water saturation; R and T 262 

denote the gas constant and temperature, respectively; M and vw denote the molar mass and specific 263 

volume of water, respectively. 264 

Solid surface tension [6,57]: 265 

 
2

1

cem
st d ln( )

RH
s l

RH
s

S VRT
RH

E SV


                                        (18) 266 

where, εst denotes the drying shrinkage strain caused by solid surface tension; ρcem is the density of 267 

cement paste; Ss is the specific surface area; E is the elastic modulus of the cement paste; 𝑉̅ is the 268 

molar volume of adsorbed liquid; Vl is the volume of adsorbed liquid. 269 

Disjoining pressure [14]: 270 

 
2

1

cem
dp

3(1 2 )
d ln( )

RH
d

RH
w s

wRT
k RH

E MV







                                 (19) 271 

where, εdp denotes the drying shrinkage strain caused by disjoining pressure; k is a proportional 272 

constant; νcem denotes the Poisson's ratio of cement paste; Vw denotes the molar volume of water; wd 273 

is the water content in the small pores; and ϕs denotes the solid volume fraction. 274 
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 275 

Table 1 RH ranges for the three mechanisms responsible for volume change of cement paste. 276 

 277 

However, the cement paste is initially in an expanded state due to the “pre-stress” applied by the 278 

interactions between crystal and gel products before drying. The “pre-stress” is then unloaded after 279 

drying. Therefore, the total drying shrinkage strain (εds) of cement paste can be mathematically 280 

expressed as [14]: 281 

 
ds c/g cp st dp                                                    (20) 282 

where, εc/g is the drying shrinkage strain caused by the unloading of the interactions between crystal 283 

and gel products, and εc/g = εexp. 284 

To investigate the impact of the interactions between crystal and gel products on the volume 285 

change of the cement paste, multiple experiments were conducted by varying the crystallization 286 

pressure. 287 

3. Experimental program 288 

As expressed in Eq. 16, the volume change of cement paste, which is determined by the 289 

interactions between crystal and gel products, is affected by crystallization pressure (Pcry), volume 290 

ratio of crystal to gel phase (Rc/g) and the porosity (ϕ). The interactions between crystal and gel 291 

products arise from crystallization pressure. In the experiment, the effect of the interactions between 292 

crystal and gel hydration products on the volume change of cement paste was investigated by 293 

varying the crystallization pressure. To minimize the impact of the changes in the volume ratio of 294 

crystal to gel products and the porosity of cement paste, specimens with a high hydration degree 295 

and solutions or solvents that do not react with the hydration products were utilized. To vary the 296 

crystallization pressure, solvent or solution exchange experiments were conducted to change the 297 
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pore solution in the cement paste. The volume change of cement pastes with different crystallization 298 

pressures was tested during the solvent/solution exchange and vacuum drying processes to explore 299 

the influence of the interactions between crystal and gel products on the volume change of cement 300 

paste.  301 

3.1 Raw materials 302 

The cement used was P·O 42.5 and its chemical and phase composition is shown in Table 2. 303 

Ethanol and isopropyl alcohol were used as exchange solvents in this study. Calcium hydroxide, 304 

sodium hydroxide, and calcium acetate powders were used to prepare exchange solutions. The 305 

properties of the solvents and solutions are listed in Table 3. 306 

 307 

Table 2 Chemical composition of the Portland cement. 308 

 309 

Table 3 Properties of solvents and solutions. 310 

 311 

3.2 Sample preparation 312 

Cement pastes with water-to-binder (w/b) ratios of 0.5, were prepared according to the Chinese 313 

standard JC/T 313–2009. The specimens were cast and placed in steel molds of 25×25×280 mm3, 314 

demolded after 24 h, and stored in water at 40°C to accelerate hydration for 28 days. A total of 36 315 

identical specimens were prepared and divided into six groups. 316 

3.3 Test methods 317 

3.3.1 Overview of the whole process 318 

The entire process was divided into two parts: solvent/solution exchange followed by vacuum 319 

