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A B S T R A C T   

The effective thermal conductivity of cement mortar as a porous material depends on its solid 
phase and void phase conductivity. Therefore, a sample’s pore distribution can highly impact the 
value of effective thermal conductivity. For this reason, an x-ray CT scanner was applied to detect 
air-void content in mortars with different mix proportions. After 28 days of curing, the thermal 
conductivity of samples (40 × 40 × 80 mm3) was measured by the transient plane source (TPS) 
apparatus, TPS2500. Then, the samples were scanned by a Zeiss Metrotom 1500 CT scanner to 
detect the macro pore content. Finally, the VGStudio Max 3.0 software was applied to observe the 
voids and simulate the effective thermal conductivity. The results showed that the total macro 
void contents (in this study, voids bigger than 52 μm) were increased up to 15% and 33% for 
samples with the cement the sand ratio of 1:3 and 1:4 compared to the sample with the c:s ratio of 
1:2. However, the results indicated that the void fraction is not uniform. Therefore, effective 
thermal conductivity can vary in different sample locations. The finding shows that x-ray scan-
ning and image analysis is the proper method to precisely determine the effective thermal con-
ductivity of cement-based materials.   

1. Introduction 

Cement mortar is a composite material composed of cement (hydraulic binder), sand (as fine aggregate), water, and additive in 
some cases. Cement mortar can be used widely for pavement-smoothing, rendering, masonry bedding, and joint glue [1–3]. Recently, 
more researchers and industrial producers have focused on insulating cement-based materials to reduce the cost of energy and 
greenhouse gas emissions and increase thermal comfort [4–6]. The amount of heat transfer through the walls is directly related to the 
thermal conductivity of its component like concrete and mortar [7]. BS EN 998- 1 [8] defined the “thermal insulating mortar” as a 
mortar with a thermal conductivity lower than 0.2 W/m.K. 

The heat transfer in porous materials like cement mortar is complicated due to the irregularity of microstructures [9]. Conduction is 
the main mean of heat transfer in both the solid and gas phase of mortar and concrete. It is known that the convective heat transfer can 
be ignored for (Gr.Pr) < 103 and becomes more significant for voids larger than 1 cm at a temperature above 200 ◦C [10,11]. 
Furthermore, the thermal behavior of mortar and concrete affects its fire resistance ability [12]. The thermal characteristic of mortar 
and concrete is related to the w/b ratio, c/s ratio, thermal properties of raw materials used as binder and aggregate, etc. [13–15]. Also, 
cement paste, mortar, and concrete are heterogeneous materials, and their conductivity is related to the microstructures [16]. 
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It is known that thermal conductivity is an intensive property, and it can vary in different materials places. Usually, the thermal 
conductivity of concrete is determined by experimental measurement, numerical simulation, or prediction models. Prediction models 
and numerical simulation are helpful methods to avoid costly and complex measurement methods [17,18]. Several studies indicated 
that the thermal conductivity of cement-based materials is related to the pore structure [19–22] and can be predicted by assuming a 
two-phase material, i.e., solid phase and void phase [23–27]. Also, different models were proposed to estimate the effective thermal 
conductivity based on the thermal conductivity and the volume of the solid and gas phases [28–32]. 

The common models for effective thermal conductivity are the series, parallel, Maxwell, and effective medium theory (EMT) 
models [33]. In a series and parallel model, the heat transfer direction is assumed to be parallel and perpendicular to the material 
phases. However, all phases are mutually dispersed in the Maxwell and EMT models [33,34]. Table 1 summarizes the related equations 
of each model [16,35]. It should be noted that the pore distribution is not uniform in cement mortar; therefore, effective thermal 
conductivity measurement is complicated by the non-uniformity of pore distribution. 

To calculate the effective thermal conductivity, the volume of pores should be determined in the first step. Pores are voids filled or 
emptied by trapped gas or fluids [36]. Therefore, the porosity in cement-based materials is the ratio of the volume of pores to the total 
volume of solid (porosity(%) =

Volume of pores
volume of solid included pores ∗ 100) [37]. The pore system can be varied from nano millimeters up to hundreds 

of micrometers [38] and is classified as gel pores (up to 0.2 μm), capillary pores (0.2 μm–10 μm), and macro pores (more than 10 μm) 
[39]. Despite the importance of porosity, measurement is a challenging issue. There are various methods in prior literature for 
detecting porosity, such as gas adsorption [40], Mercury porosimeter [41], optical microscopy and image analysis [42], and x-ray 
tomography along the image processing [43–45]. 

