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A B S T R A C T

Existing research on the mechanisms affecting the strength of cementitious materials primarily focuses on the 
composition and properties of cement hydration products, often overlooking the interactions between different 
products. This study presents a systematic experimental and theoretical investigation into the mechanical 
properties of cementitious materials, emphasizing the interactions between crystal and gel products driven by 
crystallization pressure. A new mechanism based on crystallization pressure is proposed to explain the impact of 
the interactions between hydration products on the strengths of cementitious materials. Experiments were 
conducted by immersing specimens in solutions with tailored ion concentrations (including water, isopropyl 
alcohol, ethanol, and solutions of calcium hydroxide and calcium acetate) to vary the crystallization pressure. 
The flexural and compressive strengths of these specimens were then tested. An analytical model was developed 
and validated against the experimental data. Both experimental and calculated results demonstrate a negative 
correlation between crystallization pressure and strength. Specimens subjected to crystallization pressures of 
101.7 MPa and 147.8 MPa showed reductions in flexural strength of 19.34 % and 30.65 %, respectively, and 
decreases in compressive strength of 10.00 % and 14.41 %, compared to control specimens with zero crystalli
zation pressure. These results suggest that ion concentrations in the pore solution alter the crystallization 
pressure, which in turn affects the interactions between crystal and gel products and strength of cementitious 
materials. This study provides insights into the mechanisms of strength degradation due to moisture in porous 
materials.

1. Introduction

The strength of cementitious materials is widely regarded as their 
most critical property, primarily determined by the hydration products 
of cement [1]. The main compounds in cement undergo hydration re
actions in the presence of water. For Portland cement, the hydration 
reactions produce calcium silicate hydrate (C-S-H) and calcium hy
droxide (CH). These products are essential for the mechanical properties 
of the cementitious material [2–4]. The development of strength in 
hydrated cement paste is governed by the continued formation and 
growth of hydration products [5]. In the early stage of hydration, the 
C-S-H in the hydration products forms a dense network structure [6,7], 

while CH crystals grow within this network to fill the spaces [8], leading 
to a denser cement paste with a continuous reduction in porosity. During 
this period, the strength of the cement paste increases rapidly. As hy
dration progresses, the rate of hydration product formation diminishes, 
and the increase in cement paste strength decelerates, ultimately 
resulting in a stronger material. Thus, hydration products play a critical 
role in the strength development of cement paste [9].

In existing studies on the mechanical properties of cementitious 
materials, hydration products are generally treated as a single entity 
[10–12]. However, studies have shown that the main hydration prod
ucts of Portland cement, C-S-H and CH, exhibit distinct properties. In the 
X-ray diffraction (XRD) patterns of cement paste, CH exhibits a strong 
diffraction peak, indicating high crystallinity, while C-S-H exhibits a 
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broad dispersion, indicating that it is an amorphous solid with 
short-range order and long-range disorder [13]. Therefore, the main 
hydration products of Portland cement can be categorized into two types 
based on their physical structures: gel products C-S-H [14] and crystal 
products CH [15]. Research suggests that the strength of cementitious 
materials results from the precipitation and aggregation of nano-sized 
C-S-H gel particles [16], while CH contributes to strength by filling 
voids in the hydration products [17]. Due to the distinct physical and 
chemical properties of crystals and gels [18], the interactions between 
these two components in hydration products may affect the mechanical 
properties of cementitious materials.

The interactions between crystal and gel products, caused by crys
tallization pressure, induce variations in the internal stress or strain 
within the hydration products, thereby affecting the properties of 
cementitious materials [19]. Crystals precipitating from solution can 
damage the porous materials [20,21], particularly when they grow 
under external pressure in a supersaturated solution. This phenomenon 
is known as crystallization pressure [22,23]. In cement paste, gel 
products form a continuous matrix with pores, while crystal products 
grow within these pores [17]. During cement hydration, the ions of 
hydration products remain in a supersaturated state, causing crystals 
constrained by gel products and generate crystallization pressure [24]. It 
leads to the interactions between crystal and gel products [19], and 
further affects the mechanical properties of cementitious materials.

This main purpose of this study is to investigate the impact of crys
tallization pressure on the interactions between crystal and gel hydra
tion products, and their effect on strength of cementitious materials, 
through both experimental and theoretical approaches. A mechanism 
based on crystallization pressure theory was proposed to explain the 
effect of the interactions between crystal and gel products on the 
strengths of cementitious materials. Crystallization pressure was varied 
by immersing specimens in solutions with tailored ion concentration, 
including water, isopropyl alcohol, ethanol, calcium hydroxide and 
calcium acetate at different concentrations. Crystallization pressures 
within the specimens were calculated based on solubility product ob
tained from inductively-coupled plasma mass spectrometry and ion 
chromatography tests. Following immersion, the flexural and compres
sive strengths of these specimens were tested, and the experimental 
results were analyzed in light of the proposed mechanism. An analytical 
model was developed to predict the relationship between crystallization 
pressure and both tensile (flexural) and compressive strengths. This 
model was validated using experimental results, providing insights into 

the impact of crystallization pressure on cementitious material 
strengths.

