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� A rig was developed to measure restrained stress starting right after casting.
� Thermal and autogenous shrinkage contributions to restrained stress were recognized.
� A constitutive relationship exists between restrained shrinkage and tensile stress.
� The cracking behaviors were described for slag cement and OPC systems.
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a b s t r a c t

In this study, the early-age strain–stress development of mixtures containing slag cement was measured
on uniaxially restrained specimens using a specially designed testing frame starting right after casting. It
was found that thermal deformation dominates early-age stress development in low w/cm and low slag
cement paste systems. While for concrete, autogenous shrinkage is the major contributing factor for ten-
sile stress development. The early-age stress development of uniaxially restrained cementitious mixture
specimens is profoundly influenced by the overt early-age relaxation effect, such that the compressive
stress is significantly reduced and tensile stress develops before shrinkage begins. A linear shrinkage
and tensile stress relationship is found to exist in mixtures subject to such constant restraint, regardless
of w/cm and slag cement contents. Slag cement has the benefit of delaying tensile stress development
and cracking time because of the reduced early-age thermal effect as compared to the ordinary Portland
cement mixture. The cracking of the slag cement mixture is mainly due to the greater long-term autog-
enous shrinkage. The cracking time is found closely related to the shrinkage rate rather than the shrink-
age magnitude, a unique relationship can be used to describe such phenomenon.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Concrete structures experience volume changes as a result of
thermal- and moisture-related deformations during hardening.
For structures subject to external restraint from surrounding sub-
strate or internal restraint from size effect, tensile stress develops
due to the restrained shrinkage, which contributes to the pre-ma-
ture cracking and affects the durability of newly constructed or re-
paired structures. Quantifying shrinkage induced stress and
assessing the associated cracking potential in concrete members
have been difficult due to many factors involved, such as stress
relaxation, combined thermal and hygral effects. Several test meth-
ods have been proposed to assess cracking potential of concrete,
including tests using restrained ring specimens [1–3] and tests
using uniaxially restrained specimens [4–7]. The cracking potential
of concrete has been classified as four categories of low, low to
moderate, moderate to high, and high, based on time-to-cracking
and stress rates obtained from the restrained ring test with speci-
mens exposed to external drying conditions [8,9].

On the other hand, slag cement has been widely used in con-
crete structures due to many advantages, such as less carbon diox-
ide emission during the production process, lower hydration heat,
lower permeability, and better resistance to sulphate attack [10].
However, cementitious mixtures containing slag cement have been
observed to show a crossover effect with lower autogenous shrink-
age at very early ages and greater autogenous shrinkage at later
ages [11–13]. The tensile stress development and the associated
cracking potential might be an uncertainty, as they are the coupled
effect from both thermal contraction and shrinkage deformation.

The evaluation of cracking stress of structures requires material
properties determined in a system subject to the similar restraint
conditions to the field structures. For this purpose, this study mea-
sures strain–stress development in the uniaxially restrained
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cement paste and concrete specimens, starting at very early ages
using a specially designed rig. To investigate the pozzolanic effects,
concretes containing slag cement are tested as well. A constitutive
relationship between shrinkage and the restrained tensile stress
was found for mixtures subject to constant uniaxial restraint. Mix-
tures containing slag cement show delayed time at cracking. The
cracking potential depends on shrinkage rate. The results of this
study are of significance for evaluating and mitigating early-age
cracking in concrete members.

2. Experimental programs

2.1. Materials and mixture proportions

Type I ordinary Portland cement (OPC) and slag cement (Grade 120) were used
as cementitious materials. The replacement levels of slag cement were 0%, 30% and
50% by mass of the total cementitious materials. The chemical composition and
physical properties of each materials are listed in Table 1. The coarse aggregate
was crushed limestone with a maximum size of 12.5 mm. The fine aggregate was
natural sand with a fineness modulus of 2.56.

