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Abstract
Thermal conductivity of concrete greatly influences the heat transfer of buildings 
and affected by many factors. This paper presents a prediction model for thermal 
conductivity of concrete by adopting the theory of Wiener bounds and considering 
concrete to have four components (water, air, aggregate, and cement mortar). The 
proposed model considers the combined effects of porosity, water saturation, and 
the volume fraction of aggregate on the thermal conductivity of concrete by weight-
ing parameters of �1 , �2 , �3 , respectively. By adjusting the weighting parameters of 
each component, the model can consider the influence of various factors on the ther-
mal conductivity of concrete more comprehensively. Thermal conductivity of each 
component and expression of weighting parameters are determined by literature and 
experiments. The proposed model has been verified by the measured thermal con-
ductivity of concrete under different porosities, water content, and volume fractions 
of aggregate with the prediction accuracy of ±12% . Finally, the regularity of the 
change in the thermal conductivity of concrete with porosity, water saturation, the 
volume fraction of aggregate, and temperature is analyzed.

Keywords  Least-square method · Prediction model · Thermal conductivity of 
concrete · Wiener bounds

1  Introduction

The thermal conductivity of concrete is an important parameter to measure the abil-
ity of concrete to conduct heat and depends on the water content, porosity, tem-
perature, and type of cement [1–3]. Given that the influence factors are complex, 
determining the thermal conductivity of concrete is difficult. Laboratory test is a 
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good way to obtain thermal conductivity of concrete and can be classified into two 
categories. Guarded hot plate and heat flow meter method, which are steady-state 
method developed from Fourier’s law [4], are usually used to measure the homog-
enous materials. In addition, transient measurement techniques that make full use 
of the process of temperature changes over time [5–7] are also used to test the ther-
mal conductivity of concrete. Transient plane source (TPS) method utilizes a heated 
plane sensor to monitor the temperature increasing process of concrete and a Hot 
Disk thermal analyzer to calculate the thermal conductivity of concrete [8, 9]. The 
precision of transient measurement methods depends on the analysis program [4]. 
However, such test methods remain unsuitable for practical applications because 
the factors affecting the thermal conductivity of concrete are too complicated [2]. 
Therefore, many researchers have attempted to develop a theoretical model for pre-
dicting the thermal conductivity of concrete. Prediction models that translate the 
experimental results into mathematical models allow researchers to obtain the char-
acteristics that are difficult to measure experimentally [10].

Studies have provided many models for predicting the thermal conductivity of 
concrete [1, 3, 11–13]. Maxwell [12] proposed an effective thermal conductivity 
model of composite materials that can be used to calculate the thermal conductivity 
of concrete when concrete is simplified into a composite of aggregate and cement 
paste. Bruggeman [14] and Hasselman [15] developed the Maxwell model, which 
can consider the effects among different aggregates. Zhang et  al. [16] considered 
that the concrete consisted of cement mortar (continuous phase) and coarse aggre-
gate (dispersed phase) and developed a mesoscale model from Maxwell’s design 
to predict the thermal conductivity of the damaged concrete. However, such mod-
els are only suitable for cement under total saturation or dry states. In other words, 
models with two-component medium fail to consider the effects of water content [1, 
17]. Wang et al. [18] found that a 15% increment exists for the thermal conductiv-
ity of normal concrete when the water content increases from 0 to 10%. Given that 
the majority of concrete in the natural environment are unsaturated, a method for 
obtaining concrete thermal conductivity that considers the effects of cement paste, 
aggregate, and water content is necessary. Kim et  al. [19] presented an empirical 
study that was fitted with the limited experimental data to predict the thermal con-
ductivity of concrete. Meshgin [20] developed a multiphase and multi-scale model 
for PCM concrete by repeatedly using the generalized self-consistent [21] model 
at different scale levels. Tan et al. [22] presented a thermal conductivity model for 
high-permeability high-strength concrete that was built on the basis of the resistance 
network model of parallel aggregate, polymer slurry, and air. Jin et al. [23] proposed 
a three-phase fractal model for unsaturated autoclaved aerated concrete that consid-
ered the effects of water content and porosity. These concepts that regard concrete as 
multiphase and multi-component materials are inspiring.

