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The Laboratoire Central des Ponts et Chaussées has launched a research project to study the physical
mechanisms related to the basic creep of concrete to develop a numerical modeling physically based. In this
context, a very important experimental work has been done to investigate, for the same concrete, different
aspects of this basic creep behavior.

These experimental studies allow proposing an assumption concerning the physical mechanisms at the origin
of the basic creep of concrete. This assumption is that the creation of microcracks during creep step (constant
load level imposed during the creep test) generates water transfers which induce some additional self-drying

© 2011 Elsevier Ltd. All rights reserved.

In other words, it is proposed that the basic creep of the concrete is
mainly an additional self-drying shrinkage under stress.

1. Introduction

Creep behavior of concretes is an important phenomenon to be
taken into account for evaluating and analyzing the behavior of most
concrete structures.

IFSTTAR has launched a research project to study the physical
mechanisms related to the basic creep of concrete to develop a
numerical modeling (finite element approach) physically based.

A very important campaign of experimental studies has been
performed to reach this objective. This campaign includes:

- astudy on the basic creep in compression versus the basic creep in
tension,

- a study on the volume effect related to the basic creep in
compression,

- astudy on the use of acoustic emission during a basic creep test in
compression.

This paper presents a comprehensive analysis of the results obtained
during these three experimental studies, analysis leading to a proposal
concerning the physical origins of the basic creep of concrete.
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2. Acoustic emission technique used during a compressive
creep test

It is well-known that the presence of free water in concrete
porosity is at the origin of the creep behavior of concretes [1].

On the other hand, there is currently no consensus on the physical
mechanisms in which this free water is involved.

An assumption, which was proposed some years ago, concerns a
strong coupling between the cracking process and the water transfers
through concrete porosity [2].

To verify this assumption, acoustic emissions were recorded
during basic creep tests in compression performed on two specimens
loaded at 30% of their respective compressive strength. Each specimen
corresponded to two different concretes having different compressive
strengths and Young moduli. The duration of these tests was 7 days.

The main conclusion drawn from this previous study was that
the basic creep strain is linearly dependent of the total number of
microcracks created in the material. From this previous study, an
important question has still to be solved: is the proportionality
between the total number of created microcracks and the basic creep
strain always valid for a much longer duration of creep load, and for
different levels of creep load?

To answer this question, acoustic emissions have been recorded
again during a basic creep test in compression. The main differences
from the previous study [2] are the following:

- the applied creep load has lasted more than 120 days,
- 5loading levels have been applied during the test, the smallest one
being equal to 50% of the concrete compressive strength.
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Table 1

Mix design of the studied concrete.
Components kg/m>
Cement: CEMI 52.5 N PMES CA2 340
Dried sand-lime agregate 0/4 739.45
Dried sand-lime agregate 6.3/20 1072.14
Added water 184.22

2.1. Concrete studied

The mix design of the studied concrete is given in Table 1. In
Table 2, some mechanical characteristics of the concrete are given at
the age of 28 days. The creep load was applied on the concrete at the
age of 266 days.

2.2. The creep tests

The creep tests were performed on loading frames designed at
LCPC. The technology of the LCPC creep frame and the test procedure
has already been published in detail [3-6] and therefore will not be
presented in this article.

The tested specimens are cylinders, 160 mm in diameter and
1000 mm high, and protected from drying throughout the test (the
condition for a basic creep test) by a double layer of self-adhesive
aluminum-paper sheet glued to the specimen (method developed by
the LCPC [7]). Concurrently, autogenous shrinkage tests are per-
formed on specimens identical to those for the creep test (and also
protected from drying in the same way). The basic creep strain is
therefore classically determined by subtracting from the total strain,
the instantaneous elastic strain due to the loading of the specimen and
the strain due to the autogenous shrinkage.

During the creep test, 5 loading levels were applied during
different loading times. A loading level corresponds to a percentage
of the average compressive strength of the concrete.

