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Effect of Curing Water Availability and Composition on
Cement Hydration
by Md Sarwar Siddiqui, Wesley Nyberg, Wilson Smith, Brett Blackwell, and Kyle A. Riding
Curing can help concrete reach its full strength and durability
potential. The effect of sealing the concrete with plastic or formwork, use of a liquid curing compound, wet curing, and internal
curing with saturated lightweight aggregates on the cement degree
of hydration (DOH) development with time was examined using
isothermal calorimetry. Curing water amount, curing water ionic
concentration, and sample thickness were varied. Finally, curing
application timing was studied by comparing strength development
of concrete cylinders sealed, placed in a moist room after 24 hours
sealed, and immersed in a water bath immediately after finishing.
Increasing the height of curing water decreased the height of heat
of hydration rate peaks. Curing water ionic concentration affected
the setting time and heat of hydration rate peak heights. Strength
results show delayed curing can result in significant strength loss
because of the difficulty for water to penetrate the already-hardened concrete.
Keywords: curing; early hydration; internal curing; ionic concentration;
pore solution.

Introduction
Concrete curing can improve strength, durability, dimensional stability, freezing-and-thawing resistance, resistance
to surface wear, and reduces permeability and ion penetration. For Type I cement, curing can increase the strength
by more than 58% after 6 months (Price 1951). To achieve
complete cement hydration, a water-cementitious material
ratio (w/cm) greater than 0.42 is theoretically needed (Powers
and Brownyard 1948; Jensen et al. 1999). In practice,
however, complete hydration is rare. Studies have shown
that once the relative humidity within the capillary drops
below 80%, hydration virtually stops (Powers 1947). To
keep the concrete pore relative humidity high and continue
hydration, an additional supply of water is needed.
Curing is even more critical for concrete with low w/cm
for significant improvement of cement hydration. Heterogeneous microstructures develop in sealed low w/cm cement
pastes, with zones of high and low density not normally seen
in samples that are water-cured (Jaouadi 2008). Zones of
low density can create zones of weakness to lower strength.
Lower w/cm also results in a less continuous pore network
and a more rapid decrease of pore relative humidity under
sealed conditions. The use of low w/cm also contributes
to the development of autogenous shrinkage of concrete
(Jensen and Hansen 1996). Autogenous shrinkage occurs
because of a vapor-water interface that develops when
water is used up. This forms a surface tension and capillary under-pressure that creates tensile stresses on pore
walls (Grasley 2006).
Conventional curing techniques, such as water ponding,
water spraying, fogging, plastic film, wet burlap, and liquid
membranes improve curing by reducing moisture loss and
providing an additional supply of water to the near-surface
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layers. This method generally depends on one-dimensional
movement of water and has a very limited depth of influence. Internal curing has been developed to help water reach
cement grains on the concrete interior where ponded water
has not been able to reach (Bentz et al. 2005; Klieger 1957;
Mather 2001; Weber and Reinhardt 1997). Internal curing
systems store water inside the concrete in highly absorbent
material, such as saturated fine lightweight aggregate as
internal reservoirs (FLAIR) (Weber and Reinhardt 1997;
Hoff and Elimov 1995; Kovler and Jensen 2005; Kovler
et al. 2004; Villarreal 2005) or super-absorbent polymers
(Kovler and Jensen 2005; Jensen and Hansen 2001; Jensen
and Hansen 2002). Water is kept inside the internal reservoirs during mixing, which later slowly releases into the
cement matrix. The concrete diffusivity decreases as the
hydration increases. The curing water influence zone correspondingly decreases with time from 20 mm (0.79 in.)
at 1 day to 0.25 mm (0.01 in.) at 28 days (Bentz et al. 2007).
The effectiveness of concrete curing will be dependent on
when the curing is applied. It was found with thin (2 to 5 mm
[0.079 to 0.197 in.]) cement paste samples that the degree
of hydration (DOH) at 92 days was similar for samples
with water curing started at 4 hours and 7 days (Bentz and
Stutzman 2006). Recently, some contractors and material
suppliers have advocated for beginning curing of concrete
cylinders immediately after finishing for high-performance
concrete. The influence of the timing of curing water application on strength is important because after setting it might
be more difficult for water to penetrate the concrete in larger
samples and aid in curing. Supplying water to the concrete
during the initial curing period could increase the DOH
throughout the concrete cylinder and increase strength in the
bulk. The water, however, could also increase the effective
w/cm at the top surface. A weak plane at the top could cause
lower compressive strength tests.
Isothermal calorimetry was recently used by Lura et al.
(2010) to study the difference in hydration development as
measured using chemical shrinkage and isothermal calorimetry with and without water curing. It was found that the
water curing altered the aluminate reactions during the first
day and increased the overall hydration after 24 hours. Only
one specimen height and water amount was used, as the
purpose was to compare the effects of the curing used in the
two measurement methods.
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Table 1—Physical and chemical properties of
cementitious materials: percentages given are
by mass
Properties

