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Abstract

This paper presents the development of formulas to estimate the long-term creep and shrinkage of high-strength concrete. The exper-
imental part of the work focused on concrete mixes having a fixed water/binder ratio of 0.35 and a constant total binder content of
500 kg/m3. The percentages of silica fume that replaced cement in this research were: 0%, 6%, 8%, 10% and 15%. According to the exper-
imental results some equations are proposed for predicting the time-dependent behaviour of high-strength concrete. Based upon a survey
of published experimental data, the accuracy of the proposed equations compares favorably with that of several common methods, which
were developed for estimating the creep and shrinkage of normal strength concrete. Also, according to the experimental work, it is shown
that to improve the estimation of long-term deformations of high-strength concrete utilizing the ACI and CEB methods, the results of
short-term tests should be substituted into them.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The importance of creep and shrinkage is significant in
that each, depending upon the concrete maturity at load-
ing, can be two to four times larger than the elastic strain
[1]. The problem of exact predicting the long-term defor-
mations of high-strength concrete remains too. In fact, reli-
able estimation according to the existing models is not
possible because they are developed for ordinary concrete
and also the influence of aggregate cannot be estimated
without tests. Therefore, it is desirable to develop means
of estimating long-term deformations from short-term
tests. In other words, if very accurate predictions of defor-
mations are required, the long-term behaviour must be
extrapolated, using an assumed time function, from creep
and shrinkage tests performed on the prototype concrete.
However, relatively simple prediction equations are
required for design when the only factors known to the
design engineer are specified concrete strength, age of load-
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ing, probable ambient humidity and the volume to surface
ratio of the member.

Clearly, the accuracy of the prediction of creep and
shrinkage depends upon the form of the time function
used. Neville et al. [2] have reviewed the various types of
equations generally used, which are: power expression, log-
arithmic expression, exponential expression and hyperbolic
expression. A combined power and hyperbolic form, sug-
gested by Branson et al. [3], is also of interest. The present
paper suggests improved prediction expressions derived
from experimental results obtained by the author and ver-
ified against the test results of other investigators. It is
worth noting that the final prediction expressions were
published earlier [4]; however, they were not verified based
upon a survey of the published experimental data. Also
some recommendations are suggested for improving the
exactness of the existing models for predicting the long-
term creep and shrinkage of high-strength concrete.

2. Experimental details

The cementitious materials used were ordinary Portland
cement (OPC) and silica fume (SF), their chemical compo-
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sitions and physical properties being given in Table 1.
Details of the mix proportions for the concrete containing
different levels of silica fume are given in Table 2. Crushed
granite sand and gravel with a nominal maximum size of
10 mm were used as the aggregates. The control mix was cast
using OPC, while the other mixes were prepared by replac-
ing part of the cement with silica fume at four different
replacement levels on mass-for-mass basis. The water/
cement ratio and the slump of control high-strength concrete
were 0.35 and 100 ± 10 mm, respectively. The same water/
binder ratio of 0.35 was used for the other concrete mixes
with the same amount of slump. Consequently, the dosage
of superplasticiser changed due to the effect of the different
levels of silica fume. The superplasticiser used is based on
melamine formaldehyde and lignosulfonate. For each mix,
the following specimens were made: 24 100 mm cubes for
compressive strength; eight 80 · 270 (diameter · length)
mm cylinders for creep; four 80 · 270 mm and four 150 ·
300 mm cylinders for shrinkage. The details of the experi-
mental work including the actual mixes used, test procedures
and the spread of the results were published earlier [4].

