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Abstract.  Realistic prediction of concrete creep is of crucial importance for durability and long-term
serviceability of concrete structures. To date, research about the behaviour of self-compacting concrete
(SCC) members, especially concerning the long-term performance, is rather limited. SCC is quite different
from conventional concrete (CC) in mixture proportions and applied materials, particularly in the presence
of aggregate which is limited. Hence, the realistic prediction of creep strains in SCC is an important
requirement for the design process of this type of concrete structures. This study reviews the accuracy of the
conventional concrete (CC) creep prediction models proposed by the international codes of practice,
including: CEB-FIP (1990), ACI 209R (1997), Eurocode 2 (2001), JSCE (2002), AASHTO (2004),
AASHTO (2007), AS 3600 (2009). Also, SCC creep prediction models proposed by Poppe and De Schutter
(2005), Larson (2007) and Cordoba (2007) are reviewed. Further, new creep prediction model based on the
comprehensive analysis on both of the available models i.e. the CC and the SCC is proposed. The predicted
creep strains are compared with the actual measured creep strains in 55 mixtures of SCC and 16 mixtures of
CC.

Keywords:  self-compacting concrete (SCC); conventional concrete (CC); creep; long-term behaviour

1. Introduction

Self-compacting concrete (SCC) basically consists of the same components as conventional
concrete (CC) (cement, water, aggregates, admixtures, and mineral additions), but the final
composition of the mixture and its fresh characteristics are different. In comparison with the CC,
the SCC contains larger quantities of mineral fillers such as finely crushed limestone or fly ash,
higher quantities of high-range water-reducing admixtures, and the maximum size of the coarse
aggregate is smaller. These modifications in the composition of the mixture affect the behaviour of
the concrete in its hardened state, including the creep and the shrinkage deformations (Aslani
2014, Aslani and Nejadi 2012a, b). Creep depends on the characteristics of aggregate stiffness and
texture, w/c ratio, volume of paste, volume of coarse aggregate, cement type, admixture type,
curing method, ratio of volume to surface area, environmental conditions, magnitude of loads, and
age of first loading. According to Neville (1996) mostly the hydrated cement paste experiences
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creep, while the aggregate is the only portion which resists against creep. Therefore, creep is
highly dependent on the stiffness of the chosen aggregate and its proportion within the mixture
(Neville 1996). As a result, since creep mainly occurs in the cement paste, main concern arises that
SCC may exhibit higher creep because of its high paste content.

Because the SCC has a higher paste volume (or higher sand to aggregate ratio) to achieve high
workability and high early strength, several researchers have reported relatively large creep strains
of SCC for precast, prestressed concrete, resulting in larger prestress losses (Issa et al. 2005, Naito
et al. 2006, Schindler et al. 2007, Suksawang et al. 2006). Although mechanical properties of the
SCC are superior to those of the CC, creep of SCC is significantly high (Issa et al. 2005). Naito et
al. (2006) also found that the SCC exhibits higher creep than the CC, which is due to the high fine
aggregate volume in the SCC. Naito et al. (2006) found that the creep coefficient of the SCC and
the CC was 40 and 6 percent higher than the ACI 209 (1992) prediction model, respectively
(Aslani and Nejadi 2012c, d, e, Aslani 2013).

Different methodology followed to obtain SCC in different countries (Ouchi et al. 2003) and
limited number of studies are available concerning its long-term behaviour (Persson 2001, 2005,
Poppe and De Shutter 2001, Seng and Shima 2005, Mazzotti et al. 2006). It is not clear in the
available studies if current international standards apply successfully for the SCC (Klug and
Holschemaker 2003, Vidal et al. 2005, Landsberger and Gomez 2007). Moreover, it is not assessed
if long-term properties can be predicted with reference to conventional mechanical and physical
parameters only (like strength, wic, etc) or the adoption of parameters concerning the mix design is
needed (Aslani and Nejadi 2013a, b).

2. Research significance

The objectives of the present research are:

(a) To establish an experimental results database of creep.

(b) To review the accuracy of the CC creep prediction models proposed by international codes
of practice, including: CEB-FIP (1990), ACI 209R (1997), Eurocode 2 (2001), JSCE (2002),
AASHTO (2004), AASHTO (2007) and AS 3600 (2009).

