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Abstract

The effectiveness of internal curing (IC) to reduce autogenous shrinkage cracking in high-performance concrete (HPC) was investigated using
different levels of internal curing on four pairs of large-size prismatic HPC specimens tested simultaneously under free and restrained shrinkage.
Internal curing was supplied by pre-soaked fine lightweight aggregate (LWA) as a partial replacement to regular sand. It was found that the use of
178 kg/m? of saturated LWA in HPC, providing 27 kg/m® of IC water, eliminated the tensile stress due to restrained autogenous shrinkage without
compromising the early-age strength and elastic modulus of HPC. It was shown that the risk of concrete cracking could be conservatively
estimated from the extent of free shrinkage strain occurring after the peak expansion strain that may develop at very early ages. Autogenous
expansion, observed during the first day for high levels of internal curing, can significantly reduce the risk of cracking in concrete structures, as
both the elastic and creep strains develop initially in compression, enabling the tensile strength to increase further before tensile stresses start to
initiate later.
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1. Introduction

Proper curing of concrete structures is important to ensure
they meet their intended performance and durability require-
ments. In conventional construction, this is achieved through
external curing, applied after mixing, placing and finishing [1].
Internal curing (IC) is a very promising technique that can
provide additional moisture in concrete for a more effective
hydration of the cement and reduced self-desiccation [2]. In-
ternal curing implies the introduction of a curing agent into
concrete that will provide this additional moisture. Currently,
there are two major methods available for internal curing of
concrete. The first method uses saturated porous lightweight
aggregate (LWA) [3] in order to supply an internal source of
water, which can replace the water consumed by chemical
shrinkage during cement hydration. This internal curing water is
naturally drawn during cement hydration from the relatively
large pores of the lightweight aggregate into the smaller pores of
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the cement paste. The second method uses super-absorbent
polymers (SAP) [4], as these particles can absorb a very large
quantity of water during concrete mixing and form large inclu-
sions containing free water, thus preventing self-desiccation
during cement hydration. For optimum performance, the internal
curing agent should possess high water absorption capacity
and high water desorption rates. The quantity of internal curing
water required to replace the mix water consumed by chemical
shrinkage can be easily estimated, as suggested elsewhere [5,6].
Detailed information on internal curing can be found in the new
state-of-the-art report on internal curing of concrete from
RILEM TC-196 [2].

Since the 1950’s, internal curing had been inadvertently
applied in lightweight concrete structures before its potential for
reducing self-desiccation in high-performance concrete (HPC)
structures was recognized later in the 1990°s [7]. Lightweight
aggregates were primarily used to reduce the weight of concrete
structures; however, these aggregates were usually saturated
prior to use in concrete to ensure adequate workability, since it
was recognized that dry porous aggregates could absorb some of
the mix water in fresh concrete [8]. These concrete structures
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were found to achieve long-term durability from their excellent
in-service performance observed in the field [9,10]. More
recently, lightweight aggregates have been used successfully in
large construction projects for the purpose of internal curing of
normal-density concrete structures. For example, in January
2005, about 190000 m* of internally-cured concrete was used in
a paving project in Hutchins, Texas, which was likely the largest
project in the world taking advantage of internal curing with pre-
soaked LWA [11]. Field observations reported marginal pave-
ment cracking, and strength tests indicated that the 7-day
flexural strengths reached 90% to 100% of the required 28-day
flexural strength due to an improved hydration. They also found
that the compressive strengths of air-cured cylinders were
similar to those of wet-cured cylinders at all ages, suggesting that
internally-cured concrete is less sensitive to poor external curing
practices or unfavourable ambient conditions. Especially in low
permeability concrete, conventional external curing may not be
effective in preventing self-desiccation at the center of thick
concrete elements. The use of internal curing, however, does not
replace recommended curing practices, as it is important to keep
the concrete surface continuously moist during the curing
process in order to prevent surface cracking due to plastic or
drying shrinkage in hot, dry or windy weather.

