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Abstract

This paper presents a systematic approach for the experimental testing and analysis of the early-age thermo-mechanical behaviour of large
prismatic high-performance concrete specimens under restrained autogenous shrinkage and realistic temperature conditions. The loading system
can apply a partial degree of restraint in order to enable the characterisation of high-performance concrete specimens without premature
termination of the test in case of significant restrained shrinkage. The instrumentation system can measure the strains and other parameters from
the setting time with high accuracy and reliability. The analysis method takes into account the temperature effects on the measured properties and
provides equations to determine the time-evolution of shrinkage, thermal expansion, stiffness and creep of the concrete. Results from the testing of
200×200×1000 mm specimens made with a 0.34 water–cement ratio concrete are presented, analysed and discussed in the paper to demonstrate
the application of the proposed approach.
Crown Copyright © 2006 Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The 1990's saw a significant increase in the use of high-
performance concrete (HPC) in structures. Although HPC can
offer superior strength and low permeability, it may develop
considerable autogenous shrinkage due to self-desiccation at
early age. The main factors responsible for the development of
tensile stresses in HPC structures are thermal and autogenous
deformations under restrained conditions, and external loads. If
these stresses reach the tensile strength of the concrete, cracking
will occur and possibly result in premature corrosion of the steel
reinforcement, and spalling of the concrete. Considering the
practical importance of this problem in HPC structures, there
is still a scarcity of systematic experimental investigations on
autogenous and thermal deformations of HPC specimens under
realistic thermal regimes and restrained conditions [1]. A review
of existing approaches for testing linear shrinkage under restrained
conditions [2,3] indicates that most studies have been conducted
on mortar specimens of relatively small sizes (usually not larger
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than 100 mm in width) and under isothermal conditions. These
mortar specimens may behave differently from larger size
concrete specimens tested under semi-adiabatic conditions.

This paper presents a systematic approach for the experi-
mental testing and thermo-mechanical behaviour analysis of
large prismatic HPC specimens at early age under restrained
autogenous shrinkage and realistic temperature conditions.
Results from the testing of 200×200×1000 mm specimens
made with a 0.34 water–cement ratio (w/c) concrete are
presented, analysed and discussed in the paper to demonstrate
the application of the proposed approach.

2. Proposed testing system

The method proposed for the study of the early-age thermo-
mechanical behaviour of HPC specimens under restrained
shrinkage is based on an approach originally developed by
Kovler [4]. The proposed method includes modifications and
innovations made to the original approach in order to enable
the testing of relatively large-size reinforced HPC specimens
under realistic thermal conditions and varying degrees of
mechanical restraint. As shown in Fig. 1, a specimen size of
td. All rights reserved.
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Fig. 1. Experimental setup for testing restrained and free shrinkage of large concrete specimens.

Fig. 2. Determination of Time Zero from temperature measured in concrete
specimen.
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200×200×1000 mm was selected to allow the testing of
concrete specimens that can include coarse aggregate, fibre
reinforcement and/or reinforcing bars. The loading system uses
a preset degree of restraint (partial or full) by transferring the
axial force to the concrete specimen through continuous
embedded reinforcing bars, such as in actual reinforced concrete
structures. Several challenges related to the specimen size and
weight had to be overcome, such as the friction between the
concrete and the form during testing, and temperature effects
due to the heat of cement hydration released at early age. The
test method allows separation of the thermal strain from the
autogenous shrinkage strain, and accurate measurements and
calculations of shrinkage, thermal expansion, stiffness and
creep of the concrete from the setting time.

3. Proposed analysis procedure

3.1. Definition of Time Zero

In restrained shrinkage tests, the precise determination of the
time at which stresses start to develop in concrete is of major
interest. Deformations occurring before this “Time Zero” can be
ignored for stress calculation purposes, since they do not result
in stresses. There is no general consensus in the literature on the
definition of Time Zero [5], whether it corresponds to the initial
setting, final setting, or some other time. The Japanese Concrete
Institute [6], however, recommends measuring autogenous
shrinkage from the time of initial setting.