The mixture proportions of cement pastes and concretes used in this study are
presented in Table 2. Cement paste was mixed in a pan mixer. For blended systems,
the slag cement was first dry-mixed with Portland cement for several minutes to
achieve a uniform distribution of the solid ingredients. Water was then added to
the dry ingredients and mixed for another three minutes. The amount of high-range
water-reducing admixture was used and adjusted to achieve adequate workability
in low water–cementitious ratio concrete (w/cm = 0.35).

2.2. Autogenous shrinkage measurement

Linear autogenous shrinkage was measured on sealed-cured specimens, using a
double-walled, water-cooled, stainless steel rig, as shown in Fig. 1. The specimen
cross-section was 60 mm in height, 100 mm in width, and 1000 mm in length.
External drying was prevented by sealing the specimens immediately after casting
using two layers of polystyrene sheets. External restraint between the specimen
and the stainless steel rig was kept to a minimum by placing a soft, flexible,
2 mm-thick foam rubber between the rig and the sealed specimen. The curing tem-
perature was maintained at 23 ± 1 �C by circulating water through the double-
walled chamber built-into the sides and bottom of the rig. One end of the specimen
was fixed to the rig and the other end was free to move horizontally. The free end
had an LVDT attached for measuring the autogenous deformation continuously. The
measurement was initiated after final set and the data were recorded every 10 min.

2.3. Uniaxially restrained stress measurement

The restrained test measures stress development in the cementitious mixtures
starting immediately after casting using a horizontal testing frame built for this
purpose (shown in Fig. 2). Such a linear measuring system, according to Weiss
and Shah [1], has the advantage of relatively straightforward data interpretation.
The frame used in this study includes a load cell and an actuator with servo-hydrau-
lic control. To provide sufficient restraint and to avoid drift over a long period of
testing time, the actuator position was controlled, so that the concrete can be as-
sumed to be under ‘‘full restraint’’ condition [14]. This type of frame is known as
an active restraining rig for achieving a ‘‘full restraint’’ condition, which is indepen-
dent of the restraining rigidity of the testing rig [14,15]. The 810 mm long specimen
was cast directly into a mold held by the frame. Two ends of the specimen were en-
larged and the central part has a cross-section of 100 mm by 100 mm. One end of
the specimen was fixed to the load cell and the other end was connected to the
actuator by restraint bars that are embedded in specimen. A thin vinyl sheet was
placed between the specimen and the mold to reduce frictional resistance. Immedi-
ately after casting, the upper surface of the specimen was covered with a plastic
sheet to prevent evaporation. The mold was equipped with copper pipes to circulate
constant-temperature (23 ± 1 �C) water from a heating–cooling control bath. Dur-
ing the entire testing, the specimen was cured under sealed condition. The temper-
ature distribution in the specimen was measured at three locations along the
specimen depth. It was found that the specimens had a uniform temperature distri-
butions at all times. The measurement started immediately after casting. Load was
measured during the test and the data were recorded once per minute.
Table 1
Chemical compositions and physical properties of cementitious materials.

Materials SiO2 (%) Al2O3 (%) Fe2O3 (%) CaO (%) MgO

OPC 20.4 5.04 2.51 62.39 3.43
Slag 37.49 7.77 0.43 37.99 10.69
3. Results and discussions

3.1. Zero-stress temperature and zero-stress strain

For a restrained sealed-cured specimen, the development of
early-age stress is a result of thermal and autogenous deforma-
tions. Fig. 3 shows the typical curves of temperature, autogenous
deformation, free strain, and restrained stress developments mea-
sured on a sealed-cured concrete specimen. It can be seen that
after casting the temperature of mixture increases from mixing
temperature to the maximum due to the accelerated cement
hydration, and then drops because of the slowdown of cement
hydration. The temperature stabilizes eventually at the ambient
temperature. The autogenous deformation starts with autogenous
expansion followed by autogenous shrinkage, while the free strain
shown in Fig. 3c is a combined effect from thermal and autogenous
deformation. The starting point of free strain (e01) corresponds to
the first zero-stress r01 where the mixture reaches final set [16]
and starts strength gain. After r01, the compressive stress starts
to develop due to the restrained expansion deformation generated
from the temperature rise and autogenous expansion. The temper-
ature corresponding to the first zero-stress is the first zero-stress
temperature (T1st-zero-stress). The expansion deformation and the
compressive stress grow continuously with the increase of temper-
ature and autogenous expansion, and reach maximum at the max-
imum autogenous expansion. Then with the temperature drop or
autogenous shrinkage development, the magnitude of expansion
and the compressive stress reduces. At T2nd-zero-stress, the restrained
stress switches from compression to tension, indicating that after
this point, any temperature drop or autogenous shrinkage defor-
mation, if restrained, will generate tensile stress. It should be noted
that T1st-zero-stress is not equal to T2nd-zero-stress, and e02 corresponding
to the second zero stress is not necessary to be zero, because the
high relaxation property of young concrete causes most of the
compressive stress to be relaxed, and thus tensile stress might gen-
erate while mixture is still in expansion.
3.2. Free strain and uniaxially restrained stress developments