This paper presents experimental results from large-size
prismatic internally-cured HPC specimens tested simultaneous-
ly under free and restrained autogenous shrinkage. The main
objectives of this study are to determine the required level of
internal curing needed to eliminate autogenous shrinkage in
high-performance concrete, and to demonstrate that the risk of
cracking in concrete structures under restrained conditions can
be effectively reduced.

2. Experimental program
2.1. Materials
Four concrete mix designs were experimentally evaluated,

including one reference concrete mix (Mix-0) with no internal
curing, and three similar concrete mixes with different levels of

Table 1
Concrete mix formulations and fresh concrete properties
Constituent Quantity

Mix-0 Mix-L Mix-M Mix-H

(No IC) (Low IC) (Medium IC) (High IC)
Total water (kg) 21.3 21.3 21.3 21.3
ASTM type 1 cement (kg) 62.5 62.5 62.5 62.5
Dry normal sand (kg) 125.0 117.5 110.0 100.0
LWA sand (kg, dry) 0.0 7.5 15.0 25.0
Dry coarse aggregate (kg)  125.0 125.0 125.0 125.0
Dry superplasticizer (kg) 2.1 2.5 2.1 2.7
Total w/c 0.34 0.34 0.34 0.34
Effective w/c 0.34 0.32 0.30 0.28
IC water/cement 0.00 0.02 0.04 0.06
LWA /total sand 0.00 0.06 0.12 0.20
Slump (mm) 215 210 140 102
Air content (%) 3.9 5.0 3.0 3.0
Volumetric mass (kg/m®) 2428 2391 2420 2400

Table 2
Aggregate properties

Name Type Maximum Dry-bulk Fineness Water
size density  modulus content
(mm) (kg/m’) (%)
Lightweight sand Expanded shale 5 920 33 15
Regular sand Silica, quartz 5 1650 2.6 0.3
Coarse aggregate Limestone 20 1430 6.7 0.2

internal curing, namely Mix-L, Mix-M and Mix-H with low,
medium and high contents of pre-soaked LWA, respectively, as
shown in Table 1. This was achieved by replacing part of the
normal-density sand with pre-soaked lightweight aggregate
sand. In this study, each concrete mix had 450 kg/m® of
ASTM Type 1 cement, a total water—cement ratio of 0.34, and a
cement—sand—coarse aggregate ratio of 1:2:2 by mass. The
properties of the fine and coarse aggregates are provided in
Table 2. The expanded shale lightweight aggregate sand used
for internal curing had a dry-bulk density of 920 kg/m® and
water content of 15% by mass of dry material. This LWA sand
was slightly coarser than the normal-density sand, made of
silica and quartz, and was in fact improving the particle size
distribution of the aggregates in the concrete mix. As shown in
Table 1, the quantities of LWA used in these mixes did not
significantly affect the volumetric mass of concrete, which was
2410 kg/m® on average.

It is important to observe that the total amount of water (mix
water and IC water) was kept the same in these concrete mixes,
resulting in a constant total water—cement ratio of 0.34 for all
mixes. Based on the mix water immediately available to fresh
concrete before setting, the effective water—cement ratio ranged
from 0.34 for the control concrete to 0.28 for the Mix-H con-
crete (Table 1). The goal of maintaining a constant total amount
of water in the concrete mixes was twofold: (i) to prevent
possible strength and stiffness reductions with more water and
lightweight material in concrete, and (ii) to make the test more
severe for internal curing as far as autogenous shrinkage is
concerned, since concretes with lower water—cement ratios
usually experience more severe self-desiccation.

The quantity of IC water needed to achieve maximum hy-
dration in concrete was estimated from calculations based on the
chemical shrinkage and maximum degree of hydration theo-
retically achievable in normal cement paste, as follows [2]:

(K) :0.18<K) for w/c <0.36 (1)
Cc/ic C

where (w/c),. is the mass ratio of internal curing water to
cement, and w/c is the mass ratio of mix water to cement. Using
the effective w/c shown in Table 1, the theoretical quantities of
internal curing water required to ensure maximum cement
hydration were estimated at: 0.061 for Mix-0; 0.058 for Mix-L;
0.054 for Mix-M; and 0.050 for Mix-H. Since different levels of
internal curing were desired in this study, lower than required
quantities of IC water were provided in Mix-0, Mix-L and Mix-
M. For the mix designs presented in Table 1, the percentage of
IC water actually provided to that required in theory were: 0%
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for Mix-0 (control); 34% for Mix-L; 74% for Mix-M; and 120%
for Mix-H.