Similar to the Rate of Heat Evolution Method [7], it is
proposed to determine Time Zero when the rate of temperature
in concrete starts to increase sharply. Fig. 2 presents the rate of
temperature (left vertical axis) and the measured temperature
(right vertical axis) developing in concrete as a function of time
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after casting. During the dormant stage, the rate of temperature in
concrete was zero as expected. Ten hours after casting (Time
Zero), the rate of temperature started to increase linearly (which
may be due to the onset of cement hydration) and reached a peak
6 h later. The onset and peak of this increase in the temperature
rate may represent the initial setting and final setting times,
respectively. It will be shown later that Time Zero, as defined
here, corresponds to the time when the axial force started to
develop in the restrained concrete specimen, which is in line with
the recommendation of the Japanese Concrete Institute.

The amount and rate of temperature increase due to cement
hydration will vary according to the concrete formulation, size
of the concrete specimen, and type of formwork used during
testing. Preliminary tests, however, showed that the onset of the
increase in the temperature rate does not depend on those
factors, and can be considered as a reliable indicator of Time
Zero at which stresses start to develop in the concrete.

3.2. Strain calculation procedure

Conventionally, to study the mechanical behaviour of
concrete under restrained shrinkage, two specimens made of
the same concrete are tested simultaneously under identical
curing conditions: one under fully-restrained shrinkage, the
other under completely-free shrinkage. The strain analysis is
usually based on the following compatibility of strain equation:

etotðtÞ ¼ eelðtÞ þ ecrðtÞ þ eshðtÞ þ ethðtÞ ð1Þ

where εtot, εel, εcr, εsh and εth are the total, elastic, creep, shrink-
age, and thermal strains measured over time (t), respectively.

In real concrete structures, movement of concrete may be
free or partially restrained in some cases, or fully restrained in
more severe cases. The proposed testing procedure was
designed to offer partial or full restraint to the concrete speci-
men in order to simulate restrained conditions similar to those
found in real concrete structures. A clear advantage of using a
partial degree of restraint is that restrained shrinkage testing can
be conducted without prematurely failing the concrete specimen
under investigation if severe shrinkage develops.

In order to impose a preset degree of restraint (K) in the
restrained specimen, it is proposed to determine an amount of
total strain that can be controlled during the experiment, such as:

etotðtÞ ¼ ð1� KÞ½eshðtÞ þ ethðtÞ� ð2Þ
where εtot is the free total strain measured and controlled in the
restrained specimen as a function of time (t), and εsh and εth are
the free shrinkage and free thermal strains measured in the
unrestrained concrete specimen, respectively. The degree of
restraint may be manually lowered down temporarily by reduc-
ing the imposed amount of total strain in order to prevent
premature failure of the specimen if the tensile force is expected
to reach the estimated tensile capacity.

In conventional approaches, the elastic strain is usually
measured by monitoring the total strain and correcting it for free
shrinkage by applying increments of tensile force when the total
strain reaches a threshold value, usually taken as 10 με [4]. In
these approaches, the modulus of elasticity of concrete is usual-
ly calculated from the measured stress and the elastic strain data.

In the proposed approach, the loading procedure is different as
the force adjusts automatically in response to the predefined
amount of total strain imposed during the experiment (Eq. (2)).
This approach provides very stable strain readings with insignifi-
cant noise in the feedback signal. Since the elastic strain is not
calculated directly, partial unload/reload cyclesmust be performed
periodically during the experiment in order to determine the
concretemodulus of elasticity (Ec) in tension. The elastic modulus
is then calculated as a function of time by regression analysis of
the stress–strain data obtained during the partial unload/reload
cycles conducted at different times. The elastic strain (εel)
developing in the restrained specimen was calculated as follows:

eelðtÞ ¼ rcðtÞ
EcðtÞ ð3Þ

where σc is the concrete stress developing in the restrained
specimen. Finally, the creep strain (εcr) in the restrained specimen
(which is the only remaining unknown) was determined from the
compatibility of strain equation (i.e. Eq. (1)).

