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Abstract

This paper describes an experimental investigation of how time-dependent deformations of high strength
concretes are affected by maximum size of coarse aggregate, curing time, and relatively low sustained stress level.
A set of high strength concrete mixes, mainly containing two different maximum sizes of coarse aggregate, have
been used to investigate drying shrinkage and creep strain of high strength concrete for 7 and 28-day moist cured
cylinder specimens. Based upon one-year experimental results, drying shrinkage of high strength concrete was
significantly affected by the maximum size of coarse aggregate at early age, and become gradually decreased at
late age. The larger the maximum size of coarse aggregate in high strength concrete shows the lower the creep
strain. The prediction equations for drying shrinkage and creep coefficient were developed on the basis of the
experimental results, and compared with existing prediction models.
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1. Introduction

Creep and drying shrinkage are probably two most dis-
advantageous time-dependent properties of concretes be-
cause they are in direct relation to the proper use of con-
cretes. The uses of high strength concrete (HSC) have
been increased in building structures because HSC achieves
certain desirable requirements such as become taller and
simpler with the reduced sections of concrete structural
elements. Therefore, time-dependent: properties of high
strength concrete become very important to predict in-
service behaviors of HSC structures undergoing a long-term
sustained load."™ A large number of investigations related
to the time-dependent behaviors of concrete have been per-
formed on normal weight concrete and HSC with a variety
of variables such as temperature, concrete composition,
relative humidity, water-cementitious ratio, curing type, and
curing ages of concrete. Over the years, these variables that
influence creep and shrinkage were established even though
these phenomena can not be separated from each other. We
summarize the results from those few investigations which
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focused on the drying shrinkage and creep of concretes.

ACI Committee 209% recommended an equation for pre-
dicting unrestrained drying shrinkage strain at any time
with normal-strength concrete for 7-day moist cured con-
crete as follows:

t
(Ssh)t _?STt(ESh)u (1)

Where, (¢ ,) = shrinkage strain at any time t; t= time in
days; (gsh)u=780 x 10 in/in.(ultimate shrinkage strain).
The value of (¢ ) can be modified by the correction factor
for conditions other than the standard conditions such as the
effects of initial moist curing, ambient relative humidity,
size or volume surface ratio, temperature, and concrete
composition, and the effect of coarse aggregate in not taken
into account.” In addition, ACI Committee 209 recom-
mended an equation for creep coefficient ,, with normal-
strength concrete under standard conditions as follows:

.60
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Where,
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after sustained loading;

cient). The value

=creep coefficient at any time t; t= time in days
=2.35 (ultimate creep coeffi-
can be modified by the correction
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factor for conditions other than the standard conditions such
as the effects of loading age, initial moist curing, ambient
relative humidity, size or volume surface ratio, temperature,
and can be determined by fitting the data obtained from
tests performed in accordance with the ASTM C5 12.'9 Also
these two equations apply to sand lightweight and all light
weight concretes. In 1990, the Euro-International Concrete
Committee adopted new guidelines (CEB 90) for the pre-
diction of drying shrinkage based on experimental results

and analysis of available research data as follows:' >

8cs(t_ts):(‘c‘cso)Bs(t—ts) (3)

€0 =& (fcm )(BRH ) ’ and

f -
€ (fcm) = [160 + 10'35(: (9 - 14(?r5n0)]X10 6
Where, € (t—t,)= shrinkage strain between time t and
t;  (infin),
B, (t —t,)= equation describing development of shrinkage

€., = Notional shrinkage coefficient,
with time, ¢,(f,, )= factor to allow for the effect of con-
crete strength on shrinkage, Pgry =coefficient to allow for
the effect of relative humidity on the notional shrinkage
coefficient (g . ),B. = coefficient depending on type of
cement, f_ =mean 28-day concrete compressive strength
(psi) N

Khan, Cook and Mitchell” investigated creep, shrinkage
and thermal strains in normal (30 MPa), medium (70 Mpa)
and high strength concrete (100 MPa) during hydration at
early age. The dimensions of the tested concrete cylinder
specimens were 100 mm x 200 mm with the crushed lime-
stone maximum coarse aggregate size of 7 mm for the HSC
and 0.25 water/cement ratio. Two different curing methods,
sealed curing and air-dried curing, were used. The applied
stress/strength ratios at the time of loading were 5-9.6 % for
the HSC at early ages. The test results show that HSC ex-
hibits greater shrinkage and thermal strains than medium
strength concrete, which in turn shows greater strains than
normal strength concrete for both sealed and air-dried con-
ditions. It should be noted that the authors used different
cement types and maximum aggregate size at each category
of concrete strength to compare shrinkage, creep and ther-
mal strains.