In this study, concrete is considered as a continuous porous medium that consists 
of cement mortar, aggregate, water, and air. On the basis of this assumption and the 
theory of Wiener bounds, a mathematical model for normal concrete is presented 
with the variables of water content, porosity, volume fraction of aggregate, tempera-
ture, and thermal conductivity of cement mortar, aggregate, water, and air. Then, 
a series of laboratory experiments are performed to test the conductivity of each 
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component and concrete, followed by the measurement of parameters for the ther-
mal conductivity model. Finally, the proposed model is validated by the experimen-
tal results, and the regularity of the change in the thermal conductivity of concrete 
with water content and porosity is analyzed.

2 � Derivation of the Thermal Conductivity Model of Concrete

2.1 � Theoretical Boundaries of the Thermal Conductivity of the Porous Medium

Porous medium, such as concrete, soil, and rock, can be treated as continuous three-
phase mixtures composed of solid, liquid, and gas phases. The voids of solid media 
are filled with liquid water and gas, and the volume fraction of each phase can be 
described by ∅

�
 (where � = s, l, g for solid, liquid, and gas, respectively). The total 

sum of the three phases is equal to 1. Theory of thermal conductivity of porous 
medium posits that a boundary called Wiener bound exists for the mixtures [24–26]:

where λ is the thermal conductivity of the porous medium; λ
�
 is the thermal con-

ductivity of α phase; λL
m
 and λU

m
 are the lower and upper Wiener bounds, respec-

tively, which can be reached when all components of concrete are arranged in series 
and parallel (Fig. 1). The components of a porous medium in nature are not solely 
arranged in series or parallel; such arrangements are usually a mixture of both. 
Therefore, a coefficient is necessary to analyze the ratio of serial or parallel arrange-
ments [24]. The thermal conductivity model that can express the possible arrange-
ments of concrete between the lower and upper bounds is expressed as

(1)
[∑ �

�

�
�

]−1
= �
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Fig. 1   (a) Serial, (b) parallel, (c) mixture of serial and parallel arrangements
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where � is the coefficient and its value ranges from 0 to 1.

2.2 � Derivation of the Thermal Conductivity Model of Concrete

The derivation of the thermal conductivity model of concrete is mainly divided 
into two steps. First, the two parts of normal concrete are solid and pore. The 
solid part consists of cement mortar and aggregate, whereas the pores are filled 
with water and gas (Fig. 2). Therefore, the thermal conductivity of concrete can 
be expressed as

where λs and λp are the thermal conductivity of solid and pore, respectively; ∅ is the 
porosity, which refers to the proportion of total pore volume to concrete volume; and 
�1 is the parameter used to weight the proportion of the serial arrangement of solid 
and pore in the concrete [27]. The value of �1 depends on the pore structure of con-
crete and is the function of porosity, which can be expressed as 0 < 𝜂1

(
∅

)
< 1.

Second, the thermal conductivity of solids in concrete can be calculated using 
the components of cement mortar and aggregate according to the Wiener bounds 
as follows:

where λc and λg are the thermal conductivities of cement mortar and aggregate, 
respectively; θ is the volume ratio of cement mortar and aggregate; �2 is the coef-
ficient used to evaluate the proportion of cement mortar and aggregate arranged in 

(3)� = �1

[
1 − �

�s

+
�

�p

]−1
+

(
1 − �1

)[(
1 − �

)
�s + ��p

]
,

(4)�s = �2

[
1 − �

�c

+
�

�g

]−1
+

(
1 − �2

)[
(1 − �)�c + ��g

]
,

Fig. 2   Diagram of concrete composition
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series and only depends on the volume fraction of aggregate and can be defined as 
0 < 𝜂2(𝜃) < 1.

