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When heat energy is transferred to concrete through energy conversion by an electric heating system, the overall thermal
performance of the early-age concrete is affected by the local high temperature of the concrete. This, in turn, affects the
accuracy of the prediction and calculation of concrete deformation. Concrete thermal physical parameter models considering
the mutual influence of heat and humidity were established to clarify the influence of an electric heat tracing system on the
heat transfer performance of concrete at an early age, based on the concepts of equivalent age and hydration degree.
Additionally, the COMSOL numerical simulation software was used for realizing the numerical solution of concrete heat
transfer. The research indicates that the degree of hydration is affected by the heating provided by the electric heat tracing
system. When curing for 40 h, the degree of hydration approaches 0.82 and remains unchanged, which indicates that the
hydration of cement was almost complete in less than 2 days. The specific heat value of concrete in the early stage was
significantly affected by electric heat tracing. This value of concrete at a high initial temperature was larger than that at a low
temperature, while the specific heat of each point in the later stage tended to be the same. The thermal conductivity was
significantly affected by the local electrical heating. The higher the temperature was, the lower the thermal conductivity was,
which remained stable for two days under the influence of temperature. The key contribution of this research is to provide a
coupling model for concrete curing. The findings from the study also provide industry practitioners with a comprehensive
guide regarding the specific applications of the electric heating system in early-age concrete curing.

1. Introduction

Currently, concrete is the most commonly used building
material, of which deformation and cracks are affected by
the construction method [1–4]. As a winter concrete heating
and curing method, the local high temperature provided by
the electric heating system influences the overall structural

performance of the concrete, which results in obvious cracks
on the surface after the concrete is hardened [5–7]. Thus far,
the thermal and mechanical parameters of concrete in the
later stage of hardening are basically used to calculate the
deformation of concrete during the curing period; however,
the thermal and mechanical parameters of concrete in the
early stage are evidently different from those in the later
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stage of hardening [8]. If the changes of thermal and
mechanical parameters generated by the concrete material
during the hydration process are not considered, the calcula-
tion results of the temperature field and deformation will be
affected. Moreover, the current test procedures for the ther-
mal and mechanical properties of concrete are all measured
under standard temperature and humidity conditions. How-
ever, the actual temperature and humidity of concrete at an
early age vary greatly, and the temperature and humidity
interact with the hydration process of concrete [9–11].
Therefore, when studying the influence of an electric heating
system on concrete performance, it is necessary to consider
factors such as the local high temperature caused by the elec-
tric heating cable, asynchronous hydration process, temper-
ature, and humidity to improve the accuracy of the concrete
heat transfer calculation, concrete deformation, and crack
resistance.

Currently, based on the concept of equivalent age and
degree of hydration, researchers have focused on the defor-
mation of concrete by temperature and humidity. These
efforts mainly consider the influence of temperature and
humidity on the mechanical and thermal properties of con-
crete and on the mathematical model for optimizing
mechanical and thermal parameters and deformation [12,
13]. Zhong et al. [14, 15] successively conducted concrete
shrinkage, swelling, internal temperature, and moisture tests
and proposed a theoretical calculation model of the relation-
ship between concrete temperature, internal moisture, and
strain. Pane and Hansen [16] proposed a method for calcu-
lating the early stress development of concrete through
experiments regarding creep, heat, autogenous deformation,
early stress development, hydration kinetics, and early stress
prediction. They proved that stress prediction accuracy can
be increased based on the hydration heat, relaxation modu-
lus, autogenous shrinkage, and temperature history. Huang
et al. [17] investigated the action law and mechanical behav-
ior of key parameters of wetting force regarding the healing
process based on the coupling model of the wetting force.
Based on the coupling effect of chemical-heat-mechanical-
moisture, Chen et al. [18–20] successively analyzed the influ-
ence of concrete deformation, pouring time process, envi-
ronmental temperature, moisture, steel bar, etc. on the
stress and deformation of concrete. The quantitative rela-
tionship between the stress degeneration and the concrete
hydration degree, temperature, and moisture is established,
and the multifield coupling deformation and crack model
of concrete was proposed. Considering the influence of
hydration heat on temperature and stress based on the
thermal-mechanical coupling model, Zhao et al. and Hu
et al. [21, 22] conducted research on concrete temperature
control. Zheng andWei [23] conducted 2D and 3Dmesoscale
model investigations with polygon and polyhedral aggregates
and established a chemothermal coupling model of concrete.

The above studies have well proven that the thermal and
mechanical parameters of concrete based on the hydration
process can predict the temperature and deformation devel-
opment more accurately. However, these thermal and
mechanical parameters do not fully consider the tempera-
ture, moisture, and hydration processes simultaneously.