2. Theoretical principles

Based on the principle of crystallization kinetics, crystallization 
pressure arises when a crystal grows within a confined space such as a 
grain boundary or contact area, exerting pressure on the surrounding 
material [21]. During cement hydration, the ion concentrations of 
crystal products, such as calcium hydroxide (CH), ettringite (AFt), or 
monosulfoaluminate (AFm), in the pore solution are typically super
saturated. This supersaturation results in the continuous formation and 
growth of these crystal products. When the growth of crystal products is 
restricted by the continuous gel products, such as calcium silicate hy
drate (C-S-H) or alumina gel (AH3), crystallization pressure develops. 
This crystallization pressure induces the interactions between crystal 
and gel products, creating a compressive stress state within the crystal 
products and a tensile stress state within the surrounding gel products 
[19]. The stress states of hydration products can affect the mechanical 
properties of cementitious materials. The maximum crystallization 
pressure Pcry of a crystal in solution can be calculated using Eq. 1
[25–27]. Fig. 1 illustrates the simplified model of the interactions in the 
cementitious materials, along with the resulting mechanical properties 
and volume changes [19] during hydration process. 

Pcry =
Rg⋅T
vc

ln
(

Qion

Kion

)

(1) 

where, Rg is the gas constant, T is the absolute temperature, vc is the 
molar volume of crystal, Kion is the equilibrium solubility, and Qion is the 
solubility product.

Based on our previous study [19], it is theoretically inferred that the 
interactions between crystal and gel products affect the strengths of 
cement paste throughout the hydration process. The hydration process 
can be divided into four stages. In Stage I, hydration remains limited, 
and only a small amount of hydration products form. During this stage, 
the gel products have not yet formed a continuous network, allowing 
both crystal and gel products to grow freely. As a result, the cementitious 
materials do not yet harden, and their ability to withstand external loads 
remains weak. It leads to considerably low compressive and tensile 
(flexural) strengths of the specimens, with minimal volume changes 
observed in the specimens.

List of symbols

E Elastic modulus of cement paste
Ecry Elastic modulus of the crystal phase
Egel Elastic modulus of the gel phase
Ep Elastic modulus of the pore phase
K Parameter related to the E, Ep, Rc/g, and ϕ
Kion Equilibrium solubility
P External stress
P11 Tensile strength of specimen
P22 (P33) Compressive strength of specimen
Pcry Crystallization pressure
Pcry

ave Average crystallization pressure of all crystals
Pcry

x Crystallization pressure generated by phase x
Pcry,ij Internal stress tensor due to crystallization pressure
Pij External stress tensor
Qion Solubility product
Rc/g Volume ratio of the crystal phase to the gel phase
Rg Gas constant
T Absolute temperature

V Total volume of the cement paste sample
vc Molar volume of crystal
Vc Volume of the crystal phase
Vg Volume of the gel phase
Vp Volume of the pore space
Vx Volume of crystal phase x
β Effective stress coefficient of the pore phase
γ Effective stress coefficient of the crystal phase
Δϕ Variation in porosity
εgel Strain on the gel phase
εij Strain tensor of the cement paste
κeff Volume coefficient of stressed crystal
κshape Shape factor of crystal
ν Poisson’s ratio of cement paste
σcry Stress on the crystal phase
σgel Stress on the gel phase
σij" Biot’s effective stress tensor
σij"0 Initial stress tensor
ϕ Porosity of cement paste
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As hydration progresses beyond Stage I, the formation of hydration 
products accelerates. Consequently, the gel products form a continuous 
phase, marking the transition to Stage II. Although a continuous gel 
phase is formed, the crystal products are not in contact with the gel 
products at either end, allowing unrestricted growth. These crystals are 
defined as non-stressed crystals and are shown in blue color in Fig. 1. As 
the volume of hydration products increases and porosity decreases, the 
microstructure becomes denser. This densification enhances resistance 
to compressive and tensile stresses, thereby improving the mechanical 
properties of cementitious materials. However, during this stage, the 
interactions between crystal and gel products do not occur, and only 
minor volume changes are observed in the specimens.