Type I cement

Slag

Silica fume

Specific gravity

—

2.5

—

SiO2, %

21.34

33.83

90.4

Al2O3, %

4.74

11.45

0.14

Fe2O3, %

3.29

0.49

0.87

Si + Al + Fe, %

29.37

45.77

91.41

CaO, %

62.94

38.52

0.64

MgO, %

1.69

11.63

2.53

SO3, %

2.68

2.55

0

Na2O, %

0.14

0.28

0.15

K2O, %

0.53

0.38

0.82

0.49

0.53

0.69

Total alkalis as Na2O
2

Blaine fineness, m /kg

360.1

—

—

C3S, %

66.96

—

—

C2S, %

16.49

—

—

C3A, %

2.92

—

—

C4AF, %

9.29

—

—

Gypsum, %

2.31

—

—

Hemihydrate, %

1.68

—

—

Arcanite, %

0.23

—

—

Table 2—Concrete mixture proportions

Content

Water,
kg/m3
(lb/yd3)

Cement,
kg/m3
(lb/yd3)

181
(305)

594
(1001)

Coarse
Fine
aggregate, aggregate,
WRA,
kg/m3
kg/m3
mL/100 kg
3
3
(lb/yd )
(lb/yd )
(oz/cwt)
1214
(2046)

374
(631)

36.3
(5)

This study was conducted to evaluate the ability of water
curing, curing compounds, and FLAIR to increase the cement
DOH. FLAIR is fine lightweight aggregate with internal
porosity, which can store water for later release when the
internal relative humidity of concrete drops. The effect of
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curing water amount on the cement DOH development was
studied. Distilled water, lime-saturated water, and cement
pore water (CPW) was also used to investigate the effects of
ionic concentrations of curing water on hydration. Finally,
the strength development was measured on cylinders made
from a 0.32 w/cm concrete mixture under different curing
methods. The cylinders were cured by immersion in water
immediately after finishing, sealed for 24 hours followed by
curing in a 100% relative humidity room, or sealed.
Research Significance
Cement hydration test methods require different types of
curing, giving potentially different results. This study examined
the effects of curing methods commonly used in practice and in
hydration experiments using the same hydration measurement
technique: isothermal calorimetry. Additionally, changes in
concrete cylinder curing procedures for high-strength concrete
have been recently considered to allow for access to water.
This study examined the effects of curing application time on
low w/cm concrete strength development.
Materials
An ASTM C150/C150M (2002) Type I cement,
ASTM C1240 (2011) silica fume, and ASTM C989/C989M
(2005) slag cement were used in this study. The physical
and chemical properties of cementitious materials that were
used in this study are presented in Table 1. A mid-range
water-reducing admixture (WRA) used at 87 mL/100 kg
(12 oz/cwt) was used in mortar mixtures for both siliceous
and lightweight fine aggregate to improve workability. An
ASTM C33/C33M (2011) siliceous fine aggregate and a
lightweight fine aggregate were used in the mortar mixtures.
The bulk specific gravity (SG) and percent absorption of
siliceous fine aggregate used in the calorimetry experiments
were 2.5 and 0.42%, respectively. Lightweight fine aggregates were sieved and recombined in the laboratory to have
the same gradation as the siliceous fine aggregate. The lightweight fine aggregate bulk SG and absorption after 48 hours
of soaking were 1.49 and 16.87%, respectively. The bulk
SG and absorption capacity of the coarse and fine aggregate
used for the concrete mixture were 2.58, 2.38% and 2.58,
0.54%, respectively.
The w/cm of cement pastes was varied from 0.275 to
0.35 to study the interplay between curing method and w/cm.
The mortar fine aggregate-cementitious material ratio was
2.75 by weight for siliceous aggregate. Mortars with a w/cm
of 0.45 were used to study the effects of FLAIR on cement
hydration. Ten percent, 20%, 30%, 40%, 50%, and 100%
of siliceous aggregate was replaced by volume with lightweight aggregate presoaked for 48 hours to determine the
effectiveness of concrete internal curing with FLAIR. The
concrete mixture was made using the mixture proportions
shown in Table 2.
A water-based liquid curing compound was used in this
study. Distilled water, saturated lime water, and CPW were
used to investigate the effects of water curing and ionic
concentration of curing water on hydration. Fresh CPW was
collected by extracting water from cement paste made with
the same cement used in this study and with a w/cm of 1.5.
The schematic diagram of the vacuum filtration setup used
to extract the pore solution from the cement paste is shown
in Fig. 1.
ACI Materials Journal/May-June 2013

