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A B S T R A C T  

Three series of novel tensile and flexural creep tests on 
partially-damaged concrete specimens were carried out in 
order to gain some insight into creep crack growth and 
failure of strain-softening materials. In the tests, each spec- 
imen was initially loaded to a given point in the descend- 
ing branch and thus had a lower load-carrying capacity 
than that at the peak-point. Then, the specimen was 
unloaded and reloaded to sustain a load which was from 
70% to 95% of its current  load-carrying capacity. 
Experimental creep curves display a three-stage process, 
consisting of primary, secondary and tertiary stages, with a 
decreasing, constant and increasing creep rate, respec- 
tively. The secondary stage dominates the whole failure 
lifetime, whereas both the secondary and tertiary stages 
are important in terms of creep deformation. Failure life- 
time seems to be more sensitive to the change of load level 
in flexural tests rather than in tensile tests. The decrease in 
load-carrying capacity due to damage tends to result in a 
shorter failure lifetime and a lower critical load level for 
creep rupture. The descending branch of the static load- 
deflection or load-CMOD curve may be used as an enve- 
lope criterion for creep fracture. 

R r S U M E  

Trois s&ies d'essais innovants de fluage a la traction eta la 
flexion ont (t( effectu&s sur des @rouvettes de b(ton partielle- 
ment endommag&s pour (tudier la propagation de la fissuration 
et la rupture des mat&iaux radoucis. Chaque @rouvette a 
d' abord ~t( charg& jusqu'h un point donn( de la branche descen- 
dante, de mani&e ace que sa capacit( de charge soit inf&ieure a 
la charge maximale. Ensuite, l'@rouvette a (t( d(charg& et 
recharg& pour supporter une charge entre 70% et 95% de sa 
capacit( de charge existante. Les courbes exp&imentales du fluage 
r&}lent un processus en trois phases" primaire, secondaire et ter- 
tiaire, want  une vitesse de fluage respectivement d(croissante, 
constante et croissante. La phase secondaire domine pour la durde 
de vie jusqu'a la rupture, tandis que les phases secondaire et ter- 
tiaire sont importantes pour la d(formation de fluage. La dur& de 
vie jusqu'h la rupture semble ~tre plus sensible au changement du 
niveau de charge clans les essais deflexion que dans les essais de 
traction. La rMuction de la capacit~ de charge due h l'endomma- 
gement semble entra~ner une plus courte durt'e de vie jusqu'h la 
rupture et un niveau inf&ieur de charge critique pour la rupture 
de fluage. La branche descendante des courbes statiques charge- 

fl(chissement ou charge-CMOD peut 8tre utilis& comme crit~re 
enveloppe pour la rupture de fluage. 

1. INTRODUCTION 

Strength and deformation of concrete are time- 
dependent and thus creep has been a subject of  intensive 
research work. Under high sustained loading, creep rup- 
ture can occur after a certain time. However, whilst this 
phenomenon has been studied extensively in metals and 
plastic materials (Kanninen et al. [1]), time-dependent 
crack growth and failure of concrete have been investi- 
gated only to a very limited extent. 

Tests of the time effects on strength and fracture may 
be divided into three types: loading rate, sustained load- 
ing and crack growth rate tests. Most tests on concrete 
fall into the first two types, although some research has 
been carried out on the last type (Shah et al. [2], Mindess 
et al. [3], mindess [4], Tait [5]). 

The results are normally presented as load level ver- 
sus failure lifetime curves, strength versus loading rate 
curves and crack growth rate versus stress intensity factor 
curves. It is found that the three curves are related 
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Fig. 1 - Three types of tests of time effects on the strength and 
fracture of concrete. 

through the creep exponent N which can be evaluated 
from slopes, as shown in Fig. 1 (Mindess [4]). N may 
vary from 20 to 40 and depends on both the material 
and test type. 

The time effects on strength and creep rupture for 
concrete are mainly predicted by empirical or semi- 
empirical equations derived from tests (Wittmann [6]). 
Furthermore, linear elastic fracture mechanics (LEFM) 
might be of little use for the creep fracture of concrete, 
since the damage zone m concrete is too large to apply 
LEFM to specimens of normal size. 