Mokhtarzadeh A. and French C.” investigated time-
dependent properties such as creep, shrinkage and water
absorption of high-strength concrete. All of the specimens
contained a 445 kg/m’ (750 Ib/yd’) of cementitious material
and had a 0.3 watet/cement ratio. Cementitious material
compositions included ASTM C 150® Type 1 and 1T Port-
land cement (reference mixture), and combinations of 20%
ASTM C618'" Class C fly ash and 7.5% silica fume, re-
placement by weight of cement. Three coarse aggregate
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types, two limestone, granite and river gravel, were used
with a 0.5% of absorption capacity of sand. For creep tests,
two unsealed 100 mm x 280 mm cylinder concrete speci-
mens were stacked in series on the upper base plate of a
creep frame, and loaded at a given stress for 380 days. The
creep coefficient of high strength concrete from these creep
tests was calculated, and compared to ACI 209 Code Model.
The results of fitted creep coefficient data on ACI 209 Code
Modet were closed, and comparable to the ranges presented
in ACI 209 Code Model. The range of ultimate creep coef-
ficients predicted in this study varied between 0.92 to 2.46
as compared with the 1.30 to 4.15 range reported by ACI
209 Code Model for normal strength concrete. Shrinkage
tests were conducted to investigate the effects of several
variables such as the cementitious material composition,
aggregate type and curing condition. Test results show that
the shrinkage strain of HSC made with round river gravel is
greater than those of HSC made with crushed aggregates,
and the average value of shrinkage strains of moist cured
specimens after 380 days of drying were approximately 63-
73% of the shrinkage strain values of ACI 209 Code Model.
Based on the test data, the following equation was sug-
gested for predicting shrinkage strain of high strength con-
crete at any time.

t 6 .,
(&) =m(530x10 ® in/in) (4)

Huo, Al-Omaish and Tadros® proposed the revised for-
mulas for shrinkage strain and creep coefficient for high-
performance concrete (HPC) with local materials from Ne-
braska, USA. The shrinkage and creep test specimens were
100 mm x 100 mm x 600 mm prisms tested at average
room temperature of 18 °C (65 °F) and an average relative
humidity of 40%. Based on the results from specimens
cured for 7 and 14 days, shrinkage strains and creep coeffi-
cient of HPC were measured in three groups of specimens,
and compared with the ACI 209 Code Model by the statis-
tical analysis.

It was concluded that the shrinkage strains and creep co-
efficient of HPC were lower than those of conventional
concretes and that the prediction equations for shrinkage
strains and creep coefficients in the ACI 209 Code Model
overestimate the actual shrinkage strains and creep coeffi-
cients of HPC. The objective of this investigation is to deal
with creep and drying shrinkage deformations of high
strength concrete take into account the effects of maximum
size of coarse aggregate (MSCA), curing time, relatively
low stress level because these time-dependent deformations
become very important to predict the variations of the
strength and structural behaviors in high strength concrete
structures.
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2. Experimental program
2.1 Materials and mix proportioning

The materials used in the present investigation were Type
I Portland cement and 30% class C fly ash for mineral ad-
mixtures to replace partial cement. The chemical composi-
tion and physical properties of cement and fly ash are given
in Table 1. The maximum sizes of coarse aggregates were
crushed limestone with a density of 1.52 x 10° kg/m’ and its
maximum size is 25.4 mm, and a density of 1.47 x 10’
kg/m® and its maximum size is 9.5 mm, respectively. The
fine aggregate was natural sand with a specific gravity of
2.63 and a fineness modulus of 2.6. Also, a high-range wa-
ter-reducing (HRWR) admixture (superplasticizer) meeting
ASTM (494" requirements for a Type F admixture was
used to keep the water/cement ratio of HSC. Two different
HSC mixtures were investigated: Mix (I) contained 9.5 mm
(3/8 in) maximum size of aggregate and the wa-
ter/cementitious ratio was 0.32; Mix (II) contained 25.4 mm
(1.0 in) maximum size of aggregate and water/cementitious
was 0.29.