The free strain and restrained stress developments of cement
paste and concrete were shown in Fig. 4. The free strain was calcu-
lated based on: e = (T1st-zero-stress�T) � a + ea, where, T is the temper-
ature of restrained specimen; a is the coefficient of thermal
expansion of cementitious mixture; ea is the autogenous deforma-
tion with positive value representing the autogenous shrinkage.
The cementitious mixtures containing slag cement normally has
lower coefficient of thermal expansion due to the less content of
calcium hydroxide of which the coefficient of thermal expansion
is high [17]. Therefore, a is taken as 18 � 10�6/�C and 15 � 10�6/
�C for OPC pastes and slag cement pastes, respectively. For concrete
the a value is taken as 10 � 10�6/�C.

It is seen that the restrained stress develops following closely
with the free strain development. Cement paste shows much faster
strain and stress development as compared with those of concrete,
and all paste specimens cracked within the first week. The free
strain of concrete develops more slowly and at a lower magnitude,
which allows more time for tensile stress to be relaxed. No crack-
ing was observed during the testing period of 12 days for concrete.
(%) SO3 (%) Na2O (%) K2O (%) Blaine fineness (cm2/g)

2.75 0.25 0.67 4290
3.21 0.28 0.46 6020



Table 2
Mixture proportions of cement paste and concrete.

Mix No. Cement (kg/m3) Slag cement (kg/m3) Water (kg/m3) Coarse aggregate (kg/m3) Sand (kg/m3) HRWRA (kg/m3) w/cm

P35O 1500 – 525 – – – 0.35
P35G30 1037 444 518 – – –
C35O 510 – 178 387 1100 2.1
C35G30 357 153 178 387 1100 2.1

P40O 1395 – 558 – – – 0.4
P40G30 964 413 551 – – –
P40G50 685 685 548 – – –

P45O 1303 – 586 – – – 0.45
P45G30 898 385 577 – – –

HRWRA = high-range water-reducing admixture.
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Fig. 1. Linear measurement of autogenous shrinkage of cementitious mixture.
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Fig. 2. Sketch of top view of the uniaxially restrained test.
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The stress relaxation effect is pronounced for cementitious mix-
tures subject to a constant restraint condition starting at very early
ages. This can be seen by comparing the free strain and the re-
strained stress development. All the restrained compressive stress
is significantly reduced to below 0.5 MPa, though the expansion
deformation can be as high as 600 microstrains. At this expansion
deformation level, the instant compressive stress can reach
16.6 MPa for a hardened mixture with an elastic modulus of
27 GPa. Moreover, the high relaxation effect causes tensile stress
to be generated in a mixture before shrinkage begins. As it is
shown in Fig. 4, that all e02 are negative. Igarashi et al. [18] also
found large creep deformation in the restrained autogenous
shrinkage test, and concluded that this behavior is typical for load-
ing at very early ages.