During the last two decades, fracture mechanics 
models, such as the Fictitious Crack Model (Hillerborg 
et al. [7]), have been developed and successfully applied 
to the prediction of size effects on the flexural and shear 
strength of plain and lightly-reinforced concrete  struc- 
tures (Elfgren [8], Carpinteri [9], Carpinteri et al. [10]). 
Moreover, these models call predict both local behavior 
and global response satisfactorily. Recently, a Time- 
Dependent Fictitious Crack Model was developed for 
the creep fracture of concrete and applied to the analysis 
of crack growth and failure of concrete specimens in 
bending and compact tension by Zhou [11, 12]. 

Since the softening behavior (i.e. stress-carrying 
capacity decreasing with increasing deformation in the 
damage zone) is used as a basic law in the modeling of 
concrete fracture, the experimental study of creep tests 
on partially-dalnaged concrete may provide important 

Table 1 - Type of test and dimensions 
of specimens 

No. of 
Type of test tests 

Tensile creep 20 

Flexural creep 
Series I 18 

Series II 22 

Dimensions Specimen (mm) 

Notched cylinders 0 100"200 

Notched beams 840* 100" 100 

Notch 
(mm) 

10 

20 

information for the understanding and simulation of the 
creep fracture of concrete. Therefore, three series often- 
sile and flexural creep tests on concrete specimens were 
performed at ENEL-CRIS, Milan (see Carpinteri et al. 
[13]). The results are presented below. 

2. EXPERIMENTS 

2.1 Test program 

The experimental program includes tensile creep, 
flexural creep and fracture energy tests. Fracture energy 
tests were conducted in accordance with a R.ILEM rec- 
ommendation [14], but with a notch depth ratio of 0.2. 
The geometry and dimensions of the specimens are 
given in Table 1. 

The mix proportion of the concrete is cement : water 
: sand : gravel - 480:230:825:825 kg/m 3. Port land 
cement type 425, alluvial sand (maximum size 3.15 mm) 
and gravel (maximum size 10 mm) were used. 

The compressive strength at 28 days is 42 MPa. The 
tensile strength and the fracture energy are 2.5 MPa and 
132 Nm/m 2, respectively. 

The age at which the specimens were tested is about 
6 months. The specimens were stored at 20~ and 95% 
relative humidity and were tested at 20~ and 50% rela- 
tive humidity. 

The testing machines were Galdabini PMA of an 
electro-hydraulic and closed-loop type with a loading 
capacity of 20 and 60 tons. Deformations were measured 
using LVDTs of HBM W2, which have a measuring 
range of+ 2 mm and an accuracy of 0.2%. 

The testing set-ups for tensile and flexural creep tests 
are shown in Figs. 2 and 3, respectively. In tensile tests, 
the COD (Crack Opening Displacement) was measured 
using three transducers. In flexural creep tests, the 
deflection was measured at the load application point as 
the mean value of two transducers, and the CMOD was 
measured at a point 15 mm away from the crack mouth 
by means of transducers. 

2.2 Procedure of creep tests 

The following steps (Fig. 4) were carried out in the 
creep tests: 
Step 1. Load up to the maximum load Pm,~• with defor- 

mation control (0.2 gin/s). 
Step 2. Follow the softening branch unti l  the load 

decreases to the prescribed value, PD, i.e. unload- 
ing start load (P, = 7.84 kN (about 60% of  Pmax) 
in tensile tests; Pro - 1.18 kN (about 50% of Pmax) 
in flexural test series I and PD - 1.76 kN (about 
80% Of Pmax) in flexural test series II). 

Step 3. Unload to about 10% of the maximum load, 
PITIaX" 

Step 4. Reload up to a load corresponding to a certain 
percentage of PD for each one of the six levels 
(i.e. 70%, 75%, 80%, 85%, 90% or 95% of PD). 
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Fig. 4 - S c h e m a t i c  i l l u s t r a t i on  o f  the testing procedure. 