As hydration continues, the crystal products continued to grow until 
their growth is restricted by the gel products. This restriction leads to the 
interactions between crystal and gel products, marking the transition to 
Stage III. During this stage, some non-stressed crystals transform into 
stressed crystals (red color), applying stress to the surrounding gel 
products until the maximum crystallization pressure is reached. As hy
dration progresses, other existing non-stressed crystals or newly gener
ated crystals undergo the similar processes. It further intensifies the 
interactions between crystal and gel products, creating a greater tensile 
stress within the surrounding gel products. This tensile stress can 
potentially reduce the gel’s ability to resist external loading, leading to 
microcrack formation and lowering the tensile strength of the cemen
titious materials. Additionally, the Poisson effect leads to a decrease in 
compressive strength. In the early part of Stage III, the combined effect 
of increased hydration products and the interactions between crystal 

and gel products causes tensile and compressive strengths to continue 
rising. However, as interactions increase further, the rate of strength 
gain slows. This effect is more pronounced in tensile strength, which 
decreases faster than compressive strength, as indicated by the declining 
flexural-to-compressive strength ratio over time [28,29].

During Stage III, the increased interactions between crystal and gel 
products lead to an increase in the tensile stress within the gel phase, 
resulting in greater deformation of the gel phase and increased expan
sion of the overall cementitious materials. Therefore, the cementitious 
materials expand during Stage III.

If the tensile stress within the gel products, resulting from the in
teractions between crystal and gel products, exceeds its tensile strength, 
cracking occurs. This marks the transition to Stage IV. Due to the 
increased volume of crystals or the development of crystallization 
pressure, the interactions between crystal and gel products intensify, 
leading to crack propagation within the microstructure. It leads to a 
significant reduction in the tensile and compressive strengths of the 
cementitious materials. The rate of decrease in flexural strength be
comes more pronounced than that of decrease in compressive strength.

During Stage IV, the cracked gel phase can no longer restrict the 
crystal growth. As a result, previously halted crystal growth resumes, 
leading to the excessive expansion of cementitious materials.

It can be summarized from the above theoretical analysis that 
increasing the interactions between crystal and gel products leads to 
greater expansion and a decrease in the tensile (flexural) and compres
sive strengths of cementitious materials. The impact on tensile (flexural) 
strength is more pronounced than that on compressive strength.

Fig. 1. Simplified model of the interactions in the cementitious materials, the resultant mechanical properties and change in volume[19]. (σcry=stress of crystal; 
σgel=stress of gel).
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3. Experimental program

3.1. Experimental design

Based on the analysis in Section 2, the interactions between crystal 
and gel products should be a factor affecting the strength of cementitious 
materials. Therefore, this study focuses on cementitious materials with a 
high degree of hydration (the late period of Stage III) and regulates 
crystallization pressure by varying the ion concentration of the pore 
solution to investigate the influence of the interactions between crystal 
and gel products on the strength of the cementitious materials. The 
experimental procedure is illustrated in Fig. 2. First, specimens (cement 
pastes and mortars) were cast and cured under condition of 98 % rela
tive humidity at 20 ℃ for 1 day. Subsequently, all specimens were 
submerged in water at 40 ℃ for 28 days curing. After this, the specimens 
were immersed in different solvents or solutions. Finally, cement mor
tars were used to test the flexural and compressive strengths, while the 
cement pastes were used to test the hydration products and pore struc
ture. The ion concentrations in the final solvents or solutions were 
measured to calculated the crystallization pressure. It is noteworthy that 
curing in water at 40 ℃ was employed to accelerate the hydration 
process, minimizing changes in hydrated products and microstructure 
that might result from continued hydration during the solvent or solu
tion exchange process.

In the experiment, crystallization pressure of crystal products within 
specimens was altered by varying ion concentrations while immersing 
specimens in different solvents or solutions. Water and calcium hy
droxide solutions were used as control groups to simulate the pore so
lution conditions of cementitious materials under realistic service 
environments, providing a baseline for subsequent experiments. Due to 
the negligible solubility of crystal hydration products in ethanol and 
isopropyl alcohol, no crystallization pressure is generated in these sol
vents. As such, they were selected as exchange solvents to eliminate 
crystallization pressure. To systematically vary the crystallization pres
sure, calcium acetate solutions with different Ca²⁺ concentrations were 
prepared. This enabled a quantitative investigation into the impact of 
crystallization pressure on the mechanical properties of cementitious 
materials. In addition, all selected solutions and solvents were confirmed 
to have negligible effects on the hydration products and the micro
structure of cement paste. This ensures that the observed changes in 
mechanical properties can be attributed primarily to crystallization 
pressure, minimizing interference from other factors [30–34]. There
fore, ethanol and isopropyl alcohol were selected as exchange solvents. 
Calcium hydroxide, sodium hydroxide, and calcium acetate powders 
were selected to prepare exchange solutions. Those chemical agents 
were supplied by local suppliers. The properties of the solvents and 
solutions are listed in Table 1.

3.2. Materials and mixture proportions

In this study, Portland cement was utilized with chemical composi
tion detailed in Table 2. The natural river sand with specific gravity of 
2.65 g/cm3 was used as the aggregate.