For each mix design, two large-size concrete specimens and
additional small-size concrete samples were prepared from the
same batch and sealed with plastic sheets to prevent external
drying, since the focus of this study was on autogenous shrink-
age prevention.

2.2. Testing procedures

A complete testing system and analysis method were
previously developed for studying restrained shrinkage and
tensile creep of large-size HPC specimens [12]. This approach,
modified from existing approaches [13,14], presents new
features including: (i) the use of large-size specimens, enabling
the study of the mechanical behaviour of concrete made with
large coarse aggregate and reinforcing bars; and (ii) the ability
to impose a partial (or full) degree of restraint on the specimen
through embedded reinforcing bars, which is representative of
field conditions. An advantage of using a partial degree of
restraint is that restrained shrinkage testing can be conducted
without prematurely cracking those concrete specimens experi-
encing large shrinkage deformations (in our case the control
specimen).

Fig. 1 presents the main setup used for testing free and
restrained shrinkage of large-size prismatic concrete specimens
(200 %200 = 1000 mm). For each restrained specimen, the axial
strain was measured with electrical strain gauges (SG) centered
on four 10-mm reinforcing bars embedded in concrete. The test
apparatus included a closed loop servo-hydraulic system to
control the actuator using the rebar-mounted strain gauges as the
feedback signal. The force, measured by a load cell, was
transmitted to the concrete by the steel bars, which had their
ends welded to the stiff end plates connected to the rigid test
frame. For each concrete mix, an unrestrained companion

19 mm

I d 10mm  Polyethylene 4TC RH/T
P g’wm%? rebars ‘sheet

fe—re——le—s]
50 100 S0
mm mm mm

200 mm

Cross-section A-A of Cross-section B-B of

Restrained Specimen

Polyethylene
sheet

Unrestrained Specimen

759

specimen was prepared with no reinforcement. Free shrinkage
was measured using LVDTs placed at both ends of the speci-
men. Two relative humidity (RH) sensors were placed in the
unrestrained specimen to assess the extent of internal drying due
to self-desiccation, and thermocouples (TC) were distributed in
concrete as shown in Fig. 1. Detailed technical information on
the test frame and test procedures is provided elsewhere [12].

Additional tests were simultaneously conducted on smaller
concrete samples made of the same batch of concrete, including
the determination of the thermal expansion coefficient on 75
75%295 mm prisms, as well as the compressive strength,
splitting tensile strength and compressive modulus of elasticity
on 100 %200 mm cylinders. The temperature was monitored for
each type of sample, and maturity (equivalent age at 25 °C) was
calculated for each sample size in order to use consistent sets of
results in the calculations. Maturity was calculated as follows
[15]:

M(t)—/t ex Ea ! — ! dt
), PR\ B e 273470

where ¢ is the time after initial setting of concrete; £,/R is the
activation energy factor of the concrete (for which a value of
4000 K was experimentally determined [16]); T is the average
concrete temperature as a function of time; and 7. is the
reference concrete temperature (taken here as 25 °C).

(2)

3. Results and analyses

3.1. Effect of internal curing on concrete temperature and
relative humidity

During the free and restrained shrinkage experiments, the
concrete specimens were tested under realistic temperature

regimes, as shown in Fig. 2. Due to the heat produced by cement
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Fig. 1. Experimental setup for testing restrained and free shrinkage of large concrete specimens.
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Fig. 2. Temperature and relative humidity measured in unrestrained concrete
specimens.

hydration, the average concrete temperature reached 41 °C to
45 °C at 12 to 18 h after casting, depending on the specimen.
After the cooling period, their average concrete temperature
reduced to values between 21 °C and 24 °C near the age of
2 days, and remained constant thereafter (matching their re-
spective ambient temperatures). It can be observed that when
pre-soaked LWA sand is used for internal curing, the peak
temperature is a few degrees higher and occurs a few hours
earlier than for the control concrete with no LWA (sealed curing
only), which may be due to the use of internal curing and a
lower effective water—cement ratio.

