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Abstract: Tensile stress develops in concrete when shrinkage deformations and restraints (internal or external) exist. Utilization of appro-
priate creep or relaxation functions is crucial for assessing stress and the associated cracking potential in concrete, especially at early ages
when chemical and physical properties change rapidly. The existing models, developed either from compressive creep tests or conventional
tensile creep tests with constant loads applied at certain ages, were found to be unsuitable for such stress evaluation. This study was performed
to investigate the restrained strain-stress development and tensile creep behavior of concrete subject to constant restraint starting at very early
ages, which well represents field conditions of actual structures. Restrained stresses were measured using a specially designed frame. The
concretes were cured and tested at two different temperatures (23°C versus 33°C) and ground granulated blast furnace slag contents
(0% versus 30% of the total cementitious materials by mass). A modified tensile creep model is proposed to account for the high viscosity
of concrete under constantly restrained conditions, allowing more accurate assessments of stress and cracking potential in structures such as
slabs or pavements on the ground. DOI: 10.1061/(ASCE)MT.1943-5533.0000671. © 2013 American Society of Civil Engineers.
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Introduction

Early-age cracking in concrete is generally a result of internal
tensile stresses induced by restrained shrinkage other than external
loading. Thermal dilation and autogenous shrinkage are considered
the two major deformations leading to early-age cracking of
concrete, affecting the durability of newly constructed or repaired
structures. Stress assessment and cracking potential evaluation
have attracted considerable interest in the concrete community
[American Concrete Institute (ACI) 2010]. One of the most crucial
factors in accurate shrinkage stress evaluation is the tensile creep or
relaxation behavior of concrete, which is of significance especially
for concrete loaded at early ages when massive relaxation might
occur and varies with ages (Westman 1995; Altoubat and Lange
2001; Pane and Hansen 2008).

However, measuring tensile creep is a complicated task, espe-
cially on young concrete due to the simultaneous physical and
chemical property variations at early ages (Altoubat and Lange
2001). The majority of past efforts focused on evaluating compres-
sive creep testing data on hardened concretes (ACI 1992; Comité
Euro-International du Béton-Fédération International de la Précon-
trainte (CEB-FIP) 1993; Bažant and Baweja 2000). However, the
viscoelastic behavior of concrete under tension might be different
from that under compression. The strong age-dependent properties

of tensile creep have been found in concrete loaded within the first
24 h after setting. Modifications to existing compressive creep
models have been made to satisfactorily capture the early-age
tensile creep behavior (østergaard et al. 2001). In addition, micro-
cracks might occur in such structures when the tensile stress/
strength ratio exceeds the proportional limit, and this further com-
plicates the linearity and the magnitude of creep deformations
(Hossain and Weiss 2004).

Assessing the stress and cracking potential in concrete requires
an appropriate tensile creep model capable of representing filed
conditions. Tensile creep was conventionally measured on concrete
under a constant load applied vertically at certain ages (østergaard
et al. 2001; Pane and Hansen 2008). In some structures, such as
newly constructed slabs on ground (Fig. 1), tensile stress might
generate due to axial restraint right after set and grows slowly
and continuously for a very long period of time. Stress evaluation
of such structures requires a creep or relaxation function deter-
mined in a system subject to similar restraint conditions. For this
purpose, this study was performed to measure the strain-stress
development in axially restrained concrete specimens starting at
very early ages using a specially designed frame. A creep compli-
ance function is then indirectly determined based on the measured
strain-stress data to account for the high-viscosity property. A re-
laxation model is proposed based on creep compliance analysis,
allowing more accurate stress prediction and associated cracking
potential evaluation in field structures. To investigate temperature
and pozzolanic effects, concretes containing ground granulated
blast furnace slag (GGBFS) were cured and tested at 23 and 33°C.

Determining Tensile Creep from Strain-Stress
Measurements

Methodology

Before determining tensile creep compliance, both free strain
and restrained stress should be known through measurement first.
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Tensile creep compliance is then indirectly calculated based on
measured strain-stress development data. The procedure is detailed
as follows.