Similarly, the thermal conductivity of pores in concrete can be expressed by 
the thermal conductivity of water and air because the pores are filled with water 
or air. Therefore, λp can be written as

where λa and λw are the thermal conductivities of air and water, respectively; Sr is 
the volume fraction of water in the pores; �3 is the coefficient similar with the �1 and 
�2 and only related to Sr , 0 < 𝜂3

(
Sr

)
< 1.

By substituting Eqs. 4 and 5 into Eq. 3, the thermal conductivity of concrete is 
finally expressed as

The thermal conductivity model of concrete contains 10 parameters, namely, 
porosity; water saturation; volume fraction of aggregate; thermal conductivities of 
cement mortar, aggregate, water, and air; and weight parameters ( �1 , �2 , and �3 ). 
From the microcosmic angle, the interfacial thermal barrier resistance between 
the aggregate and the cement mortar affects the thermal conductivity of concrete 
[15]. The thermal conductivity of concrete with different porosities, aggregate vol-
ume fractions, and water saturations should be tested to determine the �1 , �2 , and �3 
parameters. Considering that the particle size distribution of the aggregate is not the 
main factor governing the thermal conductivity of concrete [37], and the aggregate 
particle size distribution needs to meet the continuous gradation and maximum den-
sity requirements, therefore, the influence of the change in the particle size distribu-
tion is ignored in this model [4, 28].

3 � Experimental Test for the Thermal Conductivity of Concrete

Several parameters, such as thermal conductivity of aggregates, cement mortar, and 
concrete, should be tested by conducting experiments to determine the thermal con-
ductivity model of concrete. However, some basic parameters, such as thermal con-
ductivity of water and air, can be obtained through literature queries.
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3.1 � Thermal Conductivity of Water and Air

The thermal conductivity of water is usually affected by the temperature and pres-
sure of the environment. According to a test performed by the International Asso-
ciation for the Properties of Water and Steam, the value of thermal conductivity of 
water under standard condition (298.15 K and 0.1 MPa) is as follows [29]:

The thermal conductivity of water under different temperatures can be obtained 
using the following equation:

where T is the temperature (unit: K). When the temperature is 25 °C, the thermal 
conductivity of water is 0.6064 Wm

−1
⋅ K

−1.
Similarly, by ignoring the water vapor in the air, the thermal conductivity of air in 

concrete is affected by temperature and air density as follows [24, 30]:

where �a is the density of air (unit: kg/m3). In this study, we treat the density as a 
constant and neglect the effects of density change. Thus, the thermal conductivity of 
air under 25 °C is 0.0178 Wm

−1
⋅ K

−1.

3.2 � Thermal Conductivity of Cement Mortar and Aggregate

The solid phase in concrete mainly consists of cement mortar and aggregate, 
whereas the thermal conductivity of cement mortar depends on the type of cement 
and sand used; and the thermal conductivity of the aggregate depends on its min-
eral composition [31]. In this study, the thermal conductivity of cement mortar 
and aggregate is directly investigated for certain types of cement and aggregates to 
determine the thermal conductivity model of concrete.

The cement mortar is mixed at a ratio of water:binder:sand = 1:1.9:6.65, which is 
consistent with concrete (Table 1). This experiment uses Huaxin Brand cement, and 
its strength grade is 32.5 MPa. In accordance with the requirements of this research, 
we adopt a DRT-III thermal conductivity tester (Fig. 3), which is developed on the 
basis of the transient plane heat source technology (TPS) [8, 9].