Fig. 2 also presents the relative humidity measured in these
concrete specimens (each curve is an average from two distinct
sensors). For the control specimen (sealed curing only), the RH
decreased from 100% initially to 94% after 2 days and to 92%
after 7 days. However, when a low level of internal curing was
used (Mix-L specimen), the concrete RH was approximately
2% lower than in the control specimen at any given time. With
further increases in the quantity of LWA used for internal curing
(from Mix-L to Mix-H), the RH remained relatively higher in
concrete, with an RH of 98% after 2 days and 96% after 7 days,
which are well beyond the RH values measured in the control
specimen at these times.

Saturated curing Smlcd curing Observations:

(RH =98%) =92%)

mi

Cement paste Cement paste

- Excellent hydration and all pores full
(dark color) with saturated curing

- Less hydration and largest pores
empty (light color) with sealed curing

Sulfficient Internal curing

(RH =96%)
- Better hydration than sealed curing
- Only LWA pores empty
(after migration of IC water to paste)
Cement paste

Insufficient Internal curing

(RH =90%)
- Some improvement in hydration
from sealed curing (smaller pores)
- LWA pores empty
LWA Cement paste - Some pores in paste empty

Fig. 3. Conceptual representation of cement paste pore systems under different
curing conditions (modified from [17]).

Fig. 3 (modified from [17]) gives a conceptual illustration of
different pore systems in cement paste under various curing
conditions. It may be used to explain the reduced relative
humidity measured in Mix-L concrete (insufficient internal
curing) compared to Mix-0 concrete (sealed curing only). In the
case of insufficient internal curing, hydration may have im-
proved from sealed curing (with some reduction in pore sizes),
however, all pores in LWA and some pores in the cement paste
may be left empty after the small quantity of internal curing
water is consumed by the cement hydration reaction, thus re-
sulting in slightly lower RH in the system. In Fig. 3, the case of
sufficient internal curing likely represents Mix-H concrete, in
which all pores in the cement paste are filled with water while
the pores in LWA are empty after migration of IC water to the
cement paste.

3.2. Effect of internal curing on free shrinkage strain

Fig. 4 presents the total strain measured in the unrestrained
concrete specimens for 7 days. This measurement includes free
autogenous shrinkage and thermal strains (drying shrinkage
prevented). Note that in this paper, negative strain values repre-
sent a contraction (shrinkage) and positive strain values repre-
sent an expansion. It can be readily seen that the addition of pre-
soaked LWA for internal curing allowed early-age expansion to
occur, which was due to autogenous swelling and thermal
expansion, with peaks observed between 8 and 12 h of age. The
extent of expansion increased with the quantity of pre-soaked
LWA used in the concrete mix. Mix-H was the only concrete
producing positive values of total strain after the first day until
the end of testing at 7 days.

The thermal strain was calculated from the average concrete
temperature measured in each concrete specimen as a function
of time (Fig. 2) and the coefficient of thermal expansion (CTE)
determined on smaller concrete prisms (75 x 75 x 295 mm). The
equipment and procedures used for testing the CTE is described
elsewhere [18], where it was found that: (i) CTE increases from
a low value of 8 x 10~ °/°C shortly after setting to a maximum
value of 11 x 10~ %/°C after 10 days, and (ii) the use of internal
curing did not affect the early-age CTE of concrete compared
to sealed-cured concrete. Calibrated on experimental results
[18], the following empirical model for thermal expansion
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Fig. 4. Total strain measured in unrestrained concrete specimens.
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Fig. 5. Autogenous shrinkage strain measured in unrestrained concrete specimens.

was therefore determined for the concrete used in the present
study:

(1) =8+ 1.3LN(¢) ensuring that 8 x 107¢/°C <o, <11x107¢/°C
(3)

where . is the concrete CTE determined as a function of time ¢
after setting (days).