The 5 loading levels and the corresponding loading times are given
in Table 3.

2.3. Acoustic emission

The acoustic signal is measured using 4 sensors distributed along
the specimen as shown in Fig. 1. As soon as a signal is received by one
or more sensors, it is amplified and filtered. If its peak amplitude
exceeds 250 mV, the time at which the signal was received, the
number of sensors that received the signal first, and the spectrum of
the received signal are recorded. Signals that reach first one of the two
end sensors are immediately eliminated to avoid recording noise from
the loading frame or the helmet/specimen interface.

The processing of the data is done in the next procedure: after the
record of a signal (time of emission, number of sensors that recorded
it first, peak amplitude), an energy distribution in three frequency
bands is produced in accordance with the following principle: for each
frequency interval, the area of the curve between the lowest
frequency and the highest frequency is calculated and its ratio to
the total area is determined. This yields to the percentages of the
energy in the low, medium and high frequency bands, which may

Table 2

Mechanical characteristic of the concrete.
fe (MPa) 46
f; (MPa) 24
E (GPa) 46

Table 3
Loading procedure adopted during the creep test.

Loading level (%) Loading time (days)

54 87
59 31
73 7
75 0.07
80 0.06

serve to distinguish signals of different types and therefore of
different physical origins. The three chosen frequency intervals are:

Interval 1, low frequencies (LF), 0-125 kHz
Interval 2, medium frequencies (MF), 125-250 kHz,
Interval 3, high frequencies (HF), 250-375 kHz.

The methodology used to compare the acoustic signatures is based
on the frequency distribution of the signal. For each signal, the ratios
LF/MF, LF/HF, and MF/HF (LF, MF and HF were already defined) are
examined and the signal is classified according to whether these ratios
belong to the intervals [0, 1/5[, [1/5 1/2[, and [1/2, 1].

2.4. Results

Results are presented in Figs. 2-9:

The total strain versus time (Fig. 2)

The total number of acoustic events versus basic creep strain
(Fig. 3).

The total number of acoustic events versus basic creep strain
related to each loading level (Figs. 4-8)

The increase with time of the total number of acoustic events
related to the LF/MF ratio (Fig. 9).

The acoustic events number related respectively to the LF/HF and
MF/HF have been very low.

640 cm

Fig. 1. Arrangement of acoustic emission sensors on the specimen (dimensions of the
cylindrical specimen, h=100 cm, @ =16 cm).
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Fig. 2. Total strain versus time.

2.5. Analysis of results

Figs. 4-8 lead to the following conclusions:

- for each loading level, the basic creep strain seems globally linearly
dependent on the total number of acoustic events;

- the higher the loading level, the higher the slope related to the
linear relation linking the basic creep strain and the total number
of acoustic events.

Table 4 presents the value of the proportionality slope, a, as a
function of the loading level.

Fig. 9 indicates that the frequency distributions of the acoustic
signal remain the same throughout the creep test, including the phases
of loading.

The assumption is that the acoustic events recorded during the
loading phase of the specimens are mainly due to the creation of
microcracks, which is a reasonable assumption given the current
knowledge.

As a matter of fact, in previous experimental works [8,9] related to
the study of cracking process of concrete in mode I (microcrack and
macrocrack openings in mode I), it was found that, with exactly the
same acoustic emission equipment and the same chosen pass-filters,
the frequency distribution of the acoustic signals was the same as in
the present study.

Moreover, it is important to mention that, in a recent experimental
study related to the basic creep behavior of a concrete loaded in
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Fig. 3. Total number of acoustic events versus total strain for all the duration of the
creep test.
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Fig. 4. Number of acoustic events versus basic creep for the 54% level of loading.

tension [10], it has been found that it a linear relation exists between
the basic creep strain in tension and the number of acoustic events
recorded.

So, it can be said, without any ambiguity, that the acoustic events
recorded during the basic creep test are related to the creation of
microcracks and that, in consequence, the basic creep strain is
proportional to the total number of microcracks in the specimen.

