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Abstract

Creep and crack growth govern the long-term deformability of concrete and thus its service behavior and its durability. The mechanisms

involved in the couplings between these effects are not yet clearly identified. The aim of this research was to investigate experimentally and

numerically at both the macro and the meso-level (heterogeneous material) the interactions between creep and crack growth in concrete and

identify the main phenomena acting on the overall viscoelastic response of concrete, at various stages of fracture, during relaxations.
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1. Introduction

Viscoelasticity and crack growth govern the long-term

deformability of concrete and thus its service behavior and

its durability. For low load levels, viscoelastic behavior appears

quasi-linear and crack growth is inactive. On the other hand,

for high load levels, cracks grow and interact with viscoelas-

ticity. Numerous authors have long demonstrated qualitatively

the influence of microcracking on creep. Moreover, rate effects

on the fracture behavior of concrete are clear for low and high

loading rates [1]. From recent research, it appears that only

models taking into consideration both cohesive crack

approaches extended to time dependent parameters and bulk

viscoelasticity can reproduce the experimentally observed

trends [2]. Nevertheless, the physical mechanisms involved

in these effects are not yet clearly determined. The dissipative

nature of crack growth and viscoelasticity naturally encourages
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one to model their couplings by means of an energy-based

approach to fracture. This is the meaning of the continuum

thermodynamics of dissipative multicracked granular bodies

developed by Huet [3]. This theoretical formalism puts the

emphasis on the effect of viscoelasticity on the driving

(reactive) part of the propagation criteria (energy release rate).

The aim of this research was to investigate the couplings

between viscoelasticity and crack growth in concrete, both

experimentally and on the basis of numerical simulations at the

meso and macro-level to search for clues for the observed

effects. The experiments gave many indications of a significant

role of microcrack propagation during relaxations at high load

levels both near to and after the peak (maximum load).

Moreover, the critical effect of the starting point of the

relaxations (on the rupture envelope or under) was demon-

strated. Relaxations started under the rupture envelope, even in

the non-linear domain (around the peak), tend to produce

significantly lower relative relaxations, with a distinctively

different signature in a semi-log plot. The numerical simula-

tions revealed some possible mechanisms to explain the

observed trends. These mechanisms are clearly linked to the

interactions between microcrack propagation, the viscoelastic
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Fig. 1. Arbitrary system in initial and deformed state with applied solicitations.
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behavior of the matrix, and the granular structure of concrete

[3].

2. Theoretical background

Fig. 1 shows the two states (initial and deformed) of an

arbitrary system, formed of a viscoelastic material and of a set

of n microcracks (internal variables ak for k=1, n), submitted

to an arbitrary combination of solicitations in terms of

displacements nd imposed on the surface boundary flD0n,

surface forces Pd imposed on the surface boundary flD0r and

volumetric forces Fd imposed on volume D0. All imposed

solicitations may vary with time.

The constitutive equations governing the evolution of the

system are given in a very general way by the expression of the

dissipation as a function of the variables of the problem. Huet [3]

showed that for a multicracked body, the propagation criteria for

the kth crack tip geometry parameter can be expressed as:

Gk ak
� �

¼ � BW
Bak

¼ Rk
f ð1Þ

whereGk, energy release rate of the kth crack, and Rf
k: resistance

to propagation or critical energy release rate of the kth crack. It

should be noted that in this equation, the internal variables ak are

chosen in order to fully characterize the geometry and position of

the microcracks. Depending on the configuration, they can be

tensors (3D fracture planes).
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Fig. 2. Wedge Splitting Test (WST), specime
Huet [4] introduced the so-called pseudo-convolutive

operator g defined as follows: if a and b are 2 tensors, the

pseudo-convolution of a by b is given by:

c tð Þ ¼ agb ¼
Z t

0�

�
Z 2tþ

t

! 
a 2t � uð Þ : db uð Þ: ð2Þ

The total free energy of a linear viscoelastic body of volume

V can be expressed, with the help of the Brun–Clapeyron

formula, as [3]:

Ue tð Þ ¼ 1

2

Z
V0

Z t

0�

�
Z 2tþ

t

! 
r 2t � uð Þ : de uð ÞdV ð3Þ

or, in its pseudo-convolutive form

Ue tð Þ ¼ 1

2

Z
D0

rge dV ð4Þ

Using the pseudo-convolutive operator, Huet [3] showed

that the potential energy can be written as:

We tð Þ ¼ 1

2

Z
BD0n

PgnddR � 1

2

Z
BD0r

ngPddR ð5Þ

The energy release rate for the kth crack tip is then given by:

Gk;stat tð Þ ¼ � BWe tð Þ
Bak

¼ 1

2

Z
BD0r

Bn
Bak

gPddR

� 1

2

Z
BD0n

BP

Bak
gnddR ð6Þ

This expression applies for any non-aging linear viscoelastic

body provided that body forces and kinetic energy terms can be

neglected (onset of propagation or slow crack growth) and that the

lips of the considered crack are force-free. In order to simulate the

couplings between viscoelasticity andmicrocrack propagation for

a granular microcracked body with a viscoelastic matrix, it has

been implemented in a finite element code by Cécot [5].