drying, as shown in Fig. 3. X-ray diffraction (XRD) analysis, thermogravimetric analysis (TGA), 320 
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ion and element concentration tests, mercury intrusion porosimetry (MIP) and nitrogen adsorption 321 

were used to study the properties of the cement pastes.  322 

 323 

Fig. 3. Solvent/solution exchange and vacuum drying processes. 324 

 325 

3.3.2 Solvent or solution exchange process 326 

The length and mass of the cured specimens were measured and defined as the initial length L0 327 

and initial mass m0. The specimens were placed in a water tank filled with exchange solvents or 328 

solutions and sealed. The length and mass of each specimen were measured every seven days, and 329 

the solvents or solutions were renewed. The solvent or solution exchange process was considered 330 

complete when the rate of change in length and mass between the last measurement and the 331 

previous one did not exceed ±0.02%. Inductively-coupled plasma mass spectrometry (ICP–MS) and 332 

ion chromatography (IC) were used to analyze the concentrations of ions and elements in the 333 

replacing solvents and solutions at the conclusion of the exchange process. The length change rates 334 

of the specimens were calculated using Eq. 21 according to the Chinese standard JC/T 313–2009. 335 

 t 0= 100%
250

L L
L


                                                       (21) 336 

where, ΔL denotes the rate of change in the length of the specimen after solvent or solution 337 

exchange (%); L0 is the initial length of the specimen; Lt is the length of the specimen after solvent 338 

or solution exchange. 339 

3.3.3 Vacuum drying process 340 

After solvent or solution exchange process, specimens were placed into a vacuum dryer 341 

controlled at approximately 40°C. The length and mass of each specimen were measured every 342 

seven days. The vacuum drying process was completed when the rate of change in length and mass 343 
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between the last measurement and the previous one did not exceed ±0.02%. Subsequently, parts of 344 

the specimens from each group were used to prepare samples for TGA, XRD, MIP, and nitrogen 345 

adsorption analyses. 346 

3.3.4 Ion concentration analysis 347 

To determine the crystallization pressure, the anion concentration in the soaking solution after 348 

solution exchange was determined by ion chromatography (IC). The deionized water used in the 349 

laboratory had a conductivity of 18.2 MΩ/cm, and a 0.2 μm disposable microporous filter 350 

membrane was used. The concentrations of the elements in the soaking solution were determined by 351 

inductively-coupled plasma mass spectrometry (ICP–MS). 352 

3.3.5 Thermogravimetric analysis 353 

To characterize the types and contents of hydration products, thermogravimetric analysis (TGA) 354 

testing was conducted. After vacuum drying process, the central fragments of the broken specimens 355 

were selected and ground into a fine powder in an agate mortar. The powder was then sieved 356 

through a 0.056 mm square sieve, and the sieved part was used for TGA testing. Then, the vacuum-357 

dried samples were gradually heated at a rate of 10 °C /min till their temperature reached 900°C 358 

under a controlled N2 atmosphere. 359 

3.3.6 X–ray diffraction analysis 360 

To characterize the types and contents of crystal products, X–ray diffraction (XRD) testing was 361 

conducted. The sample preparation for this experiment followed the same procedure as for the TGA 362 

test. Before the test, 10% α–Al2O3 was used as an internal standard. The measurement range was 5–363 

70° with a step size of 0.02°. 364 

3.3.7 Mercury intrusion porosimetry analysis 365 
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To characterize the porosity of the cement paste, Mercury intrusion porosimetry (MIP) testing 366 

was conducted. It was performed on the vacuum-dried cement paste samples. The samples were 367 

crushed into fragments of 5–7 mm diameter. The minimum and maximum pressures of the mercury 368 

porosimeter used for this experiment were 0.0014 and 420 MPa, respectively. The pore volume was 369 

obtained by controlling the applied external force and the amount of mercury intrusion. 370 