Finally, the principal conclusions are the following:

1. The basic creep strain is linearly dependent on the total number of
microcracks created in the material.

2. The higher the loading level, the higher the density of microcracks
created, and the higher the density of microcracks created/basic
creep strain ratio.

3. Basic creep in tension versus basic creep in compression
3.1. Experimental procedures

3.1.1. Creep in compression
The creep test in compression is the one described previously.

3.1.2. Creep in tension

The LCPC creep test in tension has been designed and developed in
2008 for an industrial research contract conducted for the Institut
(French) de Radioprotection et de Sureté Nucléaire (IRSN). This
contract involved the study of endogenous tensile creep of a concrete
nuclear power plant. The duration of the test did not exceed 3 days in
that study, [10]. The design of the loading frame in tension contains a
lever arm (Figs. 10 and 11). To reduce the maximum load to handle,
maintain good sensitivity, and limit the size of the frame, a ratio 5/1
was adopted for the lever arms. The tested specimen is cylindrical. It
has a diameter of 13 cm and a length of 50 cm.

As for the specimens related to creep test in compression, the
specimens related to creep test in tension are protected from drying
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Fig. 5. Number of acoustic events versus basic creep for the 59% level of loading.
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Fig. 6. Number of acoustic events versus basic creep for the 73% level of loading.

throughout the test by a double layer of self-adhesive aluminum foil
bonded on the specimen. The specimen is connected to the loading
frame by bonding and bolting. The specimen is glued to aluminum
helmets that are connected to the loading frame by bolting (Figs. 10
and 11). A bonding system for helmets has been designed to ensure
proper alignment of the tensile axes of the specimen (Fig. 12).

With the 5/1 ratio chosen for the lever arm, it requires 1,300 kg of
mass to apply a maximum force of 65 kN. In order to obtain a loading
sensitivity threshold of 1%, 100 disks of 13 kg each are chosen to lead
to the maximum force (Figs. 10 and 11).

A delicate aspect of the device concerns the connecting points of
the arm. Indeed, to obtain a proper test, it is essential to minimize the
friction forces. The solution chosen for these connecting points are
bull socket joints (Fig. 13).

Three displacement transducers are fixed at 120° on the central
part of the specimen (Figs. 14 and 15). The measurement basis is
30 cm.

As for the study relative to basic creep in compression, simulta-
neously to the basic creep tests in tension, autogenous shrinkage tests
on specimens identical to those used for creep are made.

The creep strain is, the same as for the creep in compression,
conventionally determined by subtracting from the total strain, the
instantaneous elastic strain due to the loading and the strain due to
the autogenous shrinkage.

Note that, for the two configurations (tensile and compressive
tests), the loading is quasi-instantaneous (it takes less than 1 s to load
the specimen). So, there is no significant creep during the compres-
sive and tensile loadings.

3.2. Experiment program

3.2.1. Concrete studied
The concrete is the same as the one described previously and
detailed in Tables 1 and 2.
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Fig. 7. Number of acoustic events versus basic creep for the 75% level of loading.
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Fig. 8. Number of acoustic events versus basic creep for the 80% level of loading.

3.2.2. Test program

The creep tests in compression and in tension have been performed
at concrete age of 64 days.For each type of test, one specimen was
tested.

For both types of test, the load level was respectively 50% of the
tensile strength and of compressive strength of the concrete at
28 days.

The test duration was 6 months for the creep test in compression
and 1 month for the creep test in tension.

3.3. Experiment results

The experiment results are summarized in Fig. 16 which shows the
compliance curves (strain versus time per unit of applied stress) for
the two creep tests in compression and the creep test in tension.

The experimental curves related to the autogenous shrinkage of
the two types of specimen (one linked to the compressive creep test,
the other to the tension creep test) are presented in Fig. 17.

3.4. Analysis of results

Fig. 17 shows a very small autogenous shrinkage of the concrete
given by the two types of specimen. Some variations are due to
sensitivity to variations of temperature existing in the test room
during the creep tests. This result is not astonishing when we consider
the age of the concrete (64 days) at the loading time.