(c) To review the accuracy of the SCC creep prediction models proposed by Poppe and De
Schutter (2005), Larson (2007) and Cordoba (2007).

(d) To propose a new prediction creep model based on the comprehensive analysis of the
available models and the experimental results database of both the CC and the SCC.

3. Creep experimental results database

The use of a database with experimental results from various published investigations is an
important tool for studying the applicability of the various creep estimation models of the SCC. To
apply the models to a particular concrete mixture, it is necessary to use only investigations that
adequately define the applied testing methodology. The presented experimental results in the
database are mainly from the papers presented at the various conferences on the SCC and other
published articles. Using experimental data results from different sources can frequently be
problematic for the following reasons: 1. there is often insufficient information regarding the exact
composition of the concrete mixtures; 2. the size of the specimen, curing condition, and the testing
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methodology vary between the different investigations and in some cases this information is not
fully described; 3. in many cases it is difficult to extract the relevant experimental values because
the published results are incomplete or are presented in graphical form and the data values have to
be extrapolated.

Tables 1-2 present a general summary of the concrete mixtures included in the database. The
database comprises test results from 11 different investigations, with a total of 55 SCC and 16 CC
mixtures for creep tests. Table 1 also includes complimentary information regarding the applied
stress to the creep specimens, final age of the concrete (in days), relative humidity (RH), type of
the specimen, type of the cement and the filler. Table 2 includes information about cement content,
water, compressive strength and cement to powder (c/p) ratio for each mixtures that have been
used in the different investigation. Figs. 1 and 2 show the CC and SCC experimental results
database that is summarized in Table 1 (creep coefficient versus time in days) (Aslani and Maia,
2013; Aslani and Natoori, 2013). By considering experimental results of creep in the database the
following conclusions are observed:

(1) by decreasing of the water to binder ratio, increase in the creep strains is observed,

(2) increase in the proportion of the total aggregate in the mixture could cause decrease in the
total creep,

(3) when the content of total aggregate and binder in concrete is held constant, the total creep
decreases as coarse aggregate proportion increases.

Table 1 Creep experimental results database

No. of SCC  No. of CC Applied stress to the creep  Final age of concrete

Reference - ; .
mixtures mixtures specimens (days)
. 40% or 60% of the compressive
Chopin et al. (2003) 5 1 strength at 28 days 365
Poppe and De Schutter 6 0 1/3 of the compressive strength 1400
(2005) at 28 days
0 .
Horta (2005) 6 0 40% of the compressive strength 70, 200
at 28 days
0 .
Larson (2006) 1 0 40% of the compressive strength 520
at 28 days
0 .
Turcry et al. (2006) 3 3 20% of the compressive strength 65, 100
at 7 days
0 .
Cordoba (2007) 4 1 30% of the compressive strength 365
at 28 days
Heirman et al. (2008) 7 1 +1/3 of the compressive strength 70
at 28 days
Oliva and Cramer 1 4 40% of the compressive strength 495
(2008) at 28 days
Kim (2008) 4 4 Changeable for each mixture 150
0 .
Zheng et al. (2009) 7 1 30% of the compressive strength 150
at loading days
Loser and Leemann 1 1 Changeable for each mixture 91

(2009)
Total of 71 mixtures 55 16
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Table 1 Continued

R.H.

Reference %) Type of specimen (mm) Type of cement Type of Filler
Chopinetal. (2003) 50 Cylinder (90x280) CEM I Limestone
Poppe and De . CEM1425R,CEMI .
Schutter (2005) 60 Prism (150x150x500) 525 Limestone
. Fly ash and
Horta (2005) 50 Cylinder (150x300) CEM 1, CEM llI GGBES
Larson (2006) 50 Prism (101.6x101.6x609.6) and CEM 11l Limestone

Cylinder (114.3x609.6)
Turcry et al. (2006) 50 Cylinder (110x200) CEM 1525, CEM 11425 Limestone