After determining porosity, the volume of the solid phase of the mortar can be calculated. Also, the thermal conductivity of the void 
phase can be determined based on the thermal conductivity of air and water (it depends on the humidity situation of the sample). It 
should be noted that cement mortar is a multiscale material, and its solid phase comprises cement paste, sand (fine aggregate), and in 
some cases, fibers, admixture, and additives. The cement paste contains hydration products, gel, and capillary pores. 

The previous literature showed that the thermal conductivity of cement paste ranges from 0.53 to 1.16 W/m.K [46]. In one study, 
Baghban et al. [24] evaluated the thermal conductivity of hydrated cement paste with different w/c ratios. They reported that the 
thermal conductivity of paste is 0.35–1.15 W/m.K for a wide range of w/c ratios depending on using additives and admixtures in 
different humidity levels. Also, another study proposed the thermal conductivity of 1 W/m.K for the hydrated cement paste and w/c 
ratios of 0.3–0.4 [46]. 

However, it is almost impossible to make a solid phase of mortar (cement paste and fine aggregate) without any porosity. Therefore. 
It is challenging to measure the thermal conductivity of the solid phase of mortar experimentally. Zhang et al. [21] proposed a helpful 
method to calculate the thermal conductivity of the solid phase of cement mortar. They used a back calculation by knowing the thermal 
conductivity of mortar and porosity volume as follows: 

km = ks
2ks + kv − 2(ks − kv)pv/(pv + ps)

2ks + kv + (ks − kv)pv/(pv + ps)
(1)  

Where, ps and pv are the volume of solids and voids, respectively and km, ks, and kv are the thermal conductivity of mortar (measured), 
solid, and void thermal conductivity, respectively. 

Considering all these, previous literature showed that the total amount of void and the void distribution could affect the effective 
thermal conductivity of cement mortar [16]. For instance, the random distribution of pores was mentioned as the main reason for 

Table 1 
Models for effective thermal conductivity calculations.  

Model Effective thermal conductivity equation Schematic structure 

Series keff =
1

vs

ks
+

vv

kv 

Parallel keff= ksvs + kvvv 

Maxwell 

keff =

ksvs + kvvv
3ks

2ks + kv

vs + vv
3ks

2ks + kv 

EMT 
vs

ks − keff

ks + 2keff
+ vv

kv − keff

kv + 2keff
= 0 
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thermal conductivity variation in porous cement-based materials [47]. Therefore, the main drawback of predicted models is ignoring 
the air void distribution in the measured sample. However, there is no study to visualize the effective thermal conductivity of cement 
mortar based on void distribution. Therefore, this study aims to determine effective thermal conductivity through x-ray analysis which 
has not been considered previously. 

For this reason, cement mortars with various proportions were cast. Then, their porosity and thermal conductivity were measured 
through an x-ray CT scanner and transient plane source method, respectively. The calculated thermal conductivity of the solid phase 
was imported to the VG studio software to determine the effective thermal conductivity of samples based on detected voids by a CT 
scanner. 

2. Material and methods 

2.1. Sample preparation 

Industrial cement CEM I52.5 R from Norcem company was used as the binder. The NorStone company prepared the fine aggregate, 
and fresh portable water was applied. Then the materials were mixed at the mixer with the following proportions: 1) c:s ratio of 1:2 and 
w/c ratio of 0.42 (CM1:2), 2) c:s ratio of 1:3 and w/c ratio of 0.50 (CM1:3), and 3) c:s ratio of 1:4 and w/c ratio of 0.64 (CM1:4). The 
flow table test showed that the workability of these mixtures is similar and in the ranges of 190 ± 10 mm. The prisms with the 
dimension of 40 × 40 × 160 mm3 have been prepared and cured in water for 28 days. 

2.2. Thermal conductivity 

The prepared sample was cut in half (40 × 40 × 80 mm3) and then analyzed by transient plane source (TPS) 2500 to measure its 
thermal conductivity. TPS is a transient method for measuring the thermal properties of the material. Two pieces of the specimen with 
a smooth surface are required for this. The sensor measured the increased temperature produced by the electric current. Before 
measurement, the samples were dried in the oven for 24 h at 105 ◦C. Equation (1) was applied to calculate the thermal conductivity of 
the solid phase of mortar. 