Cement mortars were prepared for strength testing, while cement 
pastes were prepared for the examination of hydration products and 
microstructure. The cement mortars were formulated with a water-to- 
cement (w/c) ratio of 0.5 and a sand-to-cement (s/c) ratio of 3.0, 
while the cement pastes were prepared with a w/c ratio of 0.5. A total of 
eighteen cement mortars and six cement pastes were prepared.

3.3. Sample preparation

The cement mortars were cast in steel molds with dimensions of 
40 × 40 × 160 mm3, while the cement pastes were cast in steel molds 
with dimensions of 25 × 25 × 280 mm3. Following casting, the speci
mens were placed in a curing box maintained at a temperature of 20 ℃ 
and a relative humidity of 98 %. The specimens were de-moulded after 
24 h, and then stored in water at 40 ℃ for 28 days.

3.4. Test methods

3.4.1. Solvent or solution exchange
After curing, all the samples were divided into six groups, each 

consisting of three mortars and one cement paste. These groups of 

Fig. 2. Flowchart of experimental process. (Temp=temperature; RH=relative humidity; IC=ion chromatography; ICP-OES=inductively-coupled plasma optical 
emission spectrometry).

Table 1 
Properties of solvents and solutions.

Code Solvent or 
solution

Concentration 
(g/100 g 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 -

Table 2 
Primary chemical composition of 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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specimens were placed in different solvents or solutions (as shown in 
Table 1) and sealed for pore solution exchange process. The solvents or 
solutions were renewed every 7 days, and the mass of the specimens was 
measured until the mass of all specimens remained essentially 
unchanged.

3.4.2. Mechanical properties test
After solvent or solution exchange process, the flexural and 

compressive strengths of the mortars were tested. The specimens were 
split into two parts using three-point bending tests to test the flexural 
strength. Subsequently, the two split parts were used to test the 
compressive strength. For each group, three parallel flexural tests and 
six parallel compressive tests were performed, and the mean values were 
calculated.

3.4.3. Ion concentration test
The chemical composition of the soaking solution after the pore so

lution exchange process was analyzed using ion chromatography (IC) 
and inductively-coupled plasma optical emission spectrometry (ICP- 
OES). The deionized water used in the laboratory had a conductivity of 
18.2 MΩ/cm, and a 0.2 μm disposable microporous filter membrane was 
used.

3.4.4. Thermogravimetric analysis
Cement pastes from the different groups were subjected to ther

mogravimetric analysis (TGA). After the solvent or solution exchange 
process, the cement pastes were crushed and dried in a vacuum drying 
chamber at 40 ℃. Upon vacuum drying, central fragments of the broken 
specimens were selected, ground into fine powder using an agate 
mortar, and then sieved through a 0.056 mm square sieve. The sieved 
powder was used for the TGA test. The samples obtained after vacuum 
drying were gradually heated in a controlled N2 atmosphere at a rate of 
10 ℃/min until they reached a temperature of 900 ℃.

3.4.5. X-ray diffraction test
Sample preparation for the X-ray diffraction (XRD) test followed the 

same method as for TGA. Prior to testing, 10 % α-Al2O3 was added as an 
internal standard. The XRD measurements were conducted within a 
range of 5◦–70◦, with a step size of 0.02◦.

3.4.6. Mercury intrusion porosimetry test
Mercury intrusion porosimetry (MIP) was performed on the vacuum- 

dried cement paste samples, which were crushed into pieces measuring 
5–7 mm in diameter. The mercury porosimeter was operated within a 
pressure range of 0.0014–420 MPa. The pore volume was determined by 
controlling the applied external pressure and the amount of mercury 
intrusion, and the pore size distribution was represented by either the 
first-order differential curve or the cumulative distribution curve.

4. Results and discussion

In the study, crystallization pressure was regarded as the primary 
driving force influencing the interactions between crystal and gel hy
dration products. Therefore, Ca2+ concentration in the pore solution, 
which directly influenced crystallization pressure, was identified as the 
critical variable in this experiment. To ensure the stability of the hy
dration products and minimize the impact of ongoing hydration, spec
imens with a high degree of hydration were selected. During the 
solvents/solutions exchange process, the specimens were maintained in 
a saturated state. In addition, the selected solvents and solutions were 
specifically chosen to alter the calcium ion concentration without 
significantly affecting the hydration products or microstructure. 
Therefore, the variations in mechanical properties could be primarily 
attributed to differences in crystallization pressure rather than other 
confounding factors.