3. Modeling

The equation used by the author for predicting the creep
of the investigated concrete mixes is a hyperbolic-power
expression as follows:
Table 1
Chemical composition and physical properties of cementitious materials

Item Cementitious materials (%)

Ordinary Portland cement Silica fume

SiO2 21.46 91.70
Al2O3 5.55 1
Fe2O3 3.46 0.9
CaO 63.95 1.68
MgO 1.86 1.8
Cl – 0.08
SO3 1.42 0.87
K2O 0.54 –
Na2O 0.26 –
LOI – 2
Compounds

C3S 50.96 –
C2S 23.1 –
C3A 8.85 –
C4AF 10.53 –
Fineness

SSA (m2/kg) 330 14,000

Table 2
Mix proportions of concrete containing different levels of silica fume

Mix components Concrete mixes

OPC SF6 SF8 SF10 SF15

Cement (kg/m3) 500 470 460 450 425
Silica fume (kg/m3) 0 30 40 50 75
Superplasticiser (kg/m3) 8.17 9.78 10.62 11.71 13.34

Gravel: 1203 kg/m3, sand: 647 kg/m3, water: 175 kg/m3 W/b = 0.35.
Cðt; t0Þ ¼
ðt � t0Þd

A � ðt � t0Þd þ B
ð1Þ

or

Y ¼ A � X þ B ð2Þ

where X = (t � t0)d, Y = (t � t0)d/C(t, t0), (t � t0) is dura-
tion of loading and t0 is loading age. The same equation
is utilized for predicting the shrinkage of the concrete
mixes. According to the experimental data, the values X

and Y can be measured at each time. A plot of Y against
X gives a straight line of slope A, and the intercept on
the ordinate is equal to B. In this stage, Eq. (2) can be
drawn after assuming a specific value for d. In fact, d is a
constant power and if d = 1, Eq. (1) becomes a simple
hyperbolic expression. The experimental results published
earlier [4] show that the suggestions of ACI committee
209-92 [5] for d are applicable for the creep and shrinkage
of high-strength concrete. These values are 0.6 and 1,
respectively. According to Eq. (1) when (t � t0)!1, the
limiting specific creep Cu! 1/A and thus the limiting creep
can be obtained directly from experimental results.
Therefore:

Cðt; t0Þ ¼
ðt � t0Þ0:6

ðt � t0Þ0:6 þ B � Cu

� Cu ð3Þ

It can be seen when B Æ Cu! (t � t0)0.6, one-half of the ulti-
mate creep is expected to occur. This means, considering
the time-dependent behaviour of concrete, both A and B

are meaningful and each of them shows a specific charac-
teristic of concrete. All these parameters for the specimens
loaded at the age of 7 days are given in Table 3. According
to this table, the relation between ultimate specific creep
and the proportion of silica fume can be found utilizing
regression analysis as follows:

Cu ¼ �3:65SFþ 103 ðR2 ¼ 0:9314Þ ð4Þ

where SF is the percentage of silica fume replaced cement.
It is clear that as the proportion of silica fume increased,
the ultimate creep decreased. This may happen because
of improving the strength of concrete at the age of loading
as a result of increasing the silica fume replacement level.
In fact, some researchers believe that specimens having
higher compressive strength show lower creep [6–8]. Also
the relation between B Æ Cu and the proportion of silica
fume can be obtained in a similar manner as follows:
Table 3
Creep parameters of the specimens loaded at the age of 7 days

Mix components Concrete mixes

OPC SF6 SF8 SF10 SF15

B 0.2387 0.2703 0.2868 0.2573 0.2096
A 0.0095 0.0117 0.0153 0.0155 0.0190
R2 0.9795 0.9893 0.9846 0.9815 0.9954
Cu = 1/A 105.26 85.47 65.36 64.52 52.63
B Æ Cu 25.11 23.1 18.75 16.60 11.03



Table 4
7- and 28-day compressive strength and modulus of elasticity

Kind and age
of concrete

Compressive
strength (MPa)

Measured
modulus
(GPa)

Predicted modulus
by Eq. (9) (GPa)

OPC

7 days 46 28.8 30.2
28 days 58 34.4 34

SF6

7 days 50.5 31 31.7
28 days 65 35.5 36

SF8

7 days 52 31.2 32.2
28 days 68 37.3 36.8

SF10

7 days 52 31.1 32.2
28 days 67.5 37 36.6

SF15

7 days 53 31.5 32.5
28 days 70 38.1 37.3
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B � Cu ¼ 26:5� SF ðR2 ¼ 0:9304Þ ð5Þ

