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a b s t r a c t

Based on a fixed hygro-thermo-chemical model that is clearly distinguishable from other models in the
existing literature, this work conducts a finite element analysis of heat transfer and moisture transport
for concrete at an early age and beyond. Numerical validations show that this fixed model corresponds
to the hydration heat liberation rate for ordinary Portland cement and reflects the two-phase process
of the relative humidity changes. Simulations of concrete samples with various water-cement ratios
are performed, and the outcomes are compared to experimental temperature and relative humidity
curves, confirming that the modified model has relatively high accuracy. The simulated influential depths
of moisture transfer in concrete are also in accordance with the results from theoretical equations.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The decreased structural performance of concrete during its
service time is closely related to concrete cracking [1,2]. Study
results indicate that shrinkage or expansion of concrete caused
by changes in temperature and moisture is an important factor
that influences cracking, particularly at an early age [3,4]. In the
hydration process, the change in moisture in concrete is mainly
influenced by self-desiccation and exchanges between concrete
and the external environment. In turn, the variations in tempera-
ture and moisture commonly affect the hydration reaction [5].
Many studies have shown that environmental humidity variations
cause an uneven distribution of moisture, which leads to a shrink-
age gradient at the surface of the structure. Moreover, a low envi-
ronmental humidity influences or even stops the normal hydration
process due to moisture loss in the concrete, decreasing both con-
crete strength and durability [6-8]. Hydration behavior, self-
desiccation, moisture exchange and cooling effects under external
environmental conditions can produce temperature and moisture
gradients in a concrete structure that may eventually lead to struc-
tural cracking [9-11]. Therefore, predicting the temperature levels,
hydration behavior and moisture changes under various environ-
mental conditions is of great significance for concrete structures.

The influence of temperature on the rate of hydration heat
release follows the general chemical reaction law: as the tempera-
ture increases, the hydration reaction and the rate of hydration

heat release accelerate. Temperature greatly affects the early
hydration heat release rate of cement, but this effect gradually
becomes smaller over time. Some studies have shown that [12]
Portland cement can continue to hydrate at �5 �C but that hydra-
tion stops at less than �10 �C. In the hydration process at high tem-
perature, the water in the system is rapidly consumed, and the
unhydrated particles are encapsulated in the hydrated particles,
increasing the diffusion and migration barrier. Thus, the hydration
progress is greatly hindered, and the heat release rate of hydration
substantially decreases. Studies have shown that [13] when the
relative humidity of Portland cement is less than 0.8, the hydration
reaction almost completely stops. Therefore, the moisture content
in the system is an important factor affecting the hydration reac-
tion process, which together determines the gelling material
hydration rate and final degree of hydration with the temperature,
heat and hydration degree.

Extensive experimental research and computational studies
have sought to develop a general model for predicting the hydra-
tion heat and moisture change in concrete. The formulation of
numerical hygro-thermo-chemical models has evolved over time.
Ulm and Coussy proposed a thermo-chemo-mechanical model of
early-age concrete based on the open porous media theory, and
they introduced the hydration degree n to describe the hydration
reaction of the cement and the mass of chemically bound water
[14,15]. Cervera et al. proposed a coupled thermo-chemo-
mechanical model for the behavior of early-age concrete that can
be implemented in a finite element method to predict the evolu-
tion of the heat and degree of hydration over time [4,16]. Martinelli
et al. proposed a complete theoretical formulation and an effective
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numerical implementation of a heat flow and hydration model for
concrete hardening [17]. These studies and many other models of
early-age concrete consider only thermo-chemical phenomena,
neglecting the water diffusion process. However, this assumption
is not always accurate, especially when moisture is exchanged
between concrete and the external environment. Numerous efforts
have been made to model the hygro-thermal behavior of concrete.
For example, Bazant et al. proposed a phenomenological approach
that is traditionally used in many studies, but they did not distin-
guish between the different phases of moisture [13,18]. Reference
[19] added a sink term in the diffusion equation to account for
endogenous drying in high strength concrete; however, that study
did not consider the effect of hydration heat. Gawin et al. proposed
a new numerical model that considered not only the thermal and
chemical fields but also the water diffusion process [20]. DiLuzio
et al. developed a complex model that considers the effect of the
silica fume reaction and silicate polymerization [21]. Jendele
et al. proposed a multiscale hydro-thermo-mechanical model for
early-age and mature concrete that can be adapted to engineering
analyses, but the moisture diffusion in the drying and wetting pro-
cesses was not accurately modeled [22]. In the aforementioned
studies, the experimentally measured relative humidity of con-
crete was chosen as the variable used to describe the variation in
moisture content in concrete. Based on experimental results in
the literature [23–26], a water vapor saturation phase exists at
the early age of concrete, during which the relative humidity in
the concrete remains at 100% following the development of hydra-
tion. Zhang et al. [26] proposed a subsection function to describe
the water vapor saturation phase, but the modified function could
not calculate the water content in different phases and may suffer
from difficulty in the calibration of a considerable number of
parameters.

