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In the twenty-first century, most high-performance concretes, and
many other ordinary concretes, are now based on blended cements
that contain silica fume, slag, and/or fly ash additions. Because the
chemical shrinkage accompanying the pozzolanic and hydraulic
reactions of these mineral admixtures is generally much greater
than that accompanying conventional portland cement hydration,
these blended cements may have an increased demand for additional
curing water. When such water cannot be supplied efficiently by
external curing, internal curing becomes necessary, if the maintenance
of saturated hydration conditions in the blended cement paste is
desired. In this paper, the internal curing of three different
high-performance blended cement mortars is evaluated with
respect to measured autogenous deformation and compressive
strength development. Internal curing is particularly beneficial for
the mortars containing silica fume or slag blended cements. For
the blended cement containing a Type F fly ash, less autogenous
deformation is observed, due to the maintenance of a more open
(percolated) pore structure containing larger pores, as supported
by low temperature calorimetry measurements on hydrated paste
specimens. In addition to providing a substantial reduction in
autogenous shrinkage at early ages, internal curing also provided
a significant increase in long term (28 days and beyond) compressive
strength in the three mortars investigated in this study.
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INTRODUCTION
In the twenty-first century, concretes containing blended

cements are becoming the rule rather than the exception.
Most cement manufacturers now produce one or more
blended cement products, and ready mix producers are
generally quite comfortable with blending an ordinary portland
cement (OPC) with one or more mineral admixtures during
concrete production at their ready mix plants. This is true for
both normal-strength and high-performance concretes. It is
well known that blended cement concretes may have different
curing requirements and exhibit different sensitivity to
curing conditions than OPC concretes.1-3

High-performance concrete (HPC) often requires specialized
curing procedures to avoid early-age cracking, due at least
partially to the earlier depercolation of the capillary pores
that occurs in most high-performance mixtures and the
self-desiccation and autogenous shrinkage that follow soon
thereafter. Also in the twenty-first century, the practice of
internal curing (IC) has been developed and demonstrated to
substantially reduce autogenous shrinkage and minimize
early-age cracking of high-performance mixtures.4-8 In this
paper, the IC requirements of three different high-performance
blended cement mortars will be examined with respect to autog-
enous deformation and compressive strength development.

RESEARCH SIGNIFICANCE
The usage of blended cements (whether produced as a

blended product by the cement manufacturer or blended at
the ready mix plant during concrete production) is becoming

ubiquitous throughout the concrete industry. Blending
materials such as silica fumes, slags, and fly ashes participate
in pozzolanic reactions with calcium hydroxide produced
during conventional portland cement hydration and also may
be at least partially hydraulic in their own right (slags for
instance). Because these materials each participate in a
different set of chemical reactions from those commonly
encountered in ordinary portland cement hydration, the
accompanying chemical shrinkage is quantitatively different
from that of portland cement. For example, while portland
cement hydration is typically accompanied by a chemical
shrinkage on the order of 0.07 mass of water per mass of
cement for complete hydration, for silica fume, slag, and fly
ash, these same coefficients are on the order of 0.22, 0.18,
and 0.10 to 0.16, respectively. This means that if and when
these mineral admixtures react completely in a blended
cement system, their demand for curing water (external or
internal) can be much greater than that in a conventional
ordinary portland cement concrete. When this water is not
readily available, due to depercolation of the capillary
porosity for example, significant autogenous deformation
and (early-age) cracking may result; due to their potentially
greater chemical shrinkage, blended cement concretes may
also exhibit greater autogenous shrinkage, as has been
previously noted for additions of granulated blast-furnace
slag.9,10 In this study, the influence of IC, supplied via satu-
rated-surface-dry (SSD) lightweight fine aggregates (LWA)
on the autogenous deformation and compressive strength
development of high-performance blended cement mortars
with a bulk water-to-cementitious material ratio (w/cm) of
0.30 is quantified.