Fig. 1—Schematic diagram of cement paste pore water vacuum
filtration system.
Experimental Methods
In this study, the ASTM C305 (2011) mixing procedure was
followed for both cement paste and mortar mixing. Both the
cement paste and mortar were mixed at room temperature and
placed in the isothermal calorimeter within 15 minutes from
the addition of water to the cementitious materials. Concrete
was mixed according to ASTM C192/C192M (2007).
Distilled water, lime-saturated water, CPW, and curing
compound were used to cure the cement paste samples. These
curing substances were applied at the top of the cement paste
or mortar samples. These liquids were gently applied to the
sample surface so that the curing liquid did not disturb the
cement paste and affect the w/cm. The samples were sealed
in their containers after the curing liquid was placed on top
of the sample. Two layers of curing compound were sprayed
on the sample surface to ensure complete cover.
The concrete compressive strength was measured using
a 100 x 200 mm (4 x 8 in.) cylinder following ASTM C39/
C39M (2011). Concrete samples were cured in three different
ways: sealed by keeping the concrete inside the plastic molds
with the plastic lids firmly attached, immersed in water
at 23 ± 2°C (73 ± 3.5°F) immediately after finishing without
a lid, and keeping the concrete inside of the plastic molds
with the plastic lids firmly attached for 24 hours followed
by demolding and storage in a 100% relative humidity room
at 23 ± 2°C (73 ± 3.5°F).
An eight-channel isothermal calorimeter was used in
this study to measure the heat evolution of the cementitious systems studied (Broda et al. 2002; Wadsö 2010). The
cement and mortar samples were mixed, weighed, curing
added when needed, and placed in the isothermal calorimeter within 15 minutes after beginning mixing. The DOH
was then calculated from the cumulative heat of hydration
using Eq. (1) through (3) (D’Aloia and Chanvillard 2002;
Kada-Benameur et al. 2000; Van Breugel 1998; Copeland et
al. 1960; De Schutter and Taerwe 1996)
α (t ) =

H (t )
Hu

(1)

where a(t) is the DOH at time t; H(t) is the cumulative heat
of hydration from time 0 to time t; and Hu is the total heat
available for reaction. The variable Hu is a function of the
ACI Materials Journal/May-June 2013

Fig. 2—Effect of curing water on rate of heat evolution for
100% Type I cement paste (w/cm = 0.35) at 23°C (73°F):
(a) effect of curing height for 10 mm (0.39 in.) thick sample;
and (b) effect of sample depth for 1 mm (0.03937 in.)
curing water.
cement composition, amount, and type of supplementary
cementitious materials (SCMs) and may be approximated as
follows (Schindler and Folliard 2005)
Hu = H cem ⋅ Pcem + 461 ⋅ Pslag + 1800 ⋅ PFA −CaO ⋅ PFA