Therefore, using the heat conduction model and solid
mechanics model in the COMSOL numerical analysis soft-
ware, this study considers the influence of temperature and
moisture, establishes concrete thermal and mechanical
parameter models based on the hydration degree, and con-
ducts temperature field simulation analysis. The above stud-
ies have proven that the thermal and mechanical parameters
of concrete considering the hydration process are more con-
ducive to accurately predicting the development of tempera-
ture and deformation. However, when studying the thermal
parameters, temperature, humidity, and hydration process
are not completely considered simultaneously. Therefore,
based on the concept of the hydration degree, a concrete
thermal parameter model considering the influence of tem-
perature and humidity was established in this study, and
COMSOL numerical analysis software was used to study
the variations of thermal parameters and temperature field.

2. Concrete Thermophysical Parameters Based
on the Hydration Degree

2.1. Equivalent Age. The two concepts of equivalent age and
maturity reflect the same problem. Regarding this problem,
at the earliest time, Nurse [24] and Saul [25] proposed the
concept of concrete maturity based on steam curing experi-
ments, which proved that maturity and concrete strength
were equivalent, and established the “Nurse-Saul” maturity
equation.

M = 〠
t

0
T tð Þ − T0Þ½ �Δt, ð1Þ

where M is the maturity coefficient; t is the curing age, h; T
is the temperature at age t, °C; and T0 is the initial temper-
ature, °C, which takes the value -10°C.

Subsequently, according to the concept of maturity, the
concrete age at different curing temperatures can be trans-
formed into the equivalent age at the same maturity:

te =
∑ T − T0ð ÞΔt

Tr − T0
, ð2Þ

where te is the equivalent age and Tr is the reference con-
crete temperature, °C, which is generally 20°C under stan-
dard curing condition.

Hansen and Pedersen [26] carried out hydration heat
experiments under different curing temperatures and pro-
posed an equivalent age mathematical model based on the
Arrhenius function as follows:

te = 〠
t

0
exp Ea

R
1

273 + Tr
−

1
273 + Tc

� �� �
Δt, ð3Þ

where Tc is the curing temperature, °C, and Ea is the con-
crete activation energy, J/mol. When Tc is greater than or
equal to 20°C, Ea = 33:5; when Tc is less than 20°C, Ea =
33:5 + 1:47ð20 − TcÞ.
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2.2. Hydration Degree. The hydration degree reflects the
concrete hydration degree at a certain age, which is signifi-
cantly affected by the water-cement ratio, mineral admix-
tures, cement fineness, and curing temperature [27]. Mills
[28] and Hansen [29] found that the hydration reaction
stops before the cement is completely reacted and con-
sumed, which means that the concrete hydration degree
does not reach the value of 1. Lin and Meyer [30] proposed
a final hydration formula based on cement fineness and cur-
ing temperature as follows:

αu = αu293 exp −0:00003 T − 293ð Þ2 ⋅ SGN T − 293ð ÞÂ Ã
,

αu293 =
β1 × w/cð Þ
β2 + w/cð Þ ≤ 1:0,

ð4Þ

where αu293 is the final cement hydration degree at a curing
temperature of 20°C (293K), αu is the final hydration degree
considering the curing temperature, and β1 and β2 are based
on the specific surface area function.

2.3. Specific Heat Capacity. The specific heat capacity of
water is 4.18 kJ/(kg·°C), which is greater than the specific
heat capacity of concrete materials. Therefore, the moisture
content has a certain influence on the specific heat capacity
of the material. As the moisture content increases, the spe-
cific heat capacity also increases. Low et al. [31] propose
the relationship between the concrete specific heat capacity
and moisture content.

cw = cd + ξc × ω, ð5Þ

where cw is the specific heat capacity of wet concrete, kJ/
(kg·°C); cd is the specific heat of dry concrete, kJ/(kg·°C); ξc
is the increase in specific heat capacity for every 1% increase
in moisture content, kJ/(kg·°C), which may take a value of
0.028 kJ/(kg·°C); and ω is the concrete moisture content.

Van [32] proposed a concrete specific heat formula that
considers the mixing ratio, specific heat capacity, hydration
degree, and current concrete temperature, which states that

c = Wcαccef +Wc 1 − αð Þcc +Waca +Wwcw
ρ

,

ccef = 0:0084Td + 0:339,
ð6Þ

where c is the specific heat capacity when the degree of
hydration is α, kJ/(kg·°C); Wc, Wa, and Ww are the weight
of cement, aggregate, and water in each cube, respectively,
kg/m3; cc, ca, and cw are the specific heat capacities of
cement, aggregate, and water, respectively, kJ/(kg·°C); ccef is
the assumed specific heat capacity of cement paste, kJ/
(kg·°C); ρ is the concrete density, kg/m3; α is the hydration
degree; and Td is the current temperature.

