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Abstract 

The time-dependent process of cement hydration affects many physical and mechanical 

properties of the cement-based materials, particularly at early ages. To estimate the 

thermomechanical response of cementitious composites, such as concrete, determination of 

thermal properties, including heat capacity, thermal conductivity and coefficient of thermal 

expansion, are necessary. An effort is made in the present study to predict the thermal 

behaviour of cement pastes by simulating the development of the microstructure during the 

hydration progress. The model deals with the thermal properties of main cement hydration 

products, Calcium-Silicate-Hydrate (C-S-H) and Calcium Hydroxide CH, and the change in 

their volume fraction in the microstructure. The paper discusses the results of thermal 

conductivity and the specific heat capacity from the model, and they are compared to some 

recent experimental data from the literature. 

 

1. Introduction 

 

The prediction of the thermomechanical behaviour of concrete depends on adequate 

knowledge of its thermal properties. Heat capacity, thermal conductivity and coefficient of 

thermal expansion are the properties that play important roles in the structural behaviour of 

concrete structures (RC) at early ages, especially the massive ones [1], which are particularly 

prone to significant thermal stress development. At early ages, these thermal properties evolve 

with the changes in the microstructure due to cement hydration processes. Therefore, an 

understanding of the thermal properties of cement paste can contribute to the prediction of 

such properties for concrete. The evolution of thermal properties in cement paste during 

hydration is mainly due to the difference between the thermal properties of the hydration 

product (i.e. Calcium-Silicate-Hydrate (C-S-H)) and those of the corresponding reactants. In 

this paper, a microstructural modelling strategy is proposed to estimate the thermal properties 

of cement paste at early age in respect with the change in the volume fraction of the cement 

paste components in the microstructure. The thermal properties of cement paste are simulated 
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by modelling its microstructure on a cubic representative elementary volume (REV) with a 

periodic boundary condition. The REV is obtained through application of the 

HYMOSTRUC3D hydration model. The method and some primary results in terms of the 

effective thermal conductivity and the specific heat capacity per unit mass are presented in the 

present herein. 

 

2. Cement paste: properties and simulations of nano-micro structural features 

 

This study focuses on CEM II 42.5R, as marketed in Portugal. The mineral composition of 

this cement, expressed in mass percentage, is: 63.2% C3S, 2.6% C2S, 7.6% C3A, 11.6% 

C4AF, and 11.3% limestone. The cumulative particle distribution size (PSD) of cement was 

measured by using Laser Diffraction Spectrometry (LDS). The PSD curves can be fairly 

defined as a Rosin-Rammler function, i.e. f(D)=1−e
−bDn

, where D is the diameter of the 

cement particle, and b and n are coefficients. By employing a curve fitting analysis, the values 

of 0.052 and 1.00 were calculated for, respectively, b and n. The thermal properties of 

individual components of cement clinker and limestone, as well as the hydration product 

adopted from the literature, and written in Table 1. 

 

Table 1. Some thermal properties of cement paste components used for the simulation  

Compound 
Thermal conductivity Specific heat capacity Density 

W/m.K J/(kg.K) g/cm3 

Clinker phases C3S 3.45 [2] 0.69 [2] 3.13 [2] 

 C2S 3.35 [2] 0.68 [2] 3.31 [2] 

 Average 3.29 0.73 3.15 

Limestone (saturated)  2.95 [3] 0.92 [3] 2.50 [3] 

CH  1.32 [2] 1.15 [2] 2.17 [2] 

C-S-H globules (Ca/Si=1.75)  0.98 [2] 0.84 [2] 2.6 [2] 

Inner C-S-H – saturated *  0.870 [2] (0.883) 0.86-0.97 [2]  (0.88) 2.18 

Outer C-S-H– saturated *  0.825 [2] (0.830) 0.86-0.97 [2]  (0.90) 1.99 

Water in gel pores  0.607 [4] 1.13 [5] 1.0 

Water in capillary pores  0.607 [4] 4.18 1.0 

* the values in the parenthesis obtained from the nanostructure model in the present study. 