Fig. 16 shows that compliance in compression is significantly
higher than compliance in tension. We can consider that the ratio, R,
between these two compliances is close to 3 (for the same test
duration of 1 month). We can also perform a more detailed evaluation
of the evolution of this ratio R over time (taking into account an
average compliance curve for the two creep tests in compression).
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Fig. 9. Increase with time of the total number of acoustic events related to the LF/MF
ratio.
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Table 4

Value of a in function of the loading level.
Loading level (%) 54 59 73 75 80
a 0.097 0.267 2.66 6.24 10.7

Table 5 shows the evolution of this ratio for 8 different test durations:
1,2, 3,4,5,10, 20, 30 days.

One can note that the ratio, R, appears to decrease significantly
over time. This would reflect the fact that the kinetics of creep in
tension along time is greater than that in compression.

To confirm that concrete basic creep is significantly higher in
compression than in tension, other basic creep tests in tension and in
compression, carried out on the same concrete are summarized in
Figs. 18-20. It is important to note that the age of concrete (A), and the
loading level (L), were different for each test. These figures confirm that
basic creep in compression is significantly higher than in tension for the
concrete studied and the different ages of the material considered.

4. Volume effects related to the basic creep of concrete
in compression

4.1. Test performed and experimental procedures implemented

4.1.1. The studied concrete
The concrete is the one just described above (Tables 1 and 2).

4.1.2. The creep tests

The creep tests were performed on two creep devices designed at
LCPC.

The first device was presented previously (Section 2).Three sizes of
cylinders have been tested on this device: a specimen of with
diameter 160 mm and height 1000 mm (V;), a specimen of diameter
130 mm and height 50 mm (V) and a specimen of diameter 160 mm
and height 320 mm (V3),

The second creep device has been designed, in the past, to test
smaller specimens. But, except for this difference in dimensions, the
second device is identical to the first one.

Only one size of specimen has been tested on this device: a
specimen of diameter 110 mm and height 160 mm (V).

The respective volumes related to the 4 dimensions of specimens
are given in Table 6.

Fig. 10. Schematic overview of the tensile creep machine.

Fig. 11. Photo of entire tensile creep machine.

There is a ratio of about 3 between the volume V; and volumes V,
and Vs; V; and V3 having similar values.

Regarding V, and V5, the proximity of their respective volume was
chosen to study the impact of the geometric length of the specimen on
the volume effect, if any.

For the 3 types of specimen geometries, displacement (hence
strain) were measured at the center of the specimen (an average of 3
values given by 3 LVDT placed at 120° on the specimens is calculated).
Concerning the specimen V;, displacements are measured on a base of
500 mm, while concerning the specimens V,, Vs, and V,, they are
measured on bases of 400 mm, 120 mm, and 100 mm respectively.

So the measurements of the respective volumes concerned by the
displacements are given in Table 6. It is noted that the difference
between the volumes of material concerned by the creep strain mea-
surement follows an arithmetic progression of about 2.

Fig. 12. Bonding system of the aluminum helmets.


image of Fig.�11
image of Fig.�12

66 P. Rossi et al. /| Cement and Concrete Research 42 (2012) 61-73

(O

Fig. 13. Kinematic schema.

All specimens are protected from drying throughout the test by a
double thickness of self-adhesive aluminum foil bonded on specimens.

All specimens are ground and polished before being placed on the
creep frame.

In parallel and simultaneously to the creep tests, autogenous
shrinkage tests are carried out on specimens identical to those used
for creep (and again, the same technique to protect from drying is
used).

((_i R
p

P

Fig. 14. Schema of the longitudinal measurement system.

Fig. 15. Photo of the longitudinal displacement system.

The creep strain is conventionally determined by subtracting from
the total strain, the instantaneous elastic strain due to the specimen
loading and the strain due to autogenous shrinkage.

