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Abstract: A modelling approach is proposed to simulate drying shrinkage and shrinkage-

induced microcracking in cement paste. The proposed approach takes into consideration the 

heterogeneous nature of the cement paste as well as the development of the microstructure due to 

fast-paced hydration at early-ages. Simulations show that the development of microcracking 

depends on the initial conditions, the drying depth and the drying threshold age. 
 

 

1 INTRODUCTION 

When cementitious materials are exposed to 

the ambient atmosphere without further curing, 

the gradient of humidity triggers the loss of 

moisture which evaporates from the capillary 

porosity of cement paste. Furthermore, in the 

absence of curing, the internal water content 

decreases due to self-desiccation. These two 

phenomena contribute to the total shrinkage of 

the material, and the pressure build-up in the 

pore network may lead to the development of 

microcracks in the cement matrix in the case 

of severe drying. The evaluation and the 

prediction of drying-induced microcracking is 

therefore of great importance. 

The mechanisms of autogenous and drying 

shrinkages in early-age cement paste are only 

fairly understood [1]–[4] and some models 

have been proposed to predict crack initiation 

due to drying in cement-based materials [5]. 

However, the assessment of microcracking in 

cement pastes using experimental testing is 

generally difficult [6]. Numerical modelling 

offers another perspective to investigate the 

role of drying on the initiation of microcracks. 

Most numerical studies already proposed to 

simulate drying shrinkage are limited to the 

mesoscale (mortar and concrete) [7]–[10]. The 

assessment of microcracking is therefore only 

inferred given that the heterogeneity of the 

binding cement paste microstructure is not 

explicitly represented. In fact, it is more 

compelling to start the investigation from the 

scale of cement paste where the mechanisms 

of drying shrinkage take place. Microscale 

simulation of drying in cementitious materials 

is a recent topic of interest, thanks to the 

development of powerful numerical tools to 

simulate the complex microstructure of cement 

paste. In [11], shrinkage was simulated at the 

microscale using a virtual microstructure of 

cement paste generated by the hydration model 

HYMOSTRUC3D [12]. The heterogeneous 

microstructure is converted into a lattice 

network and the pore pressure induced by 

drying is directly affected to the pore surfaces. 

However, since the microstructure is fixed, the 

approach followed by the authors is limited to 

well-hydrated cement pastes, and cannot be 

used at early ages when the microstructure 
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changes considerably. In addition to that, the 

fracture of cement phases was not taken into 

account. 

The proposed modelling approach attempts 

to address the deficiencies of the previously 

proposed approaches. In this article, drying is 

simulated using a FE micromechanical model 

which takes into account the heterogeneous 

nature of the cement paste and its evolving 

microstructure at early ages. Shrinkage due to 

drying and self-desiccation were calculated 

and directly incorporated on the pore walls. 

The novelty of this method is that the FE mesh 

of the cement paste is continuously updated at 

each step of the computations without the need 

for any calibrated coefficients or empirical 

equations that describe the evolution of the 

cement paste properties, such as stiffness, 

strength and pore size distribution. Also, a 

constitutive damage law is given to cement 

phases, which makes it possible to simulate 

damage due to local stresses in the paste. 

2 BASICS OF THE MODELLING 

APPROACH 

Simulations of dying are conducted on 2D 

representative elementary volumes (REVs) of 

cement paste with a unit size of 100µm. To 

illustrate the effect of the severity of drying, 

the REV is assumed to represent different 

layers of a cement paste beam with height L at 

depth d. The relative humidity is taken to be 

initially homogeneous (RH0) inside the beam 

which undergoes unidirectional drying. The 

top surface is exposed to the ambient humidity 

(RH∞) and the bottom surface is isolated, as 

illustrated in Figure 1. 

 

Figure 1: Illustration of an REV inside a cement paste 
beam subjected to 1D-drying. 

2.1 Simulation of the cement hydration 

The first step of the simulation is the 

generation of the cement microstructure. Many 

cement hydration models are proposed in the 

literature (HYMOSTRU3D, CEMHYD3D, 

HydratiCA, µic, etc.). Here, the hydration 

modelling platform VCCTL [13] is used. Its 

voxelized architecture as well as the explicit 

representation of the cement phases makes it 

easier to incorporate distinct behaviour to 

different parts of the mesh. To construct the 

virtual microstructure, the cement properties 

(mineral composition of clinker, amount of 

gypsum, activation energy and particle size 

distribution), the water-to-cement ratio, the 

temperature and the isothermal calorimetry 

curve of the cement paste are fed as input to 

the model. The code uses the principles of 

cellular automata to mimic the dissolution-

precipitation steps of cement hydration. Since 

hydration proceeds by cycles, the calorimetry 

curve is used to identify the correct age of the 

cement paste at each cycle. 