The development of total shrinkage strain in a concrete after
setting is written as

εðtÞ ¼ εshðtÞ þ εTðtÞ þ εσðtÞ

¼ εauðtÞ þ αΔTðtÞ þ
Z

t

0

Jðt; t 0Þdσðt 0Þ ð1Þ

where εshðtÞ = shrinkage strain [it is autogenous shrinkage εauðtÞ in
this study for a sealed-cured condition]; εTðtÞ = thermal strain; α =
coefficient of thermal expansion of concrete; ΔTðtÞ = temperature
change relative to zero-stress temperature; εσðtÞ ¼ ∫ t

0Jðt; t 0Þdσðt 0Þ
= strain due to stress increment applied at time t 0; Jðt; t 0Þ = tensile
creep compliance function.

For a fully restrained condition, however, the total shrinkage
strain at time t should be zero. Thus, Eq. (1) becomes

Z
t

0

Jðt; t 0Þdσðt 0Þ ¼ −½εauðtÞ þ εTðtÞ� ð2Þ

in which ∫ t
0Jðt; t 0Þdσðt 0Þ can be calculated numerically based on

measured tensile stress increment Δσðt 0Þ applied at time t 0 and
appropriate creep compliance function Jðt; t 0Þ. Jðt; t 0Þ can re-
present existing models or a modification to existing models. The
strain caused by stress at tiþ1 is the summation of strain increments
due to stress increment Δσj applied during all the previous time
intervals:

Z
t

0

Jðt; t 0Þdσðt 0Þ ¼
Xi

j¼1

Δεjðtiþ1Þ

¼ −Xi

j¼1

Δσj½Jðtiþ1; tj−1Þ þ Jðtiþ1; tjþ1Þ� ð3Þ

By combining Eqs. (2) and (3), the tensile creep compliance
Jðt; t 0Þ can be determined if Δσj, εauðtÞ, and εTðtÞ are known.
εauðtÞ and εTðtÞ can be obtained by either experimental measure-
ments or predictions; Δσj can be measured from restrained stress
tests. Thus, the compliance function obtained represents the tensile
creep behavior of concrete subject to sustained tension loading
starting at very early ages. Moreover, two existing models as de-
scribed subsequently will be used in Eq. (3) to verify whether they
are appropriate for restrained stress assessment.

Existing Models

The B3 model is the mathematical expression of solidification
theory-based structural creep law (Bažant and Baweja 2000).
The theory found that the aging aspect was due to the growth
of the volume fraction of the load-bearing portion of solidified
matter whose properties are age independent (Bažant 1988; Bažant
and Prasannan 1989). The B3 model was found to agree better with
the experimental data. Its compliance function has the following
form:

Jðt; t 0Þ ¼
q1|{z}

instantaneous

compliance

þ
q2Qðt; t 0Þ|fflfflfflfflfflffl{zfflfflfflfflfflffl}

aging

viscoelastic

compliance

þ
q3 ln½1þ ðt − t 0Þn�|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

nonaging

viscoelastic

compliance

þ
q4 ln

�
t
t 0

�
|fflfflfflfflfflffl{zfflfflfflfflfflffl}
flow

compliance

ð4Þ

The individual terms q1, q2, q3, and q4 in Eq. (4) are the
empirical material constitutive parameters based on concrete
strength and composition, which represent physically distinct com-
ponents of creep, as indicated earlier, where q1 ¼ 0.6 × 106=E28;
q2 ¼ 185.4c0.5f−0.9c ; q3 ¼ 0.29ðw=cÞ4q2; q4 ¼ 20.3ða=cÞ−0.7;
n ¼ 0.1; Qðt; t 0Þ is a function of t 0 and t; E28 = elastic modulus
of concrete at 28 days; fc = compressive strength at 28 days; c =
cement content; w=c = water-to-cement ratio; and a=c = aggregate-
to-cement ratio. Note that these parameters were calibrated with
English units (inch-pounds).