EXPERIMENTAL
Materials

Three commercially-available blended cements were
obtained from two different cement manufacturers. The char-
acteristics of the cements and their chemical (oxide) compo-
sitions as provided by their manufacturers are provided in
Table 1. In each case, sufficient samples of the cement were
obtained to complete all of the paste and mortar mixtures
comprising the present study. The particle size distributions
(PSDs) of the three blended cements were measured using a
laser diffraction technique. The results presented in Fig. 1
indicate that they have quite similar PSDs, each with a modal
diameter near 20 μm (7.9 × 10–4 in.) and a median diameter
closer to 10 μm (3.9 × 10–4 in.).

The LWA, an expanded shale, was obtained from an LWA
manufacturer. The LWA has an SSD specific gravity of 1.80
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± 0.05 (one standard deviation) and a measured desorption of
22.6% by mass when the SSD LWA was exposed to a salt
solution of potassium nitrate (equilibrium relative humidity
[RH] of 93%). The total absorption capacity of the LWA was
23.8% by mass as measured by drying an SSD sample in a
dessicator. The size distribution of the LWA was determined
by sieving for the purpose of replacing a similar distribution
of normalweight sand in the mortar mixtures with IC; the
measured size distribution is provided in Table 2. This
replacement was performed on a volume basis, so that for
each blended cement mortar system, the control and internally
cured mixtures will have the same volume of paste.

Low temperature calorimetry
Low temperature calorimetry (LTC) scans were conducted to

determine the ages at which depercolation of the capillary
porosity occurs for the different blended cements. Small
pieces of the hydrated cement pastes (w/cm = 0.3, prepared
with the same water-reducing admixture dosage as the
mortar mixtures described in the following) cured under
saturated conditions were used in the LTC experiments.
Sample mass was typically between 30 and 90 mg (0.001
and 0.003 oz). For each LTC experiment, one small piece of
the relevant cement paste was surface dried and placed in a
small open stainless steel pan. The pan with the sample,

along with an empty reference pan of similar mass to the
empty sample pan, was placed in the calorimeter cell. Using
a protocol developed previously,12,13 a freezing scan was
conducted between 5 and –55 °C (41 and –67 °F) at a scan
rate of –0.5 °C/minute (–0.9 °F/minute). The equipment
manufacturer has specified a constant calorimetric sensitivity of
±2.5% and a root-mean-square baseline noise of 1.5 μW, for
temperatures between –100 and 500 °C (–148 and 932 °F).
The peaks observed in a plot of heat flow (normalized to the
mass of the sample) versus temperature correspond to water
freezing in pores with various size entryways (pore necks).12,13

The smaller the pore entryway, the more the freezing peak is
depressed. In the current study, the presence or absence of a
peak near –15 °C (5 °F) is used to infer the percola-
tion/depercolation state of the capillary pore network in the
hydrating cement pastes.13 One advantage of LTC over
mercury intrusion porosimetry, and other techniques for
assessing pore size and connectivity, is that specimens are
evaluated without any applied drying that might damage the
pore structure.

Chemical shrinkage
To have an estimate of the IC water demand of the various

blended cements, their chemical shrinkages were measured
using the ASTM C 1608 standard test method.14 While the
standard recommends a w/cm equals 0.4 paste, in this study,
to avoid any chance of bleeding, w/cm = 0.35 cement pastes
were prepared and evaluated at 25 °C (77 °F). While the
mortar mixtures and cement pastes for the low-temperature
calorimetry experiments were prepared with a w/cm = 0.3,
w/cm = 0.35 pastes were prepared for the chemical shrinkage
measurements to prolong the measurement period (time)
before depercolation of the capillary pores occurs at which
point the measured water imbibition will fall below the true
chemical shrinkage value for the paste. According to the
ASTM standard, the expected precision for the test is 0.0042 kg
(0.0093 lb) of water per kg (lb) of cement. For these
experiments, three replicate specimens of each paste were
prepared and the mean value of the chemical shrinkage
reported, as shown in Fig. 2.