 

Figure 2: Simulation of the hydration of cement 
paste using VCCTL. 

2.2 Implementation of the evolving cement 

paste in early-age simulations 

In order to take into account the evolving 

nature of the microstructure, a first simulation 

of the cement hydration is conducted in order 

to determine the evolution of the degree of 

hydration for the first 72 hours. The degree of 

hydration is subdivided into 150 computation 

steps and the corresponding ages are 

calculated. This method of discretizing the 

degree of hydration and not the time scale is 

done to ensure that the cement paste evolves at 

a constant rate between two consecutive time 

steps. The initial microstructure of cement 

paste (unhydrated cement particles + initial 

water content) is first generated and converted 

into a mesh using the finite element code 

Cast3M [14]. At each step 𝑖 of the simulation, 
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the mesh is first updated by reading the new 

microstructure that corresponds to the age ti 

from the hydration model, as shown in the 

simulation algorithm presented in Figure 3. 

 

Figure 3: Simulation approach of drying in a 
hydrating microstructure of cement paste. 

2.2 Constitutive behaviour of the cement 

paste phases 

The constitutive law used in this study is 

the damage law developed by Fichant et al. 

[15], [16], which is extensively used for the 

modelling of cementitious materials. For the 

sake of simplicity, the same damage behaviour 

was attributed to all cement phases. However, 

different phases have distinct properties. The 

model takes into account the dissymmetry 

between tension and compression:  

𝝈 = (1-𝐷𝑇){ℂ0𝜺}++(1-𝐷𝐶){ℂ0𝜺}− (1) 

where 𝐷𝑇 and 𝐷𝐶  are the damage variables and 

{•} are the Macaulay brackets. In the case of 

cement phases, it is assumed that damage 

grows primarily via tension. The expression of 

the evolution law takes the following form: 

 0
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with εeq the Mazars equivalent strain:  
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The model parameters κ0 and BT can be linked 

to the physical properties of cement phases 

(Young’s modulus E, tensile strength ft, and 
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with ℎ being the finite element size (1µm). 

 

The properties used in this study were 

compiled from the literature of mineral cement 

phases and validated against experimental tests 

of compression and three-point bending of 

cement paste. Table 1 lists the properties of the 

main cement phases. A complete list of the 

mechanical properties of all the phases can be 

found in [17]. These properties are considered 

intrinsic to the cement phases and do not 

change with the composition or the degree of 

hydration. It is rather the evolving volume 

distributions of these phases that change the 

properties of the macroscopic material. 

As shown in Figure 3, the properties of 

each voxel in the microstructure mesh need to 

be updated at each step, according the newly 

formed cement phase. 

Table 1: Properties of the main cement paste phases. 

Phase 
E 

(GPa) 

ν 

(-) 

ft 

(MPa) 

Gf 

(J/m²) 

C3S 137.4 0.30 430.7 65.8 

C2S 135.5 0.30 396.0 56.3 

C3A 145.2 0.28 534.6 94.3 

C4AF 150.8 0.32 470.3 72.5 

Gypsum 44.5 0.33 29.6 0.98 

CH 43.5 0.29 73.8 6.1 

C-S-H 23.8 0.24 55.0 5.9 

Ettringite 24.1 0.32 39.6 3.2 

AFm 43.2 0.29 262.4 77.3 

2.3 Modelling of the moisture content in 

cement paste 

The evolution of local conditions (relative 

humidity, saturation degree, pore pressure) is 

tracked throughout the simulations using 

internal variables which are re-evaluated at 

every computation step (cf. Figure 3). The 

governing equation for the variation of local 

relative humidity is Fick’s diffusion law: 

𝜕𝑅𝐻

𝜕𝑡
= 𝐷

𝜕2𝑅𝐻

𝜕𝑦2
 (5) 

where RH depends on the drying depth, and 

diffusivity coefficient D follows the non-linear 

model given by [18]:  



Abderrahmane RHARDANE, Frédéric GRONDIN and Syed Yasir ALAM 

 4 

𝐷 = 𝐷0 (𝛼0 +
1 − 𝛼0

1 + (
1 − 𝑅𝐻
1 − 𝑅𝐻𝑐

)
𝑛) (6) 

With D0=1.67×10
-10

m²/s, 𝛼0=5%, n=16 and 

RHc=75% for cement paste [18]. 

Since the REV is small relative to the beam 

size (100×100µm), it is assumed that the local 

humidity inside the REV is homogeneous. 