Fig. 2 - Testing set-up for tensile tests. 

were determined by dividing the loads by the net cross- 
sectional area. 

Some of the test data were left out because of incom- 
plete details or unsuccessful tests. Even for the data 
included in the table, some features cannot be evaluated 
because of the incompleteness of the recorded data. 

3.1 Tensile creep curves 

Fig. 5 shows creep COD versus time curves at four 
sustained load levels, i.e. 95%, 90%, 80% and 70%, in 
tensile creep tests. Creep COD is defined as the differ- 
ence between the current COD value and the initial 
C O D  value at the beginning of  sustained loading. 
Normalized time (time/lifetime) is used in order to make 
the comparisons of creep curves more distinct. 

As was the case with the creep rupture of metals in 
sustained loading tests, the creep curves from the present 
tests also display a three-stage process, according to the 
change of creep rate. Creep rate decreases gradually in the 
primary stage, is ahnost constant in the secondary stage 

Fig. 3 - Testing set-up for flexural tests. 

Step 5. 

Step 6. 

The load is kept constant (+ 5 N) until either creep 
rupture occurs or the steady creep stage is reached 
(i.e. creep rate approximately equal to zero). 
After creep rupture, the softening branch is fol- 
lowed, if possible. 

3. TENSILE TESTS 

The results of the tensile creep tests are summarized 
in Table 2. This table includes data on tensile strength, 
f ,  stress at the unloading start point, o/~, sustained stress, 
o s, sustained load level, Cs/OD, failure lifetime, tc, and 
ultimate creep COD, w c Stress and strength values ult" 

Table 2 - Tensile creep tests 

Test No. ~ G o c s GS/GD tcr W c ult 
(MPa) (MPa) (MPa) (%) (sec) (microns) 

A1778 2.00 1.56 1.48 95 284 3.70 
C1776 2.91 1.56 1.48 95 161 2.64 
D1776 2.87 1.56 1.48 95 213 3.22 

B1778 1.87 1.56 1.40 90 3514 3.94 
D1778 1.54 1.40 90 4242 4.02 

D1784680 2.48 1.56 1.32 85 12960 4.86 

B1776 1.95 1.56 80 9441 5.00 
C1784640 2.50 1.56 1.25 80 75601 4.70 

A1784600 3.29 1.56 1.17 75 457250 10.90 
B1784600 1.97 1.56 1.17 75 1307700 8.76 

A1781560 1.56 1.09 70 1314400 16.10 
C1782560 1.56 1.09 70 1891989* 
D1782560 1.56 1.09 70 100800 6.76 

*nofailu~. 
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Fig. 5 - Creep curves in tensile creep tests. 

and increases rapidly until failure in the tertiary stage. 
In terms of failure lifetime, the primary, secondary and 

tertiary stages take up about 5%, 75% and 20%, respec- 
tively. In other words, the secondary stage dominates the 
failure lifetime in creep rupture. This feature is consistent 
with other similar tests, e. 2. lLeinhardt et al. [15]. 

On the other hand, creep COD growth in the pri- 
mary, secondary and tertiary stages in terms of uhimate 
creep COD is about 10%, 40% and 50%, respectively. 
Put otherwise, creep COD increase in the tertiary stage 
is about the same as in the secondary stage. Therefore, 
the tertiary stage needs to be taken into due account in 
order to calculate the deformation accurately, even 
though this stage contributes much less to the whole 
failure lifetime. 