3. Experimental

The tests have been performed with a Wedge Splitting

System (WST) inspired from the one developed by Brühwiler

[6], Fig. 2. One single type of material (concrete, river
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Fig. 3. a) Granular microcracked structure, and b) FEM mesh of a WST

specimen.
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aggregates 0/8 mm, 460 kg/m3 of OPC type CEM I 42.5, W/

C=0.43, fcw,28=50 N/mm2, age at testing between 50 and 100

days) has been used. All specimens were protected from

desiccation by a paraffin based curing compound. Two series

of LVDTs were used. One in the axis of the horizontal splitting

force Fh (reference wh1) and one at the level of the prenotch tip

(reference wh2). On some specimens, acoustic emission sensors

and a conductive graphite surface crack gauge have also been

used [7]. Tests were run in closed-loop displacement control

(either wh1 or wh2) in a servo hydraulic testing system. The

relaxations were imposed successively, at various load levels,

starting before the peak. Different values of the load level at

first relaxation have been used (M11914: 38%, M12022: 85%,

M12213: 40%).

4. Numerical model

The computer code originally developed by Wang [8] for

the simulation of crack propagation in a microcracked

granular elastic media, and modified by Cécot [5] to take

into consideration the bulk viscoelasticity (linear) of the

matrix, has been used. Crack propagation was simulated by

means of an energy based criteria [9], corresponding to the

formulation introduced in Section 2. Fig. 3 shows a) the

heterogeneous structure and b) a typical mesh generated by

the program.
0.9

0.92

0.94

0.96

0.98

1

1.02

0 200 400 600 800 1000 1200

a)Relaxation F
h
(t)/F

h0

t (s)

pre-peak, levels 1 to 5

1/36 %

2/48 %

3/60 %

4/72 %

5/84 %

R
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5. Results and discussion

In the following, for obvious reasons, the observed effects

will be illustrated only for a reduced number of specimens. All

these effects could be replicated on several other specimens,

detailed results can be found in [7]. Fig. 4 shows the relative

relaxations obtained for specimenM11914 with a control ofwh1,

both pre- and post-peak. On the figures, the number of the

relaxation is followed by the load level (% of the peak load). Pre-

peak, Fig. 4a, all relaxations after no. 1, till no. 5, were performed

with a constant displacement increment from one level to the

other. For a purely linear viscoelastic material, in such a case,

theory predicts relative relaxations less and less pronounced.

This trend is respected till relaxation no. 2 (at 48%). Starting with

relaxation no. 3 (at 60%), all successive ones follow an opposite

trend (relaxations more and more pronounced), which reveals a

progressive deviation from linearity when one approaches the

absolute peak of force. Post-peak, Fig. 4b, the relative

relaxations tend to merge whatever the load level and to follow

a typical behavior (linear in a semi-log plot) already observed by

Ba”ant and Gettu [10] on 3 PTB specimens.

Fig. 5 (specimen M12022) shows the response for relaxa-

tions with a control of wh1, with a first level at 85% of the

maximal load. On the experimental load–displacement curve,

Fig. 5a, one can notice that among all the relaxations, no. 5 is

the only one to start clearly under the rupture envelope. In Fig.

5b, the relative relaxations after the peak show the same trend

as for specimen M11914, except for no. 5 for which the

relaxation is much less pronounced than the ones for nos. 4 and

6. Moreover, the signature of this relaxation curve in a semi-log

plot is very distinct (marked curvature) from the linear shape

obtained for nos. 4 and 6 (as observed in the post-peak range

for specimen M11914). One can relate this special behavior to

the fact that relaxation no. 5 is performed under the rupture

envelope. For comparison, the relative relaxations predicted by

a linear viscoelastic simulation (homogeneous material, no

crack propagation) using the FEM code developed by Cécot [5]

have been plotted in the same figure. It can be seen that

experimental relaxation no. 5 is much closer to the simulated

linear viscoelastic behavior than experimental relaxation nos. 4

and 6, although no. 5 shows a clear non-linear deviation. From
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Fig. 5. Specimen M12022, control wh1, a) Force–displacement wh1, b) relative relaxations, steps 4, 5, 6 near and after the peak, experimental results and simulations

(linear viscoelasticity).
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this, it appears that in the post peak range (with ongoing

damage), performing relaxations on the rupture envelope or

clearly under it could activate different mechanisms thus

explaining the great differences observed.