Accordingly, a formula for estimating the specific heat of
concrete during the curing period was proposed:

c α teð Þ, ωð Þ½ � = c + 0:028ω, ð7Þ

where c½ðαðteÞ, ωÞ� is the specific heat capacity when the
degree of hydration is α and water content is w, kJ/(kg·°C).

2.4. Thermal Conductivity Coefficient. Based on Schindler’s
formula and Low’s results [31], a formula for calculating
the thermal conductivity coefficient of concrete was estab-
lished considering the influence of the concrete moisture
content and hydration degree:

λ α teð Þ, ωð Þ½ � = λu 1:33 − 0:33að Þ + ζωω, ð8Þ

where λ½ðαðteÞ, ωÞ� is the thermal conductivity when the
degree of hydration is α and water content is w, kJ/
(m·h·°C), and λu is the final thermal conductivity coefficient,
kJ/(m·h·°C), which should be experimentally determined.

In this study, the thermal conductivity value of a 28-day
dry test block was adopted. ζw is the increase in the thermal
conductivity when the moisture content increases by 1%.

2.5. Humidity Parameters

2.5.1. Cement Hydration and Self-Drying. Cement hydration
consumes water, which reduces concrete humidity. Zhang
et al. [33] proposed a mathematical model for predicting
the decrease in concrete humidity caused by the water con-
sumption of cement hydration through the concrete humid-
ity test.

Hd =
0, α ≥ αh,

1 −Hd,uð Þ α − αh
αu − αh

� �βH
, α < αh,

8><
>: ð9Þ

where Hd is the humidity reduction caused by cement hydra-
tion, %; Hd,u is the relative humidity at the end of hydration;
and αh and βH are empirical coefficients.

2.5.2. Moisture Diffusion. The diffusion of humidity is
affected by the temperature difference, humidity difference,
water-cement ratio, and other factors. Gong [34] proposed
a moisture diffusion coefficient for early-age concrete based
on the equivalent age concept considering the influence of
temperature on hydration degree.

D teð Þ
te ⋅Dsat

= α0 +
1 − α0

1 + 1 −Hð Þ/ 1 −Hcð Þð Þn , ð10Þ

where DðteÞ is the humidity diffusion coefficient based on
the concept of equivalent age, considering the effect of tem-
perature; Dsat is the humidity diffusion coefficient when sat-
urated; and α0, Hc, and n are empirical coefficients.

3. Governing Equation

3.1. Heat Conduction Equation. The concrete hydration
reaction is related to its own temperature, moisture, age,
etc., and its thermal conductivity also changes continuously
with the hydration reaction. Therefore, the heat release and
heat conduction in concrete hydration involves a complex
nonlinear problem. According to the literature, a heat
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transfer equation can be established based on the hydration
degree considering moisture change.

ρc α teð Þ, ωð Þ½ � ∂T∂t = ∇ λ α teð Þ, ωð Þ½ �∇Tf g + ∂Qα teð Þ
∂t

, ð11Þ

where considering the effect of temperature, based on the
effect of equivalent age, QαðteÞ is the cement hydration
heat, kJ/kg.

3.2. Moisture Diffusion Model. Assuming that the form of
moisture transfer in concrete is diffusion, the temperature
gradient is the driving force behind moisture diffusion.
Moreover, the self-drying in concrete hydration at an early
age will cause decreased moisture content. Accordingly, the
moisture diffusion equation is

∂H
∂t

= ∇ D teð Þ∇Hð Þ − ∂Hd
∂t

: ð12Þ

4. Multiphysics Coupling Simulation
Calculation Using COMSOL

Based on the heat and moisture physical parameters and
transfer equations of temperature and moisture changes,
numerical simulation of the early-age concrete temperature
field is performed using the multiphysics coupling numerical
analysis software COMSOL Multiphysics, as illustrated in
Figure 1, with dimensions of 0:8m × 0:8m × 1:5m in
length × width × height. Each key parameter is calibrated
referring to the temperature field test data of the concrete
test column embedded with a heating belt. Tables 1 and 2 list
the symbols for the heat and moisture transfer parameters
required by the model. Figure 2 illustrates the heating belt
and layout of the measuring points. The black line in the fig-

ure represents the heating belt, and the black dots represent
the measuring points.