4.1. Strengths of specimens after solvents/solutions exchange

The flexural and compressive strengths of the cementitious materials 
were tested after the pore solution exchange process. To investigate the 
effect of pore solution composition on the mechanical properties of the 
cementitious materials, the flexural and compressive strengths of spec
imens immersed in water were considered as the reference strengths (set 
to 1). The standardized strengths of specimens immersed in other so
lutions (e.g., calcium hydroxide and calcium acetate) or solvents (e.g., 
ethanol and isopropyl alcohol) were compared with the reference 
strength, with the results presented in Table 3. As shown in Table 3, both 
the flexural and compressive strengths of the specimens with ethanol 
and isopropyl alcohol as pore solutions were higher than the reference 
strengths (those of the water-immersed specimens). The flexural and 
compressive strengths of the specimens immersed in calcium hydroxide 
and low-concentration calcium acetate solutions were similar to the 
reference strengths. Specimens immersed in high-concentration calcium 
acetate solutions exhibited lower flexural and compressive strengths 
compared to the reference strengths, with a more significant decrease in 
flexural strength. In various solutions (or solvents), differences in ion 
concentrations of crystal products affect crystallization pressure, leading 
to variations in the interactions between crystal and gel products. This 
may explain the differences in the strength of cementitious materials 
after immersion in different solutions or solvents. The crystallization 
pressure of crystal products in cement mortar immersed in different 
solvents or solutions was determined by ion concentration test.

4.2. Hydration products, porosity and crystallization pressure for 
different specimens

The TGA curves, XRD patterns and pore size distributions of speci
mens were obtained, which demonstrated that the hydration products 
and porosity of cement pastes immersed in various solvents or solutions 
remained largely unaffected [19]. This finding is consistent with results 
reported in the literature [30–34]. It indicates the observed differences 
in the strengths of the cementitious materials after solvent or solution 
exchange are primarily attributed to changes in the interactions between 
crystal and gel hydration products. The types and contents of hydration 
products in the specimens immersed in different solvents or solutions are 
listed in Table 4 [19].

For Portland cement, the primary crystal hydration products are 
calcium hydroxide, ettringite and AFm, which consist of Ca2+, OH-, AlO2

- 

and SO4
2- ions. The ion concentrations in different exchange solvents or 

solutions also have been reported in our previous study [19]. Since the 
hydration products AFt, AFm, and CH generate crystallization pressure 
in Portland cementitious materials, the average crystallization pressure 
was used to characterize the pressure within the specimens. It was 
defined as follows [19]: 

Pave
cry =

κshape,CH⋅PCH
cryVCH + κshape,AFt⋅PAFt

cry VAFt + κshape,AFmPAFm
cry VAFm

VCH + VAFt + VAFm
(2) 

Table 3 
Comparison of standardized flexural and compressive strengths with the refer
ence strengths.

Specimen Solvents or 
solutions

Standardized flexural 
strength (-)

Standardized 
compressive strength (-)

H2O water 1 (reference strength) 1 (reference strength)
IPA isopropyl 

alcohol
1.24 1.08

ETH ethanol 1.29 1.11
CH calcium 

hydroxide
1.08 1.01

CaAc2-L calcium 
acetate

1.01 0.96

CaAc2-H calcium 
acetate

0.86 0.95
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where, Pcry
ave denotes the average crystallization pressure of all crystals; 

Vx denotes the volume of crystal phase x; Pcry
x denotes the crystallization 

pressure generated by phase x; κshape is the shape factor, and its values 
for AFt, CH and AFm are set to 1, 2/3 and 2/3, respectively.

The Average crystallization pressure for different specimens were 
calculated and are provided in Table 5.

4.3. Effects of crystallization pressure on the strengths of cementitious 
materials

Table 3 and Table 5 reveal that the specimens with crystallization 
pressures of 101.7 MPa and 147.8 MPa exhibited reductions in tensile 
(flexural) strength by 19.34 % and 30.65 %, respectively, and decreases 
in compressive strength by 10.00 % and 14.41 %, respectively, 
compared to the specimens with zero crystallization pressure. These 
findings indicate that both the calculated and experimentally measured 
tensile and compressive strengths of the specimens increased as crys
tallization pressure decreased. This trend suggests that the stronger in
teractions between crystal and gel products lead to a reduction in the 
strengths of cementitious materials. Notably, the reduction in tensile 
strength was more significant than that in compressive strength.

In cementitious materials, the interactions between crystal and gel 
products influence the internal stress states of the hydration products, 
resulting in tensile stress in gel products and compressive stress in the 
crystal products. Consequently, the interactions between crystal and gel 
phases in cementitious materials induce internal stress within the hy
dration products, even in the absence of external force. This internal 
stress can be considered analogous to “prestress”. When external forces 
are applied, the hydration products experience a superposition of 
stresses arising from both the external load and the internal interactions 
between crystal and gel phases. Given the inherent brittleness of 
cementitious materials, they are particularly susceptible to failure under 
tensile stress. The tensile “prestress” in gel products, resulting from the 
interactions between crystal and gel products, diminishes the capacity of 
the gel products to withstand external tensile stress. When the stress in 
gel products exceeds its own tensile strength, cracking occurs within the 
gel phases. The heightened cracking and increased susceptibility to 
damage in the gel products can lead to the formation of microcracks 
within the cementitious materials, ultimately compromising the struc
tural integrity and increasing the risk of macrocrack development. 
Consequently, an increase in the interactions between crystal and gel 
products correlates with a reduction in the strengths of cementitious 
materials.