The mix proportioning for Mix (I) and (II) are given in
Table 2. Test cylinder specimens made in mold by vibration
at temperature of 20 = 1.5 °C. The specimens were de-
molded at one day and then cured in the moisture room at a
temperature of 23 = 0.5 °C and 100 % relative humidity. A
total of twenty cylinder specimens of HSC were investi-
gated in this study, all of which had nominal dimensions of
305 mm (12 in) in height and 152 mm (6 in) in diameter.

2.2 Drying shrinkage test

Drying shrinkage tests were carried out for 7-day and 28-
day moisture cured cylinder specimens of Mix (I) and (II),

Brass inserts were attached on the surface of specimens
at a spacing of about 250 mm (10 in.) in the longitudinal
direction. Four readings of shrinkage strains were taken
from each specimen using a multi-position Strain Gauge
(MPSG) with a dial indicator reading up to 0.0025 mm. The
MPSG is designed for use in measuring relative displace-
ments between gauge points of 50 mm (2 in), 100 mm (4
in), 150 mm (6 in), 200 mm (8 in) and 254 mm (10 in.)..

2.3 Creep test

Creep tests were conducted on the 28-day moisture cured
sealed and unsealed cylinder specimens of HSC in accor-
dance with the ASTM C-512 "%, The creep specimens had
Brass inserts in the same manner at the shrinkage speci-
mens. The 28-day moisture cured cylinder axial compres-
sive strength of HSC was used for calculating the applied
load. The obtained axial average compressive strengths of
HSC at given time are shown in Table 3.

Creep test specimens were loaded in a special creep rack.
Each creep rack contained three cylinder specimens. The
surface of the middle specimen was sealed while the other
two specimens were unsealed. A hydraulic loading-rack
system was used to apply sustained compressive load to
creep specimens.

A typical creep rack system consisted of a 12.5 mm in-
side diameter ram, three 305 mm x 305 mm x 25 mm mild
steel plates, four 25 mm diameter steel bars of high yield
steel with threaded ends, two pairs of 152 mm x 152 mm x
12.5 mm thick plates, a 25 mm steel rod and 16 hexagonal
steel nuts.

The ram itself consisted of a 84 mm high, 25 mm thick,
215 mm normal inside diameter mild steel cylinder with a

Table 3 HSC strengths at given time

respectively. All specimens were located in the environ- Age Ave. strength, Ave.strength,
mentally controlled room maintained temperature at 23 + (days) MPa (psi) Mix (1) MPa (psi) Mix (1)
0 SOC d 50% relati humidi A total of 8 shrink 28 75 (10.738) 75 (10.763)
. an o relative humidity. otal of 8 shrinkage 180 90 (13.149) 90 (13.08%)
specimens in two mixtures were investigated. 365 96 (13,894) 97 (14,080)
Table 1 Chemical and physical properties of the cement and fly ash
. Specific Blaine
0, 0, 0, 0, 0, 0, 0,
Type CaO (%) | Si0y(%) | ALO;(%) | Fex0s(%) | MgO (%) | NayO (%) | SO3(%) aravity freness
Cement 65.13 21.72 5.49 3.05 0.80 0.53 2.80 3.17 3241 cm¥/e.
Fly ash 28.92 34.19 18.80 6.04 5.38 2.04 3.05 2.67 -
Table 2 Mix proportions
. MSA Cement Fly ash CA. Fine agg. Water
Mix W/(C+FA HRWR
(mm) Kgm) | Kgm') | Kgm) | kegm) | Kgm) (A ®
1 9.5 358 149 1.044 678 162 0.32 1260
I 254 357 148 1,170 612 144 0.29 1120
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25 mm plate welded to the bottom and a close-fitting mild
steel piston with neoprene 0-rings.

The cylinder and the piston were very carefully ma-
chined to close tolerances of about 0.1 mm. Pressure was
applied to the cylinder through a hydraulic valve. A 100-ton
“ENERPAC” or “POWER TEAM” hand-operated hydrau-
lic pump and a control value to keep the desired loading
levels were used in a typical loading rack system. When the
cylinder specimens creep, the piston in the ram moves up-
ward, and it would ordinarily cause a drop-off in the oil
pressure and loss of applied axial loading.

The hydraulic loading rack system, however, seemed to
maintain the oil pressure for approximately 2-3 days. After
this interval, it was necessary to pump in a small amount of
oil pressure (5-10% of applied pressure: higher loading
level indicated more loss of pressure) to maintain a desired
loading level. A total of four creep racks were erected in the
environmentally controlled room. A typical diagrammatic
sketch of creep test setup is shown in Fig. 1.