(2)

where Pslag is the slag to total cementitious content mass
ratio; PFA is the fly ash to total cementitious content mass
ratio; PFA–CaO is the fly ash CaO to total fly ash content
mass ratio; Pcem is the portland cement to total cementitious
content mass ratio; and Hcem is the available heat of hydration of the cement. The value Hcem can be approximated as
shown in Eq. (3) (Schindler and Folliard 2005)
H cem = 500 ⋅ PC3 S + 260 ⋅ PC2 S + 866 ⋅ PC3 A +
420 ⋅ PC4 AF + 624 ⋅ PSO3 + 1186 ⋅ PFree Ca + 850 ⋅ PMgO

(3)

where Hcem is the total heat of hydration of portland cement
at a = 1.0; and Pi is the ratio of the mass of the i-th component to total cement mass. Because the total heat available
for reaction was calculated instead of measured, small errors
in the DOH could result. Because comparisons for experiments with curing were made on the same cementitious
materials, any small errors in the total heat available for
reaction would not affect the overall curing method comparisons and conclusions.
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Fig. 3—Effect of lime-saturated water curing on rate of heat
evolution for 100% Type I cement paste (w/cm = 0.35) at 23°C
(73°F): (a) effect of curing height for 10 mm (0.39 in.)
thick sample; and (b) effect of sample depth for 1 mm
(0.03937 in.) lime-saturated water.

Fig. 4—Effect of cement paste pore water curing on rate of
heat evolution for 100% Type I cement paste (w/cm = 0.35)
at 23°C (73°F): (a) effect of curing height for 10 mm
(0.39 in.) thick sample; and (b) effect of sample depth for
1 mm (0.3937 in.) cement paste pore water.

Results
Figure 2 shows the effect of curing water thickness and
sample thickness on the rate of heat evolution of the cement
used in this study. As the curing water thickness increased,
the maximum rate of heat evolution slightly decreased. The
third hydration peak also decreased, confirming the decrease
in aluminate hydration found by Lura et al. (2010). Increasing
the ratio of the sample thickness to curing water thickness
increased the maximum rate of heat evolution. This could be
because the changes in ionic concentrations in the pore solution are lower for the larger amount of cement paste.
Figure 3 shows the effect of lime-saturated curing water
height and sample thickness on the rate of heat evolution
of cementitious materials. Lime-saturated water accelerated
hydration, with the time of the second peak occurring over
an hour before the sealed sample; however, sample thickness does not show any significant effect on the acceleration
of the samples cured with lime-saturated water. The limesaturated water samples show a change in the ratio of the
second and third peak heights, just as the samples cured with
distilled water. Increasing sample height-to-curing water
height ratio decreases this effect, most likely because of the
lower pore water dilution from the decreased curing waterto-cement paste ratio. This trend is the same one as seen
when curing with distilled water.

Figure 4 shows the effect of extracted CPW thickness as a
curing liquid and sample thickness on cementitious material
heat evolution rate. Cement pore water did not accelerate
the hydration reaction such as was seen with lime-saturated
water. This may be from the presence of sulfate or other
ions in the CPW solution. The effects of CPW and sample
thickness on the maximum rate of heat evolution were not as
significant as distilled water and lime-saturated water. The
ratio of the second and third peak heights did not change
significantly with the change in sample thickness because of
the more similar ionic concentration between the cure liquid
and the pore solution. This shows that changes in sulfate
concentration from curing liquid can affect the hydration of
cementitious materials.
To quantify the effects of water ponding on the DOH
of cementitious materials, calorimetry was performed on
samples with w/cm of 0.275, 0.3, 0.325, and 0.35 at 23°C
(73°F) and w/cm 0.275 and 0.35 at 38°C (100°F). For cement
pastes, sample depths of 10, 20, and 30 mm (0.39, 0.78, and
1.18 in.) were used at 23°C (73°F), whereas sample depths
of 10, 15, and 20 mm (0.39, 0.59, and 0.78 in.) were used
at 38°C (100°F) to determine the effect of curing on the
sample thickness. Three mL (18 in.3) of curing water was
applied to the top of the paste samples to provide a thin
film of approximately 1 mm (0.039 in.) of curing water.
Figure 5 shows the increase in DOH of cement pastes at
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Fig. 6—Effect of w/cm on average DOH of water-cured
and sealed samples for 100% Type I cement paste at 23°C
(73°F) after 7 days.

