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ABSTRACT: Disc-shaped specimen, drying plus rewetting procedure were designed to get better investigation of effect of heat curing at early age on drying shrinkage of hardened cement pastes. The experimental results show that the drying shrinkage as well as its irreversible and reversible components of the hardened cement pastes is decreased by heat curing, even only curing at 60℃ for the first 24 hours after mixing. The
results of pore structure analysis show that the gel pore structure is optimized, that is, the volume of smaller
gel pores with radius from 1.5 to 7 nm was increased and the volume of larger gel pores with radius from 7 to
100 nm was decreased, while the total volume of gel pores is little changed. The results of TG-DSC thermal
analysis show that the microstructure of both calcium silicate hydrate (C-S-H) gel and Ca(OH)2 phase in hardened cement pastes is possibly changed by the heat curing.
1 INSTRUCTION
As is well known, when a hardened cement paste or
concrete specimen is exposed to environmental humidity, which is normally lower than 100% relative
humidity (RH), the material begins to lose water and
the drying shrinkage occurs associated with the loss
of water. When rewetting, some of the contraction is
regained, which is called reversible or recoverable
shrinkage. Correspondingly, some of the deformation of total drying shrinkage is permanent, called irreversible or irrecoverable shrinkage. Cracking and
warping induced by drying shrinkage in concrete is
widely acknowledged as one of the fundamental
flaws for concrete and reinforced concrete structures, it leads to premature deterioration and shortening the service life.
Heat curing is generally applied to accelerate the
early strength of concrete, and is needed for high
production capacity in precast production. However,
it’s known to reduce the long-term strength and durability of concrete. The effects of heat curing and
drying shrinkage on the mechanical properties of
hardened cement pastes have been studied and modeled respectively. ( Helmuth & Turk 1967, Jennings
2000, Juenger & Jennings 2002, Wan et al. 2006a, b,
2007) However, there is still no full understanding

of the effects of heat curing at early age on the shrinkage behavior of the cement pastes. This work aims
to experimentally measure the drying shrinkage of
cement pastes in relation to heat curing at early age
and the change of microstructure, thus could give
further insights and better understanding on the effect of heat curing at early age on drying shrinkage
and microstructure of hardened cement pastes.
2 EXPERIMENTAL PROCEDURES
2.1 Preparation of the cement pastes
The cement pastes used in this study were prepared
by deionized water and ordinary Portland cement
named P.O.42.5 according to China standard
GB175-2007 (so called CN P.O.42.5 Cement hereafter). The chemical analysis result of the cement is
given in Table 1.
Table 1. Composition of CN P.O.42.5 Cement.
Composition CaO
Content
(percent by 63.8
weight, %)

SiO2

Al2O3

Fe2O3

MgO

Na2O

K2O

21.1

6.6

2.8

2.1

0.2

0.4

The water to cement ratio of the cement pastes
was determined at 0.50 by mass. The pastes were
mixed by hand, cast in the plastic vials with diameter of 25 mm, and shaped into cylinders.
Three groups of pastes were prepared for three
different curing conditions. The first one was cured
at room temperature, that is, 20±1℃, which is
called room temperature curing. The second one was
cured at higher temperature, that is, placed in the 60
±1℃ waterbath immediately after being cast until
demoulding, which is called heat treatment. The
third one was cured just like the second one before
demoulding for the first 24 hours. When 24 hours after mixing, both of the first and second groups were
demoulded and immersed in the saturated lime water
which was filled in the plastic cups in room condition and cured for other 27 days at 20±1℃ until
drying, while the third group was immersed in the
saturated lime water which was filled in the plastic
cups at 60±1℃waterbath immediately after being
demoulded until drying.
As a matter of convenience, the curing condition
of cured at 60℃ for the first day followed by 20℃
for the other 27 days is simply named as “cured at
60℃+20℃” or “heat treatment”, the curing condition of cured at 20℃ for 28 days is simply named as
“cured at 20℃” or “normal curing” or “control”, and
the continuously cured at 60℃ is simply named as
“cured at 60℃” or “heat cured” hereafter.
2.2 Preparation of sample discs
When the pastes were ready for drying and other
measurements, thin discs, which were 0.8 mm
thick and 25 mm in diameter, were cut from the
hardened cement pastes by precision saw. In order to precisely get the radial length change of
the discs, three lines were drawn slightly and
crisscrossed on each disc surface separated by
approximately 120 degree angles as shown in
Figure 1. The final radial length change of the
disc is the average of the three.