The initial temperature condition of the concrete speci-
men is the concrete entering mold temperature T0 288K
(e.g., 15°C). The boundary conditions of the model were
set as two kinds of surface contact conditions of the test
specimen, including the external surface of test column,
and the contact surface between concrete and electric heat-
ing belt. To simulate the thermal insulation measures taken
in the test, the surface of the test column was wrapped with
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Figure 1: Numerical model grid diagram.

Table 1: Symbols required for heat transfer simulations.

Symbols Symbol value Symbols Symbol value

ρ (kg/m3) 2500 Tr (
°C) 20

Ea (J/mol) 33500 R (J/(mol·K)) 8.314

αu 0.82 Ww (kg) 200

Wc (kg) 400 Wa (kg) 1661

λμ (kJ/(m·h·K)) 7.185 cc (kJ/(kg·K)) 1.14

ca (kJ/(kg·K)) 0.678 cw (kJ/(kg·K)) 4.187

Table 2: Symbols required for moisture transfer simulations.

Symbols Symbol value Symbols Symbol value

αu293 0.8 αu 0.8

αc 0.72 Hs:u 0.83

βH 3 ao 0.05

Hc 0.8 n 15

R (J/(mol·K)) 8.314 Tr (K) 293

0
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Figure 2: Schematic of temperature layout monitoring point.
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a thermal insulation layer. The boundary conditions on the
outer surface of the test specimen were realized by selecting
the equivalent heat release coefficient βt, which is regarded
as the third type of boundary conditions. The contact surface
between concrete and the electric heating belt is the fourth
type of boundary condition. Table 3 illustrates equivalent
exothermic coefficients of the concrete specimen surface.

4.1. Model Validity Verification. The numerical calculation
results are compared with the experimental data, and the
numerical model is calibrated. Figure 3 depicts a comparison
between the test column temperature data and numerical

calculation results. The established calculation model had a
higher degree of coincidence with the measured data, and
the variations were approximately the same. Slight devia-
tions exist in the comparison curves when in the late curing
time. The main reason for the deviation between the calcula-
tion results of the model and measured results is the heat
transfer coefficient of the insulation layer of the test speci-
men and the accuracy of the equivalent thermal conductivity
of the concrete. The nonuniform density caused by the
installation of the insulation layer of the specimen will have
a certain effect on the results of the temperature field. How-
ever, the uniform equivalent heat transfer coefficient was
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Figure 3: Curves for the comparison test value and the calculated value.

Table 3: Equivalent exothermic coefficients of concrete specimen surface.

Boundary location Equivalent heat release coefficient (kJ/(m2·h·K)) Calculation time (h)
0-72 72-200

Outer surface of test column βt1 8.3

Contact surface between concrete and tracer βt2 418.6 0

5Geofluids



adopted in the numerical model to simplify the model estab-
lishment, which did not consider the nonuniform effect
caused by the installation. In addition, as a heterogeneous
and anisotropic material, the thermal conductivity of con-
crete is not completely consistent. A unique thermal conduc-
tivity was used in the numerical model. Based on the
comparisons, the accuracy of the numerical model for pre-
dicting the multiphysical coupling behavior was verified.

4.2. Variation of Thermophysical Parameters. To explore the
variation of the key parameters of the temperature field
model, the built-in 3D intercept function in the COMSOL
software was used to determine the thermal parameters at
different heights of the model vertical center with age. The

variation of hydration degree of the concrete column at dif-
ferent vertical heights over time is shown in Figure 4.
Although the hydration degrees at different heights are rela-
tively close at the same time, it still presents the distribution
characteristics that the high-temperature area in the middle
has a higher hydration degree than the low temperature area
at both ends. When t is equal to 40 h, the hydration degree
gradually approaches 0.82, which proves that the hydration
reaction is basically completed in less than 28 days.

The different hydration degrees at different positions of
the concrete column are due to the different temperatures
measured at each point. The equivalent ages of the concrete
at different heights were analyzed, as shown in Figure 5.
Affected by the embedded heat source, the concrete equivalent
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Figure 6: The specific heat value at different heights changes with
time under the influence of temperature.
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Figure 4: The degree of hydration at different heights with time under the influence of temperature.
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age was much higher than the actual curing time. For instance,
under a curing time of 200h, the equivalent age of each point
of the concrete column was approximately 250h~400h,
which is 1 to 2 times that of the curing time. Therefore, during
the electric heating process of the concrete column, hydration
reaction proceeded rapidly, and the model conformed to the
actual hydration reaction conditions.

