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

cementitious materials

Abstract:

The volume change of cementitious materials is often studied based on the properties of the
individual hydration product, either from the gel products causing shrinkage or the crystal products
causing expansion. Previous studies of the team have theoretically revealed that the interactions
between crystal and gel products produce the “micro self-stressing”, which affects the volume
change of cementitious materials. This work presents theoretical and experimental studies into the
impact of the interactions between crystal and gel products on the volume change of cementitious
materials. Firstly, a theoretical model for the volume change of cementitious materials was
proposed. Secondly, in the followed experiment, the crystallization pressure, which affects the
interactions between crystal and gel products, was tailored by immersing specimens in different
exchange solvents or solutions to change the solubility product. Water, isopropyl alcohol, ethanol,
calcium hydroxide and calcium acetate were selected as the exchange solvents or solutions.
Subsequently, cement pastes were vacuum dried. Volume changes of cement pastes were tested
during the whole process. Inductively-coupled plasma mass spectrometry and ion chromatography
were utilized to test the ion concentrations and calculate the crystallization pressure. Finally, the
experimental results were compared with the calculated results to validate the model. Results
indicated that cement pastes immersed in different solvents or solutions exhibited different volume
changes. An increase in crystallization pressure by 45.3% resulted in a 46.1% increase in the
expansion of cement paste. Moreover, the reduction in the interactions should be one of the factors

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

Concrete typically undergoes macroscopic volume changes due to the gain or loss of water,
which can lead to cracking, altered mechanical properties and reduced structural durability,
ultimately affecting the overall engineering quality. The volume change component in concrete is
the cement paste [1,2]. The cement paste is mainly composed of hydration products and unhydrated
cement particles. The spatiotemporal evolution of hydration products significantly affects the
performance of cement paste.

Cement pastes exhibit varying volume changes behaviors under different environmental
conditions, including shrinkage in dry environments and expansion in wet conditions [3]. Three
primary mechanisms contribute to the drying shrinkage of Portland cement paste: the solid surface
free energy [4-7], capillary forces [5,8-10], and disjoining pressure [5,11-14]. It is reported that the
shrinkage of cement paste is caused by the combined effects of the above mechanisms [15]. More
recently, an analytical framework by multi-mechanism approach based on above three mechanisms
was established, and a drying shrinkage formulation was adopted [14]. However, the shrinkage
caused by those mechanisms cannot fully describe the total drying shrinkage of cement paste [14].

The expansion mechanism of cement paste can be explained by three theories: water adsorption
[3], increase in solid volume [16,17], and crystallization pressure. However, calcium sulfoaluminate
(CSA) cement, whose hydration products are mainly ettringite (AFt) or monosulfoaluminate (AFm)
crystals that cannot adsorb many water molecules, exhibits greater expansion [18,19]. Thus, water
adsorption should not be the primary cause of this expansion. In addition, no direct relationship was

observed between the volume of ettringite formed and the expansion of the cement paste in CSA
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expansive cement [20], suggesting that the increase in solid volume should not be the primary cause
of expansion. Crystals growing in a supersaturated solution can exert sufficient force to lift a
specific mass [21]. This phenomenon is attributed to the development of the crystallization pressure.
The theory of crystallization pressure appears to be the most plausible explanation for the observed
expansion of the cement paste [17,22—-24].

The growth of crystal is controlled by the interface attachment kinetics [25]. Crystallization
pressure is generated when a crystal grows within a confined space such as a grain boundary or
contact area, exerting pressure on the surrounding material [26]. Crystallization pressure is
generated when a thin fluid layer exists at the crystal-solid interface [27], but disappears when the
thin fluid layer is gone [28]. The reason is that the fluid layer provides a mass transport channel for
the growing crystal. With crystallization pressure, the crystal continues to grow or exert greater
stress on the surrounding materials until the chemical potential at the interface reaches equilibrium
with that in the solution. It is a process in which chemical potential is converted into mechanical
work.

Crystallization pressure in cementitious materials often leads to changes in the properties of the
matrix. It has been reported that the crystallization pressure in pores can generate a tensile pressure,
and the matrix cracks when this pressure exceeds the tensile strength of the samples [29,30]. A
model based on the crystallization pressure with a single pore was established to calculate the
average hydrostatic tensile stress in the solid, and it showed that the expansion is affected by the
temperature, crystallization pressure and the amount of restricted crystals [31]. A poromechanical
damage model based on crystallization pressure in a homogeneous state was proposed, and it
showed that the expansion of cementitious materials increased with the amount of ettringite crystals

and the crystallization pressure [32,33]. In the CSA cement paste, the crystal hydration product AFt
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or AFm can generate crystallization pressure, and the pressure exerted on the pore walls induces
microstructural deformation of the matrix, resulting in expansion of the cement pastes [34]. So far,
the physical and mechanical effect of crystal crystallization in pores have not yet been treated as an
independent subject [35].

