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Improved prediction model for time-dependent deformations 
of concrete: Part 3-Creep at drying 

ZDENEK P. BAZANT, JOONG-KOO KIM 
Ce/1ler fill' Adl'al1ced Ccmcnt-Bascd ,Matcria/s, /Vorrllll'cstern Cnit'cr.litr, Eml1stol1, IlIil10is 60]OX, USA 

Part 3 oj'lhe prcsellt scries gin's thc prcdictioll jiJrll1u/ae jill' Ihe acerage compliance jill1ctioll 
in the cross-scctiol1 oj' a specimen exposcd to clrring at CO/1.\/(f!1f tell1perature, The jimllu/ae 
descrihe the additiona{ creep due to drying hr mcans of the shrinkage /ill1('liol1, liNch 
automatically inlroduces Ilze consequences of difiilsioll theory, such (IS Ihe dependence of creep 
011 cross-sectiol1 thickncss alld shape, Thc prcc/ictiolljimllu/ac are cOIlI/wrccl lrilh 19 difrerenl 
data setsji-olll the /ilerallire. ll'hich r('['ccr! re/(J/i['c/r good agrcelllcnl. heifer than that lrilh 
preciolls moe/c/s, Thc lI1(/in .1'0111'1'1' oj' error is insufjicient knOlr{edge oj'thc efj'ecI (lj'lIIix 
cOll1position and concrcte strcngth, It is (/dci.l'ah/e to a['oid Ihis error hI' c(/rrring OUl shorl-
I illlc II1CaSllrCIlICI1 ts lrhcncl'er possih{e, 

I. INTRODUCTION 

When a concrete specimen that creeps under load is 
simultaneously exposed to a drying environment. its 
deformation is much larger than the sum of the 
shrinkage of a load-free specimen and the creep with 
elastic deformation of a loaded sealed specimen, This 
phenomenon, known as the Pickett effect [1]. can be 
regarded as either additional stress-induced shrinkage or 
as additional drying creep, Both viewpoints are mathe
matically equivalent [2]. We chose the latter viewpoint. 
namely that of additional drying creep, as in thc original 
BP model [3]. 

2. FORMULAE FOR CREEP AT DRYING 

The average compliance function for a cross-section of a 
long member, representing the sum of the instantaneous 
deformation, the basic creep and the additional creep due 
to drying, can be expressed as 

J(t, 1', a) = ql + F(a)[Co(t, 1') + Cd(t, 1', to) + CpU, t',lo)J (1) 

in which ql represents the instantaneous deformation, the 
same as for basic creep; C 0(1, t') represents the basic creep 
(Part 2 [4J); Cd(t, 1', to) represents the additional creep due 
to simultaneous drying; and CpU, 1', to) represents a 
further creep increase due to predrying, which can be 
neglected in most cases, except when the time lag (1' - to) is 
large and the member is thin; t' = age at loading, to = age 
at the start of drying and t = current age (all in days), 

As shown in Appendix II of Bazant and Chern [2J, 
integration of the differential equation for the additional 
creep rate caused by the time rate of pore relative 
humidity indicates, under certain simplifying assump
tions, that the drying creep term should approximately be 
a function of the increase of the average shrinkage strain 
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during the period of loading, Based on this argument, the 
creep during drying is expressed approximately as 

(2) 

in which 5,' is a function already defined for shrinkage 
(Equation 2 in Part 1 [5J); CIs = empirical constant; I:sh, = 

tinal shrinkage strain for zero humidity, given by 
Equation 7 in Part 1 [5]; and the halftime Im is similar but 
not exactly the same as the shrinkage halftime Ish' It is 
expressed as 

(3) 

(all times in days), The first and second correction terms 
are empirical, although the first one is approximately 
proportional to the inverse of diffusivity C 1 (to) for 
shrinkage (Equation 6 of Part 1 [5J), 

The additional creep due to predrying from to to I' is 
related to the magnitude of shrinkage from to to t' and is 
given by the semiempirical expression 

C (I t't )=07k" [ __ 1 - -O,91'2][S(~- to) 
p , '0 'h G(7 + to) Q,5I

m 

(
t' -I )] - S Scm 0 Co(t,!') (4) 

where function G is defined in Equation 15, Part 1 [5} The 
appearance of Ish in Equation 3 automatically introduces 
the main consequences of diffusion theory, particularly 
the dependence of drying creep and predrying creep on 
the cross-section thickness and shape, diffusivity at the 
start of drying and temperature as given by Equations 
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3-10 of Part 1 [5J for shrinkage. The humidity depend
ence is similar to but slightly different from that in Part 1: 

(5) 

in which h = relative environmental humidity, assumed to 
be constant, and ho = initial pore relative humidity at 
which the specimen was in moisture equilibrium before 
time to (usually ho = 0.98 to 1.00). The empirical constant 
0.7 ensues from the data in Simenov and Bozhinov [6]. 

