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ABSTRACT: The coupled damage and creep behavior of concrete under sustained loading is investigated in
this paper. Based on existed experimental results, a model explaining the relationship of nonlinear creep
strains and damage of concrete is presented, together with the physical mechanism and failure criterion of
concrete creep failure under sustained loading. The model assumes that total strain of concrete under sus-
tained loading consists of linear creep strain, nonlinear creep strain and damage strain, which is mainly
caused by microcrack evolution. By comparing behavior of concrete under fatigue and sustained loading, the
crack growth rate under sustained loading is assumed in proportion to the normalized strength intensity factor.
Concrete damage and creep under sustained loading is analyzed with the proposed model. The comparison
between the results by the model and those by experiments indicates a good agreement.

1 INTRODUCTION

In recent decades, several concrete high arch dams
up to 300 m are built and under-constructed in
China, such as arch dam of Xiluodu (278 m),
Xiaowan (292 m) and the primary Jingping (305 m).
The safety evaluation of high arch dams has become
an important and complex research subject, where
researches of concrete properties under real work
condition is one of the most important subjects (Zhu
B.F. 2006).

Concrete structures like dams always work for a
long lifetime. However, experiments to determine
concrete properties are usually done in about 2 min-
utes according to loading rate regulation in the test
code (ASTM 0.2-0.4Mpa/s). Researches in this area
have showed that concrete properties under long-
term loading will differ from short-time loading.
Concrete specimen will fail after a certain period
under the application of the loading lower than its
normal strength. The relationship between applied
loading stress and failure time is shown in Table 1
(Zhu B. 2005) and the stress-strain relationship un-
der long-term loading is shown in Figure 1 (Riisch
H. 1960).

Table 1. Concrete failure time under sustained loading.

Sustained
loading (%) 95 92 90 8 78 77 73 70
Failure time 2min 10mn 30min 1h 4d 1ly 3y 30
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Figure 1. Sustained-loaded envelope for concrete in uniaxial
compression (Riisch, H. 1960).

It can be seen that concrete behavior under long-
time sustained loading is very complicate. The pre-
sent research cannot explain failure mechanism of
concrete under sustained loading. In this paper, cou-
pled damage and creep behavior of concrete under is
investigated.

2 CONCRETE BEHAVIOR UNDER USTAINED
LOADING

2.1 Concrete deformation under sustained loading

As we all know, concrete is a complex material with
time-dependent flow properties consisting of differ-
ent processes such as shrinkage and creep et.al.
Shrinkage comprising the strains appears when no
external loads are applied and creep is directly re-
lated to concrete stresses and microcracks evolution.
For stress level below about 40% of concrete com-
pressive strength f., creep strains are linearly related



to the external stresses. However, at higher stress
levels this linearity is lost and the creep coefficient
is no longer stress-independent (Fig.2). For very
high stresses (>0.7~0.8 f.), creep strains are associ-
ated also with microcracks nucleation and growth
with time, which may consequently result in con-
crete failure after a finite time interval (called terti-
ary creep). (Neville, 1973)
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Figure 2. Concrete deformation under sustained loading a)
Lower stress; b) Higher stress.

From the experimental results, total strain of con-
crete under sustained loading consists in a number of
contributions, which can be written as:

e(t,o)=¢,(t,0)+¢,(1,0)+¢, (1)

where & is time-related linear creep strain of concrete
which was mainly caused by time-dependent deforma-
tion of concrete matrix, & is damage strain mainly
caused by microcracks evolution under high sustained
loading.

According to ACI 209(1992), linear creep strain
of concrete can be expressed as:

Eein(1,0) = (1) 2)

where ¢@(t) is the creep coefficient of concrete, which
comprises the effect of both drying and basic creep
and can be denoted as:
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where #-fy is loading time and ¢(wx,7,) is ultimate
creep coefficient which can be calculated by:

#(o0,1,) = 2.35k e, kK ks 4

where k; (i=1~5) are factors influence by humidity
et al.

Based on the experiments of stress levels below 70%
of concrete compressive strength f;, the nonlinear effects
of stresses on the creep coefficient can be obtained by
numerical fitting as follows (Ruiz, F. 2007):

. (10) = z[%] (0.0 5)

c

2.2 Damage evolution of concrete

The failure mechanism of concrete under high stress
level is not very clear at now. Few studies can be
found where the combined effect of nonlinear creep
deformations and concrete damage caused by crack
evolution is considered.

As shown by the tests in the literatures (Riisch, H.
1960, Neville, A. 1973), three different phases in
can be identified for concrete under sustained load-
ing: (1) crack formation, (2) stable crack propaga-
tion, and (3) unstable crack propagation till concrete
failure. In the first and second phases, the damage
strain is very small, whereas in the third phase the
damage strain under sustained loading dominates the
deformation of concrete due to unstable crack
growth which makes the deformation increase rap-
idly with increasing time till final failure (Fig.2b).

