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h i g h l i g h t s

� Coupling hygro-thermal model considers micro-pore structure evolution of early-age concrete.
� An innovative coefficient for counting the influence of humidity on hydration rate.
� Adsorption curve based on micro-pore structure evolution.
� Test verification procedures under different ambient temperature and humidity.
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a b s t r a c t

In order to analyze the hygro-thermal coupling effect in early-age concrete, this research establishes a
coupling hygro-thermal model based on hybrid mixture theory (HMT) considering the characteristic of
the microstructure evolution of early-age concrete. The adsorption curve of early-age concrete is acquired
based on the microstructure evolution through establishing the relationship between saturation and
several factors, such as hydration degree, temperature, capillary pressure and so on. An innovative
coefficient for counting the influence of humidity on hydration rate is proposed, which takes the
influence of humidity on hydration rate under self-desiccation as a reference based on the existing test.
The research results indicate that the coupled hygro-thermal model constructed based on the micro-pore
structure evolution can accurately predict the time-dependent development of temperature and
humidity field inside the early-age concrete. The research can theoretically support the investigation
on the deformation and cracking of the early-age concrete.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

With the proceeding of hydration in the early-age concrete, the
heat releases and the water consumes because of the physical and
chemical reactions. Meanwhile the chemical composition and pore
structure of cementitious material change, which influences the
diffusion properties of concrete, but also have a major impact on
the mechanical properties of concrete. Large changes in tempera-
ture and humidity of early-age concrete will cause additional load,
and even cause cracking of concrete, which will also affect the
development of late strength of concrete and resistance to aggres-
sive ions. Therefore the hygro-thermal coupling analysis in early-
age concrete can be of great significance on the study of mechani-
cal properties and corrosion resistance of the concrete structure.
And it is the basis research of durability of concrete structures.

Numerous studies of the single temperature field or humidity
field of early-age concrete can be found [1,2]. But the hygro-
thermal diffusion properties in early-age concrete have obvious
coupling effects [3–7]. While in the past research of hygro-
thermal coupling, many scholars use heat and mass transfer model
based on classical phenomenological theory [3,6], which mainly
determines the model parameters on testing, and ignores impor-
tant chemical reactions and pore structure changes in the early-
age concrete. Heat and mass transfer model of porous media
recently developed provides a good point of view for hygro-
thermal coupling research. Ulm et al. [4] and Cervera et al. [5]
established a thermo-chemo-mechanical model of early-age con-
crete based on thermodynamic theory in porous media, but did
not consider the effect of humidity on the temperature and
mechanical properties of concrete. Gawin et al. [7] had developed
a more sophisticated early age concrete hygro-thermo-
chemo-mechanical model based on hybrid mixture theory
(HMT). In the model two separate diffusion equations were used
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to model separately the transport of water vapor and capillary
water. But it did not take into account the pore characteristics
(pore size, connectivity, etc.), which influences significantly
diffusion properties of concrete.

In present work, a model describing hygro-thermal coupling
phenomenon of early-age concrete considering the micro-pore
structure evolution is proposed based on the works of Gawin
et al. [7]. It is assumed that relative humidity (RH) is directly
affected by the pore size of the concrete. And the relationship
between saturation degree and several factors (such as hydration
degree, temperature, and relative humidity) is re-established. The
effect of pore relative humidity on the rate of hydration is compre-
hensively analyzed, which takes the change of relative humidity in
the case of the self-desiccation as a reference.

2. General conservation equations

The model consists of a fully coupled hygro-thermal formula-
tion where concrete is treated as a multiphase system consisting
of solid, liquid and gas phases. The pore of solid skeleton is filled
by liquid and gas phase. The liquid phase is considered to include
adsorbed water (physically bound to the surface of the solid skele-
ton) and capillary water. The gas phase is considered to be a mix-
ture of dry air and water vapor, both of which are assumed to
behave as ideal gases. The model equations are obtained by means
of the hybrid mixture theory (HMT) proposed by Hassanizadeh and
Gray [8–10]. For sake of brevity only the most essential aspects, the
simplifications of the mathematical formulation are given here. To
simplify the general reference formulation [7] the following
assumptions are introduced:

(i) There is thermal equilibrium balance between all phases
within an infinitesimal volume.

(ii) The velocity of the solid skeleton is negligible compared to
those of the fluid phases.

(iii) The bound water does not flow. It flows and evaporates only
after it is released as free water.

Starting from the micro-scale thermodynamic equilibrium and
assuming (i)–(iii), the macroscopic balance equations are obtained
for dry air (1), water (Inc. liquid water and water vapor) (2), and
enthalpy (3).