The additional creep due to predrying may be 
explained by the fact that predrying causes the degree of 
hydration to be less than in specimens exposed simul
taneously with loading, and a lower degree of hydration 
means a higher creep. It must be pointed out, however, 
that the present expression for Cp does not apply for very 
long predrying times such as (' - to» 'sh' in which case a 
new moisture equilibrium state is closely approached 
already before loading. In that case, i.e. for dried 
specimens that have already reached equilibrium (which 
can only be achieved with very thin specimens), the lower 
the environmental humidity the smaller is creep; then 
functions Cd and C p need to be dropped and C o(t, t') needs 
to be multiplied approximately by the term (0.1 + 0.9h6). 

Equations 2-5 represent various well-established 
properties of drying creep: 

(a) Drying that proceeds simultaneously with creep 
intensifies creep (while the loss of water that occurred 
previously reduces creep if moisture equilibrium in the 
pores has already been attained). 

(b) The increase of creep due to drying depends on the 
environmental humidity and the size and shape of the 
cross-section similarly to shrinkage, as reflected in k~ and 
'sh' For very thick specimens ('sh -+ x) the drying effect on 
the average creep in the cross-section disappears. 

(c) Similar to shrinkage, the increase of creep due to 
drying is higher at a lower age. 

(d) The later the concrete is loaded after the start of 
drying, the smaller is the increase of creep due to drying 
(which is more pronounced for a thinner specimen). 

(e) The creep increase due to drying is delayed 
compared to shrinkage, which is approximately described 
by introducing the exponent 1/2 into Equation 2. The first 
parenthetic expression in Equation 4 reflects the fact that 
the strength decrease due to drying before loading 
increases creep (this term vanishes when to -+ x, i.e. for 
the end of hydration). 

One important difference between basic creep and 
additional creep due to drying is that the former does not 
have any asymptotic final value while the latter does. Also 
the slope of the curve of creep versus the logarithm ofload 
duration never decreases for the basic creep, but it does 
decrease for the drying creep. 

Effects of humidity cycling can be added to the present 
prediction equations in the form proposed by BaZant and 
Wang [7]. They are negligible for thicker specimens 
because the environmental humidity fluctuations pene
trate only to a small depth in concrete (see also Part 5). 

Bazant and Kim 

3. PREDICTION OF MATERIAL PARAMETERS 
FROM COMPOSITION AND STRENGTH 

By analysis of numerous test data it was verified that 

40 
qs = (fc')1/2 (6) 

in which.f~' = 28-day cylinder strength in psi (1 psi = 6895 
Pal. The formula for predicting 8shx has already been 
given in Part 1 [5]. " 

The effects of carbonation, as well as admixtures, 
pozzolans, fly-ash and silica fume, are not included in the 
present parameter prediction (however, adjustment by 
parameters (Xl"" explained later can handle them). Since 
carbonation usually penetrates only a very thin layer of 
concrete (2 to 10 mm), it must have a negligible effect on 
concrete members of normal thickness. 

4. PREDICTION IMPROVEMENT BASED ON 
SHORT-TIME DATA 

Since prediction of material parameters from com
position and strength is the main source of error, one can 
greatly improve the predictions by adjusting the param
eters according to short-time creep data. Similar to the 
procedure described in Part 2 [4J (Equation 13), first the 
parameters ql"'" q 5 are predicted from the present 
formulae and then they are replaced by 

(7) 

Unknown coefficient (Xl is then determined (e.g. by trial 
and error) to get the best fit of the available data for the 
concrete to be used. 

If more extensive data covering a longer creep period 
are available, ql,"" q 5 are predicted from the present 
formulae and are then replaced by 

(8) 

Unknown coefficients (Xl and(X2 are then determined (by 
linear regression) to get the best fit of the existing data. 