The main difference between the 4 specimens concerns the
manner of placing them inside the machine. Indeed, the first creep
machine was originally designed for tests on V, specimens. Therefore,
it was decided to place the V, specimen between two other cylinders
of the same concrete to obtain a total height of 1000 mm. Only the
500 mm long specimen is instrumented.

Regarding V3 specimens, 3 cylinders are placed inside the device,
and are instrumented.

Regarding V, specimens, 2 cylinders are placed inside the device
and are also instrumented.

Figs. 21-24 show the 4 experimental setups.

In summary, the tests are conducted on 1 specimen of type V;, 1
specimen of type V-, 3 specimens of type V5 and 2 specimens of type
Va.

All creep tests are performed at the same concrete age of 64 days.

Finally, all specimens are loaded at a stress level equal to 50% of
the concrete compressive strength (determined at a concrete age of
28 days).
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Fig. 16. Compliance curves related to the basic creep in compression and in tension
(same loading level and same concrete age).
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4.2. Experiment results

In Fig. 25 are presented the curves of compliance (creep strain per
unit of stress) versus time for all tested specimens,

Fig. 25 shows that the 4 types of specimens tested lead to similar
compliance curves, if usual scattering related to this compliance in
compression is considered [11]. In others words, it is acceptable to say that
there is no significant volume effects related to creep in compression.

This result is very different from what was found during the study
performed by Omar et al. [19] on the volume effects related to the
flexural creep.

Indeed, in this project, 3 dimensions of prismatic specimens were
studied. The heights of these specimens were respectively 100, 200,
and 400 mm, presenting therefore a geometric progression of about 2.

It has been shown that the flexural creep increased with the size of
the specimen. This increase followed an arithmetic progression of
about 50%.

5. Experiment evidences resulting from LCPC studies and
from literature

5.1. Experiment evidences resulting from LCPC studies

The experiment evidences resulting from the LCPC studies above
presented are the following:

1. The basic creep of concrete in tension is much lower than the basic
creep in compression (for the concrete mix and concrete ages studied).

2. In compression, for the same concrete loaded at the same age and
at the same loading level, volume effect does not exist.

3. The basic creep strain is linearly dependent on total number of
microcracks created in the material.

4. The higher the loading level, the higher the density of microcracks
created, and the higher the density of microcracks created/basic
creep strain ratio.

Remark. Inother research projects[13,14], different conclusions than
in the present work were drawn concerning the relation between the
basic creep in compression and the basic creep in tension.

That apparent contradiction can be analyzed as follows:

- Firstly, there are few results in the literature related to the com-
parison between the basic creep in compression and in tension of

Table 5

Evolution of ratio R, compressive compliance/tensile compliance, during time.
Test duration (days) 1 2 3 4 5 10 20 30
R 345 334 327 322 319 3.08 298 292

the same concrete. So, it would be wrong to say that a consensus
exists concerning this comparison.

- Secondly, the comparison concerns basic creeps and not the drying
ones. That means that it should be possible to observe the contrary
if drying creeps were concerned (due to the important cracking
at the surface of a specimen during drying creep in tension). It is
acceptable to say that, in the past, the sealing procedure was
inadequate and that the results obtained may not be reflective of
the real basic creep situations.

- Thirdly, performing a good creep test in tension is very difficult. As
a matter of fact, during this type of test, the measured dis-
placements on the specimens are very low and very sensitive to
the temperature response of the displacement transducer. This
problem was not clearly discussed in the previous papers. It may
be the reason why the results presented in these papers were
confusing.

5.2. Experiment evidences from literature
The experiment evidences from literature are the following:

1. In bending (3 points bending tests on notched prismatic speci-
men), for the same concrete loaded at the same age, the amplitude
and the kinetics of creep increase with dimensions of the stressed
specimen (the notch length/specimen height ratio was kept
constant). This scale effect increases with the loading level [12].