Figure 1. Specimen disc and lines drawn on.
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As for the effect of heat curing on the pore structure of cement paste, the most agreement is that heat
curing can coarsen the capillary pores and lower the
surface area of cement paste (Bentur 1980a). In this
study, according to the measured BET surface area
data, the cement paste which was heat cured at early
age has a little lower surface area (184.90m2/g) than
that of the normal cured (198.19m2/g), which is consistent with the most agreement. As shown in Figure
5, it is clear that heat curing at early age increases
the volume of smaller gel pores (1.5-7 nm radius
range) and decreases the volume of larger gel pores
(7-100 nm radius range). It means that heat curing
fined (not coarsened) the gel pores of cement paste.
That is, heat curing affects the capillary pores and
gel pores with opposite way.
When drying at 43% RH, that is, the capillary
pores are dried up as known, since heat treated and
heat cured pastes lose more weight of water than the
normal cured paste (Fig. 4), more and larger pores of
heat treated and heat cured pastes are dried up,
which caused less capillary tension and thus less
shrinkage, while less and smaller pores of normal
cured paste are dried up, which caused more capillary tension and thus more shrinkage, as shown in
Figure 2.
3.4 Thermal analysis results
Thermal analysis of cement pastes were carried out
on an instrument named NETZSCH STA 449 C Jupiter. The thermal analysis results of cement pastes
with normal curing, heat treatment and heat curing
at early age are shown in Table 2.
Table 2. Thermal analysis results of cement pastes.
Curing type
20℃
60℃+20℃
60℃

Result type
TG,%
DSC,J/g
TG,%
DSC,J/g
TG,%
DSC,J/g

30-350
-26.32
-746.9
-29.19
-822.1
-25.47
-664.6

Temperature range(℃)
350-575 575-1000
-4.30
-0.66
-118.9
----4.36
-1.01
-95.78
----4.77
-1.32
-103.9
----

Concerning the thermogravimetric analysis(TG)
and differential thermal analysis(DSC) results in Table 2, the endothermic peaks from 30℃ to 350℃ is
approximately considered as the loss of free water;
the endothermic peaks from 350℃ to 575℃ is approximately considered as the destruction of Ca(OH)2
phase; and the exothermic peaks from 575℃ to
800℃ is approximately considered as decomposition of C-S-H gel. Therefore, according to the result
data shown in Table 2, the free water of heat treated
cement paste was measured as 29.19%, while that of
normal cured one was 26.32%, lower than that of
heat treated one, that possibly means the capillary
pores volume of heat treated cement paste is more
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where ∂we/∂h is the slope of the sorption/desorption
isotherm (also called moisture capacity). The
governing equation (Equation 3) must be completed
by appropriate boundary and initial conditions.
The relation between the amount of evaporable
water and relative humidity is called ‘‘adsorption
isotherm” if measured with increasing relativity
humidity and ‘‘desorption isotherm” in the opposite
case. Neglecting their difference (Xi et al. 1994), in
the following, ‘‘sorption isotherm” will be used with
reference to both sorption and desorption conditions.
By the way, if the hysteresis of the moisture
isotherm would be taken into account, two different
relation, evaporable water vs relative humidity, must
be used according to the sign of the variation of the
relativity humidity. The shape of the sorption
isotherm for HPC is influenced by many parameters,
especially those that influence extent and rate of the
chemical reactions and, in turn, determine pore
structure and pore size distribution (water-to-cement
ratio, cement chemical composition, SF content,
curing time and method, temperature, mix additives,
etc.). In the literature various formulations can be
found to describe the sorption isotherm of normal
concrete (Xi et al. 1994). However, in the present
paper the semi-empirical expression proposed by
Norling Mjornell (1997) is adopted because it
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G (α c α s ) = k vg
c vg s

(5)

,

1

where kcvg and ksvg are material parameters. From the
maximum amount of water per unit volume that can
fill all pores (both capillary pores and gel pores), one
can calculate K1 as one obtains
w

0
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⎥
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(6)

1

The material parameters kcvg and ksvg and g1 can
be calibrated by fitting experimental data relevant to
free (evaporable) water content in concrete at
various ages (Di Luzio & Cusatis 2009b).
2.2 Temperature evolution
Note that, at early age, since the chemical reactions
associated with cement hydration and SF reaction
are exothermic, the temperature field is not uniform
for non-adiabatic systems even if the environmental
temperature is constant. Heat conduction can be
described in concrete, at least for temperature not
exceeding 100°C (Bažant & Kaplan 1996), by
Fourier’s law, which reads
q

= − λ ∇T

(7)

where q is the heat flux, T is the absolute
temperature, and λ is the heat conductivity; in this