Previous study of this work proposed and verified a modified
hydration model of cement that has a clear distinction from other
models in the existing literature [27]. Based on the modified hydra-
tion model and thermo-chemical coupled analysis, this paper
examines the influence of water changes in concrete on the hydra-
tion process and investigates the hygro-thermo-chemical behav-
iors in concrete on a macroscale by adopting a homogenization
scheme. In order to advance research work on the basis of previous
studies, the moisture transport model is improved in this paper to
describe the existence of the water vapor saturation stage in the
early stage of the hydration reaction while retaining the original
function. In addition, considering the different mechanisms of
water transfer in different condition, the diffusion coefficients in
dry and wet conditions are discussed and distinguished. The
hygro-thermo-chemical parameters of the cement samples are
obtained using a homogenization scheme. Numerical implementa-
tion is successfully achieved, and the simulation results of temper-
ature and relative humidity are also compared with the
experimental data.

2. Hygro-thermo-chemical model

2.1. A fixed model for the hydration process

The exothermic reaction of concrete occurs when water is com-
bined with cement paste. To describe the degree of the reaction,
the hydration extent is defined as the number of moles of water
per unit volume. For practical purposes, it is convenient to rewrite
the model in terms of a normalized variable, called a hydration
degree, which is defined as

nðtÞ ¼ wn

wn1 ð1Þ

where wn1 is the final mass of bound water under ideal conditions,
assuming that the free water in the cement hydration process is
completely reacted, and wn is the mass of bound water formed by
the hydration reaction at time t. n1 is the final hydration degree
value under practical conditions. At the start of the hydration reac-
tion, nðt ¼ 0Þ ¼ 0, and this value gradually increases with the pro-
gression of the chemical reaction.

According to Arrhenius’s law, the time-dependent hydration
progress can be described as shown in Eq. (2). In the model, the
hydration rate is related to the temperature and the chemical affin-
ity AnðnÞ:
@n
@t

¼ AnðnÞ exp � Ea

RT

� �
ð2Þ

where Ea is the activation energy of the reaction and R is the univer-
sal gas constant. Cervera et al. developed an analytical form of the
normalized affinity based on thermodynamics [4]. The free energy
of the thermo-chemical system can be divided into three parts:
thermal contribution, thermo-chemical coupled contribution, and
chemical contribution. The chemical contribution in this work is
considered to be a quartic function instead of a cubic function. Sim-
ilar to the strategy presented in the literature [4], a fixed form of the
chemical affinity can be derived as follows:

AnðnÞ ¼ b1ðb2 þ b3nþ n2Þðn1 � nÞ exp ��g
n
n1

� �
ð3Þ

where b1, b2 and b3 are material coefficients, n1 is the ultimate
hydration degree and �g represents the viscosity due to micro-
diffusion of the free water through the already formed hydrates.
These parameters can be calibrated using experimental results.

In addition, it is generally known from experiments that the
hydration process slows and may even stop with decreasing rela-
tive humidity. The effect of relative humidity on the hydration rate
can be considered by improving Eq. (2) as follows:

@n
@t

¼ bhðhÞAnðnÞ exp � Ea

RT

� �
ð4Þ

bhðhÞ ¼
1

1þ ða� ahÞ4
ð5Þ

where bhðhÞ is an empirical function that was first proposed by
Bažant [13], h is the relative humidity and a is a material parameter
ranging from 5.5–12.5 that can be calibrated through the analysis of
experimental data [18,20,21,28].

2.2. The transient heat transfer process

The transient heat transfer process of concrete can be described
as follows:

qC
@Tðx; tÞ

@t
¼ kTDTðx; tÞ þ @Q

@t
ð6Þ

@Q
@t

¼ Q1
@n
@t

ð7Þ

where q, C, kT , D and Q1 are the density, volumetric heat capacity,
thermal conductivity coefficient, Laplacian operator and final volu-
metric heat of hydration, respectively. The latent heat release due to
concrete hydration is actually a nonlinear and thermally dependent
process.

2.2.1. Heat capacity
Given the heat capacity values and volume fractions of cement,

water and fine aggregates, the heat capacity of the matrix can be
estimated using the law of mixtures [29]:
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