Fig. 5—Increase in percent degree of hydration of watercured sample of Type I cement at 23°C (73°F): (a) w/cm
= 0.275; and (b) w/cm = 0.35. (Note: 1 mm = 0.03937 in.)
23°C (73°F) for a 0.275 and 0.35 w/cm. The decrease in the
DOH seen during the first day of hydration with distilled
water is likely because of dilution of the calcium ions in
solution, making it take slightly longer to reach the calcium
supersaturation limit.
Water-cured cement paste samples showed a higher
cumulative heat of hydration than sealed cement paste
samples after 7 days. The average DOH of different sample
thickness for water-cured and sealed samples after 7 days at
23°C (73°F) is presented in Fig. 6. The DOH for the sealed
samples increased almost linearly with the increase in w/cm.
Water-cured samples, however, showed a nonlinear response.
Figure 7 shows the effect of sample depth and w/cm on the
increase of DOH, compared with the sealed sample of
equal thickness after 7 days at the two different temperatures tested. For w/cm of 0.325 and 0.35, sample thickness
did not have any noticeable effect on the increase in DOH,
indicating that the water diffusion during the first week was
high enough for the water to penetrate to the bottom of the
sample. Water-cured samples at a w/cm of 0.275 showed
a lower increase in DOH than the 0.3 w/cm sample at all
sample thicknesses, possibly because of more limited space
for hydrated products to grow.
The use of curing compounds in a sealed condition
increased the hydration of cement paste, as shown in
Fig. 8. Water-cured samples and the curing compound
samples showed very similar increases in DOH, as shown
in Fig. 9. The water-based curing compound probably
ACI Materials Journal/May-June 2013

Fig. 7—Effect of sample depth and w/cm on increase in
degree of hydration than sealed sample of equal thickness
after 7 days for 100% Type I cement paste: (a) 23°C (73°F);
and (b) 38°C (100°F). (Note: 1 mm = 0.03937 in.)
increased the amount of available water for hydration, which
increased the cement hydration.
Very little difference was seen in the DOH of mortar
samples with internal curing, as would be expected at w/cm
greater than 0.42. Figure 10 shows the effect of presoaked
lightweight fine aggregate to improve the hydration of
cementitious materials. Even at a w/cm of 0.45, the use
of FLAIR improved the DOH of mortar much more than
external water curing. An increase in the FLAIR provided
increased the cement DOH, although with diminishing
returns as shown by the percent DOH increase from the use
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Fig. 8—Effect of curing compound on hydration of cementitious materials for 100% Type I cement w/cm of 0.275 at
23°C (73°F). (Note: 1 mm = 0.03937 in.)