Cement paste is a complex porous material, primarily composed of the hydration products that
can be categorized into crystal (calcium hydroxide (CH), ettringite, or monosulfoaluminate) [36—38]
and gel (calcium silicate hydrate (C-S-H) or aluminum hydroxide gel (AHz)) phases [39,40] based
on their crystallinity. The gel products form a continuous matrix with pores and the crystals grow
within these pores. It plays a critical role in volume change of cement paste [41]. According to the
hypothesis “centroplasm hypothesis” for cementitious materials [42], the properties of cement paste
are affected not only by the micro centroplasm (crystal phase) and micro medium (gel phase) but
also by the interactions between the two phases [43,44]. Existing studies on volume change of
cement paste mostly focus on the properties of the crystal products themselves, while ignoring the
gel products and the interactions between crystal and gel products. In addition, the pore solution
chemistry is not easy to obtain [33]. Therefore, the study on the properties of cementitious based on
the crystallization pressure requires further improvement.

Solvent replacement techniques are commonly used to study and analyze the properties of
cementitious materials, with ethanol and isopropyl alcohol being frequently employed solvents
[45,46]. It has been observed that cement paste exhibited shrinkage during isopropyl alcohol
replacement, which was attributed to three mechanisms: different diffusion speeds of water and IPA,
osmotic extraction and chemical interaction [47]. A necessary condition for generating
crystallization pressure is the occurrence of ion exchange between the crystal and the solution [48].

Calcium hydroxide and ettringite, the main crystal products of cement paste, are almost insoluble in
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isopropanol [49,50]. When the pore solution in cement paste is replaced by isopropyl alcohol, the
crystallization pressure dissipates. Therefore, it should be one of the reasons for the shrinkage of
cement paste.

In the present study, the volume change of cementitious materials affected by the interactions
between crystal and gel products based on the crystallization pressure was discussed. A Theoretical
model based on the interactions was developed to describe and calculate the volume change of
cementitious materials. In the followed experiment, the crystallization pressure, which affects the
interactions between crystal and gel products, was tailored by immersing specimens in different
exchange solvents or solutions to change the solubility product in the pore solution. Water,
isopropyl alcohol, ethanol, calcium hydroxide and calcium acetate with different concentrations
were selected as the exchange solvents or solutions. The ion concentrations were tested by
inductively-coupled plasma mass spectrometry and ion chromatography to calculate the
crystallization pressure. In addition, the volume changes of cement pastes with different
crystallization pressure in pore solution exchange and vacuum drying process were tested to discuss
the effect of the interactions between crystal and gel hydration products on volume change of
cementitious materials.

2. Theoretical analysis of the volume change based on the interactions between crystal and
gel products
2.1 The interactions between crystal and gel products in cementitious materials

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

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

gel hydration products (C-S-H) exhibit limited expansion compared to the crystal hydration
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products (CH). Due to the limited capacity of CH to adsorb water molecules, the primary source of
expansion might be the crystallization pressure generated by the restricted growth of CH.

Fig. 1 (a—e) illustrate the interactions between crystal and gel hydration products in cement
paste, along with their formation and growth process. The crystals nucleate and grow within the
pore spaces created by the gel phase (Fig. 1(a)), driven by the continued precipitation of ions from
the supersaturated solution onto the growing crystal faces. When a crystal is restricted on both sides
by the gel phase, its growth is restricted (Fig. 1(b)). However, according to the principles of
crystallization kinetics, ions in a supersaturated pore solution can continue to be supplied to the
restricted growth faces of a crystal through a thin liquid film (Fig. 1(c)). Restricted crystal growth
within the gel phase can generate stress owing to the difference in the chemical potential between
the crystal and the surrounding pore solution. This stress, known as crystallization pressure, is
exerted on the gel, inducing internal stress (oger) Within the gel structure (Fig. 1(d)). It can cause the
gel to undergo volumetric expansion (eger) until an equilibrium is reached, where the stress exerted
on the restricted crystal reaches the maximum crystallization pressure Pcry. Under drying conditions,
the complete evaporation of the pore solution eliminates the liquid film between the gel and the
crystal. When the liquid film is absent, mass can no longer be transported from the solution to the
restricted crystal, leading to the disappearance of crystallization pressure [28]. Consequently,
theoretical analysis indicates that the original stress and strain within the crystal and gel products
are altered. For example, the reduction in compressive stress on the crystal products reduces their
previous compressive deformation, while the reduction in tensile stress on gel products diminishes
the prior tensile deformation. During this process, since the elastic modulus of the crystal products
is higher than that of the gel products, the latter undergo more pronounced deformation.