However, the evolution of the local humidity 

depends on the drying depth, as illustrated in 

Figure 1. The approximation solution to Eq. 5 

is given as [19]: 

𝑅𝐻(𝑡) = 𝑅𝐻0 + (𝑅𝐻∞ − 𝑅𝐻0) × 

[𝑒𝑟𝑓𝑐 (−
𝑑

2√𝐷𝑡
) + 𝑒𝑟𝑓𝑐 (

2𝐿 + 𝑑

2√𝐷𝑡
)] 

(7) 

The equation above can be modified to 

introduce a delay in the initiation of drying by 

replacing the time 𝑡 with 𝑡 − 𝑡0 where 𝑡0 is the 

drying threshold age. 

2.4 Expression of equivalent pore pressure 

The desorption curve of the cement paste 

depends on the pore network which varies 

with the paste composition and the degree of 

hydration [20]. Different models are proposed 

for the prediction of the desorption isotherms 

[21]. In this study, the three-parameter BSB 

model [22] is used. The water content can be 

expressed as a function of the relative 

humidity (RH≥5%): 

𝑊 =
𝐶𝑘𝑉𝑚𝑅𝐻

(1 − 𝑘𝑅𝐻)[1 + (𝐶 − 1)𝑘𝑅𝐻]
 (8) 

Where Vm, k and C are model parameters that 

depend on the age of the cement paste, the w/c 

ratio, the cement type and the temperature (cf. 

[21]). Therefore, this equation takes into 

account the evolution of the pore network with 

the hydration time. Using this equation, the 

saturation degree can be expressed in terms of 

the relative humidity: 

𝑆(𝑅𝐻) =
𝑊(𝑅𝐻)

𝑊(𝑅𝐻0)
 (9) 

By neglecting the effect of dissolved ions in 

the pore solution, the capillary pressure can be 

calculated using:  

𝑝𝐶(𝑡) =
𝑅𝑇

𝑣𝑚
ln 𝑅𝐻(𝑡) (10) 

With R=8.314J/mol/K, T=293.15K (20°C) and 

vm=18.015cm
3
/mol. The additional pressure 

induced by the pore interfaces is calculated 

according to [19], [23]: 

𝑈(𝑆) = ∫ 𝑝𝐶(𝑆′)𝑑𝑆′
1

𝑆

 (11) 

Finally, the equivalent pore pressure applied 

on the pore walls is given [19]: 

𝜉(𝑡) = 𝑝𝐶(𝑡)𝑆(𝑡) + 𝑈(𝑡) (12) 

This equivalent pressure exerts compressive 

stresses on the pore walls, which leads to the 

shrinkage of the pore network. 

3 SIMULATIONS OF THE DRYING 

SHRINKAGE IN CEMENT PASTE 

3.1 Model parameters 

The studied cement paste is composed of 

ordinary Portland cement (CEM I) with the 

mineral constitution given in Table 2. The w/c 

ratio is 0.4. Cement hydration is conducted in 

sealed conditions at 20°C (without curing). 

The water content decreases due to self-

desiccation until the initiation of drying where 

the evaporation of water occurs. Four drying 

threshold ages were considered: 𝑡0=0h (drying 

starts immediately), 6h (before setting), 12h 

(after setting) and 24h (during hardening). 

Table 2: Mineral composition of CEM I 52.5N CE CP2 

NF Villiers au Bouin. 

Clinker  

phases 

Volume 

fraction 

Other 

Phases 

Volume 

fraction 

C3S 72.2% 
Gypsum 4.2% 

C2S 9.4% 

C3A 9.4% 
Calcite 1% 

C4AF 7.3% 

Arcanite 1.3% 
Inert 1% 

Thenardite 0.3% 

 

The height of the beam is 20cm (its length is 

assumed big enough to neglect any boundary 

effects on the local moisture content and so 

ensure 1D drying. To illustrate the effect of the 
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drying rate, two depths are considered: 5mm 

(top surface exposed to fast drying) and 2cm 

(slow drying). The beam is assumed to be 

initially fully saturated (with RH0=100%) and 

its top surface exposed to an ambient humidity 

of 20%. Simulations are realised for four 2D 

specimens of the same composition in order to 

evaluate the repeatability. 