The cement mortar and aggregate are cut into thin slices according to the require-
ments of the thermal conductivity test. Theoretically, the thermal conductivities of 
cement mortar and aggregate vary with water content, but the effects of the water 
content have been considered in the thermal conductivity of pore λp , so the effects 

�w (298.15, 0.1 MPa) = 0.6065 ± 0.0036 Wm
−1

⋅ K
−1

(7)

⎧
⎪⎨⎪⎩

λw(T) = λ
∗
∗ λw(298.15, 0.1MPa)

λ
∗
= −1.48445 + 4.122927T∗

− 1.63866T∗2

T∗
= T∕298.15(274 ≤ T ≤ 370K)

,

(8)
λa =

[
4.55 + 0.072T + (36.17 − 0.016T)�a + (47.4 + 0.121T)

(
�a

)2]
× 10−4,
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of water content on cement mortar and aggregate are not considered here again. 
In other words, the thermal conductivity of cement mortar and aggregate is only 
affected by temperature in the solving of the model. On the basis of the aforemen-
tioned simplification, the thermal conductivities of cement mortar and aggregate 
under the total dry state that vary with temperature can be expressed as

When the temperature is 25 °C, the thermal conductivities of cement mortar and 
aggregate are 1.520 and 2.769Wm−1K−1 , respectively.

3.3 � Experimental Tests for the Thermal Conductivity of Concrete

3.3.1 � Concrete Thermal Conductivity Test Method Based on the Least‑Square Finite 
Element Method (LSFEM)

The techniques commonly used to test the thermal conductivity of concrete are the 
steady-state and transient methods [32, 33]. The steady-state method is usually time-
consuming and suitable for materials with constant thermal conductivity [4]. Given 
that the thermal conductivity of concrete varies with many factors, such as water 
content and temperature, a transient testing method based on the LSFEM [5] is used 
to measure the thermal conductivity of concrete. The temperature disturbance is 
applied to one end of the cylindrical concrete sample to monitor the internal tem-
perature response data. The monitored temperature data with spatial and temporal 
differences are used as input parameters to solve the heat conduction equation. The 
thermal conductivity of concrete can be obtained using the LSFEM.

3.3.2 � Experimental Design and Materials

The data of temperature variation are crucial in measuring the thermal conductivity 
of concrete. On the basis of the LSFEM principle, a concrete cylinder with diameter 
and height of 30 and 50 cm, respectively, is used to obtain the needed data (Fig. 4). 
A series of high-precision temperature and humidity sensors is buried into the con-
crete along the axial direction. Such sensors divide the concrete cylinder into eight 
layers (#1-#8). The location and the type of sensors buried into the concrete are 
shown in Fig. 4. A temperature sensor is buried into the center of each layer, and a 

(9)
{

�c = −0.00104(T − 298.15) + 1.520Wm−1K−1

�g = −0.00163(T − 298.15) + 2.769Wm−1K−1 ,

Table 1   The mix design used in the experiment

Gra-
dation

Water–
binder ratio

Sand 
rate (%)

Water 
reducing 
agent (%)

Air 
entraining 
agent (%)

Concrete material consumption (kg/m3)

Water Cement Fly 
ash

Expan-
sive 
agent

Sand Stone

Three 0.53 34 0.5 0.0111 108 123 82 0 718 1398
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humidity sensor is embedded into the center of layer #5. Figure 5 shows the concrete 
sample and the sample with insulation. The white and the black lines in the sample 
are temperature and humidity sensors, respectively. The uncertainty of measurement 
comes from the following aspects: accuracy of data collected by temperature sensor, 
embedding position of the sensor, and the calculation program of the thermal con-
ductivity. All temperature sensors are calibrated before use, and their positions are 
corrected after the sensor is buried to reduce the measurement error. The calculation 
program also uses standard materials with known thermal conductivities to perform 
the error calibration.

According to the thermal conductivity test in [5], the heat transfer process should 
be one-dimensional to obtain thermal conductivity easily. Therefore, except for the 
top surface, the concrete surfaces are insulated to transfer the heat in the environ-
ment into the cylinder concrete along the axial direction. Three temperature sensors 
are buried into the edge of layers #3, #5, and #7 to monitor the near-surface temper-
ature which can be used to compare with the temperature in the center of the sample 
to evaluate whether the heat is conducted along the axial direction. The concrete 
samples are cured under standard conditions (temperature = 25 °C and humidity ≥ 
95%) for 28 days before testing the thermal conductivity. The concrete mix design 
used in the experiment is shown in Table 1, which is the basis for all other schemes. 
For example, when testing the concrete thermal conductivity test of different aggre-
gate volume fractions, only the variable of the aggregate volume fraction is changed.