Consequently, the disappearance of the crystallization pressure results in the overall shrinkage (esh)
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of the cement paste (Fig. 1(e)). In summary, theoretical analysis suggests that the interactions
between crystal and gel products may alter the internal stress state of the hydration products,
ultimately leading to changes in volume and mechanical properties of the cement paste. This paper
aims to study the effect of the interactions between crystal and gel hydration products on the

volume change of cementitious materials.

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

2.2 Theoretical model for the volume change of cement paste

Our previous study [52], combined with the analysis of interactions between crystal and gel
hydration products, suggested that the volume change of cement paste during hydration can be
categorized into four distinct stages. Fig. 2 illustrates the interactions, the volume change and

microstructural development of the cementitious materials at different stages.

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

materials.

Stage | represents the early hydration period, which occurs before the cement paste hardens.
During this stage, the gel phase (shown in gray) grows on the surface of the unhydrated cement
particles (black), while crystals (blue) begin to form within the pore spaces. Moreover, the gel phase
has not yet formed a continuous network, and the interactions between crystal and gel products are

limited. Therefore, the cement paste exhibits a relatively small volume change.
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As the gel phase develops into a continuous network throughout the cement paste, typically
after hardening, Stage Il commences. Earlier in Stage I, the gel phase forms a continuous network
with interconnected pores. However, crystals within these pores typically do not yet contact the
pore walls at either end, which means that the growth of crystals is still not restricted. Therefore, the
interactions between crystal and gel products do not occur in the early period of Stage 11, resulting
in a minimal volume change of the cement paste.

Later in Stage 11, as the hydration proceeds, the crystals within the pores continue to grow and
contact with the surrounding gel network, and interactions between crystal and gel products occur.
The pore solution ions remain in a supersaturated state throughout the hydration process. Based on
the principles of crystallization kinetics, the ongoing growth of stressed crystals (red) within the
pores generates crystallization pressure. This pressure exerts a tensile stress (oge) On the
surrounding gel phase and a compressive stress (ocry) On the crystal phase. As the volume of the
stressed crystals increases further, the interactions between the gel and crystal products increase,
leading to increased expansion of the cement paste.

Stage 111 commences when the hydration degree is high, and the amount of hydration products
and the concentration of ions in the pore solution reach a relatively constant state. During this stage,
the interactions between crystal and gel hydration products tend to remain relatively stable,
resulting in a relatively stable volume of the cement paste.

However, a mismatched generation of the gel and crystal products or the excessive
crystallization pressure leads to an imbalance in the interaction between crystal and gel products,
causing the gel to experience excessive tensile stress, which commences Stage IV. Once the tensile
stress of the gel phase exceeds its tensile strength, microcracks are formed within the gel network.

This reduces the ability of cracked gel phases to restrict the growth of crystals, potentially leading
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to the further extension of microcracks. Complete penetration of microcracks through a section
diminishes the gel phase's ability to constrain crystal growth, resulting in excessive expansion and
eventual cement paste failure.
2.3 Mathematical model for the volume change of cement paste in water-saturated condition
In cement paste, gel hydration products constitute a porous continuous phase (such as C-S-H or
AHz) and crystal hydration products (such as CH, AFt, or AFm) develop within these pores.
Drawing upon the principles of poroelasticity [32], a relationship between the expansion of cement
pastes and the interactions between crystal and gel products was established as follows:
Consider a cement paste sample with volume V, comprising a gel phase (Vg), a crystal phase

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

volumes:
V =V +V +V, 1)
The porosity (¢) is defined as follows:
\Y \Y
== 2)
VoV VY

Under unconstrained conditions, the volume change of the cement paste is influenced by the
interactions between crystal and gel products, which are driven by the crystallization pressure (Pcry)
defined in Eq. 3 [27]. The volumetric strains are selected as kinematic variables to formulate the

constitutive equations for volumetric deformation.

R T Qion
P =—9In(=
cry vV (Klon

cry

) (3)

where, Ry is the gas constant; T is the absolute temperature; Vcry is the molar volume of the crystal;
K" is the equilibrium solubility; and Q™" is the solubility product.

——(—a-K P ) 4)
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V_ppz_K_p(_/B'Keff I:)cry) (5)
AV 1
VCC :_K_C(_j/'Keff I:)cry) (6)

where, xefr denotes the volume coefficient of stressed crystals; K, Kp, and K¢ denote the bulk moduli
of cement paste, pore volume and crystal, respectively; a, , and y are the effective stress coefficient
of cement paste, pore volume and crystal, respectively.

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

expressed as [53]:

03

Ky =1-€ ¢ (7)

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

o= K (8)

— KD 9
p= _@ 9)
rel- (10)

where, Ks', Ks", and Ks™ denote the bulk moduli of the skeleton (gel), pores, and crystals,
respectively, in the unjacketed test.