The autogenous shrinkage strain was thus determined by
subtracting the calculated thermal strain from the total strain
measured in the unrestrained specimen, and is presented in Fig. 5
for each concrete specimen. It can be seen that most of the
autogenous deformations occurred within 24 to 48 h, with only
limited changes thereafter. This observation emphasizes an
important requirement for the prevention of autogenous shrink-
age in concrete structures: shrinkage prevention measures must
be effective shortly after setting of concrete before significant
tensile stresses develop in concrete during the cooling period.
For each concrete specimen, a critical strain value of net au-
togenous shrinkage was calculated at around 36 h of age which,
in each case, corresponded to the time with the highest net
shrinkage strain to tensile strength ratio. These critical net
shrinkage strains ranged from only —25x 10~ ® for Mix-H con-
crete to a much larger value of =250 x 10~ ¢ for Mix-0 concrete.
It should be noted that Mix-L concrete, which only had 6%
LWA sand (relative to the total mass of sand), experienced 20%
less shrinkage than the control concrete (from —250x 10" ¢
to —200x 10~ °).
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Fig. 6. Degree of restraint imposed on restrained concrete specimens.

3.3. Effect of internal curing on restrained shrinkage stress

Stress calculations based on preliminary shrinkage testing
indicated a high risk of cracking in Mix-0 concrete specimen if
tested under full restraint (i.e. zero displacement). It was there-
fore decided to test the restrained specimens under a partial
restraint of 0.9 (i.e. allowing only 10% of total shrinkage to take
place), thus slightly reducing the tensile stresses developing in
the restrained specimens. Fig. 6 presents the degree of restraint
applied to each restrained concrete specimen during the 7-day
period of testing, which was defined as:

0

S{Z)t(t)

where &X, is the total strain allowed in the restrained concrete
specimen (depending on the preset degree of restraint); and el is
the total strain measured in the free (unrestrained) companion
specimen.

For Mix-0, Mix-L and Mix-M specimens, the target value of
0.9 was difficult to maintain during the first day of testing, at
which time the concrete specimen expanded or contracted very
rapidly. The high relaxation of concrete at very early age pre-
vented any cracking in the specimens. For Mix-H specimen, the
applied degree of restraint was temporarily slightly over 1.0
during the first 3 days (i.e. the loading system was actually
pulling on the specimen), however, this caused no problem
since Mix-H concrete had very small autogenous shrinkage
deformations and high relaxation resulting in relatively low
tensile stresses developing in concrete.

Fig. 7 illustrates the tensile stress developing over time in
each restrained concrete specimen. It can be observed that Mix-
M and Mix-H specimens first experienced restrained expansion
resulting in compressive stresses during the first day, followed
by tensile stresses developing in the specimens due to restrained
shrinkage. It is clear that the high level of internal curing in Mix-
H specimen resulted in smaller tensile stresses compared to the
other concrete specimens, even if Mix-H specimen was tested
under a somewhat higher degree of restraint (see Fig. 6). It
should be emphasized that most of the tensile stresses produced
in Mix-H concrete specimen was actually not due to restrained
autogenous shrinkage but to restrained thermal contraction

K(i)=1-

4)

Concrete stress (MPa)

0 1 2 3 4 5 6 7
Maturity (days)

Fig. 7. Concrete stress measured in restrained concrete specimens.
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during the cooling period. As shown in Fig. 5, it is recalled that
the critical net autogenous shrinkage strain was rather small in
Mix-H specimen compared to its thermal contraction strain, of
which the extent may be assessed from Fig. 4.

3.4. Effect of internal curing on risk of concrete cracking

Conventional concrete starts shrinking near the time of initial
setting, from which time shrinkage should be measured experi-
mentally since, in actual concrete structures, tensile stresses will
start to develop around that time if movement is restrained. In
this case, all of the shrinkage strain will be responsible for the
development of tensile stresses, depending on the visco-elastic
properties of concrete. In structures made with concrete that
may experience swelling at early ages, not all of the strain will
produce tensile stresses if movement is restrained, as some of
it will generate compressive stresses initially (as previously
shown in Fig. 7). In that particular case, when testing free
shrinkage of concrete specimens to assess the potential risk of
cracking in concrete structures, large underestimations may
occur if the extent of shrinkage strain used to evaluate that risk
is determined from the time of setting.