3.3.8 Nitrogen adsorption tests 371 

Nitrogen adsorption tests were performed on cement paste samples after vacuum drying to 372 

characterize the pore structure. The samples were crushed into pieces with diameters smaller than 5 373 

mm. The samples were degassed under vacuum at liquid nitrogen temperature. Then, they were 374 

subjected to nitrogen adsorption and desorption at full humidity. The equilibrium points for the 375 

adsorption and desorption were set over the entire humidity range. The initial vacuum pressure was 376 

considered reached when the reading was less than 0.520 KPa. 377 

4. Results and discussion 378 

4.1 Ion concentration analysis in the final solvent or solution 379 

For the Portland cement, the main crystal hydration products are calcium hydroxide (CH), 380 

ettringite (AFt) and AFm, which contain calcium (Ca2+), hydroxide (OH-), aluminate (AlO2
-) and 381 

sulfate (SO4
2-) ions. the concentrations of these key ions (Ca2+, AlO2

-, SO4
2- and OH-) were obtained 382 

using ICP–MS and IC analyses of the final solvent or solution and are shown in Fig. 4 (a–d). 383 

  384 

Fig. 4. Concentrations of Ca2+, AlO2
-, SO4

2- and OH- in different solvents and solutions (H2O-water, 385 

IPA-isopropyl alcohol, ETH-ethanol, CH-calcium hydroxide, CaAc2-calcium acetate, L-low 386 

concentration, H-high concentration). 387 

 388 
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4.2 Hydration products and porosity in cement pastes 389 

The TGA curves of the specimens are shown in Fig. 5. It showed that the solution exchange and 390 

vacuum drying processes do not cause significant changes in the composition or mass fraction of 391 

the hydration products. 392 

 393 

Fig. 5. TGA curves obtained for cement pastes immersed in different pore solvents or solutions 394 

(H2O-water, IPA-isopropyl alcohol, ETH-ethanol, CH-calcium hydroxide, CaAc2-calcium acetate, 395 

L-low concentration, H-high concentration). 396 

 397 

The XRD patterns of the specimens are shown in Fig. 6. The results showed that the hydration 398 

products in the cement paste were not significantly affected by solution exchange and subsequent 399 

vacuum drying, which agrees with the observations from the TGA analysis. Therefore, the types 400 

and mass fractions of the hydration products identified in the water-immersed specimens were used 401 

to characterize the hydration products in all specimens. The types and contents of the main 402 

hydration products in the cement pastes are listed in Table 4. 403 

 404 

Fig. 6. XRD patterns obtained for cement pastes immersed in different pore solvents or solutions 405 

(H2O-water, IPA-isopropyl alcohol, ETH-ethanol, CH-calcium hydroxide, CaAc2-calcium acetate, 406 

L-low concentration, H-high concentration). 407 

 408 

Table 4 Types and contents of hydration products in cement paste. 409 

 410 
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The cumulative porosity curves of the specimens tested by MIP are shown in Fig. 7. The results 411 

showed that the porosities of the cement pastes after solution or solvent exchange remained mostly 412 

unchanged, which is consistent with findings of previous studies [58]. Therefore, the porosity of 413 

34.28% measured in the water-immersed specimen was considered representative of the porosity of 414 

all specimens. 415 

 416 

Fig. 7. Pore size distribution of cement pastes immersed in different pore solvents or solutions 417 

obtained from MIP tests (H2O-water, IPA-isopropyl alcohol, ETH-ethanol, CH-calcium hydroxide, 418 

CaAc2-calcium acetate, L-low concentration, H-high concentration). 419 

 420 

4.3 Deformation of cement pastes throughout the solvent/solution exchange and vacuum 421 

drying processes 422 

Fig. 8(a-c) illustrates the length change rates of the cement pastes throughout the 423 

solvent/solution exchange and vacuum drying processes. Compared with the reference group 424 

(specimens immersed in water), specimens immersed in calcium hydroxide (CH) and calcium 425 

acetate (CaAc2) solutions exhibited expansion during the exchange process, whereas those 426 

immersed in isopropyl alcohol (IPA) and ethanol (ETH) solvents experienced shrinkage. All 427 

specimens shrank during the vacuum drying process. In particular, the specimens immersed in 428 

solvents showed lower shrinkage than the other specimens. 429 

 430 

Fig. 8. (a) Length change of specimens throughout the whole process, (b) length change of 431 

specimens during solvent/solution exchange process and (c) length change of specimens during 432 