The porosity variation A¢ can be obtained as follows:

A=A V, | _AV, —gAV (11)
v v
Based on Eq. 1, the following set of kinematic relations can be derived:
AV_+AV

AV _ AV *AV, + Af (12)
\Y V1tV 1-¢

AV, AV +AV
P _ g c + A¢ (13)

Voo VA, (1-¢)¢

p

11
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Using the above equations, the volume variation of gel phase can be obtained as follows:

AV, AV TR, AV, $1HRy) AV,
V. V 1-¢ V. 1-¢ V.

9 p c

(14)

where, Rc/g denotes the volume ratio of the crystals to the gel phase (Reig =Vc/Vy).
Assuming the cement paste to be an ideal porous medium, the solid and pore spaces are

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

AV AV, AV, Ay,
\Y Vv V V

9 p c

(15)

The crystal morphology affects the interactions between the hydration products, which in turn
affects the volume change of the cement paste. The shape factor xsnape iS introduced to characterize
the influence of crystals with different morphologies on the volume change of cement paste. In this
study, the xsnape Values for AFt, CH and AFm were set to 1, 2/3 and 2/3, respectively.

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

crystallization pressure can be obtained as follows:

p p‘(KeﬁKS“a"eRW) a R, p MR 7 g (16)
& K, (1—a) 1-¢ (1—,[3) 1-¢ (1—7/) e
Thus, the change in cement paste volume due to the interactions between crystal and gel
products can be computed using Eq. 16. The strain on cement paste is affected by crystallization
pressure (Pcry), volume ratio of crystal to gel phase (Rc/g) and the porosity (¢).
2.4 Mathematical model for the volume change of cement paste in drying condition
The interactions between crystal and gel products in the cement hydration products arise from
the crystallization pressure. Crystallization pressure generated when the growth of crystals in a
supersaturated solution is constrained and a liquid film exists between the crystal and the gel phases.

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

resulting in shrinkage of the cement paste. Therefore, the stress unloading of the interactions
12
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between crystal and gel products in the cement hydration products should be considered as one of
the origins of drying shrinkage.

Existing studies primarily attribute the total shrinkage strain in cement paste to three
mechanisms: capillary forces, solid surface tension, and disjoining pressure. The RH ranges
required for operation of these three mechanisms are listed in Table 1. The drying shrinkage of the
three mechanisms can be mathematically expressed as shown below.

Capillary forces [10,55,56]:

1S, RT rH,
K K, 3My,

(17)

where, ef denotes the drying shrinkage strain caused by capillary forces; K and Ky are the bulk
moduli of cement paste and solid phase, respectively; Sw is the degree of water saturation; R and T
denote the gas constant and temperature, respectively; M and vy denote the molar mass and specific
volume of water, respectively.

Solid surface tension [6,57]:

g, = L R 7Y,y (18)
E V" S

where, &5t denotes the drying shrinkage strain caused by solid surface tension; pcem is the density of
cement paste; Ss is the specific surface area; E is the elastic modulus of the cement paste; V is the
molar volume of adsorbed liquid; V) is the volume of adsorbed liquid.

Disjoining pressure [14]:

(30 2vcem) RT jRHZW—dl 2(RH) 19)

RH,

where, eqp denotes the drying shrinkage strain caused by disjoining pressure; k is a proportional
constant; veem denotes the Poisson's ratio of cement paste; Vi denotes the molar volume of water; wqg

is the water content in the small pores; and ¢s denotes the solid volume fraction.

13
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Table 1 RH ranges for the three mechanisms responsible for volume change of cement paste.

However, the cement paste is initially in an expanded state due to the “pre-stress” applied by the
interactions between crystal and gel products before drying. The “pre-stress” is then unloaded after
drying. Therefore, the total drying shrinkage strain (eds) of cement paste can be mathematically
expressed as [14]:

Egs = Egg T Eqp T E4 T Eqp (20)
where, &g is the drying shrinkage strain caused by the unloading of the interactions between crystal
and gel products, and &cig = €exp.

To investigate the impact of the interactions between crystal and gel products on the volume
change of the cement paste, multiple experiments were conducted by varying the crystallization
pressure.

3. Experimental program

As expressed in Eqg. 16, the volume change of cement paste, which is determined by the
interactions between crystal and gel products, is affected by crystallization pressure (Pcry), volume
ratio of crystal to gel phase (Rcqg) and the porosity (¢). The interactions between crystal and gel
products arise from crystallization pressure. In the experiment, the effect of the interactions between
crystal and gel hydration products on the volume change of cement paste was investigated by
varying the crystallization pressure. To minimize the impact of the changes in the volume ratio of
crystal to gel products and the porosity of cement paste, specimens with a high hydration degree
and solutions or solvents that do not react with the hydration products were utilized. To vary the

crystallization pressure, solvent or solution exchange experiments were conducted to change the

14
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pore solution in the cement paste. The volume change of cement pastes with different crystallization
pressures was tested during the solvent/solution exchange and vacuum drying processes to explore
the influence of the interactions between crystal and gel products on the volume change of cement
paste.
3.1 Raw materials

The cement used was P-O 42.5 and its chemical and phase composition is shown in Table 2.
Ethanol and isopropyl alcohol were used as exchange solvents in this study. Calcium hydroxide,
sodium hydroxide, and calcium acetate powders were used to prepare exchange solutions. The

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

Table 2 Chemical composition of the Portland cement.