Cordoba (2007) 50 Cy"?fg;_gfllég;_zgg‘o"z)' CEM I/lI F'é gngaSnd
Helr(r;ggsgt al. 60 Cylinder (120x300) C%m :222% T\I EEM Limestone
Olivaand Cramer g Cylinder (152.4x213.6) CEM I GGBFS
(2008)
. . Fly ash and
Kim (2008) 50 Cylinder (100x200) CEM 11l Liymestone
Zheng et al. (2009) 60 Prism (100x100x400) CEM | Fly ash
Loser and Leemann . CEM1425N, CEM Fly ash and
(2009) 70 Prism (120x120x360) I/A-LL 45.2 N Limestone
Table 2 Mix properties of the creep experimental database
Chopin et al. (2003) Cement (kg/m®)  Filler (kg/m® c/p  w (kg/m®) f'. (MPa)
SCC1 374 172 0.68 123 36.8
SCC2 344 256 0.57 131 36.5
SCC3 396 161 0.71 154 49.9
SCC4 396 177 0.69 115 36
SCC5 347 177 0.66 139 39.1
CC 348 - 1.00 132 35.6
Poppe and De Schutter (2005) Cement (kg/m®)  Filler (kg/m®) ¢/p  w (kg/m?) f'. (MPa)
SCC1 300 300 0.50 165 59
SCC2 360 240 0.60 165 63.8
SCC3 400 200 0.67 165 73.7
SCC4 450 150 0.75 165 74.3
SCC5 360 240 0.60 165 66.6
SCC6 360 240 0.60 165 67.2
Horta(2005) Cement (kg/m3)  Filler (kg/m3) c/p  w (kg/m3) f'c (MPa)
S-Slag/Ash 427 172 0.71 182 73.3
G-Slag 433 133 0.77 208 56.6
Tindall 445 - 1.00 171 57.3
7N 468 99 0.83 177 87
7BL 461 97 0.83 181 7.7

67M 458 91 0.83 175 78.2
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Table 2 Continued
Larson (2006) Cement (kg/m3)  Filler (kg/m3) c/p  w (kg/m3) f'c (MPa)
SCC 446 - 1 224 51.7
cC 387 - 1 263 51.7
Turcry et al. (2006) Cement (kg/m3)  Filler (kg/m3) c/p  w (kg/m3) f'c (MPa)
SCC1 330 110 0.75 180 40
SCC2 350 139 0.72 198 42
SCC3 350 150 0.70 187 48
CccC1 280 - 1.00 170 37
CcC2 350 - 1.00 175 41
CC3 360 - 1.00 170 53
Cordoba (2007) Cement (kg/m3)  Filler (kg/m3) c/p  w (kg/m3) f'c (MPa)
KH 408 132.8 0.75 205.00 48.9
KM 418 136 0.75 210.00 48.2
cC 531 - 1 202.00 46.1
Heirman et al. (2008) Cement (kg/m3)  Filler (kg/m3) c/p  w(kg/m3) f'c, cub150 (MPa)
SCC1 360 240 0.6 165 57.1
SCC3 360 240 0.6 165 69.2
SCC5 300 300 0.5 165 49
SCC14 360 240 0.6 144 68.4
SCC15 360 240 0.6 198 46.7
SCC16 360 240 0.6 165 73.3
SCC17 360 240 0.6 216 39.9
Kim (2008) Cement (kg/m3)  Filler (kg/m3) c/p  w (kg/m3) f'c (MPa)
S5G-3 376 177 0.68 152 63
S7G-4,5,6 427 107 0.80 123 79
S5L-3 380 253 0.60 171 65
S7L-4,5,6 427 107 0.80 133 88
C5G 371 - 1.00 134 65
C7G 415 - 1.00 119 73
C5L 356 - 1.00 149 59
C7L 403 - 1.00 133 72
Zheng et al. (2009) Cement (kg/m3)  Filler (kg/m3) c/p  w (kg/m3) f'c (MPa)
SCC1 440 110 0.80 180 52.6
SCC2 250 300 0.45 154 46.5
SCC3 288 192 0.60 145 47.7
SCc4 312 208 0.60 156 51
SCC5 330 220 0.60 165 52
SCC6 330 220 0.60 155 43.8
SCC7 330 220 0.60 165 40.5
CcC 525 0 1.00 200 41.3
Loser and Leemann (2009)  Cement (kg/m3)  Filler (kg/m3) c/p  w (kg/m3) f'c (MPa)
SCC2 310 - 1 179 71.1
cC2 512 - 1 155 51.2
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Fig. 1 Experimental database that summarized for CC (creep coefficient versus time (days))
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Table 3 Summary of the factors accounted for by different prediction models
S o~ [N é\
2 5o g5 8 B 2 8
Models a &g 88 & F8 $8 8
L o2 28 W << <Y ©
o < I <7 < m
L - )
(@) <
Aggregate type
AJ/C ratio
% Air content [ [ ]
£ Cement content . . .
& Cement type
é Concrete density [ n
= Fine/Total aggregate ratio (mass) [ [
= Slump m u
W/C ratio [
Water content ]
Age at first loading [ [ [ [ [ ] [ ] [ ]
Age of sample [
Applied Stress [ [ [ [ n
Characteristic strength at loading
% Cross-section shape n
[} . .-
g Curing conditions
't Compressive strength at 28 days [ [ [ [ [ ] [ ] [ ]
3 Duration of load L] L] [ [ [
é Effective thickness L] L] [ [ [ [ [
w Elastic modulus at age of loading
Elastic modulus at 28 days [ [ [ [ n
Relative humidity | | | | [ [ [
Temperature ]