Table 3 - Flexural creep test series I 
(unloading start load = 1.18 kN) 

U c 8c Test No. Pmax PD PS Ps/Po tcr ult ult 
(kN) (kN) (kN) (%) (sec) (microns) (microns) 

A1734 2.31 1.18 1.11 95 48 24 13 
D1733 2.10 1.18 1.11 95 57 42 22 
D1734 2.38 1.18 1.09 95 102 48 22 

A1731 2.36 1.18 1.08 90 40 47 30 
A1735 2.27 1.18 1.05 90 400 60 33 
C1731 2.46 1.18 1.06 90 441 52 26 

C1732 2.14 1.18 0.99 85 4382 108 58 
D1731 2.27 1.18 0.99 85 2922 70 39 

A1733 1.95 1.18 0.93 80 15930 152 74 
B1733 2.55 1.18 0.94 80 18240 178 99 
D1732 2.18 1.18 0.93 80 26904 177 98 
IC1733 2.46 1.18 0.93 80 24000 106 57 

B1735 2.71 1.18 0.88 75 85860 185 84 
D1735 2.09 1.18 0.88 75 657000 323 169 

C1734 2.29 1.18 0.82 70 1322100 304 149 
C1735 2.25 1.18 0.82 70 1331100 323 143 
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o 
,,I 
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Fig. 6 - Sustained load level versus failure l ifet ime in tensile 
creep tests. Ho l low d iamond  do t  denotes  the  test wi thou t  
final creep rupture .  

3.2 Sustained load level versus failure 
lifetime curve 

Sustained load level is plotted versus failure time 
in Fig. 6. The best fitting equation is found to be: 

-27  

tcr = 104 (1) 

The creep exponent from the equation above is 27 
and thus comparable with the f indings of  other  
researchers. In the tests performed by 1Leinhardt et al. 
[15], the exponent is approximately equal to 24, whereas 
according to A1-Kubaisy et al. [16], it is 34. 

The critical load level (i.e. the lowest level at which 
creep failure can occur) in the present tests cannot be 
determined with certainty and is estimated to be 65% to 
70%. It is found to be 65% by Reinhardt et al. [15], 
about 70% by A1-Kubaisy et al. [16] and 75% by 
Domone [17]. 

4. FLEXURAL CREEP TESTS 

Tables 3 and 4 summarize the experimental data 
from flexural creep test series I (unloading start load = 
1.18 kN) and series II (unloading start load - 1.76 kN). 
The data consist of the maximum load, Pmax, unloading 
start load, P,), sustained load level, Ps/Pl), failure time, (~, 
ultimate creep deflection, u~tt (the superscript c means 
increment due to creep at a constant load), and ultimate 
creep CMOD, 8~1 ,. 

Since the specimens used for the two  series of tests 
were made from two different batches of concrete, it is 
necessary to check whether the properties of the materi- 
als for the two series are significantly different. Since the 
two series of tests are identical up to the unloading start 
load, we can compare the data at the peak point. As can 
be seen, the mean value and the standard deviation of the 
maximum load, Pmax, are 2.30 kN and 0.19 kN for series 
I, and 2.21 kN and 0.18 kN for series II. Therefore, the 
mean values ofPma x in the two series are very similar and 
it can be concluded that the material properties in the 
two series are not significantly different. 
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Table 4 - Flexural creep test series II 
(unloading start load = 1.76 kN) 

U c TestNo. Pmax PD Ps Ps/PD tcr ult 
(kN) (kN) (kN) (%) (sec) (microns) 

A1775 2.32 1.76 1.66 95 92.5 38 
B1775 2.34 1.76 1.66 95 14.5 11 
C1775 2.23 1.76 1.66 95 28.5 22 

A1776 1.94 1.76 1.58 90 2411 77 
81776 90 837 53 
D1775 2.27 1.76 1.58 90 86 21 

A1783 2.53 1.76 1.50 85 12600 61 
C1776 2.24 1.76 1.50 85 11988 94 
D1776 1.91 1.76 1.50 85 22230 100 

A1779 2.08 1.76 1.41 80 108000 181 
B1779 80 10800 113 
D1778 2.22 1.76 1.41 80 282600* 

A1780 2.11 1.76 1.33 75 105300 174 
C1779 2.03 1.76 1.33 75 85500 144 
D1779 2.22 1.76 1.33 75 76500 116 

A1781 2.14 1.76 1.23 70 667800* 
81783 2.52 1.76 1.23 70 4999230* 
C1781 2.13 1.76 1.23 70 1188000* 

* nofailu~. 