 

21 

 

vacuum drying process (H2O-water, IPA-isopropyl alcohol, ETH-ethanol, CH-calcium hydroxide, 433 

CaAc2-calcium acetate, L-low concentration, H-high concentration). 434 

 435 

4.3.1 Deformation of cement pastes during solvent or solution exchange process 436 

Fig. 8(b) illustrates the length change rates of the cement pastes during the solvent or solution 437 

exchange processes. The specimens immersed in high-concentration calcium acetate solutions 438 

(CaAc2-H) expanded the most, whereas those immersed in other solutions exhibited similar 439 

expansions. On the other hand, specimens in which the pore solution was replaced with isopropyl 440 

alcohol (IPA) and ethanol (ETH) exhibited shrinkage. 441 

The analysis of the interactions between crystal and gel hydration products in Section 2.3 may 442 

explain the expansion of the cement paste. A direct study of the interactions between crystal and gel 443 

products in cement pastes is challenging. However, the crystallization pressure can be represented 444 

by experimental results and serves as an indirect indicator of the interactions. The interactions 445 

between crystal and gel products originate from the crystallization pressure, which is directly 446 

affected by the solubility product in the pore solution. A higher solubility product leads to a greater 447 

crystallization pressure, signifying stronger the interactions between crystals and gel hydration 448 

products. In solvent or solution exchange experiments, the pore solutions were replaced with 449 

different solvents and solutions. The hydration products AFt, AFm, and CH can generate 450 

crystallization pressure, the average crystallization pressure defined in Eq. 22 was used to 451 

characterize the pressure within the cement paste. 452 

                   

CH AFt AFm

shape,CH cry CH shape,AFt cry AFt shape,AFm cry AFmave

cry

CH AFt AFm

=
P V P V P V

P
V V V

     

 
                  (22) 453 

where, Pcry
ave denotes the average crystallization pressure of all crystals; Vx denotes the volume of 454 

crystal phase x; Pcry
x denotes the crystallization pressure generated by phase x. 455 
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Combined with the results in Fig. 4 and Table 4, the average crystallization pressure for 456 

different cement pastes were calculated and is provided in Table 5. Building on the calculated 457 

crystallization pressures in different solvents and solutions, the results of solvent or solution 458 

exchange experiments (Fig. 8(b)) indicate that the specimen dimensions change in response to 459 

variations in the crystallization pressure. 460 

 461 

Table 5 Average crystallization pressure for different cement pastes. 462 

 463 

The observed volume change of the cement paste during the solvent or solution exchange 464 

process may arise from factors other than the interactions between crystal and gel hydration 465 

products, such as changes in the hydration products, porosity, and solid surface energy. The results 466 

of TGA, XRD, and MIP experiments and literature findings [47,59–61] indicate that the hydration 467 

products and porosity of Portland cement paste immersed in water (H2O), calcium hydroxide (CH), 468 

ethanol (ETH), isopropyl alcohol (IPA), and calcium acetate (CaAc2) remain mostly unchanged. 469 

Replacing the pore solution of the cement paste with organic solvents may alter the surface energy 470 

of the solid phase, potentially leading to volume changes. Theoretical calculations based on surface 471 

energy changes suggested that replacing the pore solution with ETH or IPA should cause the 472 

cement paste to expand. However, the experimental results contradicted this prediction, as the 473 

specimens contracted after solvent exchange. This observation was consistent with previous 474 

findings reported in the literature [62]. Therefore, based on the theoretical analysis in this study, the 475 

volume change of the cement paste after solvent or solution exchange was considered to be caused 476 

by a change in the interactions between crystal and gel hydration products. 477 
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The expansion of the cement pastes after solution exchange was calculated using Eq. 16 by 478 

incorporating the experimental results. The bulk moduli of C-S-H [63], CH [64], AFt [65] and AFm 479 