The tensile creep behavior of concrete subject to a constant re-
straint is suspected to be different from that measured from con-
ventional tensile creep test. Evaluations using existing creep
models such as B3 model [19] and Østergaard model [20] proven
that neither of these models produces accurate results for describ-
ing tensile creep behavior of concrete subject to constant restraint
starting at very early ages [21]. The major reason might be due to
the fact that these two models were developed based on conven-
tional creep test with load applied at certain ages and no sustained
restraint involved.
For a uniaxially restrained condition, another important factor
that contributes to the large creep might be the ‘‘flow’’ property
in addition to the factors such as time at loading, loading rate,
and w/c ratios. Similar to plastic flow, flow in solid is found to be
a consequence of stress-differences at different locations [22]. For
a restrained specimen as shown in Fig. 2, the local shrinkage defor-
mation equals at different locations, because thermal contraction
and autogenous shrinkage are both independent of factors such
as structure geometry and external restraint. However, there exists
delay of local shrinkage stress equilibrium at different locations
due to the external and internal restraints. This will cause stress-
difference at different locations, and thus flow might result in such
restrained concrete.

3.3. Constitutive relationship

For a restrained cementitious mixture, the tensile stress gener-
ated is normally calculated by using an integral form equation be-
cause of the continuous variation of strain levels. The equation is
expressed as:

rðtÞ ¼
Z t

0
Rðt; t0Þd½�aTðt0Þ � eaðt0Þ� ð1Þ



Fig. 3. Typical temperature, autogenous deformation, free strain, and restrained
stress developments of a sealed-cured concrete specimen.
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where R(t, t0) is the relaxation modulus; T(t0) and ea(t0) are mixture
temperature and autogenous shrinkage at load application time of
t0. A numerical method is generally adopted to solve Eq. (1) based
on the assumption that the stress at time of ti+1 is the summation
of the stress in the previous i time increments:

rðtiþ1Þ ¼
Xi

j¼1

DrjðtÞ

¼
Xi

j¼1

� aDTj þ Deaj

2
½Rðtiþ1; tj�1Þ þ Rðtiþ1; tjþ1Þ� ð2Þ

where Drj(t) is the stress increment during time increment of j, DTj

and Deaj are the temperature change and autogenous shrinkage
increment within the time increment of j.

Solving Eq. (2) appears complicated as it needs knowledge of
relaxation modulus R(t, t0) which is difficult to obtained, especially
for cementitious mixture subject to constant restraint conditions
starting at very early ages, as the existing models are established
based on the conventional creep test with constant load applied
at ages normally later than 1 day. However, it will be desirable
by conducting the following simple calculation to estimate the
early-age restrained tensile stress:

rtensile ¼ es � Eeff ð3Þ

where, es is the shrinkage strain, Eeff is the effective modulus which
already incorporates the creep or stress relaxation effects.

Eeff can be obtained from the restrained shrinkage and tensile
stress curves for both paste and concrete mixtures. As shown in
Fig. 5, there exists linear constitutive relationship between the re-
strained shrinkage strain and the tensile stress development for
cementitious mixtures subject to constant restraint starting at very
early ages, regardless of w/cm and slag cement content. For paste
mixture, this linear relationship exists until cracking occurs. The
slope of the linear curve represents the effective modulus (Eeff)
which lumps the effects of elastic modulus, creep effect, and de-
gree of restraint together. Low w/cm mixture shows greater slope,
thus greater effective modulus. The effect of slag content on effec-
tive modulus is minor. The effective modulus for each mixtures
were calculated and listed in Table 3. It can be seen that the values
of effective modulus range between 2.3 GPa and 4.7 GPa, and are
about 20–30% of the elastic modulus tested under compression
conditions [23,24]. Paste mixtures have slightly greater effective
modulus as compared to concrete. It seems that the benefit of
improving concrete modulus from aggregate particles is not signif-
icant under tension loading. For this type of test, it is hypothesized
in this study that the tension load is borne mostly by paste phase
rather than the aggregate particle as an inclusion. The bonding be-
tween aggregate and the paste matrix is low, such that the contri-
bution from aggregate to the effective modulus is minor, and a
lower effective modulus results in concrete. For elastic modulus,
however, it was measured on concrete cylinders through compres-
sive test (ASTM C469) [25] where stiffer aggregates greatly con-
tribute to the entire stiffness of the concrete body. This
phenomenon is illustrated in Fig. 6. The effective modulus will al-
low engineers to easily estimate the tensile stress generated in
concrete without going through the complex calculation.