Time drying commences

4. Conventional concrete creep models

This paper assesses the accuracy of seven commonly used international code type models to
predict creep strains without the need for creep tests. These empirical models, which vary widely
in their techniques, require certain intrinsic and/or extrinsic variables, such as mix proportions,
material properties and age of loading as input. The models considered are listed in Table 3, which
also shows the factors required by each model (Aslani and Bastami 2014, Aslani et al. 2014a, b).
In this study the accuracy of the creep prediction models proposed by the international codes of
practice, including: CEB-FIP (1990), ACI 209R (1997), Eurocode 2 (2001), JSCE (2002),
AASHTO (2004), AASHTO (2007), AS 3600 (2009) are compared with the actual measured creep
strains in 52 mixtures of SCC and 15 mixtures of CC. Figs. 3-9 show comparison of the creep
coefficient by available CC models with the experimental results available in the literature (Tables

1-2).
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Table 4 Creep models for SCC

Ref. Creep Prediction Models ,5’332'
oclty) |, @—(RH/RH,)) 5.3 1
tty)=—20 1+ ! :
“a(t) Eq { 0.46(h/ 0o % | (fun / Famo 12 0.1+ (ty /1,2
r 10.3
Poppe -
and De CFEIE
Schutter (t—to)/y 1 (1990)
(2005) ' RH ) | (o | 0.01+1.37(c/ p)
150 1+|1.2 —+250|+—2
RH, ) |hy t

Other symbols as in CEB-FIP (1990), c/p kcement to powder ratio)
t0'7
For the specimens loaded at 1 day (for square and cylindrical specimens): =m(1-75) ACI

Larson 209R
(2006) _ . 106 (1997)
For the specimens loaded at 28 day (for square specimens): :W(Z'OO)

t'//
= d+t¥ Y
1 Year creep fit 2 Year creep fit
Mixtures coefficients coefficients ACI
Cordoba v d (days) vy v d (days) vy

(2007) 209R
KM 0.43 13.34 2.43 0.35 37.65 7.27 (1997)

KH 0.44 16.95 5.08 N/A N/A N/A

REGULAR 0.39 8.22 1.25 N/A 8.54 131

Normal 1.3- 1.3-

Values 0.4-0.8 6-30 415 0.4-0.8 6-30 415

5. Self-compacting concrete creep models

In Table 4 empirical models for calculating the creep of the SCC are shown. These models vary
in complexity, and precision in the calculations. Figs. 10-12 show comparison of the creep

coefficient by Poppe and De Schutter (2005), Larson (2006), Cordoba (2007) with the available
creep coefficient experimental results.