If the data include not only longer times but also creep 
with or without drying, ql, ... ,qS are predicted from the 
present formulae and are then replaced by 

(9) 

Unknown coefficients (Xl' (X2 and (X3 are then determined 
by linear regression of the available data. 

All the parameters q I' ... , q 5 cannot be determined 
unless the data cover the whole range, including small and 
high ages at loading. 

In this manner the present prediction formulae are used 
to determine only the ratios between the parameters 
ql"'" qs, not their magnitudes. As far as these ratios are 
concerned, the errors of the present formulae are much 
less than in terms of the magnitudes. As the data base 
increases it is further possible to determine from the 
present prediction formulae only some ratios of ql"'" qs 
and obtain the other ratios (e.g. qdq2) directly from test 
data, which further eliminates part of the error. 
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Fig. I Predictions of drying creep and data by Hansen and Mattock [8J. Hummel et al. [9J and Keeton [10]. 
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5. COMPARISON WITH DRYING CREEP 
MEASUREMENTS 

Using the same method as already described, the 
parameters of the present equations have been optimized 
so as to achieve least-square optimum fits of a set of 19 
different comprehensive test data available in the 
literature [8-19]. The comparisons are exhibited in Figs 
1-4. It must be kept in mind that these comparisons 
involve material parameter predictions from strength and 
composition. As already pointed out, these predictions 
are the main source error seen in the figures. If each data 
set were fitted individually, the fits would be much closer. 

The test data of McDonald [15J and York el al. [19J 
differ from the others in that the specimens were resealed 
at the time of loading. In that case function Cd in 
Equation 2 was neglected because no drying creep occurs. 
Furthermore, when the specimen is resealed before 
loading, the value of I' in Equation 4 should be replaced 
by age t r at resealing. 
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Fig. 4 Prcdictions of drying crccp and data by York 1'1 a/. 
[19]. 

The predictions shown in Figs 1-4 are generally better 
than those obtained with previous formulations. Especi
ally, the data of L'Hermite et al. [12J for various ages of 
loading are predicted quite well. The comparisons with 
the data of Keeton [IOJ demonstrate good agreement for 
different environmental humidities. As for the data of 
Lambotte and Mommens [11J, it should be noted that the 
curing conditions for these tests were quite unusual (the 
specimens were exposed to drying environment at the age 
of only 24 h). 

The statistical scatter is characterized by the co
efficients of variation (see Table I), which were calculated 
in the same manner as in Parts I and 2 [4,5J, described in 
detail in Part VI of BaZant and Panula [3]. 

Bazant and Kim 

Table 1 Coefficients of variation for deviations of formulae 
from the hand-smoothed data for drying creep 

Test data 

Hansen and Mattock [8J 
Hummel 1'1 at. [9J 
Keeton [IOJ 
Lambottc and Mommcns [IIJ 
L'Hcrmitc 1'1 al. [12J 
L'Hermite and Mamillan [13J 
Maity and Meycrs [14J 
McDonald [15J 
Mossiossian and Gamble [16J 
Rostasy 1'1 a/. [17J 
Troxell 1'1 at. [18J 
York 1'1 al. [19J 

6. EFFECT OF MICROCRACKING 

39.7 
20.7 

8.2 
16.8 
11.5 
20~9 

10.3 
6.8 
2.9 

15.9 
9.2 
3.7 

The drying creep strain aCd(t, 1', 10 ), also called the stress
induced shrinkage, includes the effects of microcracking 
(or cracking) and of pore humidity rate on the apparent 
creep viscosities, both of which are almost equally 
im portan t [20,21]. I n a specimen under sufficient 
compression the observed shrinkage is much closer to the 
true material shrinkage (free shrinkage of a small element) 
than in a load-free specimen. The reason is that the 
shrinkage observed on a load-free specimen is signifi
cantly offset by microcracking. 

This is true also of the final values, because micro
cracking is largely irreversible (the cracks, once formed, 
cannot close completely). This phenomenon causes the 
average cross-section shrinkage to depend on stress, 
which is taken into account by the term aCd(t, 1', 10)' 

The microcracking can be enhanced by restraint which 
reduces the shrinkage strain; the term aCd(t, 1', to) is 
essential for realistic calculation of shrinkage stress in 
restrained concrete beams or slabs. 