4.1 Load-deflection and Ioad-CMOD curves 

Load-deflection and load-CMOD curves from flex- 
ural creep test series I and series II are plotted in Figs. 7 
and 8, respectively. Two sustained load levels, 90% and 
80%, for each series are presented. Only the curves from 
the tests with final creep failure are included. 

As might be expected, wider scatters are present on 
the post-peak branch than on the pre-peak branch of 
both the load-deflection and the load-CMOD curves, 
based on different tests at the same load level. 

As can be observed from these curves, in each test 
the descending part after creep failure seems to represent 
a continuation of the static curve before the start of sus- 
tained loading. In other words, the unloading, reloading 
and sustained loading have only a local effect. The 
descending part of the static load-deflection or load- 
CMOD curve might serve as an envelope criterion for 
creep failure, especially for high values of Ps/P> This 
criterion implies that the fracture energy is independent 
of the time duration of the sustained load, as reported by 
Aassved Hansen [18] for three-month-old concrete 
specimens. 

In compressive tests, the descending branch of the sta- 
tic stress-strain curve seems to provide a good envelope 
criterion for cyclic loading tests (Karsan et al. [19]). 
Moreover, for rocks, the descending part of the static 
curve has also been observed to be a criterion for creep 
rupture (Goodman [20]). It may bejustified to use a sim- 
ilar criterion for the creep failure of concrete, since the 
fracture behavior of concrete and rocks is rather similar. 

4.2 Creep curves 

~C 
. ult 
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40 
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23 

74 
53 
22 

33 
84 
84 

159 
105 

The creep def lec t ion- t ime and creep 
CMOD-time curves from flexural creep test 
series I are shown in Figs. 9 and 10, respectively. 
Four levels, 90%, 85%, 80% and 70%, are pre- 
sented. Similar curves from series II are plotted 
in Figs. 11 and 12, and the same four sustained 
load levels, 90%, 85%, 80% and 75%, are 
included. Creep deflection is defined as the dif- 
ference between the current deflection and the 
deflection when the sustained loading starts. 
Similarly, creep C M O D  is the difference 
between the current CMOD and the CMOD 
when the sustained loading starts. 

Except for some tests conducted at high load 
levels (i.e. 90% and 95%), the creep curves dis- 

137 play three stages as distinctly as in the tensile 
105 
87 tests (Fig. 5). 

In terms of failure lifetime, the primary, sec- 
ondary and tertiary stages take up about 10%, 
70% and 20%, respectively. In other words, the 
secondary stage dominates failure lifetime in 
creep rupture. 

On the other hand, creep deflection or CMOD 
growth in the primary, secondary and tertiary stages is 
about 15%, 40% and 45%, respectively, in terms of ulti- 
mate creep deflection or CMOD. Put otherwise, the 
creep deflection or creep CMOD increase in the final 
stage is about the same as in the secondary stage. 
Therefore, the tertiary stage needs to be taken into 
account in order to accurately simulate deflections or 
CMOD values, even though this stage contributes much 
less to the whole failure lifetime. 

4.3 Sustained load level versus failure 
lifetime curves 

Sustained load level is plotted against failure lifetime 
for flexural test series I and series II in Figs. 13 and 14, 
respectively. 

As usual, failure lifetime is expressed as a power func- 
tion of the load level. The best fitting equation for series 
I is found to be: 

9I '/TM 
k, PD ) (2) 

and for series II as: 

tcr =18 (3) 
\ D /  

In the two equations, the exponent is about the same 
and only the coefficient is different. In other words, the 
corresponding curves (Figs. 13 and 14) present approxi- 
mately the same slope, but the failure time is shorter in 
series I than in series II at the same sustained load level. 
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Fig. 7 - Load-deflection and load-CMOD curves in series I. 
Sustained load level = 90% and 80%. 
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Fig. 8 - Load-deflection and load-CMOD curves in series II. 
Sustained load level = 90% and 80%. 
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Fig. 9 - Experimental creep deflection-time curves in flexural 
creep series I. 
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Fig. 10 - Experimental creep CMOD-t ime  curves in flexural 
creep series I. 
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Fig. 11 - Experimental creep deflection-time curves in flexural 
creep series II. 
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Fig. 12 - Experimental creep CMOD-t ime  curves in flexural 
creep series II. 
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Fig. 13 - Sustained load level versus failure lifetime in flexural 
test series I. 