 

2.1 Simulation of the nanostructure of C-S-H 

The thermal conductivity and the specific heat capacity of the inner and outer C-S-H is 

estimated by simulating the nanostructure of these products. The nanostructure of outer C-S-

H is constructed by assuming the random close packing of mono-sized (5 nm) C-S-H sphere 

globules (Figure 1a). The random close packing of mono-sized is equivalent to “the maximum 

density that a large, random collection of spheres can attain and this density is a universal 

quantity” [6]. This packing density of mono-sized sphere is about 0.64, which is very close to 

the packing density reported for the outer C-S-H globules [2]. In this study, the code from 

Skoge et al. [7] is used to generate the nanostructure of outer C-S-H, which is based on 

molecular dynamics mechanism. The nanostructure of the inner C-S-H is also simulated by 

the close packing of mono-sized (5 nm) C-S-H globules (Figure 1b). For the case of the inner 

C-S-H, the close packing of mono-sized spheres is arranged in a lattice, and not as a random 
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form. The packing density is approximate 0.74, which is higher than that of the random close 

packing, and it is very close to the density reported for the inner C-S-H in the literature [2]. 

 

2.2 Simulation of the microstructure of cement paste 

The latest version of HYMOSTRUC3D software [8] is used for constructing the cement paste 

microstructure during hydration. This simulation is implemented in a cubic REV volume of 

the cement paste where the cement particles are modelled as spheres randomly distributed. 

The initial number and diameter of the particles are built in accordance with PSD curve. The 

main cement hydration products are the Calcium-Silicate-Hydrate (C-S-H) and the Calcium 

Hydroxide (CH). C-S-H is formed as two layers of inner and outer products, which are the 

result of the inward and outward radial growing of the cement spheres. The important 

parameters to be defined in HYMOSTRUC3D for modelling cement hydration are minimum 

and maximum size of the cement particles, REV size, temperature, w/c, and two reaction 

factors that control the speed and progress of hydration. For further details on fundamental 

aspects of the model parameters, the reader is addressed to the studies in [8, 9]. The hydration 

analysis was performed for w/c=0.3, 0.4, 0.5 and 0.6. The curing temperature was set at 20
o
C. 

An image of the microstructure can be seen in Figure 1c. 

 

(a)   (b)   (c)  

Figure 1. The nanostructure of (a) the outer CSH, and (b) the inner CSH (blue: gel water, red: 

CSH globules); (c) the microstructure of a hydrated cement paste (grey: unreacted cement, 

red: inner CSH, yellow: outer CSH, white: limestone, blue: capillary water, green: CH); 

 

3. Estimation of the effective thermal properties 

 

The REV microstructure obtained from HYMOSTRUC3D is digitalized by means of voxels 

of 1.0×1.0×1.0 µm
3
. A single material phase is assigned for each voxel based on the greatest 

volume fraction of the material that the voxel is representing. For example, if the voxel is in 

the boundary of two material phases (e.g. inner and outer C-S-H), the voxel represents the 

material with the higher volume fraction. The whole REV is totally discretized to 10
6
 voxels 

of six different material phases including: unreacted cement, inner and outer C-S-H, CH, 

limestone, and pore/water phases. The simulations assume saturated conditions (simplifying 

assumption at the present stage), hence the pore phases are filled by water, and they are 

simulated as solid-like behaviour elements with the relevant thermal conductivity. The 

simplification of solely considering thermal conduction effects for water is backed by 

previous studies, which have shown that the other contributions such as thermal convection 

and radiative conductivity in the pore phases (both capillary and gel pores) can be neglected at 

the microstructural scale [10]. The size of the pores is an effective parameter to address the 

thermal properties of water. Two types of water phases are assumed: 1) water in gel pores 

(being presented only in gel porosity in the nanostructure of C-S-H), and 2) water in capillary 
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pores (being presented in the microstructure of cement paste. The thermal properties of these 

two types of confined water are given in the last rows in Table 1, based on [2, 4]. The same 

strategy is followed for discretization of the nanostructure of the inner and outer C-S-H. In 

this case, the nanostructure includes only two material phases: 1) C-S-H globules; 2) gel 

pores. 