APPENDIX: Basic information on drying creep data used 

Hallsell alld Mattock [8]. Cylinders of diameters d = 
10.2 to 60 cm, and lengths 45.7,55.9,66.0,86.4, 106.7,127.0, 
147.3 em; 2 days in mould, 6days in fog at 70'F (21 C). At 
the age of 8 days the specimens were loaded and exposed 
to 50% relative humidity. 28-day cylinder strength 6000 
psi (41.4 N mm- 2

). Elgin gravel (92% calcite, 8% quartz), 
maximum aggregate size 0.75 in. (19 mm). ASTM type III 
cement, content 303 kg m- 3 ; water:cement:sand:gravel 
ratio=0.71:1:3.3:2.7. Axial compressive stress = 1200psi 
(8.3 N mm- 2 ). 

Hummel et al. [9]. After 7 days of curing, cylinders 
20 cm x 80 cm were transferred to an environment of 
relative humidity 65% and temperature 20 ue. Axial load 
applied at age of28 days. Mix A: Portland cement PZ225, 
content 350kgm- 3

; water:cement:aggregate ratio= 
0.38:1:5.4. 28-day cylinder strength 414kgcm- 2 (40.6 
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N mm -2). Mix B: Cement Z425, content 334kgm -3; water: 
cement: aggregate ratio = 0.55: I: 5.4. 28-day cylinder 
strength 435 kg cm - 2 (42.7 N mm - 2). Specimens loaded at 
the ages of 3,28 and 90 days. Rhine gravel, maximum size 
30mm. 

Keeton [10]. At the age of 24 h the specimens were 
demoulded and placed in 100% relative humidity. Load 
was applied and specimens were exposed to drying at 
75"F (24DC) at age of 8 days. Portland cement type III, 
content 451.2 kg m -3; water:cement: sand:gravel ratio = 
0.46: I: 1.66:2.07; maximum aggregate size 0.75 in. 
(19 mm); fine aggregate, Saticoy River sand; coarse 
aggregate, Santa Clara River gravel. 28-day cylinder 
strength 6550 psi (45.2 N mm - 2). 

Lalllhotte a/ld Mommens [II]. High-strength Portland 
cement, except concretes P40 and P41, in which early
strength cement was used. Specimens cured in mould for 
24 h, then exposed to drying environment of 20 cC and 
relative humidity 60%, except 95% for concretes P49-
P54. Specimens P2 to P41 were of size 15 cm x 15 cm x 
60cm, specimens P49 to P54 of size 10cm x 10cm x 
40 cm. For further data see Table 2, in which t' is in days,f/ 
is cube strength at the time of loading (N mm - 2), (' is 
cement content (kgm- 3

) and It":C:S:K is water:cement: 
sand: gra vel ratio. 

L"Herl71ite et al. [12]. Prisms 7 cm x 7 cm x 28 cm cured 
in water; at to = 2 days exposed to drying at 50% relative 
humidity and 20e. Portland cement, content 350 kg m -3; 
water:cement: sand:gravel ratio = 0.49: I: 1.75: 3.07. 28-
day strength 370 kgcm- Z (36.3 N mm- 2). Seine gravel 
(siliceous calcite), maximum aggregate size 20 mm. Axial 
compressive stress 1315 psi (9.07 N mm -2). 

L'Hermite and Mamillan [13]. Specimens 7cm x 
7 cm x 28 cm cured in water 28 days, loaded at the age of 
28 days and exposed to drying at relative humidities 50, 75 
and 99'Yo, and temperature 20ue. Cement French type 
400/800, content 350 kg m- 3 ; water:cement:sand:gravel 
ratio = 0.49: I: 1.75: 3.07. 28-day strength 370 kg cm- 2 

(36.3 N mm -2). Seine gravel (siliceous calcite), maximum 
size of aggregate 20 mm. Axial compressive stress 1422 psi 
(9.80Nmm- 2). 