[66] are 14–19 GPa, 20–25 GPa, 24–30 GPa, and 40 GPa, respectively. The calculated expansion of 480 

cement pastes with different crystallization pressures were compared with the actual volume 481 

changes observed experimentally, as shown in Fig. 9. It can be seen from Fig. 8(b) that the 482 

shrinkage of the specimens immersed in ethanol was less than that of the specimens immersed in 483 

isopropyl alcohol during the solvent/solution exchange process. It may be related to the reaction or 484 

absorption between ethanol and hydration products [47]. In the followed analysis, the final length of 485 

the IPA specimen in pore solution exchange process was set as the baseline (zero) because it has no 486 

crystallization pressure and negligible volume changes caused by interactions between crystal and 487 

gel hydration products. Both the experimental and calculated results demonstrated a positive 488 

correlation between the expansion and crystallization pressures. The calculated and measured 489 

values were in good agreement with each other. Table 5 and Fig. 9 showed that a 45.3% increase in 490 

crystallization pressure resulted in a 46.1% increase in expansion. Higher crystallization pressure 491 

enhanced the interactions between crystal and gel products, ultimately leading to greater expansion. 492 

In addition, Eq. 16, which was established based on the interactions between crystal and gel 493 

products, indicates that the expansion of cement paste exhibits a positive linear relationship with 494 

crystallization pressure when the volume of hydration products and porosity are constant. The 495 

experimental observations aligned with the established equation. Therefore, the results support the 496 

role of the interactions between crystal and gel hydration products in influencing the expansion of 497 

cement paste. As the interactions intensified, the observed expansion increased. 498 

 499 
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Fig. 9. Expansion of cement pastes within different crystallization pressures (H2O-water, CH-500 

calcium hydroxide, CaAc2-calcium acetate, L-low concentration, H-high concentration). 501 

 502 

4.3.2 Deformation of cement pastes during vacuum drying process 503 

The length change rates of the cement pastes during the vacuum drying process are shown in 504 

Fig. 8(c). The end of the solvent or solution exchange process marks the zero point of shrinkage. 505 

The specimens immersed in water (H2O), calcium hydroxide (CH), and low-concentration calcium 506 

acetate (CaAc2-L) exhibited similar extents of drying shrinkage. This shrinkage is substantially 507 

greater than that of specimens immersed in ethanol (ETH) and isopropyl alcohol (IPA), and 508 

marginally lower than the shrinkage observed in specimens immersed in a high concentration of 509 

calcium acetate (CaAc2-H). 510 

As analyzed in Section 2.4, the gel phase is under a “pre-stress” state that contributes to the 511 

expansion of cement paste when saturated with water due to the interactions between crystal and gel 512 

hydration products. Upon complete drying of the cement paste, both the crystallization pressure and 513 

the interactions between crystal and gel hydration products become negligible, causing the original 514 

expansion deformation to disappear. Therefore, the weakening or disappearance of the interactions 515 

between crystal and gel hydration products may be a factor that contributes to the drying shrinkage 516 

deformation of the cement paste. 517 

As illustrated in Fig. 8(c), the specimen immersed in a high concentration of calcium acetate 518 

(CaAc2-H) exhibited the largest final drying shrinkage strain. Specimens immersed in water (H2O), 519 

calcium hydroxide (CH), and low-concentration calcium acetate (CaAc2-L) showed a similar level 520 

of shrinkage strain, which was lower than that of CaAc2-H but higher than that of both ethanol 521 

(ETH) and isopropyl alcohol (IPA), which exhibited a minimal shrinkage strain. The results of this 522 
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analysis suggest that the drying shrinkage strain in cement paste results from a combination of 523 

several factors including capillary forces, changes in surface tension, disjoining pressure, and the 524 

interactions between crystal and gel hydration products. However, according to the conclusion 525 

presented by Babaei [14], capillary forces do not operate in a low RH environment, such as the end 526 

of a vacuum drying process in this research. Therefore, the shrinkage caused by capillary forces was 527 

ignored in the subsequent calculation of the final drying shrinkage of cement paste. Compared to 528 

specimens immersed in H2O, CH, and CaAc2-L, that immersed in CaAc2-H exhibits stronger the 529 

interactions between crystal and gel hydration products, which possibly contributes to its higher 530 

final drying shrinkage strain. In contrast, specimens immersed in ETH and IPA had a greater molar 531 

volume of adsorbed liquid and minimal interactions between crystal and gel products, resulting in a 532 

lower final drying shrinkage strain. The isothermal adsorption-desorption curve of the cement paste 533 

is shown in Fig. 10. It has been reported that surface tension is linearly proportional to the total 534 

surface area, as determined from volume-thickness (V-t) sorption analysis, with V-t curves 535 

constructed from the isothermal adsorption-desorption curve [6,57]. Therefore, in combination with 536 