3.3.3 � Test Results of Thermal Conductivity of Concrete

After curing under standard conditions, the sample is saturated and placed in an 
environmental test chamber which has the ability to control the environment tem-
perature from -40 °C to 60 °C. In the testing process, the temperature of the curing 

Fig. 3   DRT-III thermal conductivity tester
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environment changes periodically from -25 °C to 35 °C with an oscillation period of 
2 h. The surface temperature of concrete is the same as the environment temperature 
and the temperature at different depths from the surface is presented in Fig. 6. Tak-
ing the data of concrete temperature as the input parameter, the thermal conductivity 
of concrete under different depths can be obtained by using LSFEM [5].

On the basis of LSFEM, the thermal conductivity of concrete at different depths 
can be obtained at each time step. Figure 7(a) shows the evolution of thermal con-
ductivity of concrete at 0–2 cm. The results indicate that the thermal conductivity of 
concrete fluctuates with time and has a similar regularity with the change in temper-
ature. The thermal conductivity of concrete can be treated as constant under a cer-
tain temperature because concrete has been properly cured to maturity. Therefore, 

Fig. 4   Diagram of sensor loca-
tion

Fig. 5   Concrete samples and the sample with insulation
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the fluctuation of the thermal conductivity of concrete with time is mainly affected 
by the temperature. The relationship between the thermal conductivity and tem-
perature of concrete is shown in Fig.  7(b). The thermal conductivity of concrete 
increases with the increase in temperature and a quadratic function can be used to 
fit the relationship of the thermal conductivity and temperature of concrete with 
high correlation in the range of − 25 °C to 40 °C. The thermal conductivity of con-
crete increases first and then decreases with the increase of temperature, and reaches 
the minimum near 0 °C. The reason that the thermal conductivity of concrete still 
increases when the temperature is below 0 °C is that the water in the pore condenses 
into ice, and the thermal conductivity of ice (almost 2.2 Wm−1K−1 ) is higher than 
that of water [34].

The value of concrete porosity can be obtained by the DH-200 M high-precision 
digital electronic gravimeter which can measure the dry density and saturated density 
of concrete. Water saturation in the interior of concrete is mainly determined by rela-
tive humidity, which is monitored in the experiment with a humidity sensor [35, 36]. 
Notably, relative humidity monitored by the sensor cannot be used directly as the water 
content of concrete because relative humidity indicates the water content of the air in 
the concrete pores. To obtain the water content of concrete, the relationship between 
relative humidity and water content of the concrete should be defined by experimen-
tation. The change in the water content can be obtained by measuring the weight of 
concrete with a high-precision balance while monitoring relative humidity. Then, the 
relationship between water saturation and relative humidity in concrete is investigated 
under 25 °C (Fig. 8).

The thermal conductivity of concrete under different porosities (0.2, 0.3 and 0.4), 
water saturation (0.05, 0.56, and 0.95), and volume fractions of aggregate (0.1, 0.2, and 
0.3) are tested via LSFEM. The testing group and the range of the thermal conductivity 
of concrete at the testing temperature are shown in Table 2.

4 � Thermal Conductivity Model of Concrete

4.1 � Determination of the Parameters of the Thermal Conductivity Model

In the thermal conductivity model, the three unknown parameters, namely, �1 , �2 , and 
�3 are the function of porosity, the ratio of cement mortar and aggregate, and satura-
tion, respectively. To solve those parameters, the formation of the function should be 
assumed first. Generally, an empirical function is often used to find the relationship 
between two parameters. This relationship can contain various trends by adjusting the 
parameter value in the function. Therefore, the function of parameters �1 , �2 , and �3 can 
be expressed as follows:

(10)

⎧⎪⎨⎪⎩

�1 = a1�
b1

�2 = 1 − a2�
b2

�3 = 1 − a3S
b3
r

.
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Given that the thermal conductivity data provided by the experiment with a consid-
erably more than the number of unknowns, the least-square method (LSM) is adopted 
to solve the values of parameters. Half of the tested data are used to solve the param-
eters and the other half of the experimental data are used to validate the model. The 
values of the parameters are listed in Table 3.