5. Analytical model

5.1. Model development

Based on the principles of poroelasticity [35], a relationship was 

established between the strengths of the cement paste and the in
teractions between crystal and gel products. It is detailed as follows.

Consider a cement paste sample with volume V, comprising a gel 
phase (Vg), a crystal phase (Vc), and an interconnected pore space (Vp). 
The total volume is the sum of the three volumes: 

V = Vg +Vc +Vp (3) 

The porosity ϕ is defined as: 

ϕ =
Vp

V
=

Vp

Vg + Vc + Vp
(4) 

Under uniaxial stress, the combined effect of external forces and the 
interactions between crystal and gel products within the cement paste 
leads to deformation. Neglecting the effects of the temperature changes 
and hydrostatic pressure, the strain tensor of the cement paste (εij) can 
be expressed as [36]: 

ε11 =
1
E
(
σ11

ʹ́ − σ11
ʹ́0) −

ν
E
(
σ22

ʹ́ − σ22
ʹ́0) −

ν
E
(
σ33

ʹ́ − σ33
ʹ́0) (5) 

ε22 =
1
E
(
σ22

ʹ́ − σ22
ʹ́0) −

ν
E
(
σ11

ʹ́ − σ11
ʹ́0) −

ν
E
(
σ33

ʹ́ − σ33
ʹ́0) (6) 

ε33 =
1
E
(
σ33

ʹ́ − σ33
ʹ́0) −

ν
E
(
σ11

ʹ́ − σ11
ʹ́0) −

ν
E
(
σ22

ʹ́ − σ22
ʹ́0) (7) 

where, εij denotes the strain tensor of cement paste, σij
" denotes Biot’s 

effective stress tensor, σij
"0 denotes initial stress tensor, E is the elastic 

modulus of cement paste, and ν is the Poisson’s ratio.
Under uniaxial stress, the external stress (P) is normal stress acting 

along a single axis of the material. Therefore, 

Pij = P (i = j = 1); Pij = 0 (i, j ∕= 1) (8) 

The internal stress is driven by the crystallization pressure. It was 
assumed that the crystallization pressure acted uniformly on the pore 
walls. Therefore, the internal stress tensor (Pcry,ij) can be expressed as: 

Pcry,ij = κeffPcry (i = j); Pcry,ij = 0 (i ∕= j) (9) 

where, κeff is the volume coefficient of stressed crystals and Pcry is the 
crystallization pressure.

Based on poroelasticity, the strains of the cement paste, pores, and 
crystals were:

The strain on cement paste: 

ε11 =
1
E
(
P+ ακeffPcry − 2νακeffPcry

)
(10) 

ε22 = ε33 =
1
E
(
ακeffPcry − νP − 2νακeffPcry

)
(11) 

The strain on pores: 

εpore
11 =

1
Ep

(
P+ βκeffPcry − 2νβκeffPcry

)
(12) 

εpore
22 = εpore

33 =
1
Ep

(
βκeffPcry − νP − 2νβκeffPcry

)
(13) 

The strain on crystals: 

εcrystal
11 =

1
Ecry

(
P+ γκeffPcry − 2νγκeffPcry

)
(14) 

εcrystal
22 = εcrystal

33 =
1

Ecry

(
γκeffPcry − νP − 2νγκeffPcry

)
(15) 

where, β and γ are the effective stress coefficients of the pore and crystal 
phases, respectively, and Ep and Ecry denote the elastic moduli of the 
pore and crystal phases, respectively.

The variation in porosity Δϕ can be obtained as follows: 

Table 4 
Types and contents of hydration products in specimens immersed in different 
solvents or solutions [15].

Phase C-S-H CH AFt AFm
Content (wt%) 44.76 22.15 6.59 3.98

Table 5 
Average crystallization pressure for different specimens.