In such a restrained deformation test, the stress in concrete is
not constant and may even go in compression due to an initial
expansion at very early age caused by the heat of hydration and/
or swelling. After the cooling period, the concrete stress will
reverse into tension when the rate of shrinkage becomes more
significant. The conventional definition of the creep coefficient
cannot be used in such a case. It is proposed to calculate the
tensile creep coefficient (ϕ) from the time at which both the
elastic strain (εel) and the change in creep strain (Δεcr) become
positive (i.e. resulting in tensile stresses):

/ðtÞ ¼ DecrðtÞ
eelðtÞ for rcðtÞz0: ð4Þ

During the initial expansion (when σcb0), the creep coeffi-
cientmaybe estimated by linear interpolation between the value of
zero (at t=0) and the first value calculated with Eq. (4). Similarly,
the specific creep of concrete (Csp) was calculated as follows:

CspðtÞ ¼ DecrðtÞ
rcðtÞ for rcðtÞz0: ð5Þ

Finally, the effective modulus of elasticity (Eeff), accounting
for the effect of creep on the concrete stresses, was calculated
with the following equation:

Eeff ðtÞ ¼ EcðtÞ
1þ /ðtÞ : ð6Þ

3.3. Corrections for temperature effects on sensor readings

3.3.1. Strain readings
Large-size HPC specimens can generate significant tempera-

ture increases at early age due to cement hydration. This
temperature variation can affect the readings of the electrical
strain gauges (SG) installed on the steel bars embedded in the



Fig. 3. Thermal expansion test results from small concrete prisms (75×75×
300 mm).
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restrained specimen. This variation must be corrected during the
test in order to ensure a precise determination of the total strain
and a precise control of the degree of restraint during the experi-
ment. To determine the true strain, one has to subtract the thermal
output of the strain gauge (εto) from the strain reading (εrdg),
correct for the difference between the thermal expansion coeffi-
cients of concrete (αc) and steel (αs), and add the thermal strain
based on the temperature change (ΔT) measured in the concrete
after setting. After simplification, the true total strain measured by
the strain gauges can be calculated by the following equation:

etotðtÞ ¼ erdgðtÞ � etoðTÞ þ asDTðtÞ: ð7Þ

The thermal output of the strain gauges should be carefully
determined in an environmental chamber, in which strain
gauges mounted on unrestrained reinforcing steel bars are
subjected to a given range of temperatures (T ), say from 10 °C
to 50 °C. In cases where displacements are measured with
sensors located outside the concrete specimen (as in the
unrestrained specimen), these temperature corrections are not
absolutely necessary, provided that the ambient room temper-
ature near the sensors remains constant during the test.

3.3.2. Relative humidity readings
Temperature can influence the readings of relative humidity

(RH) sensors. In order to remove this effect (especially during
the heating and cooling periods), the following equation was
used to normalize the RH readings to a reference temperature of
25 °C [8]:

RH298KðtÞ ¼ RHðtÞexp
ATðtÞln RHðtÞ

100

� �
1
298 � 1

TðtÞ
� �

A� BTðtÞ

2
4

3
5 ð8Þ

where the parameters A (0.11784 N/m) and B (0.000154 N/m/
K) define the surface tension of the pore water [8], and T is the
concrete temperature in Kelvin near the RH sensors.

3.4. Temperature effects on concrete behaviour

3.4.1. Coefficient of thermal expansion
The measurement of shrinkage always includes the thermal

strain component when testing under semi-adiabatic conditions,
which makes it difficult to evaluate the true shrinkage of the
concrete under investigation. In order to remove the thermal
strain from the total strain measured in concrete, the coefficient
of thermal expansion (CTE) of concrete was used to calculate
the thermal strain component. The influence of moisture in
concrete on thermal expansion is considerable, especially at
early age with the rapid changes in the kinetics of the concrete
constituents during cement hydration. As a result, the CTE of
concrete is not constant at very early age. Research on the time-
evolution of CTE at early age, however, is rather limited [9] and
no agreement exists on the test method to adopt.

The following paragraphs introduce the procedure used in this
study to measure the coefficient of thermal expansion of concrete
at very early age, with the assumption that thermal deformations
are reversible. A group of three sealed concrete prisms (75×75×
300 mm) were tested simultaneously in an environmental cham-
ber using high-precision temperature-calibrated LVDTswith their
pins firmly secured in fresh concrete through small openings in
the ends of the steel moulds. The steel moulds were not taken
apart during testing to allow the measurement of displacement in
very young concrete without disturbing the test conditions. The
interior end sides of the steel moulds were lined with 1.5-mm
thick layers of rubber foam to ensure free movement of the
concrete, especially during the first heating phases of the test.