 

The thermal conductivity: the thermal conductivity of C-S-H is estimated by simulating the 

discretised REV nanostructure of the outer and inner C-S-H under a steady state condition of 

temperature field. By imposing unit degree of temperature difference at two sides of the REV, 

the effective thermal conductivity simply is 

 
r r

eff z zq z q L        (1) 

where 
r

zq  is the heat flux of phase r flowing through the REV in z direction from the outer 

surface with higher temperature to another surface with lower temperature. The operator .  

denotes volume averaging. L is the length of the REV, in correspondence to the distance 

between the two surfaces with a unit degree of temperature difference. The discretised REV is 

imported to DIANA FEA software. The voxels are considered as eight-node isoparametric 

solid elements for general three-dimensional potential flow analysis. 

 

The specific heat capacity: according to the thermoelacticity, the elastic properties, the heat 

capacity, and thermal expansion coefficient are correlated [10]. However, for C-S-H 

hydration product, the contribution of heat energy to its elastic behaviour can be neglected, 

meaning that the specific heat at constant volume (Cv) can be assumed equal to the specific 

heat capacity per unit volume (Cp) [2, 10]. Therefore, the effective heat capacity per unit 

volume ( eff

pC  ) can be derived by 

 
eff r eff

p p vC C C    (2) 

where r

pC  is the specific heat capacity of phase r in the nanostructure of the C-S-H. The 

calculated results of the effective thermal conductivity and specific heat capacity of the inner 

and outer C-S-H are also given in Table 1 (values in the parenthesis). The results are in good 

agreement with the previous results reported in [2]. Eqs. (1) and (2) can be also used for 

calculation of the effective thermal properties of the cement paste microstructure. The thermal 

properties of C-S-H phases (inner and outer) are taken from the analysis on the nanostructure 

of C-S-H as described earlier. The thermal properties of other phases are written in Table 1. 

 

4. Experimental vs numerical results 

 

An example of the results from the model for w/c=0.3 at 0.65 degree of reaction in terms of 

temperature gradient and the heat flux gradient is shown, respectively, in Figure 2a and b. In 

Figure 3, the obtained results in terms of the effective thermal conductivity are compared to 

the results from recent studies in the literature [11-15] for w/c ratios of 0.3 and 0.4 at different 

hydration time. It should be noted that the experimental results are collected only for saturated 

cement paste samples, and that the data is not necessarily correspondent to the same type of 

cement. Despite the observable scatter in the data obtained from the literature, the simulation 

lies within acceptable margins in regard to experimental data. In the same figure, a 
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comparison is also made between the simulation results and some few data in the literature 

[12, 13, 16] in terms of the specific heat capacity per mass unit of cement paste. The specific 

heat capacity per unit mass is calculated in accordance with the calculated density by the 

model using the discretized REV microstructure. The measurement of thermal properties of 

the exact cement type simulated in the present paper is still an ongoing process, and cannot 

yet be communicated herein. 

 

(a)  (b)  

Figure 2. (a) nodal temperature gradient (PTE), (b) heat flux gradient in z direction (FLZ) 

 

 

 
Figure 3. Comparison between the experimental and numerical results 

 

6. Conclusion 

 

The primary focus was on the evolution of the thermal conductivity and the specific heat 

capacity. The thermal properties obtained based on the nanostructure of C-S-H (both inner 

and outer) are in good agreement with the results in the literature. Despite the experimental 

results from the literature for cement paste being highly scattered, the obtained results are in 

an acceptable margin, providing grounds to the feasibility of the proposed methodology.  
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