Table 2 Additional data for Lambotte and Mommens' tests 
[IIJ 

Concrete t' f* . , c Ir:c:s:g 

P2 28 32.6 270 0.611 :1:2.33:4.74 
PI3 28 40.5 350 0.5:1:1.71:3.56 
P26P29 28 53.3" 400 0.351: I: 1.06: 3.49 
P23 18 52.7 360 0.445: I: 1.76: 3.55 
P31 7 47.6 400 0.575: I: 1.71: 3.04 
P32 28 46.8 400 0.4:1:1.5:3.17 
P34,P35 28 51.2 400 0.45: I : 1.5: 3.17 
P40,P41 28 52.0 450 0.433: I: 1.28: 2.82 
P49 48 49.8 350 0.48: I : 1.85: 3.71 
P50, P51 49 56.6 350 0.49: I: 1.85: 3.59 
P52 35 57.3 362 0.47: I: 1.79: 3.98 
P54 50 45.2 350 0.52: I: 1.85: 3.71 

"Average of four. 
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Maity and Meyers [14]. Prisms 14 in. x 3.5 in. x 3.5 in. 
(356 mm x 89 mm x 89 mm). After 4 days of curing 
exposed to 50% relative humidity and at 70°F (21 DC) 
12-day cylinder strength = 5200 psi (35.9 N mm - 2) on 
cylinder 4 in. x 8 in. Cement type III, content 253 kg 
cm -3; water: cement: sand: coarse aggregate ratio = 
0.85: 1: 3.81: 3.81. Crushed limestone and quartz sand. 
Axial compressive stress 1740psi (12.0Nmm- 2

). 

McDonald [15]. After 7 days of wet curing, cylinders 
6 in. x 16 in. (152 mm x 406 mm) were allowed to drY' for 
75 days in air at 50% relative humidity and 73'"F (23°C). 
Then the specimens were resealed. Load applied at the age 
of 90 days. 28-day cylinder strength = 6300 psi (43.4 N 
mm- 2 ). Portland cement type II, content 404kgcm- 3

; 

limestone, maximum size of aggregate 0.75 in. (19 mm); 
wa ter: cemen t: sand: coarse aggregate ratio = 0.425: I : 
2.03: 2.62. Axial compressive stress 2400 psi (16.6 N 
mm- 2). 

Mossiossian und Call1hle [16]. Cylinders 6 in. x 12 in. 
(152 mm x 305 mm) were loaded and exposed to drying 
after 4 days of curing at 50% relative humidity and 70°F 
(21 C). Cement type III, content 418 kgm- 3

; water: 
cement: sand: gravel ratio = 0.49: I: 1.35: 2.98. Coarse 
aggregate: crushed limestone, maximum size I in. 
(25.4 mm). 29-day cylinder strength = 7160 psi (49.4 N 
mm- 2 ). 

Rosf{/sy et al. [17]. Cylinders 20 cm x 140 cm exposed 
to drying after 7 days of curing at 65% relative humidity 
and 20 e. Axial load applied at the age of 28 days. 28-day 
cube strength 498kgcm- 2 (4S.SNmm- 2). Cement cont
ent 275 kg m -3; water:cement:sand :gravel ratio = 0.56: I: 
3.0S:4. Rhine sand and Rhine gravel, maximum aggregate 
size 30mm. 

Troxell et al. [18]. Cylinders 4in. x 14in. (102mm x 
356 mm) exposed from the age of 28 days to relative 
humidities 50, 70 and 99%, and temperature 70'F (2I'C). 
Water:cement:sand:coarse aggregate ratio=0.59:1: 
2:3.69. 2S-day cube strength 2500 psi (l7.2Nmm-2). 
Cement type I, content 320kgm- 3

; granite aggregate, 
maximum size of aggregate 1.5 in. Axial compressive 
stress SOO psi (5.5 N mm - 2). 

York et al. [19]. Cylinders 6 in. x 16 in. after 7 days of 
curing exposed to 60% relative humidity and 75"F (24°C). 
At age of 83 days the specimens were sealed in copper 
jackets. Load applied at age of 90 days. Portland cement 
type II, content 404kgm- 3

; limestone, maximum size of 
aggregate 0.5in. Water:cement:sand:coarse aggregate 
ratio = 0.425: 1:2.03 :2.62. 28-day cylinder strength 6650 
psi (45.9 N mm- 2 ). 
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moyen de la fonction de retrait qui introduit automatique
men! les aboutissements de la tMorie de diffusion, tels ceux 
qui/ont dependre le.iluage de l'epaisseur et de laforme de la 
section transversale. On compare lesformules de prediction 
a 19 series de donnees prises dans la lifterature, qui 
presentent une asse: bonne concordance, superieure a celie 
ohtenue avec les modeles precedents. La source principale 
d'erreur reside dans une connaissance insuffisante du dosage 
et de la resistance du beron. On conseille d'eviter cefte 
en'eur en effectuant des mesures a court terme chaque fois 
que c'est possible. 