The B3 model was developed from compressive creep test data
on hardened concrete, and thus its application might be limited. A
study by østergaard et al. (2001) showed that concrete exhibits high
tensile creep strain if loaded at ages less than or equal to 1 day, and
a modification to q2 in B3 model to seize the very early-age high-
viscoelastic behavior was proposed:

q 0
2 ¼ q2

�
t 0

t 0 − q6

�
ð5Þ

where q6 = a new parameter introduced to capture the very high
early-age creep, and it was considered as a structural setting time
from liquid viscoelastic to solid viscoelastic status. The magnitude

Fig. 1. Test method simulating field slab conditions: (a) side view of slab on ground; (b) top view of restrained shrinkage test where creep occurs;
(c) side view of conventional tensile creep test under constant load
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of q6 will always be less than the earliest physical testing time.
The østergaard model was found satisfactory in describing tensile
creep behavior in concrete subject to a constant load applied at
early ages. According to østergaard et al. (2001), the best fit value
of q6 equals 0.58 days for a loading age of 0.67 days, and the effect
of the proposed correction vanishes after less than 3 days.

In this study, both the B3 model and østergaard’s model are used
to validate whether they are applicable for stress assessment in con-
crete subject to constant restraint. A more appropriate creep model
will then be proposed based on these two models.

Experimental Strain-Stress Measurements and
Analysis

Materials and Mixture Proportions

Type I ordinary portland cement (OPC) was used. As a supplemen-
tary cementitious material, GGBFS was used for evaluating the
pozzolanic effect on early-age stress development and tensile creep
behavior. The GGBFS was Grade 120, and the replacement level
was 0% versus 30% of the total cementitious materials by mass.
The chemical compositions of both the OPC and GGBFS are
shown in Table 1.

This paper investigates concrete mixtures for particular applica-
tions such as concrete pavements or slabs on the ground. Therefore,
typical pavement concrete mixture with a water/binder (w=b) ratio
of 0.45 is used, and a target air content of 6.5� 1.5% is also
adopted for pavement applications. The coarse aggregate used in
the concrete mixture was crushed limestone with a maximum
aggregate size of 12.5 mm. The fine aggregate was natural sand
with a fineness modulus of 2.56. Since temperature was thought
to affect creep properties at early ages (Hauggaard et al. 1999), con-
cretes were cured and tested at two different temperatures of 23 and
33°C, respectively. For the case of 33°C, each material components
were preconditioned prior to mixing by storing in an oven with
temperature controlled at 33� 1°C. The mixture proportions and
fresh properties of the concrete investigated are presented in
Table 2.

Unrestrained and Restrained Shrinkage Test

Unrestrained and restrained shrinkage tests were conducted for
assessing strain and stress development. In unrestrained tests,

one-dimensional linear autogenous shrinkage was measured on
sealed specimens using a double-walled, water-cooled, stainless-
steel apparatus. The detailed testing procedure can be found
elsewhere (Wei et al. 2011).

The restrained shrinkage test measures stress development in an
axially restrained concrete using a horizontal testing frame or tem-
perature stress testing machine (TSTM) built for this purpose
(Fig. 2). The TSTM was initially used to measure autogenous
shrinkage and the induced stresses (Paillere et al. 1989) and was
later employed to study the tensile viscoelastic behavior of concrete
(Kovler et al. 1999; Choi and Oh 2010).

The frame used in this study is composed of a load cell and an
actuator with servohydraulic control. One grip is fixed to the load
cell and the other one is connected to the actuator for free move-
ment. To provide a sufficient restraint condition and to avoid drift
over a long period of time, the actuator was computer controlled to
move cyclically relative to its original position. The cycles for
the length adjustments are such that the amplitude of movement
is relatively small (smaller than 1 to 5 μm for a 1,000-mm-long
specimen), so that the concrete can be assumed to be under a
“full-restraint” condition (Bentur and Kovler 2003). This type of
frame is known as an active restraining rig for achieving a full
restraint, which is independent of the restraining rigidity of the test-
ing rig (Springenschmid et al. 1994; Bentur and Kovler 2003). In
this study, the actuator was controlled to move cyclically at an
amplitude smaller than 3 μm relative to its original position and
at a time interval of 2 s. The specimen was directly cast into
the foam-insulated mold already positioned in the test rig. Two
ends of the specimen were enlarged to ensure a uniform stress
distribution at the central part. A thin vinyl sheet was placed
between the specimen and the mold to avoid frictional resistance.
Immediately after casting, the upper surface of the specimen was
covered with a plastic sheet to prevent any water evaporation. The
mold was equipped with copper pipes that could circulate constant-
temperature (23� 1°C or 33� 1°C) water from a heating-cooling
control bath. During the entire testing period, the specimen was
sealed cured. The temperature field in the specimen was measured
at three locations along the specimen depth. It was found that the
specimens had a quite uniform temperature distribution along the
depth at all times. The stress measurements started immediately
after casting.