Mortar mixtures
For each blended cement, two w/cm = 0.3 mortar mixtures

were prepared. The first, a control mixture with no internal
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Table 1—Characteristics and overall compositions 
of blended cements used in study

Designation SF Slag FA

Blending agent Silica fume Slag (GGBFS*) Fly ash (Type F†)

Mass fraction 8% 20% 25%

Blended cement 
specific gravity (with 

one standard deviation)
3.10 ± 0.01 3.16 ± 0.01 3.18 ± 0.01

CaO 57.9% 58.8% Not reported

SiO2 25.9% 22.6% Not reported

Al2O3 4.9% 5.8% Not reported

Fe2O3 2.4% 2.4% Not reported

MgO 3.2% 4.5% Not reported

SO3 2.8% 2.7% Not reported

Loss on ignition 1.5% 1.5% Not reported

Free lime 0.6% Not reported Not reported

Equivalent alkalies 0.72% 0.6% Not reported
*GGBFS = ground granulated blast furnace slag.
†Type F according to ASTM C 311-05.11

Fig. 1—Measured differential particle size distributions for
three blended cements used in study. (Each curve shown is
average of six measurements and standard deviations would
lie within size of symbols used. One micrometer is equivalent
to 3.9 × 10–5 in.)

Table 2—Measured particle size distribution of 
LWAs

Sieve no. Opening, mm (in.) Percent passing

4 4.75 (0.187) 98.6

8 2.36 (0.093) 70.1

16 1.18 (0.046) 44.7

30 0.6 (0.024) 29.6

50 0.3 (0.012) 20.4

100 0.15 (0.006) 14.5

Pan 0 (0) 0.0
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curing, and the second, a mixture with an extra 0.08 mass
units of IC water per unit mass of blended cement, supplied
by the SSD LWA. Other than a change in the specific cement
used, the mixture proportions were identical for the three
blended cements and are provided for the control and IC
mixtures in Table 3. For both mixtures, a blend of four
normalweight sands (specific gravity of 2.61) that has been
shown to provide improved particle packing for high-perfor-
mance mortars was employed. As mentioned previously, the
size distributions of the four normalweight sands and the
LWA were measured so that the LWA could replace an
equivalent distribution of normalweight sand in the mixture
employing IC. The SSD LWA was prepared by first oven
drying the LWA, cooling it to room temperature, and then
mixing it in a sealed plastic container with the appropriate
mass of water. The prewetted LWA in the sealed container
was then placed in an environmental chamber maintained at
25 °C (77 °F) for a minimum of 24 hours.

The mortars were prepared in an epicyclic mixer, with the
water and water-reducing admixture being placed in the
mixing bowl first. Mixing was performed according to
ASTM C 305-99.16 The unit weight of the fresh mortar was
measured and sealed corrugated tubes and 50 mm (2 in.)
cubes were prepared for the measurement of autogenous
deformation and compressive strength development, respec-
tively. Curing of the mortar specimens was conducted under
sealed conditions (double sealed bagging) at 25 °C (77 °F). 

Autogenous deformation and
compressive strength

Autogenous deformation was assessed using the dilatometer
developed by Jensen and Hansen.17,18 Corrugated
low-density polyethylene tubes were carefully filled with the
fresh mortar and sealed with two plastic end caps. The
corrugated tubes were supported along their entire length
before setting and their length was then periodically
assessed using a digital dilatometer. Throughout the 56-day
measurement period, the corrugated tube specimens and
the dilatometer equipment were kept in a walk-in environ-
mental chamber that was nominally maintained at 25 °C
(77 °F). While the temperature of the environmental
chamber was not continuously monitored, at the times it
was observed, it was always found to be within 0.5 °C (1 °F) of
the setpoint. This measurement technique is currently

under development as an ASTM standard test method
within the ASTM C 09.68 Volume Change subcommittee;
in the draft standard, the single laboratory precision is
listed as 30 microstrains for mortar specimens. In this study,
measurements were made on three replicate specimens with
the mean value being reported. Mortar cube compressive
strengths were measured on three replicate specimens
after 3, 8, 28, and 56 days of sealed curing at 25 °C (77 °F),
using a mechanical testing machine, at a loading rate of
20.7 MPa/minute (3000 psi/minute), switching to deformation
control once a load of 13.8 MPa (2000 psi) was reached.