Two stress levels of 13.5 MPa (2,000 psi) and 20.0MPa
(3,000 psi) were initially loaded on the creep specimens of
Mix (I) and (II), respectively. Which are approximately
18% (N=0.18) and 27% (N=0.27) of the 28-day average
compressive strength, A total of 12 creep readings were
taken from each creep rack and were averaged to determine
the creep strain using MPSG..

3. Experimental results and analyses
3.1 Drying shrinkage

The results of drying shrinkage test of two mixtures indi-
cate that the amounts of drying shrinkage of HSC contained
smaller maximum size of coarse aggregate (Mix I) exhib-
ited greater than that of larger maximum size coarse aggre-
gate (Mix II). The difference between two MSCA ranged
from 30 to 35% during the whole test period for both 7 and
28-day cured HSC. Drying shrinkage of 28-day cured HSC
showed 70-75% of the values of 7-days. In the present in-
vestigation, drying shrinkage almost stabilized after one
year in the environmentally controlled room. The measured
drying shrinkage of HSC developed rapidly at an early time
(7-day cured HSC), where approximately 85% and 78% of
the drying shrinkage at 365 days occurred in the first 100
days for Mix (I) and Mix (II), respectively. On the other
hand, the measured drying shrinkages of 28-day cured HSC
at the first 100 days were approximately 55% of the 365-
day values for both Mix (I) and Mix (II). Based on the re-
sults, it may concluded that the drying shrinkage of HSC
could significantly affect by the maximum size of coarse
aggregate at early age of HSC, and became gradually de-
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crease the effect. To predict drying shrinkage of 7-day
cured HSC, a hyperbolic equation was adopted for the
measured drying shrinkage data. A nonlinear curve fitting
technique was used to develop prediction equation. The
following two equations were proposed:

(Eg); = ﬁmzs 107 in/in), MSA=9.5 mm (5
+

(64), = —— (342 x 10" infin), MSA=25.4 mm  (6)
33+t

where, (gq) = Predicted drying shrinkage of HSC at time t.
t = time (day). The coefficient of determination, R®, was
obtained for each equation. It is a measure of the total vari-
ability of test data from a curve-fitting equation. The values
of R* ranged from 0.99 to 0.98, respectively. This indicates
that all drying shrinkage test data were closely related to the
curves represented by equations (5) and (6). The prediction
equations (Eqs. 5 and 6) developed in the present work may
be compared with ACI 209 Code Model® and equation
found by Huo.” These results are plotted alongside the ex-
perimentally obtained drying shrinkage data in Fig. 2.

As shown in Fig. 2, it seemed that the drying shrinkage
values given by ACI 209 Code Model did not properly rep-
resent experimental drying shrinkages in this work. The
difference ranged from 15% to 65% when compare to the
average value of test results. On the other hand, the predic-
tion equations and experimentally obtained drying shrink-
age data found in the present work were showed a good
agreement with the equation given by Huo.”

To predict drying shrinkage of 28-day cured HSC, the
following single equation, where an average value of ex-
perimental drying shrinkage for Mix (I) and (II) considered,
was developed:

T % °5°
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Fig. 1 Diagrammatic sketch of the creep test
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Fig. 3 Comparison of drying shrinkage on 28-day cured HSC

Eg), = (268x10 in/in), MSA=9.5, 254 mm (7)

Where, (eq4,), = Predicted drying shrinkage of HSC at time t.
t = time (day). The obtained value of R* was 0.68. This
value is relatively low because an average value of two
mixtures was used to derive equation. However, the predic-
tion equation developed in the present work may be com-
pared with existing drying shrinkage prediction model by
Euro-International Concrete Committee -CEB 90 Code
Model™!® with the 28-day compressive strength and rela-
tive humidity. These results are plotted alongside the ex-
perimentally obtained shrinkage data in Fig.3. The predic-
tion equation given by Eq. (7) showed quite adequate for

modeling the drying shrinkage of the high strength concrete.

However, an additional investigation is needed to support or
verify this equation.