3.4. Cracking behavior

As can be seen from Fig. 4 and Table 3, low w/cm pastes show
earlier cracking time and higher strength at cracking. At the same
w/cm, pastes containing slag cement, especially with a slag cement
content of 50% by weight of the total cementitious materials, show
delayed cracking time and a slightly higher cracking strength. The
slag effect on delaying cracking time is pronounced in high w/cm
(0.45) mixtures and in mixtures with higher slag content. As
shown in Fig. 4e–h, the cracking time of P40O, P40G30, and
P40G50 were 0.83 days, 1.5 days, and 5.25 days, respectively. The
cracking time of P45O and P45G30 were 1.9 days and 6.08 days,
respectively. There is no significant difference in cracking time of
low w/cm systems (P35O vs. P35G30). The slag effect might be
due to the dilution effect, that the actual Portland cement content
is reduced in the blended system, leading to slower and less ther-
mal and autogenous shrinkage deformations at early ages [13], and
consequently the slower stress development. The slag effect dimin-
ishes at the lower slag cement content (30%) and in concrete mix-
tures. The concrete containing 30% slag cement behaved similarly
to the concrete with OPC only. Therefore, it can be concluded that
high slag cement content is beneficial when being used in cemen-
titious mixture for delaying or preventing early-age cracking.

The contribution of thermal contraction and autogenous shrink-
age deformation to the total shrinkage strain and consequently the
tensile stress development was evaluated using the ratio of



Fig. 4. Free strain and restrained stress developments in sealed-cured cement pastes and concretes.
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autogenous shrinkage to the thermal contraction in this study. The
autogenous shrinkage is relative to the autogenous deformation
corresponding to T2nd-zero-stress, while the thermal contraction is cal-
culated based on (T2nd-zero-stress�T) � a. As shown in Fig. 7, for OPC



Fig. 5. Constitutive relationship between restrained shrinkage and tensile stress under constantly restrained conditions.

Table 3
Time, strength, strain rate at cracking and effective modulus of mixtures.

Mix no. P35O P35G30 C35O C35G30 P40O P40G30 P40G50 P45O P45G30

Time at cracking (days) 0.67 0.68 –a –a 0.83 1.5 5.25 1.9 6.08
Strength at cracking (MPa) 2.41 2.84 –a –a 1.5 1.48 1.68 1.31 2
Strain rate at cracking (�10�6/h) 42.7 34.67 –a –a 17.34 7.13 4.27 5.3 3.36
Effective modulus (GPa) 4.2 4.7 2.3 2.3 3.8 4.2 3.3 2.5 2.8

a No cracking during time of testing (12 days).
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paste system, the contribution from autogenous shrinkage is much
less than that from thermal contraction, indicating that the tensile
stress development and the cracking are mainly effects of temper-
ature changes at early ages. For slag systems, especially in systems
with high w/cm and high slag content, the contribution from the
autogenous shrinkage is dominant. Because the cracking potential
at early age is sensitive to the shrinkage rate rather than the mag-
nitude of shrinkage, and the autogenous shrinkage development is
more mild than that of thermal contraction in slag system with
high w/cm and high slag content, and thus the cracking time was
delayed in such systems. Restrained thermal contraction generally
leads to the very early-age cracking at about 1 to 2 days due to the
rapid temperature drop and consequently the thermal contraction.

One important observation from the above experimental results
is that the development of tensile stress in a restrained specimen
follows closely the shrinkage development, and a higher contraction
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Fig. 6. Illustration of contribution of aggregate in concrete when subjected to: (a)
tension and (b) compression.