The measured and the predicted thermal conductivity results are shown in Fig. 9 to 
validate the fitting ability of the parameters. The measured and the predicted thermal 
conductivity results are considered the abscissa and ordinate axes, respectively, in this 
experiment. The predicted thermal conductivity values are similar to the experimental 
data. The discrepancy in the predicted data is less than 12%, considering that many fac-
tors affect the thermal conductivity of concrete. For example, compared with the pre-
diction accuracy of other models in the literature, the maximum errors of Bruggeman, 

Fig. 6   Evolution of concrete and environment temperatures

Fig. 7   Thermal conductivity of concrete varying with (a) time and (b) temperature



	 International Journal of Thermophysics (2021) 42:34

1 3

34  Page 12 of 20

Maxwell, Zhang’s, and Serial model are 17%, 12%, 13%, and 19%, respectively [37]. 
Therefore, a discrepancy of 12% is deemed acceptable.

Therefore, the thermal conductivity model of concrete can be written as follows:

Fig. 8   Relationship between water saturation and relative humidity in concrete

Table 2   Testing group of the 
concrete

Porosity Volume fraction 
of aggregate

Saturation Range of thermal 
conductivity
(Wm

−1
⋅ K

−1)

0.2 0.3 0.95 1.38–1.41
0.3 0.3 0.95 1.16–1.28
0.4 0.3 0.95 1.02–1.16
0.3 0.1 0.95 1.01–1.10
0.3 0.2 0.95 1.08–1.20
0.3 0.3 0.95 1.16–1.28
0.2 0.3 0.05 0.81–0.82
0.2 0.3 0.56 0.91–0.96
0.2 0.3 0.95 1.38–1.41



1 3

International Journal of Thermophysics (2021) 42:34	 Page 13 of 20  34

where

4.2 � Discussion of the Behavior of the Thermal Conductivity Model

The thermal conductivity of concrete is a function of saturation, porosity, and the 
volume fraction of aggregate [4, 38]. When the volume fraction of aggregate is 0.5, 
the general behavior of the thermal conductivity of concrete and saturation with 
different porosities by using the proposed thermal conductivity model is shown in 
Fig.  10. For certain porosity, the thermal conductivity of concrete increases with 
the increase in water saturation because the thermal conductivity of water is larger 
than that of air under the same condition. The increase in water saturation indicates 
that the pores are filled with more water and less air, which is beneficial to the ther-
mal conductivity of concrete. At the initial stage of the increasing water saturation, 
the increase rate of thermal conductivity is high; the increasing rate of the thermal 
conductivity of concrete gradually decreases at high levels of water saturation. This 
result indicates that the effects of water saturation are stable when the water satura-
tion of concrete is relatively high (Sr > 0.9).

Figure  10 shows that the thermal conductivity of concrete decreases with 
the increase in porosity because the thermal conductivity of cement mortar and 
aggregate is higher than that of water and air. Increasing porosity leads to a 
decrease in solid content (cement mortar and aggregate). The red dotted line in 
Fig. 10 shows the increment of thermal conductivity of concrete ( Δλ ) when the 
water saturation increases from 0.1 to 0.95 under different porosity conditions. 
When the porosity is less than 0.01, the effects of saturation on the thermal con-
ductivity of concrete are very weak because the thermal conductivity of concrete 
is mainly determined by the content of cement mortar and aggregate. When the 
porosity is about 0.2, the thermal conductivity of concrete is most sensitive to the 
change of water saturation, and the value of Δλ is the largest. When the porosity 