3.2 Creep

The experimental results of creep tests of high strength

concrete for Mix (T) and Mix (1) are plotted in Figs. 4 and 5,
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Fig. 5 Creep strains of mix (ll)

respectively. It is seen from Figs.4 and 5 that the larger the
maximum size of aggregate showed the lower the creep
strain on both sealed and unsealed cylinder specimens. Also
creep strains of two mixtures showed a relatively faster
development at early ages (90 days) than at late ages. Aver-
age creep strains at 90 days were approximately 55% of the
365-day creep strain. For N=0.18, the creep strain of Mix
(I) was 20% higher than that of Mix (II). For N=0.27, the
creep strain of Mix (I) was 10% higher than that of Mix (1I)
For a given mix and stress level, the creep strains of sealed
specimens were 10% to 20% higher than that of unsealed
specimens. This result was largely unexpected because
normally the specimens subjected to air-dried curing (un-
sealed) exhibited higher creep strain than sealed specimens
subjected to loading at early ages. From the one-year creep
test of HSC in the present study, however, the creep strains
of sealed specimens exhibited higher values. It appears that
autogenous shrinkage was developed in the sealed speci-
mens during test. Therefore, it assumes that the sustained
creep strain of sealed specimens included both the creep
deformation and autogenous shrinkage. The average creep
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coefficient, which is dividing the measured average creep
strains by measured average elastic strains, was obtained.
The average creep coefficients of specimens versus time are
shown in Figs. 6 and 7, respectively. It can be seen from
Figs. 6 and 7 that lower creep coefficients were observed
from specimens under higher compressive load. A similar
test result was reported in Huo’s investigation.

A nonlinear regression technique was used to develop
prediction equation of creep strain from the experimental
results. The following two equations were proposed for
prediction of creep coefficients of HSC for Mix (I) and (II):

t0.6()

V; = W x 1.58 s MSCA=9.5 mm (8)
+t
tO‘GO

U, = W x 1.49 , MSCA =25.4 mm (9)
+t

Where, v, = Predicted creep coefficient of HSC at time t,
and t= time (day). These two equations (Eqs.8 and 9) de-
veloped in the present work may be compared with equa-
tion of ACI 209 Code Model. These results are plotted
alongside the experimentally determined creep coefficient

2.5 ———————————————T———————
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Creep Coefficient

N=0.18(unsealed)
N=0.18(Sealed)
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Fig. 6 Creep coefficients of mix (I)
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Fig. 7 Creep coefficients of mix (ll)
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data in Fig. 6 and 7, respectively. As shown in Figs. 6 and 7.
creep coefficient from the developed equation (Eq. 8) for
Mix (I) showed a better relationship than that of Mix (II)
when compare to ACI 209 Code Model. The predicted
creep coefficients in the present work ranged from 63% to
70% of that of ACI 209 Code Model. Based on the results
from present work, the equation for creep strain in the ACI
209-92 Report can not accurately predict the creep coeffi-
cient of high strength concrete. A similar result was re-
ported in Huo’s investigation.

All creep racks were unloaded after 365 days. The recov-
ering strains were recorded immediately. The average re-
corded elastic strain was 84% for Mix (1) and 79% for Mix
(ID), respectively. The average recorded creep strain under
stress/strength level N=0.18 and 0.27 was 63.0 x 10°
mm/mm. The creep recovery was 10% to 15% of the creep
strains at 365 days. The total strain and recovery results are
shown in Fig.8.

4. Summary and conclusions

Based on the experimental results of drying shrinkage
and creep strain of high-strength concrete, the following
conclusions are drawn:

1) The amount of drying shrinkage of HSC containing
smaller maximum size of coarse aggregate (Mix I)
exhibited greater than that of larger maximum size
coarse aggregate (Mix II). The difference between two
mixtures ranged from 30 to 35% for 7-day, and 20 to
25% for 28-day cured HSC.

2) Test results indicate that drying shrinkage of HSC devel-
oped rapidly at an early time, where approximately 85%
and 78% of the drying shrinkage at 365 days occurred in
the first 100 days for Mix (I) and Mix (II), respectively.
It seems that drying shrinkage of HSC may significantly
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1 1
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Fig.8 Total strain and recovery results
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affect by the maximum size of aggregate at an early age
of HSC, and become gradually decreased.

3) From the test results on drying shrinkage tests, prediction

equations of ACI 209 Code Model may overestimated
the actual shrinkage strains in 7-day cured HSC, but the
developed equation given by Eq. (7) provided an ade-
quate predictor of drying shrinkage strain for 28-day
cured HSC when compared with CEB 90 Code Model.
4) Based on creep test results, prediction equations for
creep coefficients of HSC were developed. The pro-
posed equation for Mix (I) contained 9.5 mm MSCA
showed a better relationship than that of Mix (II) when
compare with ACI 209 Code Model.
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