2. Still in bending creep situation (3 points bending test on notched
prismatic specimen), the rate of evolution of the microcracked
zone at the macrocrack tip increases with specimen dimensions
[12].

This last result can be analyzed in another way. Indeed, in a bending
creep test on notched sample, the material d of the notch is, at the notch
tip, strongly stressed in tension (the tensile stress/tensile strength ratio
is very high), whereas the compressive zone of specimen undergoes very
weak creep stresses in compression (compressive stress/compressive
strength ratio is very weak). Consequently, it is justified to say that there
exists a very strong scale effect relating to creep in tension for the
concretes.

6. Analyses of the experiment evidences

The experiment evidence mentioned previously lead to the fol-
lowing conclusions:

1. The fact that scale effects exist in tension and not in compression,
when the basic creep of the concrete is considered, cannot be
caused by viscous purposes at the level of the hydrates (viscous
effects related to the water movements on this scale which would
be the driving force of creep). Indeed, there is scale effect rel-
ative to the mechanical behavior of a heterogeneous material, it is
necessary that the physical mechanisms at the origin of the
considered mechanical behavior occur at a scale of heterogeneity
compatible with the mechanical behavior considered. However, in
concrete, the literature shows that only the cracking in tension
before localization generates significant scale effects [15,16]. This
comment is confirmed besides by the fact that, in the study
performed by Omar et al. [12], the basic creep rate is correlated to
the rate of evolution of the microcracked zone at end of the notch,
which increases with the size of the bending specimen.

This difference between tension and compression concerning the
volume effects is easily explained through the well-known Weibull
theory [17] related to the breaking of brittle materials (theory of
the weakest link).

The implementation of this theory shows that, the more the den-
sity of microcracks (related to the material heterogeneity and the
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Fig. 18. Compliance curves related to the basic creep in compression for different loading level (Lc) and different concrete ages (A).

existence of weak points) before localization of cracking (synon-
ymous with fracture of material) is important, the less are the scale
effects (the weak link has less importance on the fracture of the
considered volume of material). However, the density of micro-
cracks created in a volume of concrete in tension is lower than that
created within the same volume in compression. This difference is
related to the fact that the cracking in compression is more stable
than that in tension (in compression, the local tensile stresses are
generated through the heterogeneous Poisson's ratio of the
concrete).

. The fact that the microcracks creation versus creep strain curve

depends on the initial state of microcracking (created before the
creep step) cannot either be explained by viscous mechanisms at
the level of the hydrates. Indeed, if these viscous mechanisms were
the driving forces of basic creep, an increment of creep strain
should create an increment of density of microcracks indepen-
dently of the initial density of microcracks.

. The fact that basic creep in tension is lower than that in

compression cannot be explained by the existence of viscous
mechanisms at the level of the hydrates.

20

Consequently, it is relevant to say that the concrete microcracking
and its evolution during time constitutes the principal driving force of
the basic creep.

7. Proposal of a physical mechanism at the origin of the basic
creep of concrete

When a static loading is applied to a concrete specimen, it will
crack. The density of microcracks created depends on the level of the
static loading. The end of the static loading corresponds to time t, of
the creep test.

The microcracks generate a brutal hygral imbalance within the
concrete. Indeed, the vacuums (which are the cracks at the moment of
their creation) generate local hygral shocks which result in the
appearance of gradients of concentration in water molecules as well
as gradients of pressure.

Thus, the existence of these two types of gradient will induce water
vapor movements (Fick's law) as well as liquid water movements
(Darcy's law) from the capillaries surrounding the microcracks towards

Complaiance (um/m/MPa)

Time (days)

Fig. 19. Compliance curves related to the basic creep in tension for different loading level (Lr) and different concrete ages (A).