The age, or fraction developed concrete strength, at which
the concrete is loaded is known to influence the magnitude
of the creep strains. In this research, the ratio of the ulti-
mate specific creep of the specimens loaded at the age of
28 days to the ones loaded at the age of 7 days (Cu28/

Cu7) are between 0.75 and 0.78 with the average value
and standard deviation of 0.76 and 0.012, respectively.
Consequently, Eq. (3) should be multiplied by a correction
coefficient, which is 1 and 0.76 for the loading ages of 7 and
28 days, respectively. For the other loading ages, which are
more than 7 days, the coefficient above may be interpolated
or extrapolated from these two benchmarks by the follow-
ing equation:

Y ¼ 1:08� 0:0114t0 ð6Þ

where t0 is loading age. By substituting (4) and (5) into (3)
and considering (6) the specific creep (Creep/MPa) equa-
tion becomes:

Cðt; t0Þ ¼
ðt � t0Þ0:6

ðt � t0Þ0:6 þ ð26:5� SFÞ
� ð103� 3:65SFÞ

� Y � ð1E � 6Þ ð7Þ

It is worth noting that creep is considered to have two com-
ponents: basic creep obtained from sealed samples and dry-
ing creep, which is calculated by subtracting the basic creep
and the shrinkage strain from the total deformation of
loaded unsealed samples stored at the required relative
humidity. The dimensions of the specimen and also the rel-
ative humidity are not considered in Eq. (7) because the
drying creeps of the high-strength specimens investigated
here were negligible [4]. It is clear that the creep strain of
a specimen subjected to a sustained compressive stress of
r (MPa) is equal to r Æ C(t, t0). Some researchers use creep
coefficient [9], which is the ratio of creep at any age t after
application of load at time t0 to the elastic strain at the age
of applying the load t0, so that:

/ðt; t0Þ ¼ Cðt; t0Þ � Ecðt0Þ ð8Þ

where / is creep coefficient and Ec is the modulus of elas-
ticity. The results of modulus of elasticity of concrete spec-
imens containing different levels of silica fume, which were
obtained in the creep tests, are shown in Table 4. In fact,
the cylindrical specimens of 80 · 270 mm height were
loaded at the ages of 7 and 28 days. Because the modulus
of elasticity is related to the level of applied stress and also
loading rate, all the specimens of this research were sub-
jected to a stress of 10 MPa and the time taken to apply
it was about 10 min. It is worth noting that severe internal
micro cracking takes place in a concrete compression spec-
imen at a stress/strength ratio of 0.4–0.6, and below this
limit there is a linear relation between creep and the applied
stress [2]. In this research, the limitation above is consid-
ered and the stress/strength ratio was between 0.14 and
0.22. It is not surprising that, if cracking under high
stress/strength ratios occurs, the creep behaviour changes.
As shown in Table 4, increasing the silica fume replacement
level increases the modulus of elasticity of concrete.
Although ACI 318-95 [10] prediction equation for the mod-
ulus of elasticity was developed from tests on a very differ-
ent type of concrete, it has predicted the modulus of
elasticity of the investigated specimens properly. This result
is in agreement with the findings of Brooks [11]. It should
be mentioned that sealed and drying specimens had similar
values of elastic modulus. ACI 318-95 [10] presents the fol-
lowing equation to calculate the modulus of elasticity:

Ec ¼ 4:7ðfcÞ0:5 ð9Þ
where fc is the compressive strength of standard cylinder
specimen of 150 · 300 mm height in MPa and Ec is the
modulus of elasticity in GPa. Because 100 mm cube speci-
mens were utilized to measure the compressive strength, a
factor of 0.9 has been used to estimate the equivalent cylin-
der strength. This factor is greater than the usual factor of
0.8 that is generally used for lower strength concrete, and it
was chosen after considering the data presented by Imam
et al. [12]. As explained earlier, the assumed shrinkage
equation is quite similar to the one used for creep. It
means:

eshðt; t0Þ ¼
ðt � t0Þ

A � ðt � t0Þ þ B
ð10Þ

or

eshðt; t0Þ ¼
ðt � t0Þ

ðt � t0Þ þ B � eshu

� eshu ð11Þ

It should be mentioned that silica fume replacement level
did not have any significant influence on ultimate shrink-
age. This is in agreement with the finding of the others
[13]. Its average value was 516 microstrain with the stan-
dard deviation of 14.24. All the shrinkage parameters for
the 80 · 270 mm specimens are given in Table 5. According