1.00 

0 .90  

0 .80  

0 .70  

0 .60  

T~KA, [ �9 Experimental [  estfittio  

i-  I .... I- . . . . . . . . . . . . . . .  I 
10 1000  1 0 0 0 0 0  1 0 0 0 0 0 0 0  

T i m e  ( s e e )  

Fig. 14 - Sustained load level versus failure lifetime in flexural 
test series II. Hollow triangles denote the tests without final 
creep rupture. 

The unloading start load in series I is lower than in 
series II. Thus, the damage zone at the beginning of sus- 
tained loading in series I is expected to be greater than in 
series II. The unloading start load may be regarded as the 
current load-carrying capacity of concrete specimens, and 
it is lower in series I than in series II. 

Since the only difference between the two series is the 
unloading start load, there seems to be a trend that the 
increase of damage results in a shorter failure lifetime and 
the decrease of current load-carrying capacity gives rise to 
a lower capability of resisting creep fracture. 

As compared with tensile tests (Fig. 6), the slope of 
sustained load level-failure lifetime curves in the flexural 
creep tests is less steep. The exponent is 27 in the tensile 
creep tests, and then 33 and 34 in the two flexural series. 
I11 other words, failure lifetime in the flexural tests is 
more sensitive to load level than in the tensile tests. This 
feature is consistent with the experimental evidence pro- 
duced by Shkoukani [21]. He performed both a centered 
tensile test series and an eccentric tensile test series. It 
was found that the slope of sustained load level-failure 
lifetime curves was smaller in the latter series. It may be 
inferred that the slope of the curves and the parameters 
in the equations depend mainly on the test types. 

It is difficult to determine the critical load level for 
series I, as creep failure occurs even at the lowest level. 
As for series II, it is about 70%. Therefore, the critical 
load level is lower in series I than in series II. 

5. CONCLUSIONS 

The results of tensile and flexural creep tests on par- 
tially-damaged concrete specimens are presented and 
analyzed. 

These novel creep tests were carried out in the fol- 
lowing way. Each specimen was loaded up to some point 
in the descending post-peak branch, unloaded and 
reloaded to a lower load than the unloading start load 
(which may be regarded as the current loading capacity 
of the damaged specimen). The load was kept constant 
until creep rupture or the steady creep stage (i.e. negli- 
gible creep) occurred. 

The tests include tensile tests, flexural test series I 
(unloading start load = 1.18 kN) and series II (unloading 
start load 1.76 kN). The main results consist of stress- 
deformation curves, load-deflection and load-CMOD 
curves, creep curves and load level versus failure time 
curves. These can be very useful in aiding the develop- 
ment of crack models and in understanding the creep 
fracture of concrete. 

The main conclusions may be drawn as follows: 
(1) Experimental creep curves display a three-stage 

creep process: a primary stage with a decreasing creep rate, 
a secondary stage with a constant creep rate and a tertiary 
stage with an increasing creep rate. The secondary stage 
dominates the whole failure lifetime, whereas both the sec- 
ondary and tertiary stages are equally important in terms of 
creep deformations. 

(2) At the same level, failure time for flexural creep 
test series I seems to be shorter than for series II. The 
critical load level (the lowest load level at which creep 
rupture can occur) tends to be lower for series I. It may 
be inferred that the capability of resisting creep rupture 
under sustained loading also decreases with increasing 
damage and decreasing load-carrying capacity. 

(3) The slope of sustained load level versus failure 
lifetime curves seems to depend o11 the test types. It is 
approximately the same in the two flexural test series, 
but is steeper in the tensile tests. In other words, the fail- 
ure lifetime seems to be more sensitive to the load level 
in flexural tests than in tensile tests. 
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