Temperature cycles ranging from 20 °C to 30 °C were
performed for 7 days at the rate of 4 full cycles per day. For this
combination of specimen size and temperature range, it is not
recommended to perform more than 4 full temperature cycles
per day, since the temperature in the concrete may not have
enough time to stabilize and become uniform in the cross-
sections of the specimens. More recent work [10] showed that
accurate measurements of CTE can be obtained using a reduced
temperature range of 25 °C to 30 °C and 6 full cycles per day for
the same specimen size of 75×75×300 mm.

As illustrated in Fig. 3, the measured shrinkage strain
(averaged from the three specimens) is the sum of 2 separable
components: the shrinkage strain determined by averaging the
peak values of each temperature cycle, and the thermal strain
obtained by subtraction. It is noted that the shrinkage values
measured on these specimens cannot be directly compared to
shrinkage values measured on other concrete specimens of
different sizes and curing/thermal conditions.

The temperature was monitored in each concrete specimen
and was used to calculate the thermal expansion coefficient as a
function of time with the following equation:

acðtÞ ¼ DethðtÞ
DTðtÞ : ð9Þ

Fig. 4 presents the coefficient of thermal expansion obtained
for the concrete as a function of time after casting. An initial
value of 7.3 με/°C was found shortly after the setting time and
increased linearly for approximately one day until an ultimate
value of 10.5 με/°C was reached. This increase in the concrete
CTE at the very early age may be due to several factors
including self-desiccation (hindering free exchange of moisture
in the capillary pores).



Fig. 4. Measured coefficient of thermal expansion of concrete.
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A recent study [11] reported that the CTE of concrete at very
early age decreased sharply from high values in fresh concrete
down to low values (below 10 με/°C) some time after setting,
followed by a gradual increase up to a constant value (near
10 με/°C) one day later. This is in agreement with the results
presented in Fig. 4, except that the proposed method cannot
measure the initial value of CTE in fresh concrete. It is clear,
though, that the use of a constant CTE of 10με/°C from the setting
time to a later age (as often done in practice) would result in an
inaccurate estimation of the true thermal and shrinkage strains of
concrete at very early age.

3.4.2. Maturity
Temperature has a direct impact on the degree of hydration

and the development of mechanical properties of concrete.
Since significant heat is produced during the curing of large
HPC specimens, mechanical properties may develop at different
rates, according to their temperature sensitivities and the tem-
perature variations experienced during testing. In such tests,
especially when some measurements are made on specimens of
different sizes (thus having different temperature histories), the
time scale used for each measured property needs to be
normalized for comparison purposes by the use of the maturity
concept [12]. This concept assumes that two concrete speci-
mens of identical formulations under different temperature
histories will have the same values of a given mechanical
property for a given maturity. Recent work [13] demonstrated
that the thermo-visco-elastic behaviour of early-age concrete
can be modelled adequately by the maturity concept. The
maturity concept using the Arrhenius law as the temperature
function was shown to be equivalent to the degree of hydration
method based on a temperature-independent relation between
strength development and degree of hydration.

The following equation was used to transform the time scale
into a maturity scale, M(t), which is also known as the
equivalent age calculated for a given reference temperature:

MðtÞ ¼
Z t

0
exp

Ea

R
1

273þ Tref
� 1
273þ TðtÞ

� �� �
dt ð10Þ

where Ea /R is the activation energy factor of the concrete, and
Tref is the reference temperature (taken here as 25 °C). This is
somewhat equivalent to testing the concrete specimens under
isothermal conditions at a temperature of 25 °C. For the analysis
presented in this paper, an activation energy factor of 4000 K
was selected for this particular concrete, based on actual test
results [14] and recommendations from current design codes on
maturity calculations [15,16].