Table 5
Shrinkage parameters of 80 · 270 mm high drying specimens

Mix components Concrete mixes

OPC SF6 SF8 SF10 SF15

B 0.0241 0.0268 0.0288 0.0325 0.0334
A 0.0019 0.0019 0.0020 0.0019 0.0020
R2 0.9983 0.9986 0.9978 0.9981 0.9982
eshu = 1/A 526 526 500 526 500
B Æ eshu 12.68 14.1 14.4 17.1 16.7
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to this table, the relation between B Æ eshu and the percent-
age of silica fume can be estimated using regression analy-
sis as follows:

B � eshu ¼ 0:3SFþ 12:6 ðR2 ¼ 0:79Þ ð12Þ

Therefore, the shrinkage equation is

eshðt; t0Þ ¼
ðt � t0Þ

ðt � t0Þ þ ð0:3SFþ 12:6Þ � ð516E � 6Þ ð13Þ

Because of the very low moisture movement from the sur-
face of very large and carbonated members, their long-term
creep and shrinkage always decrease. To investigate the
minimum long-term deformation of these members, the
creep and shrinkage of some sealed specimens, which are
called basic creep and autogenous shrinkage respectively,
are studied in this research. It should be emphasized that
autogenous shrinkage is definitely present and not negligi-
ble for high-strength concrete [14]. The shrinkage parame-
ters of the sealed specimens and also the sealed/drying
shrinkage ratios of 80 · 270 mm high specimens are given
in Tables 6 and 7, respectively. According to Table 7, the
effect of silica fume on ultimate sealed/drying shrinkage ra-
tio can be calculated using regression analysis as follows:

Y ¼ 0:014SFþ 0:39 ðfor sealed specimensÞ ð14Þ

In this research, the average ratio of the ultimate shrinkage
of the 150 · 300 mm high specimens to 80 · 270 mm high
specimens (eshu2/eshu1) is 0.88. Consequently, Eq. (13)
should be multiplied by a correction coefficient, which is
Table 6
Shrinkage parameters of sealed specimens

Mix components Concrete mixes

OPC SF6 SF8 SF10 SF15

B 0.1849 0.1298 0.1325 0.1503 0.1350
A 0.0049 0.0042 0.0039 0.0036 0.0032
R2 0.9961 0.9972 0.9964 0.9986 0.9960
eshu = 1/A 204 238 256 278 313

Table 7
Ultimate sealed/drying shrinkage ratio of 80 · 270 mm high specimens

Mix components Concrete mixes

OPC SF6 SF8 SF10 SF15

eshu1/eshu2 0.40 0.46 0.50 0.54 0.61
1 and 0.88 for 80 · 270 mm high specimens (volume/sur-
face ratio = 20 mm) and 150 · 300 mm high specimens
(volume/surface ratio = 37.5 mm), respectively. For the
other specimen sizes, the coefficient above may be interpo-
lated or extrapolated from these two benchmarks by the
following equation:

Y ¼ 1:14� 0:007ðV =SÞ
P 0:014SFþ 0:39 ðfor drying specimensÞ ð15Þ

where V/S is the volume/surface ratio of the specimen in
mm. It is evident that the Y coefficient in very large mem-
bers can not be lower than the one in sealed specimens.
This fact is considered in Eq. (15). As a result, the ultimate
shape of the shrinkage model is

eshðt; t0Þ ¼
ðt � t0Þ

ðt � t0Þ þ ð0:3SFþ 12:6Þ � Y � ð516E � 6Þ ð16Þ
4. Verification of the proposed models