Table 3 Properties of solvents and solutions.

3.2 Sample preparation

Cement pastes with water-to-binder (w/b) ratios of 0.5, were prepared according to the Chinese
standard JC/T 313-2009. The specimens were cast and placed in steel molds of 25x25x280 mm?3,
demolded after 24 h, and stored in water at 40°C to accelerate hydration for 28 days. A total of 36
identical specimens were prepared and divided into six groups.
3.3 Test methods
3.3.1 Overview of the whole process

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

drying, as shown in Fig. 3. X-ray diffraction (XRD) analysis, thermogravimetric analysis (TGA),

15
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ion and element concentration tests, mercury intrusion porosimetry (MIP) and nitrogen adsorption

were used to study the properties of the cement pastes.
Fig. 3. Solvent/solution exchange and vacuum drying processes.

3.3.2 Solvent or solution exchange process

The length and mass of the cured specimens were measured and defined as the initial length Lo
and initial mass mo. The specimens were placed in a water tank filled with exchange solvents or
solutions and sealed. The length and mass of each specimen were measured every seven days, and
the solvents or solutions were renewed. The solvent or solution exchange process was considered
complete when the rate of change in length and mass between the last measurement and the
previous one did not exceed £0.02%. Inductively-coupled plasma mass spectrometry (ICP—MS) and
ion chromatography (IC) were used to analyze the concentrations of ions and elements in the
replacing solvents and solutions at the conclusion of the exchange process. The length change rates
of the specimens were calculated using Eq. 21 according to the Chinese standard JC/T 313-2009.

AL:%AOO% 21)

where, AL denotes the rate of change in the length of the specimen after solvent or solution
exchange (%); Lo is the initial length of the specimen; L is the length of the specimen after solvent
or solution exchange.
3.3.3 Vacuum drying process

After solvent or solution exchange process, specimens were placed into a vacuum dryer
controlled at approximately 40°C. The length and mass of each specimen were measured every

seven days. The vacuum drying process was completed when the rate of change in length and mass

16
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between the last measurement and the previous one did not exceed £0.02%. Subsequently, parts of
the specimens from each group were used to prepare samples for TGA, XRD, MIP, and nitrogen
adsorption analyses.
3.3.4 lon concentration analysis

To determine the crystallization pressure, the anion concentration in the soaking solution after
solution exchange was determined by ion chromatography (IC). The deionized water used in the
laboratory had a conductivity of 18.2 MQ/cm, and a 0.2 pm disposable microporous filter
membrane was used. The concentrations of the elements in the soaking solution were determined by
inductively-coupled plasma mass spectrometry (ICP—MS).
3.3.5 Thermogravimetric analysis

To characterize the types and contents of hydration products, thermogravimetric analysis (TGA)
testing was conducted. After vacuum drying process, the central fragments of the broken specimens
were selected and ground into a fine powder in an agate mortar. The powder was then sieved
through a 0.056 mm square sieve, and the sieved part was used for TGA testing. Then, the vacuum-
dried samples were gradually heated at a rate of 10 °C /min till their temperature reached 900°C
under a controlled N2 atmosphere.
3.3.6 X—ray diffraction analysis

To characterize the types and contents of crystal products, X-ray diffraction (XRD) testing was
conducted. The sample preparation for this experiment followed the same procedure as for the TGA
test. Before the test, 10% a—Al.O3 was used as an internal standard. The measurement range was 5—
70° with a step size of 0.02°.

3.3.7 Mercury intrusion porosimetry analysis

17



366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

To characterize the porosity of the cement paste, Mercury intrusion porosimetry (MIP) testing
was conducted. It was performed on the vacuum-dried cement paste samples. The samples were
crushed into fragments of 5-7 mm diameter. The minimum and maximum pressures of the mercury
porosimeter used for this experiment were 0.0014 and 420 MPa, respectively. The pore volume was
obtained by controlling the applied external force and the amount of mercury intrusion.

3.3.8 Nitrogen adsorption tests

Nitrogen adsorption tests were performed on cement paste samples after vacuum drying to
characterize the pore structure. The samples were crushed into pieces with diameters smaller than 5
mm. The samples were degassed under vacuum at liquid nitrogen temperature. Then, they were
subjected to nitrogen adsorption and desorption at full humidity. The equilibrium points for the
adsorption and desorption were set over the entire humidity range. The initial vacuum pressure was
considered reached when the reading was less than 0.520 KPa.