In order to describe concrete behavior under sus-
tained loading, which represents the concrete re-
sponse due to micro-cracks, the results of the tests
under cyclic fatigue loading are helpful. Since small-
amplitude cycles will generate microcracks and pro-
duce a pseudo-plastic behavior and damage in con-
crete too.

Table 2 is the comparison of fatigue and creep
damage deformation of concrete with time. Al-
though there are some phenomenological differences
between both processes, their physical mechanism
and macroscopic behavior are very similar.

Table 2. Comparison of fatigue and creep damage deformation
of concrete.

Fatigue loading

Sustained loading

n/N, r t Tf
&/ € ele,
Initial fatigue First creep

Stable fatigue
Fatigue failure

Secondary creep
Tertiary creep
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Researches showed that concrete failure time un-
der fatigue loading is inversely proportional to the
strain rate at the secondary creep stage. It is com-
monly known in materials science and fracture me-
chanics that Paris' Law relates the stress intensity
factor to sub-critical crack growth rate under a fa-
tigue stress regime. The accorded formula reads:

da m
T=CaK) (6)

where a is the crack length, N is the number of load
cycles, C and m are material constants, and AK is the
range of the stress intensity factor.

Researches on concrete fatigue properties are far
more than long-time behavior under sustained loading.
According to the similarity of concrete behavior under
sustained loading and fatigue loading, the crack propaga-
tion rate is assumed in proportion to the normalized
strength intensity factor in this paper:

da
—=C(K /K, )"
KK ™

where 7 is sustained loading time, K is the stress in-
tensity factor, Kjc is fracture toughness of concrete.

2.3 Concrete failure under sustained compression

To analyze concrete failure under sustained com-
pression, the sliding crack model (Horii & Nemat-
Nasser, 1986, Ashby & Hallam, 1986) is employed,
which can describe properties of quasi-brittle mate-
rials under short-term compression well.

It is assumed that the concrete body is ideally
composed of cement paste and aggregate. All the
initial penny-shape microcracks are located on the
interface between the cement paste and the aggre-
gate facet (Fig. 1a). As the far field uniaxial com-
pressive stress ¢ is applied, the shear (z,) and normal
(om) stresses are generated on the crack plane (Fig.
2a). The shear stress tends to make the crack sur-
faces slide, and a frictional stress poy, opposes the
sliding (« is the friction coefficient) because the
cracks are closed. The cohesive force between the
cracks is neglected.

With the increase of the applied external com-
pressive load, kinked crack growth will be initiated
when the SIF K; of the wing crack reaches the
mode-I fracture toughness Kjc. The wing crack
grows along a curved path and eventually turns
parallel to the applied stress. With increasing load-
ing, kinked crack propagated in a stable way at
first and then interacted with other cracks, which
finally caused concrete failure. To analyze the in-
teraction between microcracks, a series of periodi-
cal co-linear cracks model is adopted in this paper

(Fig. 3).
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Figure 3. Periodical crack model of concrete.

In Figure 3, ayis the crack length before kinking,
W is the center-to-center crack spacing, € is the an-
gle between the crack plane and the direction of
principal stress.

Thus, the equivalent splitting force Fsin@ is:

Fsind =a,G(0)c (8)

where G(0) =sin® O(cos@— usind). G get its maximum
value when @ satisfies:

H:arctan[(3y+\/9,uz+8)/4} 9)

Hence, under far field stress, the stress intensity
factor of crack tip can be expressed as(Horii &
Nemat-Nasser, 1986):

K] — O-ak Gmax (6) (1 0)

W sinl ZUHD)
w

where /" =0.27a, 1s the equivalent wing-crack length
to ensure accuracy when / is very small.

It can be seen that unstable crack extension is
only possible when 0Ki/0/ > 0. Hence, at any step of
the short-term compressive loading process, with the
fracture toughness Kjc, wing crack lengths can be ob-
tained by Equation (10) until /+/"=w /2. After that,
since 0Ki/0l > 0, the crack growth becomes unstable
and concrete attains its compressive strength. Hence,
compressive strength of concrete can be denoted as:

_ K, W

Gmax ak

f. (1

Therefore, when concrete was subject to sustained
loading o=Sf;, the normalized stress intensity factor
variation with kinked crack length / can be expressed as:

K S
kel S 12
K \/sin[;z(zu*)/W] (12)

Define a dimensionless parameter L=7z(l+l*)/ w
and substitute Equation (12) to eq.(7), crack growth
rate can be simplified as:
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ﬂ = BS" (sin L)""/2

e (13)

where B=rxC/W.