2.3. X-ray computational tomography 

Image acquisition and reconstruction are the two steps in a CT scanner to make a 3D image inside the cement mortar. In the first 
step, several 2D projections are acquired, and then the back-projection algorithm is used to reconstruct it as a 3D tomographic image 
[48–50]. In this study, a METROTOM 1500 G2 Scanner was applied to scan the sample, and the METROTOM OS 3.6.2.19227 was used 

Fig. 1. Surface determination and segmentation for a) CM1:2, b) CM1:3, c) CM1:4. Gray value (x-axis) vs. Number of voxels (y-axis).  
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as the acquisition software. Three samples with dimensions of 40 × 40 × 80 mm3 were scanned with a voltage of 170 kV and a current 
of 426 μA. 

Very important postprocessing of an image is segmentation to distinguish the void from the solid matrix. The method of seg-
mentation is effective in the results of porosity. Prior literature reported different methods for the segmentation of an image, such as 
region-dependent techniques, boundary detection, and thresholding [51]. One of the common methods for segmentation in the void 
analysis is thresholding which divides the voxel into two different values (0 and 1 or black and white) [52]. Thresholding can be done 
using manual or automatic algorithms. The manual method is an observed-based method that visualizes the segmentation of a portion 
of CT scanner results. The automated algorithms are usually based on grayscale and histogram. This study used the software VG Studio 
max to analyze the images. Fig. 1 shows the surface determination for samples that segment solid and void phases. 

There are two modes on VG Studio Max software for analyzing the effective thermal conductivity, i.e., experimental mode and 
tensors mode. In experimental mode, the inlet and outlet are defined while those are in different temperatures. Then the heat flux and 
void fraction are assigned for different sections. The results are based on the heat transfer simulation between the inlet and outlet. 
However, the tensor mode is based on calculating the tensorial effective thermal conductivity. In this study, both methods are applied. 

3. Results and discussion 

3.1. Void fraction 

Cement mortar is a heterogenous material, and voids are distributed randomly. Based on the literature, the distribution of voids 
might influence effective thermal conductivity [4,16,25,53]. The void fraction of samples in different directions is shown in Fig. 2 (the 
voxel size of the acquisition image was 52 μm). Fig. 2 shows that the void fraction is not distributed homogenous and can be varied in 
each slice of the samples. However, the average value of detected macro porosity is 2.42%, 2.79%, and 3.22% for CM1.2, CM1.3, and 
CM1.4, respectively. The Root Means Square Error (RMSE) was applied to all three mixes for a more comprehensive analysis. The 
results showed that the highest error between the average macro porosity and the macro void fraction is related to the CM1:3 (RMSE =
1.35), CM1:2 (RMSE = 0.82), and CM 1:4 (RMSE = 0.64), respectively. 

3.2. Simulation on experiment mode 

The measurement results showed that the highest and lowest thermal conductivity belongs to the CM1:2 and CM1:4, respectively. 
Table 2 shows that the measured thermal conductivity of mixes with higher porosity is less than those with higher porosity. The 
outcome agrees with the literature’s reported values [14]. The simulation of effective thermal conductivity based on the experiment 
mode of VG studio max was carried out as follows:  

➢ The thermal conductivity of the solid phase was calculated by equation (1).  
➢ The void phase’s thermal conductivity (dry air’s thermal conductivity) was assumed to be 0.024 W/m.K.  
➢ The relative temperature difference on both sides is 1 K (Temperature differences between inlet and outlet)  
➢ the boundary conditions are sealed  
➢ The convection and radiations are neglected (Voids are smaller than 1 cm and measured at room temperature)  
➢ the heat transfer was simulated in the direction of experimental measurement by TPS (parallel to the z axes) (Fig. 3a)  
➢ The simulation continued until the convergence error was less than 1e-06 for the maximum number of iterations of 25000.  
➢ The effective thermal conductivity for each slice was calculated using k =

q̇
ΔxΔT 

The measured thermal conductivity by TPS, detected porosity, calculated conductivity of solid phase, and effective thermal con-
ductivity are summarized in Table 2. The heat flux and effective thermal conductivity in the experiment mode vary at different heights 

Fig. 2. The void fraction of samples in different directions.  
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(Fig. 3b, c, and 3d show the heat flux in one slice of samples). It can be attributed to the pore distribution in different sample locations 
(Fig. 4). 