4. Results and discussion
4.1 lon concentration analysis in the final solvent or solution

For the Portland cement, the main crystal hydration products are calcium hydroxide (CH),
ettringite (AFt) and AFm, which contain calcium (Ca?"), hydroxide (OH"), aluminate (AlO2) and
sulfate (SO4%) ions. the concentrations of these key ions (Ca2*, AlOz", SO4% and OH") were obtained

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

Fig. 4. Concentrations of Ca?*, AlO2", SO4% and OH" in different solvents and solutions (H.O-water,

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

concentration, H-high concentration).
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4.2 Hydration products and porosity in cement pastes
The TGA curves of the specimens are shown in Fig. 5. It showed that the solution exchange and
vacuum drying processes do not cause significant changes in the composition or mass fraction of

the hydration products.

Fig. 5. TGA curves obtained for cement pastes immersed in different pore solvents or solutions
(H20-water, IPA-isopropyl alcohol, ETH-ethanol, CH-calcium hydroxide, CaAc»-calcium acetate,

L-low concentration, H-high concentration).

The XRD patterns of the specimens are shown in Fig. 6. The results showed that the hydration
products in the cement paste were not significantly affected by solution exchange and subsequent
vacuum drying, which agrees with the observations from the TGA analysis. Therefore, the types
and mass fractions of the hydration products identified in the water-immersed specimens were used
to characterize the hydration products in all specimens. The types and contents of the main

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

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

(H20-water, IPA-isopropyl alcohol, ETH-ethanol, CH-calcium hydroxide, CaAc»-calcium acetate,

L-low concentration, H-high concentration).

Table 4 Types and contents of hydration products in cement paste.
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The cumulative porosity curves of the specimens tested by MIP are shown in Fig. 7. The results
showed that the porosities of the cement pastes after solution or solvent exchange remained mostly
unchanged, which is consistent with findings of previous studies [58]. Therefore, the porosity of
34.28% measured in the water-immersed specimen was considered representative of the porosity of

all specimens.

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,

CaAcz-calcium acetate, L-low concentration, H-high concentration).

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

Fig. 8(a-c) illustrates the length change rates of the cement pastes throughout the
solvent/solution exchange and vacuum drying processes. Compared with the reference group
(specimens immersed in water), specimens immersed in calcium hydroxide (CH) and calcium
acetate (CaAcy) solutions exhibited expansion during the exchange process, whereas those
immersed in isopropyl alcohol (IPA) and ethanol (ETH) solvents experienced shrinkage. All
specimens shrank during the vacuum drying process. In particular, the specimens immersed in

solvents showed lower shrinkage than the other specimens.

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

CaAc»-calcium acetate, L-low concentration, H-high concentration).

4.3.1 Deformation of cement pastes during solvent or solution exchange process

Fig. 8(b) illustrates the length change rates of the cement pastes during the solvent or solution
exchange processes. The specimens immersed in high-concentration calcium acetate solutions
(CaAc2-H) expanded the most, whereas those immersed in other solutions exhibited similar
expansions. On the other hand, specimens in which the pore solution was replaced with isopropyl
alcohol (IPA) and ethanol (ETH) exhibited shrinkage.

The analysis of the interactions between crystal and gel hydration products in Section 2.3 may
explain the expansion of the cement paste. A direct study of the interactions between crystal and gel
products in cement pastes is challenging. However, the crystallization pressure can be represented
by experimental results and serves as an indirect indicator of the interactions. The interactions
between crystal and gel products originate from the crystallization pressure, which is directly
affected by the solubility product in the pore solution. A higher solubility product leads to a greater
crystallization pressure, signifying stronger the interactions between crystals and gel hydration
products. In solvent or solution exchange experiments, the pore solutions were replaced with
different solvents and solutions. The hydration products AFt, AFm, and CH can generate
crystallization pressure, the average crystallization pressure defined in Eq. 22 was used to
characterize the pressure within the cement paste.

CH AFt AFm
ave _ Kshape,CH ' F)cry VCH + Kshape,AFt : F)cry VAFt + Kshape,AFm F)cry VAFm
Pcry - (22)

VCH +VAFt +VAFm

where, Pcy?¢ denotes the average crystallization pressure of all crystals; Vx denotes the volume of

crystal phase Xx; Pcy* denotes the crystallization pressure generated by phase X.
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Combined with the results in Fig. 4 and Table 4, the average crystallization pressure for
different cement pastes were calculated and is provided in Table 5. Building on the calculated
crystallization pressures in different solvents and solutions, the results of solvent or solution
exchange experiments (Fig. 8(b)) indicate that the specimen dimensions change in response to

variations in the crystallization pressure.

Table 5 Average crystallization pressure for different cement pastes.