These mechanisms could be related to progression of

damage during relaxations performed on the rupture envelope,

namely microcrack propagation during the relaxations.

In order to get confirmation that the occurrence of microcrak

propagation during relaxations started on the rupture envelope,

acoustic emission measurements have been performed on a

specimen (M12213) submitted to a loading program similar to the

one of specimenM11914. Fig. 6 shows the load vs. time curves of

specimenM12213 togetherwith the occurrence of acoustic events

(circles) plotted with the same load vs. time scale. On the same

figure, the evolution of the projected crack lengthmeasured on the

surface of the specimen by a conductive graphite gauge has also

been plotted. In Fig. 6a, one can see the complete curves. The

crack gauge reacts to the increase of displacement between the

relaxations but shows no significant variation of crack length

during the relaxations. On the contrary, AE can be detected both

between the relaxations and during some of them, mostly at the

beginning. During relaxation no. 1 (load level=40% of peak),

various AE events can be detected. Then, before the peak, till

relaxation no. 4, no more. From the peak on, all relaxations are
Fig. 6. Specimen M12213, control wh1, absolute relaxations with Acoustic Emiss
accompanied by AE events that tend to vanish during the load

decrease. Fig. 6b shows clearly the AE events occurring at the

beginning of relaxation nos. 4 and 5, close to the peak. These

observations give support to the presence of an active micro-

cracking at least at the beginning of relaxations performed on the

rupture envelope, in the peak and post-peak ranges.

Microcrack propagation is expected and has been observed

during creep tests by many authors. In a relaxation test, it was

not expected. Theoretically, for a homogeneous material,

relaxation implies a decrease of the energy release rate G,

which is the driving force for crack propagation [3]. Unless the

resistance to crack propagation decreases faster that G, crack

propagation is impossible. One possible justification of the

experimentally observed phenomena could be found in the

heterogeneous microstructure (granulates and preexisting

microcracks) of concrete. Fig. 7 illustrates the results of a

numerical simulation of the processes involved in a WST

specimen, in the FPZ, at the beginning of a relaxation (zoom on

notch tip). Let us assume that prior to the blocking of the

displacement wh1 (beginning of the relaxation), microcracks

continuously propagate in an unstable way due to their small

size. Let us further assume that just when the relaxation starts,

one single microcrack (1) (as illustrated in Fig. 7a) was

propagating and that its propagation ends after the relaxation
ion (AE) events and crack length vs. time, a) general, b) detail on the peak.



Fig. 7. Simulation of the interaction of microcracks in the Fracture Process Zone (FPZ), near the notch tip of a WST specimen, during relaxation; stress field rxx.
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started. Owing to the heterogeneous microstructure of concrete

the propagating microcrack will modify the stress field of

neighboring microcracks in the FPZ and as shown in Fig. 7b

even induce the propagation of microcrack (2), even if the load

decreased. This process can be replicated till the load relaxation

excludes all new propagation. In this way, the vicinity of

microcracks in the FPZ could explain the chain reactions of

propagations even during a relaxation. The key point is the

intrinsic unstable nature of the microcracks due to their small

size and their vicinity in the FPZ.

6. Conclusions

The viscoelastic response of concrete Wedge Splitting Spec-

imens submitted to successive relaxations, both in the pre- and

post-peak range, in a fracture test, has been investigated.

– With this test method, pre-peak, one can characterize

accurately the progressive shift from a linear viscoelastic

behavior, starting at around 50% of the peak load for this

specimen type and size.

– Post-peak, the relaxations initiated at the rupture envelope

tend, in a relative load scale, to merge for all load levels and

show a distinct signature (linear in a semi-log plot), agreeing

with the previous observations of Ba”ant and Gettu [10].

– Post-peak, the relaxations initiated under the rupture

envelope show a very distinct behavior with less pro-

nounced relative values. This could provide a means for

isolating possible contributions of microcrack propagation

in the non-linear viscoelastic behavior of concrete.

– Many indices of microcrack propagation during relaxations

in the near-peak and post-peak range were directly

observed (Acoustic Emissions).

Numerical simulations taking into consideration the hetero-

geneous microstructure of concrete at the meso-level and the

viscoelastic behavior of the matrix can explain the effects

observed. They reveal possible phenomena of interaction of

microcracks in the FPZ that could lead to chain reactions of

successive unstable propagations during relaxations, even if the

externally measured load decreases at the same time.
Significant contributions of microcracks propagations on the

load decrease during relaxations should be taken into consid-

eration when evaluating the non-linear viscoelastic properties

of concrete. Otherwise, the beneficial effects of viscoelasticity

on the long term behavior of concrete structures could be

overestimated.
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