Note that under short-term uniaxial compression,
the response of each pre-existing crack is stable
when 0K;/0l< 0 and a single correspondence of the
crack extension length / on the compressive stress
level exists. From equation (12), under sustained
loading 0=5f., the initial normalized crack length L,
before sustained loading satisfies:

(14)

Under sustained loading, cracks will propagated
in a stable way until the SIF are greater than fracture
toughness Kjc and 0Ky/0l > 0. Hence, the critical
crack length L. when concrete failure happens can be
expressed as:

L, = arcsin§

L, = —arcsinS (15)
Integration of Eq. (13) yields:
L,
j “(sinL)"dL
r=" (16)

BS"

2.4 Concrete strength variation with age

Since concrete hydration process last for decades, its
strength will increase with increasing time whether
sustained loading is applied or not. The following
equation can be used to estimate concrete strength
variation with age.
J.(T) = 1 H(®) (17)
where f.(T)is concrete strength at age 7 (day), fos is
concrete strength at 28 days, H(1)=¢""""" is the
formula presented by CEB, where s=0.25 for normal
cement, and H(t)=T/(0.85T +0.4) is the formula pre-
sented by ACI. Thus, the fracture toughness varia-
tion with ages can be determined.

3 CONCRETE DAMAGE DEFORMATION
UNDER SUSTAINED LOADING

After the relationship between kinked crack length
and loading time under sustained compression is
achieved from Equation 13, the compliance tensor of
concrete can be determined by calculating the con-
tributions of all the kinked cracks deformation to the
total compliance tensor. However, this method is
somehow inconvenient for the microscopic parame-
ters such as microcracks density are hard to get. In
this paper, macroscopic continuum damage mechan-
ics are applied to calculated concrete damage strain
under sustained loading.
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Research showed that continuum damage me-
chanics can describe concrete nonlinear behavior under
uniaxial compressive loading. According to Mazars
(1989), the isotropic damage parameter D can be writ-
ten in terms of a function of the equivalent strain:

~ \ ed\ 2 _
E= /i:l<e,. >+ i=1273

where (& 1is positive principal strain components.
The following damage accumulation function has
been adopted:

(18)

_K,(-4)
g

D=1 A" (19)
where A, B, and K, are parameters characteristic,
which can be calibrated with uniaxial experiments.
This expression originally proposed by Mazars
(1989) has been found in good agreement with ex-
perimental data for uniaxial tests.

Under given extent of uniaxial stress, the corre-
sponding compliance of concrete and kinked crack
length in Figure 3 can be determined from equation
(10, 18 and 19). Because concrete damage states are
functions of crack evolution, the relation between
compliance and sustained loading time can be de-
termined, so is the damage deformation.

4 NUMERICAL RESULTS AND DISCUSSION

4.1 Numerical results

Based on the above-developed theoretical framework,
the influence of sustained loading to concrete strength
can be investigated. The material parameters are cali-
brated with existed results as B=0.61, m=44.2. A=0.98,
B=370, and K0=0.0001 are adopted in the numerical
examples.

The variation of the sustained loading level with
failure time is plotted in Figure 4 along with the ex-
isted experiments.
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Figure 4. The relationship between loading level and failure
time.



As seen from this figure, the results of the model
correlate well with the experimental data. It also can
be seen from Figure 4 that when concrete variation
with age is considered, the failure time under sus-
tained loading will be longer especially when the
loading is lower than 80% of concrete compressive
strength.

The strain-time relation is plotted in Figure 5 along
with the existed experiments (Riisch H. 1960). It can be
seen from the figure that the results of the model corre-
late well with the experimental data.
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Figure 5. Strain variation with sustained loading time.

4.2 Concrete under sustained tensile loading

When the tensile loading exceeds concrete strength
f:, unstable crack propagation happens immediately,
which makes concrete showed much more brittle-
ness than under compression.

The failure criteria of concrete under tension in
linear fracture mechanics form is:

K, =ovma=K,

Therefore, crack growth rate under sustained ten-
sile loading Sf; are governed by:

(20)

da mi2
=S (wa) 21)

Similar with the analysis above, the initial crack
length and the critical crack length when material fail

under sustained tensile loading were respectively:

a, =a, a, =a, /S (22)

Then, the failure time of concrete under sustained
tensile loading can be achieved by integrating Equa-
tion (22).

ra,(1-8"7)

__ralme ) 2
BWS"(m/2~1) (23)

The relationship between sustain loading and fail-
ure time are plotted in Figure 6. It can be seen that
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failure time of concrete under sustained tensile load-
ing are shorter than compressive loading. For ex-
periments of concrete under sustained tension are
quite few, the difference between long-term tension
and compression should be included in the future re-
search.
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Figure 6. The relationship between tensile and compressive
loading stress level and failure time.

5 CONCLUSIONS

In this study, a physical model is proposed to de-
scribe concrete long-term behavior considering
stable crack growth with sustained loading time.
The predicted results by this model appear reason-
able comparing with the current available experi-
ments.

Concrete failure under sustained loading is due
to crack steady propagation till critical length.
When the stress level is higher, stable crack
propagation will be faster and concrete will fail at
shorter time.
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