Fig. 9—Comparison between water curing and curing
compound at sealed environment for 100% Type I cement
w/cm of 0.275 at 23°C (73°F).
of FLAIR. This is because once enough FLAIR was used
to fill the space left vacant by chemical shrinkage, adding
additional FLAIR would not provide any additional benefit
(Henkensiefken et al. 2009).
To understand the effect of curing timing on the strength
development of concrete, concrete cylinders were cured
using three different curing conditions. Figure 11 shows the
concrete strength development for the three curing conditions used. The concrete immersed in water immediately
after finishing showed a significant increase in strength
compared to sealed curing and delayed wet curing.
Discussion
For the three types of curing solutions used, the cement
pore solution affected the hydration rate the least, with only
a small decrease in the peak rates observed. This small
decrease is likely because the pore solution in the paste
changes with time, with only a small concentration gradient
between that above the sample and in the paste. The distilled
water affected the peak rates more than that observed with
the cement pore solution, with a further decrease in the third
peak usually associated with the aluminate and sulfate reaction. The lime-saturated water changed the cement pore
solution the most, giving a significant acceleration and
decrease in the ratio between the second and third hydration peak heights. For hydration studies on cement paste
samples, the curing solution chosen can impact the C-S-H
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Fig. 10—Effect of FLAIR on DOH of mortar (w/cm =
0.45) at 23°C (73°F): (a) cumulative heat of hydration; (b)
increase in %DOH with respect to 100% siliceous aggregate; and (c) increase in cumulative heat of hydration after
7 days.
nucleation and growth rate by significantly altering when
calcium supersaturation is reached and the sulfate dissolution rate and availability.
Both the sealed and water-cured samples generated an
equal cumulative heat of hydration up to a certain period
of time, after which water availability became a limiting
factor. At the time between the sealed and water-cured
sample hydration divergence, a significant amount of water
still remained in the pores, equivalent to a w/cm of 0.09 to
0.13 for the samples tested at 23°C (73°F). The large amount
of water available at the time of divergence shows that the
hydration is probably limited by water movement to the
ACI Materials Journal/May-June 2013

unhydrated cement grains and not necessarily by the total
amount of water remaining.
The importance of the available water location on curing
was especially seen in the samples with FLAIR. The 100%
FLAIR dosage accelerated the DOH increase because of the
better dispersion of available water, reducing the limiting
effects of water transport. The DOH increase with FLAIR
dosages between 50 and 100% converged to similar values
at 7 days because the extra water provided was more than
enough to compensate for all of the chemical shrinkage.
The sealed concrete cylinders had 10% higher strength
than the standard moist-room-cured cylinder. The dry
state of the cylinders during testing is most likely responsible for the increased strength, even though the sealed
specimens should have a lower DOH than the moist-roomcured cylinders. The concrete immersed in water immediately after finishing had 15% higher strength than the
sealed cylinders and 27% higher strength than the standard
moist-room-cured cylinders. This illustrates the difficulty
of getting cure water into the concrete after hardening
because of the low water diffusivity. One of the concerns
about immersing the concrete in water immediately after
finishing was that there would be an effective increase in
the w/cm at the top surface; however, this problem was not
seen in the tests performed. Although this curing procedure did increase the strength, it is doubtful that it would be
representative of in-place concrete strength. Water ponding
cannot normally be applied until after setting or penetrate
very large distances. These results reinforce the idea that
cylinders should be treated according to ASTM C31/C31M
(2010) to avoid misleading high compressive strength
results. This is because this procedure provides a standard
method of judging whether or not the concrete delivered is
what was ordered and not because the specified standard
curing conditions help the concrete achieve the maximum
possible strength.
Conclusions
The effects of different curing techniques were studied
using isothermal calorimetry and compressive strength
experiments. From these experiments, the following conclusions can be drawn:
• Ionic concentration of curing water affects the rate of
hydration. Lime-saturated water accelerated hydration
probably because of the earlier time when the calcium
supersaturation limit was reached. Using a simulated
pore solution as the curing medium would appear to
have the smallest effect on the hydration. This has application to hydration kinetics studies such as chemical
shrinkage experiments that require some form of curing
or liquid above the sample.
• FLAIR improved the hydration of cementitious materials more than water curing at the specimen surface.
This further emphasizes the importance of water availability during curing. Higher dosages of FLAIR than
just that required for chemical shrinkage may not be
necessary for complete hydration, but will increase the
rate of hydration.
• Curing compounds provided a similar increase in
hydration to water curing in a sealed environment
when compared to sealed specimens without curing
compound or water ponding, probably because of high
water content in water-based curing compounds.
ACI Materials Journal/May-June 2013

Fig. 11—Concrete cylinder strength development under
different curing conditions. (Note: 1 psi = 0.006894 MPa.)
•

Wet curing immediately after finishing resulted in 27%
higher 28-day cylinder strength than that of cylinders
sealed for 24 hours followed by curing in a moist room.
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