Code H2O IPA ETH CH CaAc2- 
L

CaAc2- 
H

Average crystallization 
pressure (MPa)

101.7 0 0 104.0 109.3 147.8

Note: H2O=water; IPA=isopropyl alcohol; ETH=ethanol; CH=calcium hydrox
ide; CaAc2=calcium acetate; L=low concentration; H=high concentration.
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Δϕ = Δ
(

Vp

V

)

=
ΔVp − ϕΔV

V
(16) 

The following set of kinematic relations can be derived based on Eq. 
(3): 

ε =
ΔV
V

=
ΔVg + ΔVc

Vg + Vc
+

Δϕ
1 − ϕ

(17) 

εpore =
ΔVp

Vp
=

ΔVg + ΔVc

Vg + Vc
+

Δϕ
(1 − ϕ)ϕ

(18) 

The relationship between stress and strain on gel products is: 

εgel =
ΔVg

Vg
=

σgel

Egel
(19) 

where, εgel and σgel denote the strain and stress on the gel phase, 
respectively, and Egel denotes its elastic modulus.

Therefore, considering the role of the interactions between crystal 
and gel products, the relationships between the strain and internal and 
external stresses on the cement paste are as follows: 

P11 =

{
σgel(1 − ϕ)

Egel
(
1 + Rc/g

) − (1 − 2ν)κeffPcry

[
α
E
−

βϕ
Ep

−
γRc/g(1 − ϕ)
(
1 + Rc/g

)
Ec

]}

⋅K− 1

(20) 

where, Rc/g is the volume ratio of the crystal to the gel phase, K is a 
parameter related to the elastic modulus, Rc/g, and porosity, and it is 
defined as follows: 

K =
1
E
−

ϕ
Ep

−
Rc/g(1 − ϕ)
(
1 + Rc/g

)
Ec

(22) 

Moreover, κeff denotes the volume coefficient of stressed crystals and. 
According to our previous study [19], it can be expressed as: 

Keff = 1 − e−
0.3
ϕ (23) 

where, ϕ is the porosity of cement paste.
In this study, it is considered that the matrix fails when the stress 

generated by the gel products reaches its own tensile strength. At this 
point, the external stresses P11 and P22 (P33) correspond to the tensile 
and compressive strengths of specimen, respectively.

5.2. Model verification

The model was validated using experimental data from Section 4. 
Based on Eqs. (20) and (21), the tensile and compressive strengths (also 
expressed in terms of reference strengths) with different crystallization 
pressures were calculated and compared with the experimental results, 
as shown in Fig. 3 and Fig. 4, respectively. The tensile strength of C-S-H 
is 66–320 MPa [37], and the elastic modulus of C-S-H, CH, AFt and AFm 
are 20–30 GPa [37], 35–51 GPa [38], 22.4 GPa [39] and 42.3 GPa [39], 
respectively. The Poisson’s ratio of cement paste ranges from 0.25 to 0.3 
[40]. Variations in the tensile strength of cementitious materials were 
assessed through changes in flexural strength.

The results presented in Fig. 3 and Fig. 4 indicate that the calculated 
values generally aligned with the experimental trends, confirming a 
linear relationship between crystallization pressure and strengths. Both 
tensile (flexural) and compressive strengths decreased with increasing 
crystallization pressure. The results confirm the accuracy of the model. 
Drawing from both experimental findings and the analytical model, ion 
concentrations in the pore solution influence the crystallization pressure 

of crystal products in cementitious materials, thereby affecting their 
strengths. Higher crystallization pressure led to stronger interactions 
between crystal and gel products, ultimately resulting in a reduction in 
both tensile and compressive strengths.

5.3. Moisture-induced weakening based on the interactions between 
crystal and gel hydration products

Cementitious materials often remain in a wet or even saturated state 
due to the diffusion of moisture from the air into the concrete interior or 
through water penetration in hydraulic structures. A negative correla
tion has been established between the internal moisture content of 

Fig. 3. Comparison between experimental and calculated standardized tensile 
strengths of samples subjected to different crystallization pressures. (EXP=
experimental results; H2O=water; IPA=isopropyl alcohol; ETH=ethanol; 
CH=calcium hydroxide; CaAc2=calcium acetate; L=low concentration; H=high 
concentration).

Fig. 4. Comparison between experimental and calculated standardized 
compressive strengths of samples subjected to different crystallization pres
sures. (EXP= experimental results; H2O=water; IPA=isopropyl alcohol; 
ETH=ethanol; CH=calcium hydroxide; CaAc2=calcium acetate; L=low con
centration; H=high concentration).