6. Proposed self-compacting concrete creep model

The comparison of the different models and the experimental database shows that ACI 209R
(1997), JSCE (2002), AASHTO (2004) models have conservative creep coefficient predictions. In
this section, based on required certain intrinsic and/or extrinsic variables (i.e., mix proportions,
material properties and age of loading) for the SCC mixtures are shown in Table 3. Table 3 shows
that JSCE (2002) creep model gives a good coverage of the intrinsic and/or extrinsic variables that
are useful for calculating the creep strain (Aslani and Samali 2014). Therefore, with the JSCE
(2002) model as a basis, an attempt is made to formulate some proposals to include the c/p
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(cement to powder) ratio in order to obtain a better prediction of the time-dependent deformations
of the normal strength and the high strength SCC. These proposed models are presented below in
Eqg. (1) to Eqg. (10), for normal strength and high strength SCC:

For normal strength SCC with range of applicability: 45%<RH<80%; 130 kg/m*<w<230 kg/m®,
100 mm<v/w<300 mm; 40%<w/c<65%:; f'.(28)<55 MPa; 260 kg/m’<c<500 kg/m®,

el (LU tg) =07y x &l [1-expl-009 (t-1)° < (0.015+1.35 (c/ p))* for c/p<065 (1)

gl (tt't)=00, <&, [1-exp{-009 (t—t)°*||x(0.015+1.05(c/ p))* for c/p=0.65 (2)

non-linear creep amplification function: o, :% 3)
—-K
where ¢ and A and o are additional parameters to be obtained from a least square minimization
procedure starting from experimental data (Mazzotti and Ceccoli 2009) ©=0.90, 1=1.80, a=2.10;
moreover, the stress function o(t, to) is the actual stress/strength ratio, being

G(t,to)=%tft)) @)

in the case of constant applied load. In Eq. (3), numerator and denominator indicate the effect of
sustained load and the effect of a damage level due to instantaneous loading. The law f.(t)
representing the evolution with time of compression strength has been defined by modifying
MC90 proposal according to expression

£, ()= fcizg-exp{s'[l—(?jnﬂ ©)

where parameters s' and n have been specifically calibrated for each SCC concrete mix by using
experimental results previously described. According to the available data, parameters s' and n
range from 0.2-0.6, and 0.28-0.35, respectively (Mazzotti and Ceccoli 2009). The adoption of
function o(t, t,) allows for variable rate of increase of mechanical properties be taken into account,
particularly important for concretes loaded at early ages. Finally, the non-linear behavior during
the load application has been introduced in Eg. (3) according to the conventional scalar damage
index x=1-E/E,, where E is the secant stiffness at the end of loading and E, is the initial tangent
stiffness. Usually damage index « is about 0.10-0.15 or 0.22-0.35 for low (0.35f.,(t)) or medium
(0.55f.(t)) applied stress levels, respectively.

gt:.r = g()c + géc (6)
£, =[17.5(c+w) 2 (w/ o) {In(t) }°“ [x10 @)

, . . v/s —22 RH 036 i )
E4c = l:4500 (W/C)42 (C + W)14 |:|n (E\J:| {1— M} tO 030 1% 10 10 (8)

For high strength SCC with range of applicability: 45%<RH<90%; 130 kg/m*<w<230 kg/m®;
100 mm<v/s<300 mm:; 40%=<w/c<65%; f',(28)<80 MPa; 260 kg/m*<c<500 kg/m®.
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gc'c (t 't,'to) = O-ép X I:

el (tt't,)=0" x

cp

4w(1-RH /100)+ 350
12+ f/(t')

{4w(1— RH /100)+ 350

12+ f/(t')
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In(t—t’+1)} x

(10x(c/ pf*®) forcip<0.65

9)

In (t —t’+1)} x (13><(c/ p)°‘7°1) forc/p>0.65  (10)

where to, t' and t are the effective age (days) of concrete at the beginning of drying, at the
beginning of loading, and during loading respectively; ¢’ is the final value of creep strain per unit
stress; &', is the final value of basic creep strain per unit stress; &'y is the final value of drying
creep strain per unit stress.
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values from Cordoba (2007) model
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Fig. 13 shows comparison of the proposed creep model with the available creep coefficient
experimental results.

7. Evaluation of the models
7.1 CC creep models

As shown in Table 5 and Figs. 3 to 9 for the CC mixture included in the experimental
database, the AASHTO (2007), JSCE (2002), Eurocode 2 (2001), AASHTO (2004) models
provide better prediction of the creep strain with a coefficient of correlation factor (R?) of 0.90,
0.89,0.89 and 0.86, respectively. Also, as shown in Table 5 and Figs. 3 to 9 for SCC mixture in the
experimental database, AASHTO (2004), JSCE (2002), ACI 209R (1992) models provided better
prediction of creep strain with a coefficient of correlation factor (R? of 0.87, 0.87 and 0.84,
respectively.