3.3. Simulation on tensors mode 

The tensorial effective thermal conductivity was calculated in tensor mode, and the results are presented in this section. The 
effective thermal conductivity tensor for CM 1:2, CM 1:3, and CM 1:4 is shown in Equations (3)–(5). It should be noted that the VG 
studio software calculated the effective thermal conductivity tensor based on equation (2): 

keff
ij = −

[
∅j

i
] dLj

dTj
(2)  

kCM1.2
eff =

⎡

⎣
1.12116 0.000917029 0.000763844

0.000917029 1.12186 0.000440354
0.000763844 0.000440354 1.1222

⎤

⎦

(
W

m.K

)

(3)  

kCM1.3
eff =

⎡

⎣
1.05162 − 0.0017839 − 0.000663

− 0.0017839 1.04878 0.000964955
− 0.000663 0.000964955 1.04911

⎤

⎦

(
W

m.K

)

(4) 

Fig. 3. a) Simulated the relative temperature when the heat transfer direction is parallel to the Z-axis, b) heat flux for CM1.2 at Z = 55, c) heat flux for CM1.3 at Z =
60, d) heat flux for CM1.4 at Z = 60. 

Table 2 
Thermal conductivity and porosity of cement mortar.  

Sample 
ID 

Measured thermal conductivity (W/m.K) by 
TPS 

Porosity 
(%) 

thermal conductivity of Solid (W/ 
m.K) 

Average effective thermal conductivity (W/ 
m.K) 

CM 1:2 1.13 2.42 1.17 0.97 
CM 1:3 1.04 2.79 1.09 0.91 
CM 1:4 1.00 3.22 1.05 0.87  
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Fig. 4. The effective thermal conductivity vs. void fraction in different slice positions for a) CM 1:2, b) CM 1:3, and c) CM 1:4.  
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kCM1.4
eff =

⎡

⎣
1.00589 − 0.00146744 − 0.000112094

− 0.00146744 1.00814 − 0.000246363
− 0.000112094 − 0.000246363 1.00799

⎤

⎦

(
W

m.K

)

(5) 

And the eigenvalues for each sample in different directions are as follows: 

λCM1.2
1 = 1.12043

(
W

m.K

)

, λCM1.2
2 = 1.12161

(
W

m.K

)

, λCM1.2
3 = 1.12318

(
W

m.K

)

(6)  

λCM1.3
1 = 1.04765

(
W

m.K

)

, λCM1.3
2 = 1.04909

(
W

m.K

)

, λCM1.3
3 = 1.05276

(
W

m.K

)

(7)  

λCM1.4
1 = 1.00515

(
W

m.K

)

, λCM1.4
2 = 1.00797

(
W

m.K

)

, λCM1.4
3 = 1.00889

(
W

m.K

)

(8) 

And finally, the mean effective thermal conductivity for each sample can be mentioned as follows: 

kCM1.2
eff ,mean = 1.12174

(
W

m.K

)

(9)  

kCM1.3
eff ,mean = 1.04983

(
W

m.K

)

(10)  

kCM14
eff ,mean = 1.00734

(
W

m.K

)

(11) 

The visualization of mean effective thermal conductivity for different samples is shown in Fig. 5. 
The measured results were compared with CT scanner output in experiment and tensors modes. Fig. 6 shows that the measured 

results agree with the experiment mode in the z-direction (TPS sensors were in parallel with the x-y plane and measured values are in 
the z-direction). 

4. Conclusion 

The thermal conductivity of cement mortar is an influential parameter on heat transfer and energy consumption. Since cement 
mortar is a heterogenous material, the effective thermal conductivity is a function of both the solid and void phases. Despite the 
available literature, this study detected the voids content and distribution in the mortar with different mixed proportions using an x-ray 
CT scanner. The results showed that the effective thermal conductivity could vary in positions and samples due to the percentages of 
void content and void distribution in the sample. Thermal conductivity of CM1:3 and CM1:4 decreased by 8% and 11.5% compared to 
the CM1:2. Moreover, the percentage of pore content (larger than 52 μm) at CM1:3 and CM1:4 increased by 15% and 33% compared to 
the CM1:2. Despite the variation in effective thermal conductivity in different locations, the mean values of simulations are in the 
excellent agreement with the measured thermal conductivity by TPS. For instance, the difference between the mean effective thermal 
conductivity in tensors mode and TPS measurement is less than 1% for all samples. One of the main reasons for the high simulation 
accuracy of VG Studio Max software is the solid-phase thermal conductivity value calculated from the measured value. It needs to be 
input into the software, increasing the accuracy of the prediction results but making the practical application more difficult. Other 

Fig. 5. The mean effective thermal conductivity for a) CM 1:2, b) CM 1:3, and c) CM 1:4.  
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solid-phase thermal conductivity mentioned in the literature should be used for future work to prove the simulation results. 
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