λ =

�
0.16

�p�s(
1 − �

)
�p + ��s

+

(
1 − �

0.16
)(
1 − �

)
�s +

(
� − �

1.16
)
�p

�p =

(
1 − 1.5 ∗ S0.829

r

)
�a�w(

1 − Sr
)
�w + Sr�a

+ 1.5 ∗ S0.829
r

(
1 − Sr

)
�a + 1.5 ∗ S1.829

r
�w

�s =

(
1 − �

2.756
)
�c�g

(1 − �)�g + ��c

+ �
2.756

(1 − �)�c + �
3.756

�g

Table 3   Parameters value for �1 , 
�2 , and �3

Parameters a1 b1 a2 b2 a3 b3

Value 1.000 0.160 1.000 2.756 1.500 0.829
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is close to 1.0, the thermal conductivity of concrete mainly depends on the ther-
mal conductivity of water and air and the thermal conductivity of concrete is 
between air and water.

The volume fraction of aggregate is also the main factor that affects the ther-
mal conductivity of concrete when water saturation is 0.5. Figure 11 shows that the 
thermal conductivity of concrete changes with the volume fraction of aggregate 
under different porosities. The thermal conductivity of concrete increases with the 
increase in the volume fraction of aggregate. The large volume fraction of aggre-
gate increases the more components with high thermal conductivity in concrete and 
enhances the thermal conductivity of concrete. Under the same porosity and water 
saturation, the increase in the volume fraction of aggregate decreases the volume 
fraction of cement mortar, because the thermal conductivity of cement mortar is 
lower than that of aggregate and the thermal conductivity of concrete increases with 
the ratio of the increase in aggregate. Similarly with Fig. 10, the red dotted line in 
Fig. 11 shows the increment of thermal conductivity of concrete ( Δλ ) when the vol-
ume fraction of aggregate is from 0.1 to 1.0 under different porosity conditions. As 
the porosity increases, the effect of aggregate volume fraction on the concrete ther-
mal conductivity is getting lower and lower. When the porosity is 1, the aggregate is 
no longer contained in the concrete, and the influence of the aggregate on the ther-
mal conductivity of the concrete is reduced to zero.

Figure  12 shows that the porosity of concrete significantly affects the thermal 
conductivity of concrete when the volume fraction of aggregate is 0.5. The thermal 
conductivity of concrete decreases with the increase in porosity at a rapid or slow 
ratio when porosity is relatively small or large. The reason comes from that the ther-
mal conductivity of pore λp (water and air) is lower than that of solids λs (cement 
mortar and aggregate). As a result, the thermal conductivity of concrete decreases 
when porosity increases. When porosity increases to 1, the “concrete” mainly 

Fig. 9   Predicted versus measured thermal conductivity of concrete
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consists of water and air, and the thermal conductivity of “concrete” is between that 
of air and water. In addition, the thermal conductivity of concrete with high water 
saturation under different porosities is considerably higher than that with low satura-
tion because the thermal conductivity of water is considerably higher than that of 
air. The red dotted line in Fig. 12 shows the increment of thermal conductivity of 
concrete ( Δλ ) when the porosity from 0.1 to 0.9 under different water saturation 
conditions. When the water saturation is about 0.5, the value of the increment of 
thermal conductivity ( Δλ ) reaches the maximum. It means that the thermal conduc-
tivity of concrete is most sensitive to changes in porosity when the water saturation 
in the concrete pores is 0.5.