Analysis of Stress Development in Restrained
Concrete

In concrete, both thermal- and moisture-related deformations con-
tribute to early-age stress development. For the sealed-cured spec-
imens investigated in this study, the development of early-age stress
was a result of restrained thermal and autogenous deformations.

Table 1. Chemical Compositions of Cementitious Materials

Materials OPC GGBFS

Blaine fineness (cm2=g) 4290 6020

SiO2 (%) 20.4 37.49
Al2O3 (%) 5.04 7.77
Fe2O3 (%) 2.51 0.43
CaO (%) 62.39 37.99
MgO (%) 3.43 10.69
SO3 (%) 2.75 3.21
Na2O (%) 0.25 0.28
K2O (%) 0.67 0.46
Total as oxides 97.47 —
C3S 53.66 —
C2S 18.01 —
C3A 9.11 —
C4AF 7.64 —

Notes: OPC = ordinary Portland cement; GGBFS = ground granulated
blast-furnace slag.

Table 2. Proportions of Concrete Mixtures (kg=m3)

Mixture name O-1 O-2 G-1 G-2

Cement 451 451 316 316
GGBFS 0 0 135 135
Water 203 203 203 203
Limestone 402 402 402 402
Sand 1143 1143 1143 1143
AEA 1.5 1.5 1.2 1.2
Fresh air content (%) 8 6.5 7.4 6
Slump (mm) 70 65 79 58
Fresh temperature (°C) 24.2 32.6 22 32.2
Curing and testing temperature (°C) 23 33 23 33

Note: GGBFS = ground granulated blast furnace slag; AEA = air-entraining
admixture.
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The typical curves of temperature, strain, and stress developments
are shown in Fig. 3 for the O-1 mixture. It was found that the
restrained stress was induced a few hours after casting. A thermal
effect dominated the compressive stress development. The temper-
ature increased from the mixing temperature to the maximum due
to cement hydration and was then stabilized at the end of the first
day, indicating that autogenous shrinkage would be the major driv-
ing force thereafter for tensile stress development.

In Fig. 3(a), Tzero-stress is the temperature where the correspond-
ing restrained stress switches from compression to tension. After
Tzero-stress, any temperature drop and shrinkage deformations, if re-
strained, will generate tensile stress. Correspondingly, εzero-stress,
shown in Fig. 3(b), is defined in this study as the strain where
the corresponding restrained stress switches from compression
to tension. εzero-stress was used as the starting point of shrinkage

deformation for the purpose of tensile creep evaluation. It should
be noted that εzero-stress is not necessarily zero because, as a result of
the high relaxation property of young concrete, most of the com-
pressive stress being relaxed and a rapid stress transformed from
compression to tension.

The measured free autogenous shrinkage and restrained stress
developments are shown in Fig. 4 for the four mixtures investi-
gated. It can be seen that none of the tests caused failure of the
concrete specimens during the testing period. Stress developments
closely followed strain developments. For concrete mixtures with
w=c ¼ 0.45, the autogenous shrinkage was expected to be small.
It was approximately 50 μm for the OPC system and 100 μm for
the GGBFS system at the age of 12 days. However, a high curing
temperature (33°C) resulted in faster and greater strain and stress
developments because cement hydration and self-desiccation were

actuator

Concrete specimen

100 x 200mm 

cross section

100 x 100mm

cross section

100 x 200mm 

cross section

Load cell

restraining 

bars

810mm

Fig. 2. Top view of restrained shrinkage test

Fig. 3. Typical curves of (a) temperature and stress developments; (b) strain and stress developments in a sealed-cured concrete

Fig. 4. Measured autogenous shrinkage and restrained stress of four concrete mixtures
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accelerated under the high temperature conditions. In the same
curing temperature conditions, 30% of the GGBFS showed a minor
effect on strain and stress development.