To illustrate this point, Fig. 8 presents the development of the
total strain (i.e. thermal+autogenous shrinkage strains) mea-
sured in the unrestrained Mix-H concrete specimen (from
Fig. 4) and the development of the corresponding concrete
stress measured in the companion specimen under restraint
(from Fig. 7). It is clearly shown that, although the measured
total strain always remained positive (absolute expansion),
the tensile stress in the concrete specimen reached a value of
2 MPa in only 2 days. This is due to the fact that the beneficial
expansion occurred when the modulus of elasticity was
relatively small and the effect of creep was relatively large at
very early ages, resulting in a low peak compressive stress
(—1 MPa), followed later by restrained thermal contraction with
an increased modulus of elasticity and reduced creep resulting
in the development of tensile stress.

Ideally, the extent of shrinkage strain to consider when
evaluating the risk of cracking in concrete structures should be
the amount of strain developing after the time at which com-
pressive stresses reverse into tensile stresses (i.e. after &,_¢).
For the data in Fig. 8, an ideal net shrinkage strain of —125 %
107 (émin— €5 =0) Would be obtained at 3 days, which is more
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Fig. 8. Total strain and resulting stress in Mix-H concrete specimens.
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Fig. 9. Tensile strength and modulus of elasticity measured for different concrete
mixes.

meaningful than the absolute value of +50x10 ¢ at 3 days.
However, when testing shrinkage under a stress-free condition,
such information (e,-¢) is not available. In this case, it is
suggested to rely on the extent of free shrinkage strain (or net
shrinkage strain) occurring after the peak of expansion (i.e. after
€max), Which would result in a conservative assessment of the
risk of cracking in concrete structures. The net shrinkage strain
was calculated as follows:

Esh net(t) - Ssh(t) — Eexp max (5)

where &g,(7) is the shrinkage strain measured as a function of
time after initial setting; €cxp max 1S the peak strain value of the
autogenous expansion, if any (€exp max=0 if N0 expansion).

From Fig. 8, the critical value of net shrinkage strain would
be —160x10"¢ (i.e. &min— &max) at 3 days, which is actually the
extent of shrinkage strain contributing to the increase in tensile
stress in the restrained concrete specimen. This proposed
definition of net shrinkage has the double advantage of being
conservative and independent of the choice of Time Zero in
shrinkage testing [19]. Whether Time Zero is defined as ‘time
after casting’, ‘time after setting’ (preferred), or ‘time after peak
of expansion’, the critical or ultimate value of net shrinkage
strain according to Eq. (5) will always remain unaffected.

The risk of cracking in concrete structures also depends on
the rates at which tensile strength and modulus of elasticity
develop (as illustrated in Fig. 9). The tensile strength curves
were determined by linear regression of splitting tensile strength
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7
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Fig. 10. Total, creep and elastic strains obtained for restrained Mix-0 concrete
specimen.
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Fig. 11. Total, creep and elastic strains obtained for restrained Mix-L concrete
specimen.

test results obtained at 1, 2, 4, 7 and 28 days on 100 %200 mm
concrete cylinders (tested in triplicates). The curves for the
tensile modulus of elasticity were determined by linear regres-
sion of modulus values obtained at various times. These values
were first determined from stress—strain data obtained during
rapid partial unloading/reloading cycles conducted on the large-
size concrete specimens during the restrained shrinkage experi-
ments (vertical lines in Fig. 7). The curves shown in Fig. 9
provide no indication that internal curing compromises the
development of either tensile strength or modulus of elasticity
until an age of 7 days.