P. Rossi et al. / Cement and Concrete Research 42 (2012) 61-73 69

40

35 Ak
E W
= 30 =
= .
£ MCOmpresswe creep tests
E 251
3 W
o 201 =~
Q
c ‘:
8 15§
© .
1 Tensile creep tests
£ 1097
<] /
o

512

0+ T T T '

0 50 100 150 200 250
Time (days)

Fig. 20. Summary of the compliance curves related to the basic creep in compression and in tension.

these microcracks. These two types of movement will lead to a drying of
the concerned capillaries (reduction in the water meniscuses). This self-
drying induced by cracking will cause an additional shrinkage to the
well-known one linked to the restrained hydration of the anhydrous
cement grains.

From the proposed mechanism, the two following conclusions can
be made:

1. The mechanism of drying of the capillaries bordering the cracks
depends on two kinetics: one related to Fick's law, and the other
one related to Darcy's law.

2. Microcracks, which are formed, cross a large number of hydrates
and of anhydrous cement grains. The created microcracks,
constituting paths of privileged access for liquid water, will allow
a significant acceleration of the kinetics of hydration of anhydrous
grains (phenomenon of self-healing of the microcracks), and thus
will increase the amplitude and the kinetics of the self-drying
shrinkage.

In conclusion, and to summarize the mechanism proposed above, the
assumption is made that the basic creep of concrete is mainly due to
microcracking which induces additional self-drying shrinkage.

Reinhardt and Rinder [18] proposed also that specimen loaded
during a tensile creep test shrank more than unloaded specimens. But
in their case, they did not associate the additional shrinkage to the
evolution of the concrete cracking.

To evaluate the acceptability of this proposal, it is necessary to
answer the two following questions:

v* Which physical mechanisms are at the origin of the kinetics of
creation of the microcracks during the creep step?

v* How to explain that basic creep in tension is much lower than basic
creep in compression?

7.1. Physical mechanisms at the origin of the kinetics of microcracking
during creep step

The fact that microcracking is at the origin of the basic creep of
concrete requires obligatorily that a kinetics of microcracking exists

Table 6

Total specimen volumes and volumes concerned by the displacement measurement.
Specimen type VvV, V, Vs Vg
Total specimen volume (cm?) 20096 6633 6431 1520
Volume of material concerned (cm?) 10048 5306 2412 950

which will generate kinetics of strain during the creep step. The density
of microcracks, generated during the creep step, depends on the
propagation of the microcracks created during the static loading (initial
microcracks), but also on the creation of new microcracks.

7.1.1. Creation of new microcracks

When the capillaries of the concrete are drained in the vicinity of
the initial microcracks, induced self-drying shrinkage appears in the
surrounding cement paste. The evolution of this self-drying shrinkage
will induce an evolution of the stress field in the cement paste.
Stresses caused by the presence of grains of sand restraining the
shrinkage of this cement paste will change.

Consequently, additional tensile stresses, which did not exist at the
end of the static loading, will appear during the creep step. These
additional tensile stresses will be able to create new microcracks with
kinetics related to the drying of the capillaries.

Fig. 21. Experimental setup used for specimen V;.
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Fig. 22. Experimental setup used for specimen V.

7.1.2. Propagation of the initial microcracks

The analysis of the propagation of the initial microcracks is based
on the fracture mechanics of pseudo-fragile materials such as concrete
and more precisely on the Barenblatt theory [19].

In the Barenblatt theory, two systems of forces exist at a crack tip.

The first system of force is related to the external loading (here the
creep loading). It leads to a tensile stress concentration, concentration
whose intensity is described by the stress intensity factor K, which
depends on the level of the external loading and of the crack length.

Fig. 23. Experimental setup used for specimen Vs.

Fig. 24. Experimental setup used for specimen V.