The proposed model also considers the effects of temperature. The thermal con-
ductivity of concrete varies with temperature under different water saturation values 
when the ratio of aggregate volume fraction is 0.3 and porosity is 0.2 (Fig. 13). The 
thermal conductivity of concrete increases with the increase in temperature under 
different saturation values. The influence of temperature on concrete is through the 
change in thermal conductivity of signal components. The thermal conductivity of 
cement mortar and aggregate decrease with the increase in temperature, whereas the 
thermal conductivity of water and air increase with the increase in temperature. The 
total tendency of concrete increases with the increase in temperature, that is, water 
and air in concrete are the main factors that affect the thermal conductivity of con-
crete when porosity is 0.2 and the volume fraction of aggregate is 0.3. According to 
Eqs. 7, 8, and 9, the thermal conductivity of cement mortar and aggregate are insen-
sitive to temperature compared with that of water.

Fig. 10   Variation in thermal conductivity of concrete with water saturation under different porosities 
(volume fraction of aggregate is 0.5)
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5 � Conclusions

The thermal conductivity of concrete is a complex parameter that is affected by 
many factors. The proposed model considers the effects of porosity, water satura-
tion, and aggregate volume fraction on the thermal conductivity of concrete. The 
proposed model is derived from the Wiener bounds and considers concrete with four 
different components, namely, cement mortar, aggregate, water, and air. Such com-
ponents are organized in serial and parallel arrangements. By adjusting the �1 , �2 , 
and �3 parameters and determining the weight of the contribution of each compo-
nent, the thermal conductivity model of concrete can predict the maximum and the 
minimum thermal conductivity values of concrete. Such parameters vary for differ-
ent types of concrete, and measured data are needed to solve these parameters before 
predicting the thermal conductivity of concrete. In this paper, a series of experi-
ments has been carried out to test the thermal conductivity of cement mortar, aggre-
gate, and concrete with different water–cement ratios, volume fractions, and satura-
tions; obtain a large amount of concrete thermal conductivity data; and determine 
the model parameters. Notably, the accuracy of the prediction model largely relies 
on the experimental data, which are used to fit �1 , �2 , and �3 parameters via the LSM.

The thermal conductivity of four components should be considered as a known 
quantity to solve the thermal conductivity model of concrete. Several thermal con-
ductivity methods including TPS and LSFEM are applied to measure the ther-
mal conductivity of cement mortar, aggregate, and concrete. LSM is utilized to 

Fig. 11   Change in thermal conductivity of concrete with the increase in the volume fraction of aggregate 
(water saturation is 0.5)
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parameterize the thermal conductivity model of concrete, and the discrepancy 
between the measured and predicted data is less than 12%. According to the pre-
diction model, the effects of porosity, water saturation, and aggregate on thermal 

Fig. 12   Variation in thermal conductivity of concrete with porosity under different water saturation (vol-
ume fraction of aggregate is 0.5)

Fig. 13   Variation in thermal conductivity of concrete with temperature under different water saturation 
(volume fraction of aggregate is 0.3 and porosity is 0.2)
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conductivity can be obtained. The results show that the thermal conductivity of con-
crete decreases with the increase in porosity and the decrease in water saturation and 
aggregate volume fraction. In general, a high ratio of components with large thermal 
conductivity in concrete indicates a large thermal conductivity of concrete. Poros-
ity significantly influences the thermal conductivity of concrete because the thermal 
conductivity of solids (cement mortar and aggregate) is considerably larger than that 
of pores (water and air).

From the perspective of temperature, water and air in pores of the concrete are 
the main factors that affect the thermal conductivity of concrete. Compared with 
the components of cement mortar and aggregate, those of water and air are sensitive 
to temperature changes, which are dominant in the changing trend of the thermal 
conductivity of concrete. The thermal conductivity model of water (Eq. 7) is only 
suitable in the range of 274–370 K. Therefore, the proposed model cannot consider 
cases with temperatures below 0 °C. When the temperature decreases to 0 °C, the 
thermal conductivity of ice is considerably larger than that of water; this condition 
increases the thermal conductivity of concrete significantly [34]. Therefore, addi-
tional experimental data and a thermal conductivity model for water with wide tem-
perature adaptability are needed to improve the applicability of the proposed model. 
The proposed model can be applied not only to concrete but also to porous media 
with multiple components by properly determine the thermal conductivity of each 
component.
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