The observed volume change of the cement paste during the solvent or solution exchange
process may arise from factors other than the interactions between crystal and gel hydration
products, such as changes in the hydration products, porosity, and solid surface energy. The results
of TGA, XRD, and MIP experiments and literature findings [47,59-61] indicate that the hydration
products and porosity of Portland cement paste immersed in water (H20), calcium hydroxide (CH),
ethanol (ETH), isopropyl alcohol (IPA), and calcium acetate (CaAcz) remain mostly unchanged.
Replacing the pore solution of the cement paste with organic solvents may alter the surface energy
of the solid phase, potentially leading to volume changes. Theoretical calculations based on surface
energy changes suggested that replacing the pore solution with ETH or IPA should cause the
cement paste to expand. However, the experimental results contradicted this prediction, as the
specimens contracted after solvent exchange. This observation was consistent with previous
findings reported in the literature [62]. Therefore, based on the theoretical analysis in this study, the
volume change of the cement paste after solvent or solution exchange was considered to be caused

by a change in the interactions between crystal and gel hydration products.
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The expansion of the cement pastes after solution exchange was calculated using Eq. 16 by
incorporating the experimental results. The bulk moduli of C-S-H [63], CH [64], AFt [65] and AFm
[66] are 14-19 GPa, 20-25 GPa, 24-30 GPa, and 40 GPa, respectively. The calculated expansion of
cement pastes with different crystallization pressures were compared with the actual volume
changes observed experimentally, as shown in Fig. 9. It can be seen from Fig. 8(b) that the
shrinkage of the specimens immersed in ethanol was less than that of the specimens immersed in
isopropyl alcohol during the solvent/solution exchange process. It may be related to the reaction or
absorption between ethanol and hydration products [47]. In the followed analysis, the final length of
the IPA specimen in pore solution exchange process was set as the baseline (zero) because it has no
crystallization pressure and negligible volume changes caused by interactions between crystal and
gel hydration products. Both the experimental and calculated results demonstrated a positive
correlation between the expansion and crystallization pressures. The calculated and measured
values were in good agreement with each other. Table 5 and Fig. 9 showed that a 45.3% increase in
crystallization pressure resulted in a 46.1% increase in expansion. Higher crystallization pressure
enhanced the interactions between crystal and gel products, ultimately leading to greater expansion.
In addition, Eq. 16, which was established based on the interactions between crystal and gel
products, indicates that the expansion of cement paste exhibits a positive linear relationship with
crystallization pressure when the volume of hydration products and porosity are constant. The
experimental observations aligned with the established equation. Therefore, the results support the
role of the interactions between crystal and gel hydration products in influencing the expansion of

cement paste. As the interactions intensified, the observed expansion increased.
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Fig. 9. Expansion of cement pastes within different crystallization pressures (H.O-water, CH-

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

4.3.2 Deformation of cement pastes during vacuum drying process

The length change rates of the cement pastes during the vacuum drying process are shown in
Fig. 8(c). The end of the solvent or solution exchange process marks the zero point of shrinkage.
The specimens immersed in water (H20), calcium hydroxide (CH), and low-concentration calcium
acetate (CaAcz-L) exhibited similar extents of drying shrinkage. This shrinkage is substantially
greater than that of specimens immersed in ethanol (ETH) and isopropyl alcohol (IPA), and
marginally lower than the shrinkage observed in specimens immersed in a high concentration of
calcium acetate (CaAco-H).

As analyzed in Section 2.4, the gel phase is under a “pre-stress” state that contributes to the
expansion of cement paste when saturated with water due to the interactions between crystal and gel
hydration products. Upon complete drying of the cement paste, both the crystallization pressure and
the interactions between crystal and gel hydration products become negligible, causing the original
expansion deformation to disappear. Therefore, the weakening or disappearance of the interactions
between crystal and gel hydration products may be a factor that contributes to the drying shrinkage
deformation of the cement paste.

As illustrated in Fig. 8(c), the specimen immersed in a high concentration of calcium acetate
(CaAc2-H) exhibited the largest final drying shrinkage strain. Specimens immersed in water (H-0),
calcium hydroxide (CH), and low-concentration calcium acetate (CaAc.-L) showed a similar level
of shrinkage strain, which was lower than that of CaAc2-H but higher than that of both ethanol