Because Eqs. (7) and (16) have been developed from the
limited data set obtained by the author, they are verified
based upon a survey of published experimental data in this
section. Also these equations are compared with that of
several common methods, which were developed for esti-
mating the creep and shrinkage of normal strength
concrete.
4.1. Creep model

In this part of the work the experimental results of creep
in specimens loaded at the ages of 7 and 28 days are used to
check Eq. (7). Also the results are compared with the ACI
[5], CEB [15], Bazant and Baweja [16] and Gardner and
Zhao [1] prediction methods, which were developed for
the creep of ordinary concrete. These prediction models are

Cðt; t0Þ ¼ 1=Eðt0Þ � t0:6=ð10þ t0:6Þ � /ðuÞ ðACI209-92Þ
ð17Þ

where /(t) is ultimate creep coefficient; and

Cðt; t0Þ ¼ 1=Eðt ¼ 28Þ:½t=ðbh þ tÞ�0:3 � /ðuÞ ðCEB-FIPÞ
ð18Þ

where bh is the shape function of the specimen; and

Jðt; t0Þ ¼ q1 þ C0ðt; t0Þ þ Cdðt; t0; t0Þ ðBazant and BawejaÞ
ð19Þ

where J(t, t 0) is compliance function, q1 is instantaneous
deformation, C0(t, t 0) is basic creep and Cd(t, t 0,t0) is drying
creep; and
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Cðt; t0Þ ¼ 1=Eðt0Þ � f½7:27þ lnðtÞ�=17:18g
� ½1:57þ 2:98 � ðfcm28=fcmt0Þ � ð25=fcm28Þ0:5

� ð1� h2Þ � ft=½t þ 0:1 � ðV=SÞ2�g
ðGardner and ZhaoÞ ð20Þ
where fcmto is concrete strength at the age of loading and h

is relative humidity as a decimal.
It is worth emphasizing that in Bazant and Baweja

method [16] the compliance function, which is elastic strain
plus creep per unit of stress, should be utilized. As shown in
Fig. 1, Eq. (7) and the ACI, CEB, Bazant and Baweja, and
Gardner and Zhao methods are compared for predicting
the creep of high-strength concrete containing different lev-
els of silica fume. In fact, the referenced models of ACI,
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Fig. 1. Comparing different creep models
CEB, Bazant and Baweja, and Gardner and Zhao have
been developed for a wider range of concrete mixes and
it is understandable that they exhibit more scatter for a
smaller dataset of higher strength concrete considered. To
compare these models numerically, the error coefficient
method is used. According to Neville et al. [2] the error
coefficient M for creep at any age t, for concrete subjected
to load at an earlier age t0, is defined as:

M ¼ 1

Cavrðt; t0Þ
�
X ½Coðt; t0Þ � Cpðt; t0Þ�2

n

" #0:5

ð21Þ

where Co(t, t0) is observed creep, Cp(t,t0) is predicted creep
and Cavr(t, t0) is mean observed creep for a number of
observations n. It should be emphasized that, according
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to Neville et al. [2], variable n in Eq. (21) is inside the
square root. In fact, the accuracy of different prediction
methods can be assessed in terms of error coefficient and
a value of 0.15 can be assumed acceptable [2].

Fig. 1 shows that the error coefficients of Eq. (7), ACI
[5], CEB [15], Bazant and Baweja [16], and Gardner and
Zhao [1] for the specimens investigated here were 0.143,
0.515, 0.758, 0.497, and 0.909, respectively. It is clear that
just the error coefficient of Eq. (7) is lower than 0.15. Also
the experimental results existing in the literature are used to
compare the exactness of the five methods above in predict-
ing the creep of high-strength concrete. The comparison of
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Fig. 2. Comparing different creep mode
Eq. (7), ACI [5], CEB [15], Bazant and Baweja [16], and
Gardner and Zhao [1] with the experimental results of
Larrard and Roy [17]; Dilger and Wang [18]; Brooks and
Wainwright [19]; Bilodeau et al. [20]; Buil and Acker [21];
Collins [22]; Ngab, Nilson and Slate [23]; Schrage and
Springenschmid [24]; Brooks and Al-Qarra [25]; Giaccio
et al. [26]; Parrot [27]; Burg and Ost [28]; Marzouk [29] is
shown in Fig. 2. It is worth noting that although these tests
were carried out on different mixes and different specimen
sizes, all the prediction models investigated here have con-
sidered the dimensions of the specimens and the concrete
specifications. As shown in Fig. 2, the error coefficients
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of all the five methods are more than 0.15. It means that
generally reliable estimation according to these models is
not possible because the influence of aggregate cannot be
estimated without tests. Therefore, it may be desirable to
develop means of estimating long-term creep from short-
term tests.
4.2. Shrinkage model