3.5. Stress calculation procedure

In the restrained shrinkage test apparatus (Fig. 1), the load is
transmitted from a rigid test frame to the concrete specimen by 4
continuous 10-mm reinforcing bars embedded in concrete.
Other load–transfer methods [2,3] (such as pulling directly on a
plain concrete specimen with dovetail ends; or pulling on steel
anchors embedded in the ends of a plain concrete specimen)
were tried and found unsatisfactory for the large specimen size
used in this study. The main problem was that the application of
the axial load was not as smooth and gradual as required, and
resulted in unstable load control and unexpected premature
failure of the concrete specimens.

When a restrained steel-reinforced concrete specimen is
subjected to a tensile force (P), the strains in the reinforcing
steel (εs) and concrete (εc) are:

esðtÞ ¼ RðtÞ þ PðtÞ
EsAs

þ asDTðtÞ ð11Þ

ecðtÞ ¼ �RðtÞ
EcðtÞAc

þ acðtÞDTðtÞ þ eshðtÞ ð12Þ

where R is the internal reaction in the specimen; Es and As are
the elastic modulus and cross-sectional area of the steel rein-
forcement, respectively; and Ec and Ac are the elastic modulus
and cross-sectional area of the concrete, respectively. Assuming
compatibility of strains between the steel reinforcement and
concrete, the stress in concrete (σc) was calculated as follows:

rcðtÞ ¼ asDTðtÞEsAs þ PðtÞ � etotðtÞEsAs

Ac
: ð13Þ

As shrinkage develops, the reinforcing bars in the restrained
specimen produce a small restraint in the concrete specimen that
needs to be accounted for in the calculations. This restraint was
determined by the following equation:

ksðtÞ ¼ AsEs

AsEs þ AcEcðtÞ : ð14Þ

Since no reinforcement was used in the unrestrained
companion specimen, Eq. (1) should be corrected by multiply-
ing the values of [εsh+εth] by (1−ks), otherwise the creep strain
in the restrained specimen would be slightly underestimated.

4. Experimental program

4.1. Concrete materials

The concrete selected for this study was made of ASTM
Type I cement, with a cement–sand–coarse aggregate ratio of



Table 2
Series of tests conducted simultaneously

Test description Number of
specimens

Dimensions
(mm)

Test age
(day)

Restrained shrinkage
(incl. tensile elastic modulus)

1 200×200×1000 Continuous

Free shrinkage (large scale) 1 200×200×1000 Continuous
Free shrinkage (small scale) 3 75×75×300 Continuous
Thermal expansion 3 75×75×300 Continuous
Splitting tensile strength 15 100×200 (cyl.) 1, 2, 4, 7, 28
Compressive strength and
modulus of elasticity

6 100×200 (cyl.) 7, 28

Note: Preliminary tests on instrumented bars were conducted: (i) in
environmental chamber for temperature calibration, and (ii) in test frame for
ensuring concentricity of axial loading.
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1:2:2 by mass, and a water–cement ratio of 0.34. Table 1
provides the concrete mix design, along with the resulting
slump, air content, and 7-day compressive strength (50 MPa).
The quantities shown in the table represent the amount of
concrete required to make two large-size specimens for the
restrained and free shrinkage testing, and a number of small
concrete samples for testing other mechanical properties, such
as compressive strength, tensile strength, and coefficient of
thermal expansion.

The concrete was prepared in a portable tumble concrete
mixer with a 170-liter dry-batch capacity, and placed in wooden
forms using a needle-type vibrator. The forms were not removed
during the testing to simulate field conditions at early age, to
avoid disturbing the sensors, and to prevent thermal shock. In
order to prevent friction between the concrete specimens and the
forms, two layers of plastic sheets were used to line each side of
the forms. Small concrete samples for secondary testing were
placed in moulds and consolidated on a vibrating table. All
concrete specimens were sealed with plastic sheets to prevent
external drying shrinkage, and their temperature was monitored.