(ETH) and isopropyl alcohol (IPA), which exhibited a minimal shrinkage strain. The results of this
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analysis suggest that the drying shrinkage strain in cement paste results from a combination of
several factors including capillary forces, changes in surface tension, disjoining pressure, and the
interactions between crystal and gel hydration products. However, according to the conclusion
presented by Babaei [14], capillary forces do not operate in a low RH environment, such as the end
of a vacuum drying process in this research. Therefore, the shrinkage caused by capillary forces was
ignored in the subsequent calculation of the final drying shrinkage of cement paste. Compared to
specimens immersed in H20, CH, and CaAc:-L, that immersed in CaAcz-H exhibits stronger the
interactions between crystal and gel hydration products, which possibly contributes to its higher
final drying shrinkage strain. In contrast, specimens immersed in ETH and IPA had a greater molar
volume of adsorbed liquid and minimal interactions between crystal and gel products, resulting in a
lower final drying shrinkage strain. The isothermal adsorption-desorption curve of the cement paste
is shown in Fig. 10. It has been reported that surface tension is linearly proportional to the total
surface area, as determined from volume-thickness (V-t) sorption analysis, with V-t curves
constructed from the isothermal adsorption-desorption curve [6,57]. Therefore, in combination with
Eq. 18, the drying shrinkage caused by surface tension can be calculated. Similarly, the water
content in small pores (wq), a key parameter in the disjoining pressure equation (Eq. 19), can also
be obtained from the isothermal adsorption-desorption curve [14], allowing for the calculation of

drying shrinkage caused by disjoining pressure.

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

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

strain can be calculated theoretically. The correlation between the calculated drying shrinkage and
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the experimentally measured values is illustrated in Fig. 11. The calculated and measured values are
in good agreement with each other. Therefore, in addition to capillary forces, solid surface tension,
and disjoining pressure, the disappearance of the interactions between crystal and gel hydration

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

Fig. 11. Drying shrinkage of cement pastes (H>O-water, CH-calcium hydroxide, CaAc.-calcium

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

5. Conclusions
To study the effect of the interactions between crystal and gel products on the volume change of

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

solubility product in the pore solution. In addition, theoretical model based on the interactions
between crystal and gel products have been proposed and established to describe the volume change
of cementitious materials. The following conclusions were drawn.

(1) The ion concentrations (or solubility product) in the pore solution of cement pastes are altered
by immersing them in different solvents or solutions (such as water, isopropyl alcohol, ethanol,
calcium hydroxide and calcium acetate with various concentrations), thereby changing the
crystallization pressure of crystal products in the cement pastes and ultimately affecting the
volume change of these cement pastes on the macro scale.

(2) The interactions between crystal and gel products affects the expansion of cementitious
materials. Crystallization pressure, which affects the interactions directly, shows a positive
correlation with the expansion of cement pastes. In cement pastes with similar hydration product

formation and pore structures, a 45.3% increase in crystallization pressure resulted in a 46.1%
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increase in expansion. Higher crystallization pressure leads to stronger interactions between
crystal and gel products, causing greater tensile stress in the gel products and ultimately
resulting in more significant expansion of the cementitious materials.

(3) The interactions between crystal and gel products affects the drying shrinkage of cementitious
materials. Cement pastes with higher crystallization pressure exhibits greater shrinkage. Water
removal (such as during the drying process) from cement paste can eliminate the crystallization
pressure, thereby reducing the interactions between crystal and gel products. As a result, the
original expansion caused by the interactions disappears, ultimately leading to the drying
shrinkage of cement paste. In addition to the changes in capillary forces, solid surface tension,
and disjoining pressure, the reduction in the interactions between crystal and gel products
should be considered as one of the mechanisms for the drying shrinkage of cementitious
materials.

(4) The established theoretical model analyzed the expansion and drying shrinkage of cementitious
materials based on the interactions between crystal and gel products. The results calculated by
the model are in good agreement with the experimental results.

6. Future work
The interactions between crystal and gel products should be considered one of the mechanisms

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

caused by the interactions relative to the total volume change will be studied. Other factors that
affecting the interactions between crystal and gel products (such as the volume of crystal and gel
products, porosity and temperature) also will be studied. In addition, some microscopic experiments
will be meticulously designed to verify the interactions between crystal and gel products in

cementitious materials.
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Fig. 1. The interactions between crystal and gel products in cement paste.
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Table (Editable version) Click here to access/download;Table (Editable
version);Revised_Tables_print.docx

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 Si0» AlO3 FexO3 CaO MgO SO;

Content (wt.%) 20.85 5.28 2.54 61.64 2.58 2.06




Table 3 Properties of solvents and solutions.
Concentration Concentration of

Concentration of

Code Solvent and solution (9/100g water) Ca*" (mol/L) OH" (mol/L)
H20 Water - - -
IPA Isopropyl alcohol Pure - -
ETH Ethanol Pure - -
CH Calcium hydroxide 0.166 (saturated) 0.0224 0.0448
CaAcz-L Calcium acetate 0.354 0.0224 -
CaAcz-H Calcium acetate 3.54 0.224 -




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




Table 5 Average crystallization pressure for different cement pastes.

Code H.O IPA ETH CH CaAce-L CaAc-H

Average crystallization

pressure (MPa) 1017 0 0 1040 1093 147.8

(H20-water, IPA-isopropyl alcohol, ETH-ethanol, CH-calcium hydroxide, CaAc»- calcium acetate,

L-low concentration, H-high concentration)