In this part of the investigation the experimental results
of shrinkage in cylindrical specimens of 80 · 270 mm and
150 · 300 mm height are used to check Eq. (16). Also the
results are compared with the ACI [5], CEB [15], Bazant
and Baweja [16], and Gardner and Zhao [1] prediction
methods, which were developed for the shrinkage of ordin-
ary concrete. These prediction equations are:

eshðtÞ ¼ t=ð35þ tÞ � eshðuÞ ðACI 209-92Þ ð22Þ
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Fig. 3. Comparing different shrinkage mod
where esh(u) is ultimate shrinkage; and

eshðtÞ ¼ ½t=ðbsh þ tÞ�0:5 � eshðuÞ ðCEB-FIPÞ ð23Þ

where bsh is the shape function of the specimen; and

eshðtÞ ¼ eshðuÞ � kh � sðtÞ ðBazant and BawejaÞ ð24Þ

where kh and s(t) are relative humidity function and time
function, respectively; and

eshðtÞ ¼ eshðuÞ � bðhÞ � bðtÞ ðGardner and ZhaoÞ ð25Þ

where b(h) and b(t) are relative humidity function and time
function, respectively.

As shown in Fig. 3, Eq. (16) and the Gardner and Zhao
model present the shrinkage of high-strength concrete con-
taining different levels of silica fume properly. To compare
these models numerically, similar to creep equations, the
error coefficient M is used. Fig. 3 shows that the error coef-
ficients of Eq. (16), ACI [5], CEB [15], Bazant and Baweja
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[16], and Gardner and Zhao [1] for the specimens investi-
gated here were 0.096, 0.22, 0.283, 0.196, and 0.089,
respectively.

Also, the experimental results existing in the literature
are used to compare the exactness of the five methods
above in predicting the shrinkage of high-strength con-
crete. The comparison of Eq. (16), ACI [5], CEB [15],
Bazant and Baweja [16], and Gardner and Zhao [1] with
the experimental results of Larrard and Roy [17]; Dilger
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and Wang [18]; Brooks and Wainwright [19]; Bilodeau
et al. [20]; Buil and Acker [21]; Collins [22]; Ngab, Nilson
and Slate [23]; Schrage and Springenschmid [24]; Brooks
and Al-Qarra [25]; Giaccio, Giovamabattista, Rocco and
Zerbino [26]; Parrot [27]; Burg and Ost [28]; Larrard and
Acker [30] is shown in Fig. 4. It is worth noting that
although these tests were carried out on different mixes
and different specimen sizes, all the prediction models
investigated here have considered the dimensions of the
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specimens and the concrete specifications. As shown in
Fig. 4, although the error coefficient of all the five methods
are more than 0.15, the error coefficients of the ACI [5],
CEB [15], Bazant and Baweja [16], and Gardner and Zhao
[1] are 2.11, 1.83, 1.23, and 1.29 times more than the one
presented by Eq. (16). In fact, the referenced methods of
ACI, CEB, Bazant and Baweja, and Gardner and Zhao
have been developed for a wider range of concrete mixes
and it is understandable that they exhibit more scatter
for the smaller data set of higher strength concrete
considered.
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5. Estimating long-term deformations from short-term tests