For tensile creep analysis, the shrinkage deformation relative to
εzero-stress, the associated tensile stress, and the direct tensile strength
of the four concrete mixtures are shown in Fig. 5. It can be seen that
the induced tensile stress from restrained thermal and autogenous
shrinkage deformations could be significant. The tensile stress/di-
rect tensile strength ratio could exceed 60% at later ages. A ratio of
the tensile stress to strength is generally used to indicate how close
a concrete might fail even if cracking is not observed (Hossain and
Weiss 2004). It was suggested that a stress ranging from 60 to 70%
of the tensile strength is considered to be the limit for concrete to
develop cracks or fail in the restrained condition (Shah et al. 1998;
Igarashi et al. 2000; Kristiawan 2005). Therefore, sustained tensile
stress might cause premature microcracking, which can induce a
large amount of later-age creep in the concretes investigated in
this study.

Direct tensile strength should be used in cracking potential
evaluation because it is more representative than split tensile
strength. Note that the direct tensile strength shown in Fig. 5
was determined by breaking the specimen at various ages using
the TSTM (Fig. 2). The split tensile strength was measured on cyl-
inder specimens with dimensions of Φ 100 × 200 mm. The rela-
tionship between direct tensile strength and split tensile strength
is shown in Fig. 6. It can be seen that the ratio of these two is
approximately 0.8. Sanjayan (2008) found that this ratio was in
the range of 0.85–0.87. Altoubat and Lange (2001) found the ratio
to be approximately 0.6–0.72 for OPC concrete with a w=c of 0.5.

From Fig. 5, the measured restrained stress is significantly re-
duced as compared to the elastic stress. Therefore, it is suspected
that the continuous restraint to shrinkage deformations starting at
very early ages could induce a large stress relaxation. Igarashi et al.
(2000) also found large creep deformation in the restrained autog-
enous shrinkage test and concluded that this behavior was typical
for loading at very early ages. The creep property of concrete

depends on many factors, and the age of the concrete at the time
of loading, the loading rate, and the w=c ratios are all important
ones. Another important factor contributing to large creep might
be the “flow” property of an axially restrained concrete. Like plastic
flow, flow in a solid is found to be a consequence of stress differ-
ences at different locations (Reiner 1949). For a restrained speci-
men, as shown in Fig. 2, the local autogenous shrinkages reach
equilibrium at all times due to the fact that autogenous shrinkage
is a material-related property and independent of conditions such as
structure geometry and external restraint. However, there exists a
delay of local shrinkage stress equilibrium at different locations due
to the external and internal restraints. This will cause a stress dif-
ference at different locations, and thus flow develops in such
restrained concrete.

Modified Creep Model for Concrete Subject to
Constant Restraint at Very Early Ages

Modified Compliance Function from Strain-Stress
Measurement

As mentioned previously, the tensile creep behavior of concrete
subject to constant restraint is suspected of being different from
that measured by a conventional tensile creep test. Evaluations
using the B3 model and østergaard’s model were conducted to
validate whether these two models are appropriate for describing
the tensile creep behavior of concrete subject to constant restraint.
According to Fig. 7, neither of the two models produces accurate
shrinkage strain prediction for all mixtures. østergaard’s model
prediction fits well with the measured strain at early ages (less than
approximately 3 days) because of the modification made to incor-
porate the high early-age creep [Eq. (5)]. For later-age strain
prediction, both the B3 model and østergaard’s model underesti-
mate the creep strain of concrete subject to constant restraint.
This might be due mainly to the fact that these two models

Fig. 5. Relationship between shrinkage, stress, and direct tensile strength developments of four concrete mixtures

JOURNAL OF MATERIALS IN CIVIL ENGINEERING © ASCE / SEPTEMBER 2013 / 1281

J. Mater. Civ. Eng. 2013.25:1277-1284.

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

U
ni

ve
rs

ity
 o

f 
M

ic
hi

ga
n 

on
 0

1/
21

/1
4.