As shown in AASHTO (2004), JSCE (2002), ACI 209R (1992), the CC models that have
conservative predictions are different in the certain intrinsic and/or extrinsic variables. As
indicated in the Table 3, the AASHTO (2004) model has not any intrinsic factors but the JSCE
(2002) and ACI 209R (1992) models have a good consideration of both the intrinsic and the
extrinsic variables. The modified composition of the SCC in comparison with the CC has an
influence on the creep behaviour of the concrete. Therefore, it is important to include some key
variables that have impact on this behaviour. By considerations of these variables, JSCE (2002)
model can cover more reliable intrinsic and extrinsic variables for the SCC mixture.

7.2 SCC creep models

It can be seen from Table 6 and Fig.10 that Poppe and De Schutter (2005) model overestimates
the creep coefficient of the SCC mixture. According to the Fig.11, Larson’s (2006) creep
prediction model underestimates the creep coefficient of the SCC mixture. According to Cordoba
(2007) the SCC creep prediction model is more conservative underestimate for the creep strain of
SCC experimental results (see Fig.12 and Table 6). In the Poppe and De Schutter (2005)
investigation, ACI 209R (1997), CEB-FIP (1990), Le Roy et al. (1996) models are compared and
it is found that CEB-FIP (1990) always leads to underestimation of the deformation. But, the CEB-
FIP model’s creep deformation prediction trend is suitable then it is selected as a basis model. The

Table 5 Coefficient of correlation factor (R%) CC creep prediction models for CC and SCC

Creep prediction models C;(Z: SSZC
CEB-FIP (1990) 0.41 0.58
ACI 209R (1992) 0.79 0.84
Eurocode 2 (2001) 0.89 0.80

JSCE (2002) 0.89 0.87
AASHTO (2004) 0.86 0.87
AASHTO (2007) 0.90 0.80

AS 3600 (2009) 0.70 0.75
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Table 6 Coefficient of correlation factor (R%) CC creep prediction models for CC and SCC

Creep prediction models SISZC
Poppe and De Schutter (2005) 0.57
Larson (2006) 0.72
Cordoba (2007) 0.81
Proposed model 0.93

modified model of CEB-FIP (1990) is just suitable for Poppe and De Schutter’s experimental
results.

The Larson’s (2006) model is just a modification of ACI 209R (1997) model based on Larson’s
mixture. This model does not cover intrinsic and extrinsic variables. In the Cordoba’s (2007)
model, KL is first mixture that was based on a mixture developed by Khayat (1995) and modified
by Altan (1999). This mixture achieves the SCC performance by replacing some of the coarse
aggregates with cement. The second mixture, labelled KM, was based on the KL but with a coarse
aggregate content increased to 38%. Similarly, the third mixture, KH, was based on the KL but has
a coarse aggregate content of 39%. Cordoba’s model is based on ACI 209R (1997) and it does not
cover intrinsic and extrinsic variables.

7.3 SCC creep models

As shown in Table 6 and Fig. 13, the proposed model provides good predictions compared to
the experimental database of the SCC mixtures. In the experimental database, normal and high
strength SCC mixtures are available and the SCC proposed model has good prediction for both
normal and high strength experimental results. Also, the c/p ratio that is included in the proposed
model has effective influence on the overall creep prediction. As can be seen in Table 2 this ratio
varies over a wide range.

8. Conclusions

In summary the following conclusions can be drawn from this study:

» The AASHTO (2004), JSCE (2002) and ACI 209R (1992) creep models provide a better
prediction of the creep strain for SCC mixtures compared to the other models. However, these
models are different in the certain intrinsic and/or extrinsic variables which JSCE (2002) model is
better in this case.

» The AASHTO (2007), JSCE (2002), Eurocode 2 (2001) and AASHTO (2004) creep models
provide a better prediction of the creep strain for CC mixtures too compared to the other models.

» The SCC creep model of Cordoba (2007) is more conservative compared with the other SCC
models. This model is a modification of the ACI 209R (1997) model and it is based on the few
mixture design available in the literature. Moreover, this model is a general view of ACI 209R
(1997) because it does not cover intrinsic and extrinsic variables.

*Proposed model has good predictions for normal and high strength SCC mixtures as compared
with the experimental database of SCC mixtures.
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