Close prediction of the future creep and shrinkage is
impossible without short-term measurements on the given
concrete [31]. To determine the shrinkage and creep char-
acteristics of a prototype concrete, it is necessary to con-
tinue measurements for a duration sufficiently long to
minimize perturbation effects due to using not matured
results. According to Figs. 1–4 of the previous paper [4],
the minimum time duration of 56 days is suggested for
short-term tests of high-strength concrete mixes investi-
gated here.
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Fig. 5. Effect of substituting short-term tests into the existing creep
models.
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Fig. 6. Effect of substituting short-term tests into the existing shrinkage
models.
5.1. Creep

The ACI and CEB prediction methods for creep pre-
sented earlier, which are linear product models, can be
shown by the following equation:

CðtÞ ¼ F ðtÞ � Cu ð26Þ

where F(t) and Cu are time function and ultimate specific
creep, respectively. The Bazant and Baweja [16], and Gard-
ner and Zhao [1] models are more complicated and cannot
be summarized and shown by this equation. Using Eq. (26)
for t1 and t2, Cu can be eliminated to give:

Cðt2Þ ¼ Cðt1Þ �
F ðt2Þ
F ðt1Þ

ð27Þ

where t1 is the last time when creep is measured in the lab-
oratory and t2 is the time after t1 that creep will be esti-
mated. Consequently, after measuring the specific creep
at time t1 in the laboratory, Eq. (27) can be used for esti-
mating specific creep at any time t2 after t1. To check this
suggestion using the ACI and CEB models, the measured
specific creep in the laboratory at the ages of t2 = 165,
t2 = 26 and t2 = 403 days for the specimens loaded at the
age of 7 days and also the measured specific creep at the
ages of t2 = 173, t2 = 275 and t2 = 404 days for the speci-
mens loaded at the age of 28 days are compared to their
estimated values from Eq. (27) with the assumption of
short-term test duration = 56 days. The results can be ob-
served in Fig. 5. It is clear that the error coefficients of the
ACI and CEB models have improved and they became
about 0.17 in both methods. As a result, this suggestion



M. Mazloom / Cement & Concrete Composites 30 (2008) 316–326 325
can be used for more exact estimation of creep in high-
strength concrete.

5.2. Shrinkage

The ACI and CEB prediction models presented earlier
for shrinkage at time t2, similar to the creep equations,
can be shown by the following equation:

eshðt2Þ ¼ eshðt1Þ �
F ðt2Þ
F ðt1Þ

ð28Þ

Consequently, after measuring shrinkage at time t1 in the
laboratory, Eq. (28) can be used for estimating shrinkage
at any time t2 after t1. To check this suggestion using the
ACI and CEB models, the measured shrinkage in the lab-
oratory at the ages of t2 = 263, t2 = 423 and t2 = 594 days
are compared to their estimated values from Eq. (28) with
the assumption of short-term test duration = 56 days. The
results can be observed in Fig. 6. It is clear that the error
coefficients of the ACI and CEB models have improved
and they became about 0.16 in both methods. As a result,
this suggestion can be used for more exact estimation of
shrinkage in high-strength concrete.

6. Conclusions

According to the experimental work and published data,
some equations have been developed for estimating the
long-term creep and shrinkage of high-strength concrete.
The accuracy of the proposed equations compares favor-
ably with that of several common methods, which were
developed for estimating the creep and shrinkage of normal
strength concrete. Because of the very low moisture move-
ment from the surface of very large and carbonated mem-
bers, the proposed equations are calibrated by the results of
the sealed laboratory-sized specimens to be used for these
members.

If accurate estimate of long-term deformations is
required, it is necessary that tests be performed on the pro-
totype concrete and long-term strains be extrapolated from
short-term tests. According to the experimental work on
high-strength concrete, the minimum time duration of 56
days is suggested for short-term tests. Also, the proposed
time functions of both the ACI and CEB can be used for
this extrapolation. In fact, because this extrapolation is
sensibly independent of mix proportions, type of aggregate,
size of specimen and age at loading, it represents a suitable
balance between simplicity and accuracy.
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