3.5. Effect of internal curing on creep and elastic strains

Figs. 10—13 present the creep and elastic strains as well as
the total strain and strain capacity calculated for each of the four
concrete specimens tested under restrained shrinkage. The strain
analysis was based on compatibility of strain:

&ot(1) = €a1(t) + &cr(2) + &sn(2) + em(2) (6)

where &, is the total strain allowed in the restrained concrete
specimen measured as a function of time #; €, is the elastic strain
calculated by dividing the measured concrete stress (Fig. 7) by
the corresponding tensile modulus of elasticity (Fig. 9) de-
veloping in the restrained specimen; &, is the creep strain of
concrete; and &g, +&y, are the shrinkage and thermal strains
measured together (Fig. 4) in the unrestrained concrete specimen
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Fig. 12. Total, creep and elastic strains obtained for restrained Mix-M concrete
specimen.
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Fig. 13. Total, creep and elastic strains obtained for restrained Mix-H concrete
specimen.

(with a small correction to account for the internal restraint
provided by the reinforcement in the restrained concrete speci-
men [12]). Finally, the strain capacity presented in Figs. 10—13
was calculated by dividing the concrete tensile strength (Fig. 9)
by the corresponding tensile modulus of elasticity (Fig. 9).

In Fig. 10 for the control concrete specimen with no internal
curing, it can be seen that the elastic strain came very close to the
strain capacity at an age of 1.5 days. It is clear that under full
restraint (K=1.0), this specimen would have cracked, which
would have ended the test prematurely. Similar behaviour and
conclusion also apply to Mix-L concrete specimen in Fig. 11,
where the elastic strain almost reached the tensile strain capacity
at an age of 1.5 days for a degree of restraint near 0.9. On the
other hand, with higher levels of internal curing Mix-M and
Mix-H concrete specimens performed quite well (Figs. 12 and
13, respectively), with the elastic strain always lower than the
strain capacity at any given time. Note that most of the elastic
strain development was due to thermal contractions during the
cooling period. For these two concrete specimens with restrained
expansion in the first day (before cooling), the elastic strain went
into the compressive range allowing the strain capacity to
develop further by the time the elastic strain reversed into the
tensile range, which actually reduced the risk of cracking.

The creep strain also developed differently depending on
the extent of restrained expansion occurring in the concrete
specimens at early age. With an increased quantity of pre-
soaked LWA used in the specimens, larger creep strains
developed in compression due to more significant restrained
expansion. During the cooling period and after, increments of
tensile creep strain developed due to restrained contraction
resulting in a reduction in compressive creep strain towards the
tensile range. Regardless of the concrete mixes tested, it is clear
from these curves that creep developed very rapidly during the
first day with a gradually decreasing development rate there-
after, as typically expected with normal concrete under load.

4. Effectiveness of internal curing
4.1. Effectiveness in shrinkage reduction
Fig. 14 illustrates the effectiveness of the LWA used for

internal curing in reducing autogenous shrinkage of the concrete
mixes tested in this study. It is shown that the reduction in the
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critical strain value of net autogenous shrinkage (Fig. 5) is
approximately proportional to the quantity of internal curing
water provided in concrete by the LWA. This curve indicates
that the optimum (w/c);. for these concrete mixes would be
0.067 in order to reduce to zero the critical value of net shrink-
age strain. This optimum ratio, however, is valid for the specific
concrete mixes and LWA (15% water absorption) used in this
study, and does not account for external drying shrinkage and
thermal effects that may superpose on autogenous shrinkage in
actual concrete structures. It may not be recommended to ex-
ceed this limit unless further testing is conducted, since some
adverse effects might occur, such as a possible strength and
stiffness reductions and excessive autogenous swelling. De-
tailed information on the benefits and possible adverse effects of
internal curing can be found in [2].

4.2. Effectiveness in strength and stiffness enhancement

A great concern for design engineers and contractors is
whether concrete structures will achieve the specified compres-
sive strength and durability requirements in service. It has been
clearly shown in this paper and elsewhere [2] that internal
curing can eliminate the tensile stress due to net autogenous
shrinkage. However, it has been also observed in some cases
[20] that concrete made with saturated LWA may have slightly
lower strengths at early age, due to an increased water-entrained
porosity.