RESULTS AND DISCUSSION
Low temperature calorimetry—
curing water mobility

As indicated in the Experimental section, LTC was used to
examine the percolation state of the capillary porosity of the
various blended cement pastes as a function of hydration
age. Figure 3 presents the results for the three w/cm = 0.3
blended cement pastes after 1, 2, or 3 days of saturated
curing at 25 °C (77 °F). The presence or absence of a peak at
approximately –15 °C (5 °F) indicates a percolated or deper-
colated capillary pore network, respectively.13 The peaks
near –25 and –42 °C (–13 and –44 °F) correspond to water
freezing in pores that are surrounded (connected) by open
gel pores and dense gel pores, respectively.13 Once the capil-
lary pores depercolate, it will be much more difficult to
provide adequate curing water from an exterior surface
(external curing), reinforcing the need for some type of IC.
Furthermore, when present, the height of the LTC peak at
–15 °C (5 °F) provides a good indication of the volume of
percolated capillary pore water remaining in the specimen.19 

For the pastes cured for 1 day, all three blended cement
pastes still exhibit a considerable volume of percolated capillary
pores. Because a smaller LTC peak indicates less percolated
capillary porosity or equivalently more hydration, the
heights of the three –15 °C (5 °F) peaks at 1 day would
suggest that, in terms of early age reactivity, the system with
the silica fume is the most reactive, followed by the one with
the slag, and finally by the fly ash blended cement. This
order is in agreement with the generally accepted relative
reactivities of these three blending components.20-22 For an
ordinary portland cement paste with w/cm = 0.3, depercolation
of the capillary porosity (via LTC scans) has been observed
to occur between 1 and 3 days of saturated curing.12 The 2-day
LTC scans for the blended cements indicate that for the
pastes with silica fume and slag additions, the capillary pores
do indeed depercolate between 1 and 2 days of saturated

Fig. 2—Measured chemical shrinkage for w/cm = 0.35
blended cement pastes cured under saturated conditions at
25 °C (77 °F). 1 mL water/g cement is equivalent to 1 lb
water/lb cement. (Error bars indicate ± one standard deviation
for three replicate specimens for each paste and, in some
cases, fall within size of plotted symbols.)

Table 3—Mortar proportions used in study
Material Control mixture, g (lb) IC mixture, g (lb)

Blended cement 2000 (4.405) 2000 (4.405)

Water 584.6 (1.288) 584.6 (1.288)

Water-reducing admixture 
(assumed 60% water by mass) 25.6 (0.056) 25.6 (0.056)

F95 fine sand* 950 (1.982) 696.1 (1.533)

Graded sand (ASTM C 77815) 722 (1.590) 613.2 (1.351)

20-30 sand (ASTM C 77815) 722 (1.590) 576.9 (1.271)

GS16 coarse sand* 1406 (3.097) 704.9 (1.553)

SSD LWA — 833.7 (1.836)

Water in SSD LWA — 160 (0.352)
*F95 and GS16 correspond to sand supplier designations.
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curing, as indicated by the absence of the –15 °C (5 °F) peak
in the 2-day scans. For the blended cement with fly ash,
however, the capillary pores remain somewhat percolated after
2 to 3 days of saturated curing. The fly ash is likely to be only
mildly reactive during the first days of hydration22 so that at
early ages it is functioning much like a diluent that increases the
effective w/c of the paste. The 25% fly ash addition present in
the FA blended cement would effectively increase the w/c
from 0.3 to 0.4. For an ordinary portland cement paste with
w/c = 0.4, depercolation has been observed to occur between
3 and 7 days of saturated curing.12 Thus, further LTC scans
were conducted for the FA system over curing times beyond
3 days, and as shown in Fig. 4, depercolation was observed to
occur between 5 and 7 days of saturated curing.