Fig. 7. Contribution of thermal contraction and autogenous shrinkage to the total
shrinkage deformation.
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or shrinkage rate causes earlier cracking. This observation is consis-
tent with the previous studies [26]. Therefore, it is worthwhile to
investigate the relationship between shrinkage rate ( _e in micro-
strain/h) and the cracking time (tcr in days). The shrinkage rate
was calculated based on the measured shrinkage data of cement
paste and concrete as _e ¼ eðtþ1Þ�eðtÞ

Dt , in which Dt=1 h. The calculated
results are shown in Fig. 8, which shows the shrinkage rate at crack-
Fig. 8. Cracking behavior under uniaxially restrained conditions.
ing for paste specimens and the shrinkage rate of uncracked con-
crete specimens. It can be seen that the cracking time (tcr) for
paste specimens is related uniquely to the shrinkage rate at cracking
or the critical shrinkage rate ( _ecr), regardless of w/cm and the pres-
ence of slag cement. A best-fit equation can be used to describe this
relationship:

_ecr ¼
de
dt

� �
cr
¼ 14ðtcr=24� 0:1Þ�0:87 ð4Þ

Eq. (4) is plotted in Fig. 8 and denoted as ‘‘critical shrinkage
rate’’. It is seen that the critical shrinkage rate ( _ecr) is related inver-
sely to the time at cracking (tcr), the smaller the critical shrinkage
rate at a given time, the higher the cracking tendency of the
cementitious mixture. A relationship similar to Eq. (4) but in terms
of stress rate from ring test measurements has been observed pre-
viously by See et al. [26].

Since the paste phase rather than the aggregate phase is the
source of shrinkage and consequently the cause of cracking in con-
crete, it is reasonable to assume that Eq. (4) established based on
paste measurements applies to concrete mixtures as well. The
shrinkage rate ( _e) curves of the two uncracked concrete mixtures
(C35O and C35G30) are plotted in Fig. 8. These two curves are be-
low the critical shrinkage rate curve obtained from cracked paste
specimens, indicating no cracking would be expected in concrete,
which is consistent with the experimental observation.

The traditional method for assessing cracking potential in
cementitious mixtures requires stress measurements or calcula-
tions under restrained conditions. However, both stress measure-
ment and calculation are difficult to conduct in field structures
due to many factors involved. Establishing such a practical method
for evaluating cracking potential is needed.

4. Conclusions

In this study, the free strain and restrained stress developments
of mixtures containing slag cement were investigated on speci-
mens subject to uniaxially restraint starting at very early ages.
The major conclusions are as following:

1. A restraint rig was used to measure stress development in lin-
ear specimens starting right after casting. The induced stresses
follow closely with the development of free strain. At the very
early ages (1–2 days), the thermal effect dominates the devel-
opments of both compressive stress from temperature rise
and tensile stress from temperature drop. Due to the very high
early-age relaxation effect, the magnitude of compressive stress
is greatly reduced. However, the high relaxation effect pro-
motes tensile stress to develop while the mixtures are still in
expansion.

2. Thermal deformation dominates early-age stress development
in low w/cm and low slag cement paste systems. While for con-
crete, autogenous shrinkage is the major contributing factor for
tensile stress development. All paste specimens (w/cm = 0.35,
0.4, and 0.45, with and without slag cement) cracked at ages
less than 7 days because of the high shrinkage rate. Slag cement
has the benefit of delaying tensile stress development and
cracking time because of the reduced early-age thermal effect
as compared to the ordinary Portland cement mixture. The
cracking of the slag cement mixture is mainly due to the greater
long-term autogenous shrinkage.

3. A linear relationship exists between the free shrinkage and the
uniaxially restrained tensile stress for both cement paste and
concrete, regardless of w/cm and slag cement contents. An
effective modulus of mixtures under the loading and restrained
conditions provided in this study was obtained to be about 20–
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30% of the elastic modulus measured from instantaneous com-
pressive test. This effective modulus incorporates the effects of
both relaxation and restraint condition, and can be directly used
for shrinkage stress calculation.

4. The occurrence of cracking in cementitious mixtures depends to
a large extent on the shrinkage rate rather than the shrinkage
magnitude. A unique relationship is found to exist between
the shrinkage rate and the cracking time based on the test
results on restrained linear specimens under sealed-cured con-
ditions. The critical shrinkage rate at the time of cracking ( _ecr)
decreases rapidly within the first two days and then stabilizes.
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