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a b s t r a c t

A model that describes hydration and heat-mass transport in Portland cement mortar during steam
curing was developed. The hydration reactions are described by a maturity function that uses the
equivalent age concept, coupled to a heat and mass balance. The thermal conductivity and specific heat
of mortar with water-to-cement mass ratio of 0.30 was measured during hydration, using the Transient
Plane Source method. The parameters for the maturity equation and the activation energy were obtained
by isothermal calorimetry at 23 �C and 38 �C. Steam curing and semi-adiabatic experiments were carried
out to obtain the temperature evolution and moisture profiles were assessed by magnetic resonance
imaging. Three specimen geometries were simulated and the results were compared with experimental
data. Comparisons of temperature had maximum residuals of 2.5 �C and 5 �C for semi-adiabatic and
steam curing conditions, respectively. The model correctly predicts the evaporable water distribution
obtained by magnetic resonance imaging.

© 2016 Published by Elsevier Ltd.

1. Introduction

Steam curing of hydraulic concrete in the precast industry has
the advantage of accelerating the hydration reactions of cement.
Consequently, the material develops compressive strength and
reduces its permeability in hours, compared to standard curing
under normal environmental conditions, where the hydration re-
actions may require several days or even months to reach an
adequate level [1].

The process of steam curing consists of increasing the temper-
ature within a saturated water vapor atmosphere. In this process,
the cement hydration has a significant impact on the temperature
development inside the material at early ages [2] and also affects
the mechanical and durability properties of the hardened material.
Therefore, it is essential to take into account the hydration prop-
erties and temperature development to prevent premature damage
to concrete.

Studies related to steam curing of concrete have been oriented
toward the development of compressive strength [3e6], pore

structure development [7e9] and energetic efficiency of this pro-
cess [5,10].

In order to understand the mechanisms of heat and mass
transport coupled with cement hydration, various models have
been developed to explain these phenomena [11e17]. However,
these are typically for ambient environmental conditions, therefore
it is necessary to focus on hydration at elevated temperatures and
high relative humidity encountered in steam curing. Additionally,
the calculated degree of hydration varies with temperature during
the curing cycle. This is of interest to the precast industry. With the
aims of improving curing schedules, establishing appropriate
curing conditions, improving mechanical properties and durability
of cement-based materials and obtaining a better energy efficiency
in the process, this paper investigates the numerical simulation of
this curing process.

Specifically, the aim of this work is to model the hydration,
moisture distribution and heat transport during the semi-adiabatic
curing of cement paste and mortar specimens so that pre-cast op-
erations can be optimized with respect to curing (cycle) time and
energy efficiency. Nuclear magnetic resonance (NMR) and magnetic
resonance imaging (MRI) measurements are performed to nonde-
structively obtain experimental evidence of the moisture distribu-
tion in small mortar specimens to validate the model predictions.
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2. Experimental procedures

2.1. Materials

The cement used in the mortar specimens was a Mexican
cement designated as CPO30RS. The oxide composition measured
by X-ray fluorescence is shown in Table 1. The corresponding po-
tential Bogue phase composition, heat of hydration and water
necessary for cement hydrationwere calculated. The latter two sets
of values were obtained bymultiplying the Boguemass fractions by
the accepted value for each phase as taken from the literature.

The cement density and its particle size distribution (PSD) via
laser diffraction were measured at the National Institute of Stan-
dards and Technology (NIST). A density of 3150 kg/m3 ± 10 kg/m3

was obtained using the ASTM C188 test method [18] and the
measured PSD is given in Fig. 1.

The mortar mixture proportions used in this study are provided

in Table 2. Silica sand with a fineness modulus of 2.9 was used as
fine aggregate. The cement, water and silica sand were mixed ac-
cording to the ASTM C305-06 standard [19].

2.2. Method

2.2.1. Thermal property changes during cement hydration
2.2.1.1. Heat capacity. The Transient Plane Source (TPS) method
uses a sensor that consists of a combined heat source and a resis-
tance thermometer [22]. A constant power is supplied to the sensor
for a specified period of time and the temperature is continuously
measured. The thermal properties of the sample are calculated by
analyzing the temperature development in the sensor.

For cement and dry silica sand, the heat capacity was measured
using a Hot Disk Thermal Constant Analyzer with a heat capacity

Nomenclature

A Parameter for vapor diffusion coefficient kg/(m s)
b Parameter for the liquid diffusion coefficient
c Parameter for the liquid diffusion coefficient
Cp
CemBM Cement-based material specific heat capacity J/(kg K)

Cpi Specific heat capacity of the material i J/(kg K)
Dl Liquid moisture diffusion coefficient m2/s
Dv Vapor diffusion coefficient kg/(m s)
E Activation energy J/mol
H Total enthalpy of hydration J/kg
Hu Ultimate enthalpy of hydration J/kg
hc Convective heat transfer coefficient W/(m2 K)
hm Mass transfer coefficient g/(m2 h Pa) or s/m
i type of Material
kl HashineShtrikman lower bound for the thermal

conductivity W/(m K)
kh HashineShtrikman upper bound for the thermal

conductivity W/(m K)
k1 Thermal conductivity of cement powder W/(m K)
k2 Thermal conductivity of silica sand W/(m K)
ki Thermal conductivity of material i W/(m K)
Mwater

f Water mass fraction
MBondwater

f Bound water mass fraction
Mcem

f Cement mass fraction
Msilicasand

f Aggregate mass fraction
n! Normal vector

Pvext Vapor pressure in the surroundings Pa
Pv Vapor pressure inside the material Pa
Q Heat generation rate W/m3

R Ideal gas constant J/(mol K)
S Evaporable water sink kg/(m3 s)
Sp Surface of the pore system m2

t Time s
Tr Reference temperature K
T Temperature K
te Equivalent time
T2 transverse relaxation time (s)
x1 Volume fraction of cement powder in the mix
x2 Volume fraction of silica sand in the mix
Vp Volume of the pore system m3

W Moisture content

Greek symbols
a Degree of hydration
au Ultimate degree of hydration
b Maturity equation parameter
lvap Heat of vaporization J/kg
ri Density of material i kg/m3

rs Density of the solid cement-based material kg/m3

r2 Surface relaxivity m/s
t Maturity equation parameter s
U Domain

Table 1
Oxides and potential Bogue phase composition of Mexican cement CPO30RS.

Oxide % Mass Phase % mass

CaO 62.5 C3S 0.553
SiO2 21.5 C2S 0.200
Al2O3 4.5 C3A 0.089
MgO 2.5 C4AF 0.055
TiO2 2.0 Heat of hydration, Hu (J/g cement) [20]
Fe2O3 1.8 C3S contribution 286.
Mn2O3 1.5 C2S contribution 52.4
K2O 1.5 C3A contribution 101.6
SO3 1.0 C4AF contribution 39.7
Na2O 0.7 Water necessary for hydration (g/g cement) [21]
P2O5 0.5 C3S contribution 0.133
Total 100 C2S contribution 0.042

C3A contribution 0.036
Density 3150 kg/m3 C4AF contribution 0.020

Fig. 1. Cumulative and differential PSD of the cement CPO30RS.
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