P22 = P33 =

{

(1 − 2v)keff Pcry

[
α
E
−

βϕ
Ep

−
γRc/g(1 − ϕ)
(
1 + Rc/g

)
Ec

]

−
σge1(1 − ϕ)

Ege1
(
1 + Rc/g

)

}

⋅(vK)− 1
= −

P11

v
(21) 
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cementitious materials and their mechanical properties [41–43]. This 
phenomenon is known as moisture-induced weakening (or water-rock 
interactions). The mechanism of moisture-induced weakening is 
approximately summarized into two categories: the corrosive action of 
water and the mechanical action of water [44–47]. Concrete sleepers 
have been reported to corrode due to the flow of abrasive liquids, 
contributing to concrete deterioration [48]. However, experiments 
controlling the internal water content of concrete through relative hu
midity indicate that in the absence of flowing water, the strength of 
concrete decreases as pore water saturation increases [41]. It suggests 
that matrix corrosion due to flowing water is not the sole factor in the 
strength reduction of cementitious materials. Some studies suggest that 
moisture-induced weakening occurs because surface shrinkage induces 
biaxial compression in the specimen’s core, which increases its strength 
in the third direction, that is, in the direction of the applied load. In 
addition, Capillary forces, a type of mechanical effect, arise during the 
evaporation of free water in capillary pores. These forces induce 
shrinkage stress, compacting the matrix and thereby increasing strength 
[45]. However, experimental results showed that well-cured concrete, 
when completely dry and free from significant shrinkage (in the absence 
of biaxial stress), exhibits higher compressive strength than when tested 
in a wet condition [49]. Therefore, the mechanical action of water on the 
mechanical properties of cementitious materials remains less explored 
[41].

In this study, an increase in the interactions between crystal and gel 
products, driven by crystallization pressure, is shown to reduce the 
strength of cementitious materials. It has been established that crystal
lization pressure arises when a thin fluid layer exists at the crystal-solid 
interface, facilitating mass transport for crystal growth [21,25]. In dry 
cementitious materials, the thin fluid layer disappears, and the crystal
lization pressure is absent. As a result, there are no interactions between 
crystal and gel products [19]. Consequently, the strength of dry 
cementitious materials surpasses that of water-saturated cementitious 
materials. Research indicates that the compressive strength of cemen
titious materials in dry conditions is 10–20 % higher than that in satu
rated conditions [50–54]. These findings align with the experimental 
and calculated results in this study, which compare fully saturated 
specimens (immersed in water) to those without interactions between 
crystal and gel products (immersed in isopropyl alcohol or ethanol). 
Therefore, variations in the interactions between crystal and gel prod
ucts represent a critical factor influencing the mechanical properties of 
cementitious materials with different moisture contents.

6. Conclusions

This study investigates the impact of crystallization pressure on the 
interactions between crystal and gel hydration products and the me
chanical properties of cementitious materials through solution exchange 
experiments and theoretical analysis. The following conclusions are 
drawn. 

(1) Ion concentrations in the pore solution of cementitious materials 
is altered by immersing them in different solvents or solutions 
(such as water, isopropyl alcohol, ethanol, calcium hydroxide and 
calcium acetate with various concentrations), which in turn 
changes the crystallization pressure of crystal products and ulti
mately affects both the flexural and compressive strengths.

(2) The interactions between crystal and gel products affects the 
mechanical properties of cementitious materials. Crystallization 
pressure, which directly affects the interactions, negatively im
pacts the strengths of cementitious materials. Compared to the 
reference specimens with zero crystallization pressure, specimens 
with crystallization pressures of 101.7 and 147.8 MPa exhibited 
reductions in flexural strength by 19.34 % and 30.65 %, respec
tively, and decreases in compressive strength by 10.00 % and 
14.41 %. These findings indicate that both tensile and 

compressive strengths improve as crystallization pressure de
creases, with the reduction in flexural strength being more pro
nounced than that in compressive strength. Theoretical analysis 
indicates that the interactions induce tensile stress within the gel 
products even in the absence of external loading. This resembles a 
tensile "prestress" that diminishes the gel products’ capacity to 
withstand external tensile loads, thereby reducing their strengths.

(3) The analytical model developed in this study examines the me
chanical properties of cementitious materials based on the in
teractions between crystal and gel products. The model indicates 
that the strengths of cementitious materials are influenced by 
factors such as the volume ratio of the crystal to the gel phase, 
porosity and crystallization pressure. The tensile and compressive 
strengths predicted by the model align well with the experimental 
results, thus validating the model’s accuracy.

The interactions between crystal and gel products driven by crys
tallization pressure affects the mechanical properties. It can explain the 
“moisture-induced weakening” phenomenon observed in engineering. 
This finding provides a new perspective for understanding the influence 
of moisture content on the mechanical properties of inorganic porous 
materials.

Future work

The Poisson’s ratio of cementitious materials changes during the 
hydration process. Similarly, the interactions between crystal and gel 
products may also influence the Poisson’s ratio. However, the effect of 
the interactions between crystal and gel products on the Poisson’s ratio 
was not considered in this study. Therefore, in future work, we will 
analyze the effect of the interactions between crystal gel and the product 
on the Poisson’s ratio of cementitious materials to further refine the 
established model.

In addition, the mechanism and model proposed in this study provide 
a theoretical basis for understanding the durability of porous materials, 
particularly with respect to salt erosion damage, which will be addressed 
in future studies.
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