 C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



were developed based on a conventional creep test without a
sustained restraint condition and microcracking in the concrete
involved.

Since østergaard’s model captures early-age tensile creep behav-
ior well, a further modification based on this model is preferable
to account for both high early-age and later-age creep of concrete
subject to constant restraint. According to Bažant et al. (1997),
long-term creep is mostly a consequence of the relaxation of micro-
prestress in the micropores of cementitious materials, leading to a
viscous flow of concrete. For concrete subject to sustained tension,
the relaxation of microprestress is expected to grow continuously as
new hydrates are produced. At the macroscopic level, this move-
ment within the micropores of concrete is accounted for by the flow
creep strain. Therefore, the long-term large creep in an axially re-
strained specimen should be exhibited by the flow term in the
creep model.

By observing Eq. (4), to account for the high later-age creep
caused by the “flow” behavior of concrete, it is reasonable to modi-
fied the flow parameter q4 by the parameter q7, as shown in the
following equation:

Jðt; t 0Þ ¼ q1 þ q2

�
t 0

t 0 − q6

�
Qðt; t 0Þ þ q3 ln½1þ ðt − t 0Þn�

þ q4 · q7 ln

�
t
t 0

�
ð6Þ

q7 is expected to be greater than 1 to account for the long-term
flow creep. The predicted strain using the modified model [Eq. (6)]
agrees well with the measured strain, as shown in Fig. 7. The values
of q6 and q7 are calculated and listed in Table 3 for each mixture.
From Table 3, q6 ¼ 0 for the O-1 and O-2 mixtures, and q6 ¼ 0.5
for the G-1 and G-2 mixtures. According to østergaard et al. (2001),
q6 is considered as a structural setting time from liquid to solid
viscoelastic, and larger value of q6 indicates a higher early-age
creep. The results show that parameter q6 is sensitive to cementi-
tious material types, and concrete containing 30% GGBFS results
in slightly greater early-age tensile creep. On the other hand, the
curing temperature has a minor effect on parameter q6 and, corre-
spondingly, early-age tensile creep due to the relative short-time
period that temperature can affect. From Table 3, q7 ¼ 8 for the
O-1 and O-2 mixtures, and q7 ¼ 15 and 12 for the G-1 and G-2
mixtures, respectively. The greater the magnitude of q7, the larger
the flow creep of the concrete. The calculated results of q7 indicate
that q7 is sensitive to cement type, and concrete containing GGBFS
has greater later-age flow deformation as well. The temperature
effect on q7 is minor. In addition to the flow component, the param-
eter q7 in the modified creep model might be able to take the micro-
cracking effect into account when the measured stress/strength ratio
approaches the proportional limit.

Fig. 6. Relationship between direct tensile and split tensile strength of
concrete

Fig. 7. Prediction of shrinkage deformation from measured stresses using different creep models
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Relaxation Modulus Based on Modified Compliance
Function

For stress evaluation, the relaxation modulus Rðt; t 0Þ must be
known. This can be done by transforming the creep compliance
Jðt; t 0Þ into a relaxation modulus by solving the volterra integral
equation (Neville et al. 1983):Z

t

0

Jðt; t 0ÞdRðt 0Þ ¼ 1 ð7Þ

Solving Eq. (7) requires that Jðt; t 0Þ be a function with param-
eters either fixed or a continuous function of age. A log-power form
function is found to be suitable for the modified creep compliance
function because it was shown to be very simple yet accurate and
at the same time produces a nonnegative relaxation modulus
(Pane and Hansen 2008). It is expressed as

Jðt; t 0Þ ¼ 1

Eðt 0Þ þ p1 ln½1þ p2ðt 0Þðt − t 0Þp3 � ð8Þ

where 1=Eðt 0Þ = instantaneous compliance; p1 and p3 = material
constants to be determined; p2ðt 0Þ varies with age and can be
written as

p2ðt 0Þ ¼ c1t 0−c2 ð9Þ

Eq. (7) was then numerically solved for Rðt 0Þ using a trapezoidal
integration scheme:

Rðt; t 0Þ

¼−
P

k−1
i¼1 ½Jðtk; tiÞþ Jðtk; ti−1Þ−Jðtk−1; tiÞ− Jðtk−1; ti−1Þ�ΔRðtiÞ

Jðtk; tkÞþ Jðtk; tk−1Þ
ð10Þ

The relaxation modulus calculated is shown in Fig. 8 as the
dotted lines, which can be fitted using a hyperbolic relaxation func-
tion as the solid lines shown in Fig. 8:

Rðt; t 0Þ ¼ Eðt 0Þ

2
641 −

h
t−t 0
d1t 0d2

i
p

1þ
h

t−t 0
d1t 0d2

i
p

3
75 ð11Þ

where Eðt 0Þ = elastic modulus at time t 0; the set of parameters d1,
d2, and p, which give the best fit with the experimental data, are
tabulated in Table 3.

After obtaining the relaxation modulus, the restrained tensile
stress in concrete can be calculated numerically using the following
equation:

σðtiþ1Þ ¼
Xi

j¼1

Δσjðtiþ1Þ ¼
Xi

j¼1

−αtΔTj þΔεj
2

½Rðtiþ1; tj−1Þ

þ Rðtiþ1; tjþ1Þ� ð12Þ

The modified tensile creep and relaxation modulus functions
allow for a more accurate assessment of the shrinkage stress and
cracking potential in newly constructed structures or repairs.

Table 3. Parameters for Creep Compliance and Relaxation Modulus
Prediction

Mixture q6 q7 d1 d2 p

O-1 0 8 0.526 0.977 0.731
O-2 0 8 0.502 0.947 0.683
G-1 0.5 15 0.380 0.747 0.901
G-2 0.5 12 0.440 0.877 0.795

Note: q6, q7 are parameters as shown in Eq. (6); d1, d2, and p are
parameters as shown in Eq. (11).

Fig. 8. Relaxation modulus calculated from modified creep model
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Conclusions

This study was performed to investigate the strain-stress develop-
ments and viscoelastic behaviors of concrete subject to constant
restraint starting at very early ages. The constantly restrained spec-
imens tested in this study well represent the field conditions of ac-
tual structures. The concretes were cured and tested at two different
temperatures (23 and 33°C) and GGBFS contents (0 and 30% of
the total cementitious materials by mass). The major findings are
as follows:
1. The restraint to thermal and autogenous deformations caused

high internal stress. The induced tensile stress/strength ratio
could exceed 60%, where premature microcracking may oc-
cur. A high curing temperature caused faster and greater strain
and stress developments. GGBFS did not significantly affect
strain-stress development during the testing period of 12 days
of this study.

2. Continuous restraint to concrete shrinkage deformation start-
ing at very early ages induced a large tensile creep strain. The
viscous behavior of concrete under a sustained tension load
was different from that of a conventional tensile creep test.
The creep behavior under such conditions was complicated
by the very early-age and sustained load application, viscous
flow, and potential microcracking in concrete. The restrained
shrinkage stress could not be predicted accurately by the ex-
isting models, which are based on conventional tests with
constant loads applied at certain ages.

3. A creep compliance function was determined indirectly from
restrained strain-stress measurements. The new function was
modified based on solidification theory, incorporating a high
viscous flow property and possible microcracking effect of a
constantly restrained concrete by the parameter q7. From the
modified compliance function, concrete containing GGBFS
showed higher early-age and flow creep deformation. Such
a blended system also showed sensitivity to temperature
effects on flow creep under a sustained tension load.

4. The modified compliance and relaxation modulus functions
allowed for more accurate assessment of shrinkage stress
and cracking potential in newly constructed structures and re-
pairs. However, it should be noted that this paper provided
only a limited amount of experimental evidence, and the con-
clusions should be regarded as preliminary. More experiments
on the effects of w=c ratios or other factors are needed for
verification.
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