4.2. Experimental apparatus and procedures

As shown in Fig. 1, the restrained specimen had a rigid
connection at one end and a pinned connection at the actuator
end. Four 10-mm reinforcing bars were embedded in the
restrained specimen with a concrete cover thickness of 50 mm,
which was 2.5 times the maximum aggregate size to prevent
placement problems. The axial strain was measured with elec-
trical strain gauges placed at the centre of the 4 reinforcing bars.
Preliminary testing on restrained concrete specimens indicated
that the use of strain gauges mounted on longitudinal rebars was
more reliable than other methods for the stability of the readings
in very young concrete (e.g. settlement problems). The test
apparatus included a closed loop servo-hydraulic system to
control the actuator, using the rebar-mounted strain gauges as
the feedback signal for the control loop. The force developing in
the restrained specimen was measured by a load cell installed
between the actuator and the specimen in the test frame. The
concrete temperature was measured on each rebar at mid-length
(see Fig. 1). This temperature was assumed to be uniform in the
longitudinal direction over the central portion of the specimen
where the strain gauges were embedded.

The unrestrained companion specimen, which was prepared
in parallel to the restrained specimen, was of the same size and
Table 1
Concrete mix design (w/c=0.34)

Constituent Quantity

Water 21.3 kg
Cement (ASTM type I) 62.5 kg
Dry sand (max. 5 mm) 125.0 kg
Dry coarse aggregate (max. 20 mm) 125.0 kg
Superplasticizer (solid) 2.1 kg
Slump 215 mm
Air content 4%
f ′c at 7 days 50 MPa
concrete formulation but did not include reinforcing bars. The
free shrinkage was measured axially with two external high-
precision LVDTs with their pins firmly secured in concrete
through small openings made in the form at the ends of the
specimen (Fig. 1). Two RH sensors were placed vertically in the
unrestrained specimen with their heads located at mid-height for
the assessment of internal drying in concrete due to self-
desiccation. To avoid failure of the RH sensors due to excessive
condensation on their heads, the sensors were inserted into
plastic sleeves firmly attached to the form 8 h after concrete
placement. Embedded thermocouples (TC) were distributed in
the central cross-section of the specimen, as illustrated in Fig. 1.

The readings from the sensors were recorded by a data
logging system at 15-min intervals for at least 7 days. When
partial unload/reload cycles were performed (for the determi-
nation of the elastic modulus), readings were taken at 10-s
intervals. During such cycles, the restrained specimen was
unloaded to 60% of the current load and fully reloaded at a rate
of 1 kN/s. The first cycle was performed 24 h after casting and
subsequent cycles at a rate of 1 or 2 cycles per day, especially at
early age. In such a restrained shrinkage test, the use of full
unload/reload cycles (i.e. unloading to 0 kN) is not recom-
mended, as it may weaken the specimen.

During such experiment, several tests were performed simul-
taneously in order to gather all the data needed for the analysis
of the thermo-mechanical behaviour of the concrete specimen
under restrained shrinkage. Table 2 provides a summary of these
tests, including the size and number of specimens used.

5. Results and analyses

5.1. Hygro-thermal conditions

The free and restrained specimens were tested under realistic
temperature conditions (i.e. semi-adiabatic conditions). Fig. 5
presents the average temperature and the average RH measured
in the concrete specimens over time after casting. The concrete
reached an average peak temperature of 41 °C at about 18 h
after casting and cooled down to the ambient lab temperature
after 2 days. The temperature difference between the core and
the surface of the specimens during the heating/cooling period
never exceeded 4 °C (not shown in the figure). The relative



Fig. 5. Temperature and relative humidity in concrete specimens.

Fig. 7. Degree of restraint applied on restrained specimen.
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humidity reduced rapidly from 100% in the fresh concrete to
94% after two days, and down to below 92% at 7 days. This
reduction in concrete RH is attributed to self-desiccation,
typical of HPC with a low w/c. This rapid decrease in RH
combined with a sharp decrease in temperature at very early age
can produce significant tensile stresses in the concrete if the
resulting contraction is restrained in the structure.

The temperature data shown in Fig. 5 and the procedure
illustrated in Fig. 2 were used to determine Time Zero at a value
of 10 h after casting. The concept of maturity, as described
earlier, was used in the calculations with a reference temperature
of 25 °C.

5.2. Free shrinkage testing

Fig. 6 shows the total strain measured in the unrestrained
specimen (i.e. shrinkage and thermal strains combined), the
calculated thermal strain, and the resulting autogenous shrink-
age strain as functions of maturity. It can be seen that the
autogenous shrinkage curve presents a sharp decrease, down to
an ultimate value of −260 με after only one day. This observa-
tion suggests that the effective prevention of autogenous shrink-
age in HPC structures must involve measures that are effective
shortly after setting of concrete.