@ðeGqAÞ
@t

�r � eGqG
MAMV

M2
G

DGr PA

PG

� �" #

�r � eGqA
KKG

lG
ðrPG � eGqGgÞ

� �
¼ 0 ð1Þ

@ðeGqVÞ
@t

þ @ðeLqLÞ
@t

�r � eLqL
KKL

lL
rðPG � PC � eLqLgÞ

� �

�r � eGqG
MAMV

M2
G

DGr PV

PG

� �" #
�r � eGqV

KKG

lG
ðrPG � eGqGgÞ

� �

¼ � _Mh ð2Þ

ðqCÞeff
@T
@t

�r � ðkrTÞ � ½eLqLCL
KKL

lL
rðPG � PC � eLqLgÞ� � rT

� eGqGCG
KKG

lG
ðrPG � eGqGgÞ � rT

¼ � _MvaDHv þ _MhDHh ð3Þ

where symbols S, L, G, A and V denote solid skeleton, liquid water,
gas phase, dry air and vapor, respectively. PC is the capillary pres-
sure (PC = PG � PL), ep is the volume fraction of a phase p;qp is the

density of a phase p, MA;MV andMG are the molar masses of dry
air, water vapor and gas respectively, K is the intrinsic permeability
tensor, Kp and lp are the relative permeability and the dynamic vis-
cosity of the phase p, DG is the effective diffusivity tensor for the dry
air/water vapor mixture within the porous concrete, Mh means
mass of hydrated water, Mva is the mass of vaporized water, DHv

is the specific enthalpy of evaporation, DHh is the latent heat of
hydration, T is the absolute temperature. ðqCÞeff is the effective heat
capacity of concrete: ðqCÞeff ¼ qSCS þ qLCL þ qGCG, where Cp is the
specific isobaric massive heat of the phase p. The porosity is
denoted by / ð/ ¼ eG þ eLÞ, S is the saturation degree of the liquid
phase ðS ¼ eL=/Þ.

3. The hydration model

Hydration of cement is a complex physical and chemical reac-
tion process. The various components of the cement particles react
with water and the gel is produced, so that the concrete has
strength and stiffness. Although many scholars have studied the
hydration mechanism, but we still cannot accurately calculate
the chemical reaction process. The impact of external factors (tem-
perature, humidity, etc.) on the chemical reaction is still in
research. Therefore, most scholars [4,11] considered the cement
hydration as an overall hydration process rather than the chemical
reactions of individual components.

Several hydration models based on micro-structure evolution
have been proposed previously (DUCOM [12], HYMOSTRUC [13],
etc.). These models are usually used to describe the change of
cement particle during hardening with great realism, but are not
really appropriate for applications in finite element computation.
Ulm and Coussy [4] considered the water diffusion process through
the layer of hydrated compounds as the dominant mechanisms
governing the hydration kinetics. And the model was later revisited
by Cervera et al. [5]. The hydration process can be described by
means of a normalized measure called hydration degree, which is
defined as

a ¼ v=�v1 ð4Þ
where v is the hydration extent, �v1 is the final values of hydration
extent in ideal hygrometric conditions. The actual final value of
hydration extent, v1, is always smaller than the theoretical value.
The ratio between the actual and the theoretical final values is
the final values of hydration degree a1 ¼ v1=�v1. Cervera et al. [5]
proposed the following evolution equation for the hydration degree
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where AðaÞ is the normalized chemical affinity, Ea is the hydration
activation energy, R is the universal gas constant, and A1, A2 and
g are material parameters. H is the relative humidity, bðHÞ is the
effect of relative humidity on the hydration rate, which is an empir-
ical function that was proposed for the definition of the equivalent
hydration period [7,14]. But recently, some studies [15,16] think
that the decrease of relative humidity is the intrinsic characteristics
of hydration reaction in self-desiccation condition, which has been
reflected in the chemical affinity. Consequently, it is not necessary
to consider the influence in this situation.

Contrarily to self-desiccation, when the moisture migrates in
concrete, i.e. when moisture increased or reduced with respect to
the moisture in self-desiccation condition, the influence of relative
humidity on the hydration process should be considered. Gerstig

690 M. Du et al. / Construction and Building Materials 111 (2016) 689–698



Download English Version:

https://daneshyari.com/en/article/6719408

Download Persian Version:

https://daneshyari.com/article/6719408

Daneshyari.com

https://daneshyari.com/en/article/6719408
https://daneshyari.com/article/6719408
https://daneshyari.com