3.2 Results and discussion 

Figure 4 and 5 show the evolution of the 

macroscopic strain of the cement paste as a 

function of the hydration age, at depths 5mm 

and 2cm, respectively. The figures also show 

the effect of delayed drying on the total 

shrinkage strain. For the top surface at 5mm 

which is exposed to severe drying, the average 

shrinkage strain reaches high values (~4150 

µm/m for 𝑡0=0h). Cement paste starts 

shrinking after 1h due to the self-desiccation 

and the strain rate increases rapidly after 4 

hours due to drying. Microcracking starts as 

early as 6 hours. After approximately 17hours, 

the rate of moisture diffusion slows down as 

the relative humidity approaches the critical 

value of 75% (Eq. 6). Another contribution of 

to the decrease in shrinkage rate comes from 

the formation of bonding between cement 

particles after the setting of cement paste. The 

relative humidity reaches a value of 65.9% 

after 72 hours. 

 

Figure 4: Total shrinkage of the cement paste as a 
function of the hydration age: effect of the drying 
threshold at depth d=5mm (shaded area = 1 S.D.) 

When drying is delayed till after 6h, 12h 

and 24h, the shrinkage before 𝑡0 is driven by 

the self-desiccation of cement paste, reaching 

small values of ~20µm/m, ~180µm/m and 

~440µm/m, respectively, which are in 

agreement with experimental measurements. 

After 𝑡0, cement paste undergoes severe 

shrinkage due to the evaporation of water. The 

strain reaches several magnitudes of the 

shrinkage due to self-desiccation. The total 

strain, however, decreases with increasing 𝑡0. 

The behaviour of the medium surface at 

drying depth d=2cm is different. For most of 

the computation time (<40 hours), the strain 

grows slowly and seems independent of 𝑡0. 

This is due to the fact that intermediate layers 

in the cement paste beam do not start shrinking 

immediately, and wait until the top layers have 

reached low relative humidity. Therefore, the 

strain before 40h is the contribution of the self-

desiccation shrinkage. Small deviations begin 

to appear after 40 hours, which suggests the 

beginning of drying of the 2cm–depth layer at 

a later hydration age. 

 

Figure 5: Total shrinkage of the cement paste as a 
function of the hydration age: effect of the drying 
threshold at depth d=2cm (shaded area = 1 S.D.). 

Microcracking in cement paste can be 

tracked by the evolution of damage, as shown 

in Figure 6. For the top layer (5mm), and when 

drying occurs immediately (𝑡0=0h), the 

microstructure develops severe microcracking 

due to drying shrinkage. This is caused by the 

pressure build-up in the pore network, which 
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reaches ~59MPa at the end of the simulation. 

The damage map shows the beginning of the 

formation of a major crack in the cement paste 

(Figure 6, 0h). When drying occurs shortly 

before setting (𝑡0=6h), the cement paste is also 

severely damaged. For other drying thresholds 

(12h and 24h) the development of microcracks 

is limited as the pressure reached is not high 

enough to cause the fracture of the hydrate 

bonds formed after the setting of cement paste. 

These results illustrate the necessity to protect 

the early-age cementitious materials from 

drying and cracking during the first days of 

setting and hardening. 

Compared to the top layer, the 2cm-depth 

layer does not show any sign of microcracks. 

This means that damage develops mainly at 

the top surface exposed to the ambient dry 

atmosphere, causing the scaling observed in 

exposed cement pastes. 

The numerical results also show that the 

self-desiccation shrinkage does not cause the 

initiation of any damage. This could be 

explained by the relatively high w/c ratio (0.4) 

which is not small enough to cause severe 

autogenous shrinkage. Another reason is that 

the microstructure is not hindered. In the case 

of restrained deformations, the microstructure 

may develop microcracks that coalesce into a 

macrocrack that spans the whole REV. 

 

Figure 6: Microcracking in cement paste at the end 
of the simulation and at drying depth = 5mm, for 

different drying threshold ages 

4 CONCLUSIONS AND PERSPECTIVES 

This article presents a new methodology to 

simulate drying shrinkage and shrinkage-

induced microcracking in cement paste. The 

novelty of this methodology is that the cement 

paste microstructure is explicitly represented 

and the simulations take into account the 

evolving nature of the material at early-ages. 

The simulation results corroborate the 

experimental observations regarding the 

drying behaviour of cement paste. Notably, the 

drying shrinkage is several magnitudes bigger 

than the shrinkage caused by self-desiccation 

and causes more damage for the layers near 

the surface exposed to dry conditions. Drying 

causes diffuse microcracking to the cement 

paste even when the material is not retrained. 

Further developments to the current 

modelling approach are needed, namely the 

effect of the evaporation of water from drying 

on the further development of the hardening 

microstructure. The effects of temperature and 

w/c ratio can also be studied in future 

numerical studies, as well as the influence of 

restrained conditions on the development of 

macrocracks in the cement paste. 
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