Fig. 6 also shows that after one day, no significant additional
autogenous shrinkage strain was observed. This fact illustrates
the importance of measuring autogenous shrinkage from the
setting time, especially for concretes with low water–cement
Fig. 6. Axial strains in unrestrained concrete specimen.
ratios [17]. For instance, the ASTM Standard C157 for the
measurement of free shrinkage recommends taking the first
reference reading after a humid cure of 24 h. In this case, the
autogenous portion of the measured shrinkage would be
underestimated by about −260 με for the concrete used in
this study. As it will be shown later, this amount of shrinkage is
sufficient to produce failure of the concrete specimen after
1.5 days if its movement was fully restrained.

5.3. Restrained shrinkage testing

Fig. 7 presents the degree of restraint imposed on the
restrained shrinkage specimen during testing. The target degree
of restraint selected for this experiment was 0.9 in order to prevent
the failure of the specimen at very early age. The small restraint
(ks) from the reinforcing bars is also shown in the figure. With a
total steel area of 400 mm2 and a concrete cross-sectional area of
39,600 mm2 in the restrained specimen, it is shown that ks
stabilized at a value of 0.06 very shortly after the setting of
concrete due to the rapidly increasing elastic modulus of concrete.

Fig. 8 compares the axial force applied on the cross-section
of the restrained specimen and the axial forces calculated for the
concrete and the steel reinforcement alone. It can be seen that
the force in the steel reinforcement became negligible after
2 days, which corresponded to the time at which the total
shrinkage strain stopped increasing significantly (Fig. 6). The
insert in Fig. 8 illustrates the same forces over time for the first
24 h after casting. It can be seen that Time Zero, as defined
earlier, corresponds exactly to the time at which the forces in the
concrete and steel started to develop (in opposite directions).
Fig. 8. Axial forces in restrained specimen.



Fig. 9. Concrete tensile stresses and strength in restrained specimen.

Fig. 11. Creep coefficient and specific creep of concrete in restrained specimen.
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Fig. 9 shows the direct tensile stress developed in the
restrained specimen due to the combined effects of restrained
shrinkage and tensile relaxation. It can be seen that the
specimen did not fail during testing due to the partial degree
of restraint selected for this test (K∼0.9). A second stress curve
is displayed, which represents the normalized tensile stress for a
degree of restraint of 1.0 (taken as the stress divided by the
degree of restraint). This normalization of the tensile stress can
be validated by rearranging Eqs. (1) (2) (3) and (4) and solving
for the tensile stress:

rcðtÞ ¼ �KðtÞEcðtÞ½eshðtÞ þ ethðtÞ�
1þ /ðtÞ ð15Þ

which shows that the concrete stress in the specimen is
proportional to the degree of restraint.

The stress curves are compared to the strength curve, which
was determined by regression analysis of the results obtained
from the splitting tensile strength tests performed on 100×
200 mm cylinders at different times. Reduction factors to account
for the size difference between the specimens and cylinders and
the difference in the mechanisms between direct and splitting
tensile strengths were not used. It is shown that the concrete
specimen would have cracked at 1.5 days if the degree of restraint
used in the experiment had been 1.0. As expected, the predicted
failure under full restraint occurred at a timewhen both the rates of
internal drying and cooling were the most severe in the restrained
specimen (Fig. 5), thus resulting in a high risk of cracking.

Fig. 10 presents the total strain along with the elastic and
creep strains that developed in the restrained concrete specimen.
Fig. 10. Axial strains in restrained concrete specimen.
The total strain in the restrained specimen was not zero, as
opposed to conventional restrained shrinkage testing, for which
a degree of restraint of 1.0 is normally used. As explained
earlier, approximately 10% of the total strain was released in the
restrained specimen in order to achieve a partial degree of
restraint near 0.9. Note that the discontinuities in the total strain
curve were caused by the manual unload/reload cycles. Fig. 10
also indicates that the tensile creep strain increased rapidly in
the first two days, and reached a strain of 150 με at 7 days. This
rapid increase in creep strain at early age was beneficial as it
reduced the tensile stress from the restrained autogenous
shrinkage, which was also found to develop rapidly at early age.