The LTC results would suggest that IC will be especially
useful in blended cements containing silica fume and/or slag
where the capillary porosity has been observed to depercolate
after less than 2 days of hydration. Because fly ash is much
less reactive at early ages than the silica fume or slag,
depercolation in blended cements containing fly ash will
occur significantly later than in an equivalent w/cm ordinary
cement paste. By considering the fly ash as a diluent,
however, the depercolation time of the blended cement paste
is basically equal to that of an ordinary portland cement paste
of the equivalent effective w/cm. From a practical viewpoint,
the later depercolation of the capillary pores in the blended
cement pastes containing fly ash means that external curing
water (if properly applied) can be used efficiently by the
hydrating paste for a longer period of time. The application
of IC in such systems still may be an option worth considering
to continue the hydration under (internally) saturated conditions
after the capillary pores do depercolate (beyond 7 days for
instance); this will be reinforced by the compressive strength
results to be subsequently presented.

Chemical shrinkage—curing water demand
and spatial distribution

Chemical shrinkage measurements14 were made to
directly assess the (IC) water demand of the blended cement
mixtures.7 The measured results over the course of 21 to
28 days of saturated curing are provided in Fig. 2. At an age
of 1 day and beyond, the chemical shrinkage of the SF paste
exceeds that of the slag and FA pastes. In comparing the
chemical shrinkages of these blended cements, at least two
factors must be considered. The first is the inherent chemical
shrinkage associated with the chemical reactions that each
specific mineral admixture undergoes in the cement. These
values can be contrasted with the chemical shrinkage of 0.06
to 0.07 kg (0.132 to 0.154 lb) of water per kg (lb) of cement
that is commonly observed for ordinary portland cements.7

For example, Jensen23 had provided a chemical shrinkage
coefficient of 0.22 for the pozzolanic reaction between silica
fume and the calcium hydroxide produced during cement
hydration. Based on experimental measurements and a set of
hypothesized reactions for a specific slag, Feng et al.24 had
arrived at a coefficient on the order of 0.18 for slag. Finally,
based on its typical range of SiO2 contents and a set of hypoth-
esized reactions,25 for Type F fly ash, a coefficient in the range
of 0.10 to 0.16 is projected. Thus, in every case, for complete
reaction, the chemical shrinkage coefficient associated with
the mineral admixture is much greater than that typically asso-
ciated with an equivalent mass of ordinary portland cement.

The second factor that must be considered, however, is the
achieved reactivity of the mineral admixture. Typically, in a

blended cement, the achieved degree of hydration of the
cement component exceeds that of the mineral admixture.20-22

Because the generally accepted reactivity of silica fume is
greater than that of slag or fly ash, it is not surprising that this
same rank order is maintained in the measured chemical
shrinkages presented in Fig. 2. Based on the long term values
shown in Fig. 2, and considering that depercolation of the
capillary pores is likely occurring in these pastes at ages
of 7 days and beyond (perhaps maintaining the measured
chemical shrinkage below its true value), it was decided to
add 0.08 mass units of water per unit mass of blended cement
for each mortar mixture prepared with IC. Of this 0.08 units,
based on the measured desorption results for the LWA
presented earlier, 0.076 (= 0.08 × 22.6/23.8) units would be
expected to be readily available for IC. 

Fig. 3—LTC scans for w/cm = 0.3 blended cement pastes
after various time periods of saturated hydration at 25
°C: 1 day (top), 2 days (middle), and 3 days (bottom). For
temperature conversion, °F = (1.8 °C + 32); for heat
flow, 1 W/g = 1548 BTU/(h ⋅ lb).

Fig. 4—LTC scans for w/cm = 0.3 FA blended cement
pastes after various time periods of saturated hydration at
25 °C (77 °F).
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At this level of IC water addition, the spatial distribution
of the LWA reservoirs was investigated using a
three-dimensional hard core/soft shell microstructural
model.7,26 Using the mixture proportions from Table 3 and
the measured PSDs of the sands, it was determined that 30%
of the hydrating cement paste would be within 50 μm
(0.002 in.) of an LWA reservoir surface, 63% would be
within 100 μm (0.0039 in.), and 96% would be within 200 μm
(0.0079 in.). Once the capillary pores depercolate at ages of
2 to 7 days for the mixtures investigated in this study, water
transport may become limited to distances of 100 to 200 μm
(0.0039 to 0.0079 in.).27 Thus, according to this microstructural
simulation, even at later ages, the IC water will be well
distributed within the three-dimensional volume and should
be readily available for continuing the hydration of the
surrounding cement paste.