The test results presented in Table 3, however, show that
sufficient internal curing can considerably reduce autogenous
shrinkage without affecting the strength and stiffness of con-
crete measured at 7 days on 100 x200 mm concrete cylinders.
As explained earlier, this was achieved by reducing the amount
of mix water in the concrete by an amount equal to that used for
internal curing, thus reducing the effective mix water—cement
ratio. As a result, the 7-day strength and elastic modulus were
not reduced. An increased dosage of superplasticizer is there-
fore recommended in this case to achieve adequate workability.
Other studies [21,22], however, have shown that the compres-
sive strength can be improved by adequate internal curing
without having to reduce the effective water—cement ratio.

It may be observed in Table 3 that the values of compressive
modulus of elasticity differ slightly from those determined
during the restrained shrinkage experiments at 7 days (Fig. 9).
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Fig. 14. Critical net shrinkage strain as a function of IC water—cement ratio.

Table 3
Hardened concrete properties measured at 7 days

Concrete Splitting Compressive Compressive Critical value of

mix ID tensile strength modulus of net autogenous
strength elasticity shrinkage
(MPa) (MPa) (GPa) (x107%)

Mix-0 4.1 50 31.6 —250

Mix-L 4.8 50 31.2 —200

Mix-M 4.5 54 32.0 —100

Mix-H 4.2 57 31.4 =25

These differences may be due to different factors such as: stress
type, specimen size, and specimen geometry, since the tensile
modulus of elasticity was tested on large-size prismatic speci-
mens (200 x200 x 1000 mm) and the compressive modulus of
elasticity was tested on smaller-size cylindrical specimens
(100 %200 mm).

5. Summary and conclusions

This study demonstrated an effective approach for reducing
cracking due to autogenous shrinkage in high-performance
concrete (HPC) structures. Free and restrained shrinkage testing
of large-size HPC specimens was conducted under sealed
condition to study the effect of internal curing on the structural
performance of normal-density HPC specimens. The following
conclusions were drawn:

1. The risk of concrete cracking can be conservatively estimated
from the extent of shrinkage strain occurring after the peak
expansion strain that may develop at early age. This net
shrinkage strain can be simply determined from free shrink-
age testing, and has the advantage of being independent of the
onset of strain measurement.

2. Autogenous shrinkage of HPC, if not controlled, can reach
high strain values within only 24 h (e.g. —250x 10 ° for the
reference specimen), leading to premature cracking if move-
ment is fully restrained. The period between 24 and 48 h after
setting was considered critical, at which time the highest
tensile stress/strength ratios were measured. This means that
adequate autogenous shrinkage prevention measures must be
active at very early ages.

3. Mix-H concrete with (w/c);.=0.06 provided adequate inter-
nal curing with high relative humidity in the concrete
(RH of 96% at 7 days), which is close to that usually
provided by saturated curing (98%). However, Mix-L con-
crete with (w/c),;.=0.02 provided insufficient internal curing
with a 7-day RH of 90%, compared to 92% for the control
concrete specimen with sealed curing only.

4. The internal curing water supplied in Mix-H concrete with
(w/c);.=0.06 was able to eliminate autogenous shrinkage
almost completely, and to maintain the critical tensile stress
well under the tensile strength. It was shown in this case that
most of the residual tensile stress in concrete was due to
restrained thermal contraction, not autogenous shrinkage.

5. The quantities of pre-soaked LWA sand used in the concrete
specimens (up to 178 kg/m?) did not adversely affect the
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strength and elastic modulus of concrete at 7 days. This was
achieved by reducing the mix water by the amount of IC
water contained in the LWA (up to 27 kg/m?).

6. Autogenous swelling was observed within the first day for
the specimens using pre-soaked LWA for internal curing,
resulting in beneficial compressive stresses. The swelling
strain increased (up to+200x 10 °) with an increase in the
mass of saturated LWA used in the mix.

7. The visco-elastic behaviour of the concrete specimens
changed according to the extent of restrained expansion pro-
duced before cooling. As both the elastic and creep strains
initially developed in compression with high levels of in-
ternal curing, the concrete tensile strength had more time to
develop before the tensile stress started to initiate later, thus
reducing considerably the risk of cracking of HPC.
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