Fig. 11 shows the creep coefficient and the specific creep that
developed in the restrained specimen. At seven days, these
parameters reached values of 1.2 and 40 με/MPa, respectively,
and were still increasing. This shows that stress relaxation
reduced the tensile stress in the concrete by a factor of 2.2 at
7 days (i.e. ϕ+1). At 1.5 days, however, the stress relaxation
would not have been sufficient to prevent failure of the
specimen, had it been tested under full restraint (K=1.0), as
predicted in Fig. 9.

Finally, the effective tensile modulus of elasticity obtained
for the concrete of the restrained specimen is shown in Fig. 12
with a 7-day value of 15,000 MPa. The best-fit curve for the
corresponding instantaneous tensile modulus of elasticity is also
shown. This curve was determined by regression analysis of the
strain and stress data obtained during periodic unload/reload
cycles on the restrained specimen. It is also found that the 7-day
Fig. 12. Tensile elastic modulus of concrete in restrained specimen.
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instantaneous modulus of elasticity measured on the restrained
concrete specimen in tension (32,900 MPa) was very close to
that measured on the concrete cylinders tested in compression
(31,600 MPa).

6. Summary and conclusions

A complete testing and analysis approach is proposed to
study the thermo-mechanical behaviour of large-size high-
performance concrete specimens under restrained autogenous
shrinkage and realistic temperature conditions. The loading
system can apply a partial degree of restraint to enable the
characterization of high-performance concrete (HPC) speci-
mens without premature termination of the test. The instru-
mentation system can measure the strains and other parameters
from setting time with high accuracy and reliability. The analy-
sis method takes into account the temperature effects on the
measured properties and provides equations to determine Time
Zero and the development of shrinkage, thermal expansion,
stiffness and creep of concrete.

Results from tests on 200×200×1000 mm specimens made
with high-performance concrete (w/c=0.34; f′c=50 MPa at
7 days) were presented in the paper to demonstrate the applica-
tion of the proposed approach. For this particular HPC, the
following conclusions can be drawn on the early-age thermo-
mechanical behaviour of the HPC specimens using the pro-
posed approach:

1. Internal drying (or self-dessication) of the concrete was
pronounced at very early age, with the RH decreasing to
values below 94% in 2 days. This internal drying, combined
with the sharp temperature decrease during the cooling
period, increased considerably the risk of cracking, which
was estimated to be highest at the age of 1.5 days.

2. The onset of stress development in the concrete specimen
under restrained condition corresponded to the proposed
definition of Time Zero, which was clearly identified by the
onset of a sharp increase in the rate of temperature monitored
in the concrete specimen.

3. The coefficient of thermal expansion was not constant at
very early age, as it was found to increase from 7.3 με/°C,
one day after casting, to 10.5 με/°C, one day later, and
remained constant thereafter. The characterization of the
concrete CTE enabled an accurate determination of the
autogenous shrinkage from the measured strain values.

4. The autogenous shrinkage strain reached a value of −260 με
in only one day. Consequently, measures for the prevention
of autogenous shrinkage cracking in HPC structures must
involve mechanisms that are effective shortly after the set-
ting of concrete.

5. After one day, no significant additional autogenous shrink-
age was found, stressing the importance of measuring
autogenous shrinkage of HPC from the setting of concrete as
opposed to 24 h after casting as suggested in the ASTM
C157 Standard for shrinkage measurement.

6. The creep strain was also found to develop rapidly at very
early age with a value of 100 με after 2 days, and 150 με at
7 days. Due to creep, the tensile stresses caused by restrained
shrinkage were reduced by a factor of two approximately, so
was the effective modulus of elasticity (15 GPa) compared to
the instantaneous modulus (33 GPa) at 7 days.

7. It was predicted that restrained shrinkage of specimens made
with such HPC would fail prematurely at the age of 1.5 days
under full restraint if no shrinkage-compensating measures
were taken. In this case, stress relaxation due to creep could
not overcome the rapidly increasing shrinkage-induced ten-
sile stress at early age under full restraint.
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