Autogenous deformation
The measured results for autogenous deformation of the

three blended cement mortars with and without IC are
provided in Fig. 5. In each case, the application of IC is seen
to provide a significant reduction in the observed autogenous
deformation during the first 56 days of sealed hydration. For
the FA and slag blended cement mortars, the IC is seen to
nearly eliminate the autogenous shrinkage (microstrains of less
than 100 at 28 days), while for the SF mortar, even with the
IC providing approximately 0.08 mass units of extra curing
water per unit mass of cement, substantial autogenous
shrinkage is observed to occur between 3 and 56 days of

sealed curing. Based on this observation, a separate mortar
mixture for the SF cement with 0.10 mass units of extra
curing water was prepared and, as shown in the top graph of
Fig. 5, this level of IC was sufficient to effectively mitigate the
(28-day) autogenous shrinkage of the mortar.

For the control mortars prepared without IC, the measured
autogenous deformation for the FA mortar is much less than
that for the SF and slag mortars. The shrinkage (deformation)
of a partially-saturated porous media under an applied capillary
stress can be estimated by28,29

(1)

where ε is the linear strain or shrinkage, S is the saturation
(values between 0 and 1) or fraction of the porosity that is
water-filled, σcap is the stress developed in the pore fluid, K
is the bulk modulus of the porous material with empty pores
(dry), and Ks is the bulk modulus of the material making up
the solid framework of the porous material. In turn, the capillary
(tensile) stress in the pore fluid is related to the size of the
(assumed cylindrical) pores being emptied by

(2)

where γlg is the surface tension of the pore solution, α is the
contact angle between pore solution and solids (often
assumed to be 0 degrees), and r is the radius of the largest
(partially) water-filled pore. Based on Eq. (1) and (2), a
coarser pore structure should lead to lower capillary stresses
and less shrinkage.30 The LTC results presented for the three
mortars in Fig. 3 would suggest a more percolated capillary
pore structure and higher porosity for the FA control mortar
that would be consistent with it having a coarser pore structure
and thus less autogenous shrinkage, in agreement with the
measured results in Fig. 5. While the SF control mortar likely
has a finer pore structure (due to refinement by the very
small silica fume particles along with their participation in a
pozzolanic reaction with calcium hydroxide), its measured
autogenous deformation is slightly less than that of the slag
control mortar at ages of 7 days and beyond. As indicated in
Eq. (1), this could be due to a higher modulus for the SF

ε
Sσcap

3
------------- 1

K
---- 1

Ks

-----–⎝ ⎠
⎛ ⎞×=

σcap
2γlg αcos–( )

r
------------------------------=

Fig. 5—Autogenous deformation of blended cement mortars:
SF (top), slag (middle), and FA (bottom) during 56 days of
sealed hydration at 25 °C (77 °F). (For SF system, IC-8, and
IC-10 indicate IC additions of 0.08 and 0.10 mass units of
water per mass unit of cement, respectively.)

Table 4—Measured mortar cube compressive 
strengths for various mixtures

Mixture
3-day 

strength, MPa
8-day 

strength, MPa
28-day 

strength, MPa
56-day 

strength, MPa

SF—control 68.1 (2.0)*

9878 psi
80.4 (3.0)
11,665 psi — 98.0 (2.7)

14,232 psi

SF—IC (8) 67.9 (4.6)
9843 psi

87.9 (4.6)
12,743 psi — 105.6 (6.9)