Eq. 18, the drying shrinkage caused by surface tension can be calculated. Similarly, the water 537 

content in small pores (wd), a key parameter in the disjoining pressure equation (Eq. 19), can also 538 

be obtained from the isothermal adsorption-desorption curve [14], allowing for the calculation of 539 

drying shrinkage caused by disjoining pressure. 540 

 541 

Fig. 10. Isothermal adsorption-desorption curve of the cement paste. 542 

 543 

Based on Eq. 20, the shrinkage caused by each individual mechanism and the total shrinkage 544 

strain can be calculated theoretically. The correlation between the calculated drying shrinkage and 545 
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the experimentally measured values is illustrated in Fig. 11. The calculated and measured values are 546 

in good agreement with each other. Therefore, in addition to capillary forces, solid surface tension, 547 

and disjoining pressure, the disappearance of the interactions between crystal and gel hydration 548 

products is another factor contributing to the drying shrinkage of cement paste. 549 

 550 

Fig. 11. Drying shrinkage of cement pastes (H2O-water, CH-calcium hydroxide, CaAc2-calcium 551 

acetate, L-low concentration, H-high concentration). 552 

 553 

5. Conclusions 554 

To study the effect of the interactions between crystal and gel products on the volume change of 555 

cementitious materials, the crystallization pressure of crystal products was tailored by changing the 556 

solubility product in the pore solution. In addition, theoretical model based on the interactions 557 

between crystal and gel products have been proposed and established to describe the volume change 558 

of cementitious materials. The following conclusions were drawn. 559 

(1) The ion concentrations (or solubility product) in the pore solution of cement pastes are altered 560 

by immersing them in different solvents or solutions (such as water, isopropyl alcohol, ethanol, 561 

calcium hydroxide and calcium acetate with various concentrations), thereby changing the 562 

crystallization pressure of crystal products in the cement pastes and ultimately affecting the 563 

volume change of these cement pastes on the macro scale. 564 

(2) The interactions between crystal and gel products affects the expansion of cementitious 565 

materials. Crystallization pressure, which affects the interactions directly, shows a positive 566 

correlation with the expansion of cement pastes. In cement pastes with similar hydration product 567 

formation and pore structures, a 45.3% increase in crystallization pressure resulted in a 46.1% 568 
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increase in expansion. Higher crystallization pressure leads to stronger interactions between 569 

crystal and gel products, causing greater tensile stress in the gel products and ultimately 570 

resulting in more significant expansion of the cementitious materials. 571 

(3) The interactions between crystal and gel products affects the drying shrinkage of cementitious 572 

materials. Cement pastes with higher crystallization pressure exhibits greater shrinkage. Water 573 

removal (such as during the drying process) from cement paste can eliminate the crystallization 574 

pressure, thereby reducing the interactions between crystal and gel products. As a result, the 575 

original expansion caused by the interactions disappears, ultimately leading to the drying 576 

shrinkage of cement paste. In addition to the changes in capillary forces, solid surface tension, 577 

and disjoining pressure, the reduction in the interactions between crystal and gel products 578 

should be considered as one of the mechanisms for the drying shrinkage of cementitious 579 

materials. 580 

(4) The established theoretical model analyzed the expansion and drying shrinkage of cementitious 581 

materials based on the interactions between crystal and gel products. The results calculated by 582 

the model are in good agreement with the experimental results. 583 

6. Future work 584 

The interactions between crystal and gel products should be considered one of the mechanisms 585 

for the volume change in cementitious materials. In future work, the proportion of volume change 586 