With the continuous change of the temperature distribu-
tion inside the concrete column and continuous progress of
the cement hydration reaction, the thermal parameters mea-
sured at different positions in the concrete column also
change constantly.

The curve describing the change of the specific heat of the
concrete column at different heights over time is shown in
Figure 6. When the concrete is poured into the mold, the spe-
cific heat value of the concrete is approximately 0.9678kJ/

(kg·K). Owing to the continuous progress of the concrete
hydration reaction, the specific heat value decreased nonli-
nearly and gradually stabilized. Within 20h after pouring,
the specific heat values of each point were not significantly dif-
ferent. The specific heat value of concrete is significantly
affected by the concrete temperature and hydration degree.
After 30h of pouring, due to the different temperature gradi-
ents and hydration degrees inside the concrete, the specific
heat values at each point were significantly different. The spe-
cific heat value at the bottom of the concrete column was the
lowest, while the highest specific heat value appeared in the
upper part of the concrete. If it is cured for 200h after pouring,
the specific heat value of each point inside the concrete col-
umn structure is not significantly different with an average
of 0.836 kJ/(kg·K), which is approximately 86% of the initial
specific heat value.
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Figure 7 illustrates the relationship curve describing the
change in the thermal conductivity coefficient at different
vertical heights of the concrete columns with curing time.
In the figure, the change in the thermal conductivity is
roughly inversely proportional to the degree of hydration;
i.e., the thermal conductivity coefficient decreases with the
development of concrete hydration. Compared to the
specific heat value, the thermal conductivity coefficient
decreases faster and tends to be stable for approximately
50 h. The initial value of the thermal conductivity coefficient
was 3.185W/(m·K), while the final thermal conductivity
coefficient of concrete was 2.36W/(m·K), which is approxi-
mately 74% of the initial value.

4.3. The Variation of Temperature Field. According to the
analysis of the intermediate data surface of the test speci-
men, as shown in Figures 8 and 9, the entire temperature
process can be divided into the rapid temperature rise stage,
temperature stable stage, and rapid temperature cooling
stage.

Rapid temperature rise stage: the temperature of the
three monitoring points increased rapidly owing to the influ-
ence of the heating belt.

Relatively stable stage: as the concrete hydration exother-
mic temperature reaches a stable level, affected by the heat
transfer of the heating belt, the corner temperature is the
highest and the edge temperature is the lowest. The temper-
ature gradient at each point was very close during the slow
decline in the temperature.

Rapid temperature cooling stage: the temperature at the
monitoring points begins to drop continuously as the heat-
ing belt stops the power supply; the temperature gradient
at the corner points is the highest. When the heating belt
is out of power, the temperature curve has an obvious inflec-
tion point. This is consistent with the experimental data in
terms of the temperature process and temperature changes.

5. Conclusion

Concrete hydration heat release and heat conduction involve
complex nonlinear issues. Based on the concept of equiva-
lent age hydration degree, this study considers the influence
of the hydration degree and moisture and revises the math-
ematical model of thermal conductivity and specific heat
capacity. This provides an important research basis and
method for the study of key thermal parameters of early-
age concrete and improves the accuracy of the simulation
study of the concrete temperature field, which lays a theoret-
ical and technical foundation for optimizing the heating and
curing design method and construction measures and inno-
vating the curing and engineering application of concrete in
winter. Our research takes an embedded concrete test column
with a heating belt as an example to simulate and calculate the
thermophysical parameters. The following conclusions are
drawn:

(1) Curing temperature affects the hydration degree of
equivalent age. The hydration reaction of the con-
crete column occurred rapidly during the heating

process. The model proposed in this study was veri-
fied according to the actual hydration reaction.
When the curing time reached 40h, the hydration
degree gradually approached 0.82 and remained
unchanged. The hydration reaction was basically
completed within 28 d

(2) The specific heat of concrete is significantly affected
by the concrete temperature and hydration degree.
The greater is the initial temperature, the greater
the specific heat, and the value tends to be consistent
in the later stage

(3) The thermal conductivity coefficient changed approx-
imately opposite to the hydration degree. With the
development of concrete hydration degree, the ther-
mal conductivity gradually decreases

(4) The multiphysical coupling model proposed in this
study guarantees the accuracy prediction of the
mechanical behaviors of early-age concrete. This is
a beneficial attempt for the coupled analysis of
early-age concrete, which is an important guideline
for the curing treatment for the early-age concrete
in winter

However, the scope of this research is relatively limited.
To further improve the research accuracy and applicability,
complex condition experiments will be conducted in the
future, and more accurate numerical simulations will be per-
formed by comparing and optimizing equations.
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