15,312 psi

SF—IC (10) 66.7 (1.4)
9670 psi

85.0 (2.9)
12,327 psi

93.3 (4.7)
13,531 psi —

Slag—control 60.9 (0.9)
8827 psi

71.5 (2.0)
10,376 psi

81.8 (3.2)
11,863 psi

84.3 (5.7)
12,226 psi

Slag—IC 59.2 (4.2)
8581 psi

71.7 (2.3)
10,399 psi

88.8 (3.9)
12,873 psi

94.6 (1.0)
13,729 psi

FA—control 58.0 (0.5)
8407 psi

70.5 (3.3)
10,224 psi

85.3 (3.4)
12,365 psi

95.3 (4.0)
13,827 psi

FA—IC 57.4 (2.3)
8324 psi

67.5 (3.5)
9794 psi

92.9 (3.8)
13,471 psi

101.1 (2.9)
14,665 psi

*Numbers in parentheses indicate measured standard deviation in MPa for compressive
strengths of three replicate cubes at each age for each mixture.
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control mortar; compressive strength results supporting this
hypothesis will be presented in the following.

Figure 5 shows that the IC basically eliminated further autog-
enous shrinkage in the slag mortar at ages beyond 1 day. For
the internally cured SF (both IC-8 and IC-10) and FA mortars,
however, relative to the peak (positive) deformation values
observed at 1 day, while long term autogenous shrinkage
was substantially reduced when compared with that of the
control mortars without IC, it was by no means eliminated. As
previously suggested by Jensen and Hansen,18 in systems
containing such pozzolans, a portion of the autogenous
shrinkage could be due to decalcification shrinkage, either
due to dissolution of calcium hydroxide crystals or reduction
in the calcium/silicon ratio of the primary hydration product,
namely calcium silicate hydrate (C-S-H) gel.31 Powers32

initially suggested this as a mechanism to explain carbonation
shrinkage of cement paste.

Compressive strength development
Compressive strengths for the various mortar mixtures are

summarized in Table 4, which provides the measured
strengths of mortar cubes after 3, 8, 28, and 56 days of sealed
curing. For all of the mortars with IC, a strength enhancement
on the order of 10% relative to the controls is generally
observed at later ages (28 days and beyond) for the mean of
the three specimens tested, as increased hydration overcomes
any strength reduction due to addition of a porous LWA, in
agreement with previous observations on other higher w/cm
mortars with and without IC that have been subjected to
sealed curing.6,33 At early ages, the SF mortar provides the
highest compressive strengths, followed by the slag mortars
and finally the FA mortars, in agreement with the expected
relative early age reactivities of the three mineral admixtures
and the percolated capillary porosity volume fractions
inferred from the 1-day LTC scans presented in Fig. 3. At
later ages, the SF mortars maintain the highest strengths,
while the FA mortars obtain strengths that exceed those
exhibited by the slag ones.

CONCLUSIONS
The incorporation of IC in high-performance blended

cement mortars by the addition of saturated LWAs has been
shown to be an effective means of drastically reducing
autogenous shrinkage. Because autogenous shrinkage is a
main contributor to early-age cracking of these materials, it
is to be expected that IC would also reduce such cracking.
An additional benefit of IC beyond autogenous shrinkage
reduction is a significant increase in compressive strength on
the order of 10% relative to control specimens at 28 days and
beyond (8 days and beyond for silica fume blended cement),
under the sealed curing conditions employed in this study.
As IC maintains saturated conditions within the hydrating
(blended) cement paste, the magnitude of internal self-desic-
cation stresses are reduced and long-term hydration is
increased. IC was found to be particularly effective for the
high-performance blended cement mortars containing silica
fume and slag, with the silica fume blended cement having
the highest demand for (internal) curing water. For the
blended cement mortar containing a Type F fly ash, the fly
ash appears to function mainly as a diluent at early ages, and
the higher and coarser porosity of this mortar resulted in less
autogenous shrinkage, even in the control mixture without
IC. Thus, properly applied external curing may be effective
for a longer period of time in a high-performance fly

ash-cement mortar, with the option of providing IC to
continue the maintenance of saturated capillary pores and
enhanced hydration (and strength) in the cement paste in the
long term.
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