caused by the interactions relative to the total volume change will be studied. Other factors that 587 

affecting the interactions between crystal and gel products (such as the volume of crystal and gel 588 

products, porosity and temperature) also will be studied. In addition, some microscopic experiments 589 

will be meticulously designed to verify the interactions between crystal and gel products in 590 

cementitious materials.   591 
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Fig. 1. The interactions between crystal and gel products in cement paste. 
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Fig. 2. Simplified model of volume change and microstructural development of cementitious 

materials. 
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Fig. 3. Solvent/solution exchange and vacuum drying processes. 
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Fig. 4. Concentrations of Ca2+, AlO2
-, SO4

2- and OH- in different solvents and solutions (H2O-water, 

IPA-isopropyl alcohol, ETH-ethanol, CH-calcium hydroxide, CaAc2-calcium acetate, L-low 

concentration, H-high concentration). 
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Fig. 5. TGA curves obtained for cement pastes immersed in different pore solvents or solutions 

(H2O-water, IPA-isopropyl alcohol, ETH-ethanol, CH-calcium hydroxide, CaAc2-calcium acetate, 

L-low concentration, H-high concentration). 
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Fig. 6. XRD patterns obtained for cement pastes immersed in different pore solvents or solutions 

(H2O-water, IPA-isopropyl alcohol, ETH-ethanol, CH-calcium hydroxide, CaAc2-calcium acetate, 

L-low concentration, H-high concentration). 
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Fig. 7. Pore size distribution of cement pastes immersed in different pore solvents or solutions 

obtained from MIP tests (H2O-water, IPA-isopropyl alcohol, ETH-ethanol, CH-calcium hydroxide, 

CaAc2-calcium acetate, L-low concentration, H-high concentration). 
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Fig. 8. (a) Length change of specimens throughout the whole process, (b) length change of 

specimens during solvent/solution exchange process and (c) length change of specimens during 

vacuum drying process (H2O-water, IPA-isopropyl alcohol, ETH-ethanol, CH-calcium hydroxide, 

CaAc2-calcium acetate, L-low concentration, H-high concentration). 
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Fig. 9. Expansion of cement pastes within different crystallization pressures (H2O-water, CH-

calcium hydroxide, CaAc2-calcium acetate, L-low concentration, H-high concentration). 
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Fig. 10. Isothermal adsorption-desorption curve of the cement paste. 
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Fig. 11. Drying shrinkage of cement pastes (H2O-water, CH-calcium hydroxide, CaAc2-calcium 

acetate, L-low concentration, H-high concentration). 
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Table 1 RH ranges for the three mechanisms responsible for volume change of cement paste. 

Mechanisms Capillary forces Solid surface tension Disjoining pressure 

RH 45%–100% 0–100% 0–45% 
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Table 2 Chemical composition of the Portland cement. 

Composition SiO2 Al2O3 Fe2O3 CaO MgO SO3 

Content (wt.%) 20.85 5.28 2.54 61.64 2.58 2.06 
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Table 3 Properties of solvents and solutions. 

Code Solvent and solution 
Concentration 

(g/100g water) 

Concentration of 

Ca2+ (mol/L) 

Concentration of 

OH- (mol/L) 

H2O Water - - - 

IPA Isopropyl alcohol Pure - - 

ETH Ethanol Pure - - 

CH Calcium hydroxide 0.166 (saturated) 0.0224 0.0448 

CaAc2-L Calcium acetate 0.354 0.0224 - 

CaAc2-H Calcium acetate 3.54 0.224 - 
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Table 4 Types and contents of hydration products in cement paste. 

Phase C-S-H CH AFt AFm 

Content (wt.%) 44.76 22.15 6.59 3.98 
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Table 5 Average crystallization pressure for different cement pastes. 

Code H2O IPA ETH CH CaAc2-L CaAc2-H 

Average crystallization 

pressure (MPa) 
101.7 0 0 104.0 109.3 147.8 

(H2O-water, IPA-isopropyl alcohol, ETH-ethanol, CH-calcium hydroxide, CaAc2- calcium acetate, 

L-low concentration, H-high concentration) 

 

 