The second system of forces concerns forces of cohesion (Fig. 26).
These forces of cohesion are attractive forces F being exerted between
the particles on both sides of the plan of separation of the crack (plan
AB in Fig. 26) located in a very small zone of width d, much smaller
than the length L of the crack (these are forces of surface). These forces
of cohesion depend on spacing v of the lips of the crack as indicated
in Fig. 27. These forces of cohesion are regarded as a nonlinear
function of spacing v, and depend obviously on the type of material
considered. When v reaches a certain value v, the forces of cohesion
disappear (Fig. 27). This second system of forces also generates a
stress concentration at the crack tip, stresses that are opposed to those
generated by the external loading. The intensity of this stress con-
centration is described by the stress intensity factor k (which depends
on D and v). When the crack does not propagate (is motionless),
the factor k compensates exactly for the factor K. When the crack
propagates, that means that the factor k does not compensate any
more for the factor K, and that happens when the crack opening v
reaches a certain critical value.

In the case of the creep loading, the initial microcrack opening
remains theoretically constant since the mechanical loading is constant.
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Fig. 25. Compliance curves for all specimens tested (1 Vq, 1 Vy, 3 V3, and 2 Vy).
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Fig. 26. Forces of cohesion at the crack end.

On the other hand, as has been previously proposed, the creation
of the microcracks, during the static loading (initial microcracks),
generates liquid water movements towards these microcracks lately
created. The presence of this water at the crack end will consequently
reduce considerably the forces of cohesion. The stress intensity factor
k will not be able then to compensate any more for the stress intensity
factor K, and therefore microcracks will be able to propagate.

In summary, the above explanation is for the creation of new
microcracks or the propagation of the initial one, the kinetics of these
two phenomena is related to Darcian transport of water from the
capillaries towards the microcracks.

7.2. Origin of the difference between basic creeps in compression
and tension

This difference can be explained by:

- the density of microcracks before localization which is more
important in compression than in tension;

- the difference in orientation of the microcracks compared to the
loading direction.

The first explanation is logical and coherent with experiment
results presented previously in the paper.
The second explanation requires some elaboration:

- In compression, the microcracks are oriented preferentially parallel
to the loading direction.
Consequently, if the assumption that these microcracks induce an
additional self-drying shrinkage is considered as valid, this
shrinkage can be only anisotropic, i.e. important in the direction
parallel to the microcracks and weak in the direction perpendic-
ular to the microcracks.

o >
Vs b

Fig. 27. Shape distribution of the forces of cohesion as a function of the crack opening.

Therefore, in a creep test in compression, the additional strain
induced by the additional self-drying shrinkage is important in the
direction of the loading.

The additional strain of self drying shrinkage should open the
existing microcracks and, thus, should increase the apparent
Poisson's ratio of the concrete.

- In tension, the microcracks are oriented preferentially perpendic-
ular to the loading direction. Consequently, the microcracks will
induce an additional self-drying shrinkage, always anisotropic, but
important in the direction perpendicular to the loading, and weak
in the direction parallel to the loading.

As previously mentioned, the additional strain induced by the
additional self-drying shrinkage would have the effect of opening the
microcracks. These cracks opening will lead, this time, to a strain
opposed to the self-drying shrinkage strain. This strain, induced by
the microcracks opening, constitutes the creep strain in tension of
concrete.

Fig. 28 presents a schematic illustration of what is described above.

It thus appears obvious that this strain in tension related to the
induced opening (by the additional self-drying shrinkage) of the
microcracks can be only much lower than the basic creep strain in
compression, directly related to the additional self-drying shrinkage.

8. Conclusions

An experimental investigation concerning the use of acoustic
emission to analyze the physical mechanisms underlying the basic
creep of concrete has been carried out.

The total number of acoustic events recorded and the frequency
analysis of the acoustic signals have been made on a basis of 126 days
of test.

These results confirm those previously obtained in [2], i.e. that:

v The basic creep strain is proportional to the total number of
microcracks created in the material.

v The higher the loading level, the higher the density of microcracks
created, and the higher the density of microcracks created/basic
creep strain ratio.

An experimental comparison between the basic creep in com-
pression and the basic creep in tension leads to the following con-
clusion: The basic creep of concrete in tension is much lower than the
basic creep in compression.

An experimental study of the volume effects related to the basic
creep in compression leads to the following conclusion: there are no
significant volume effects related to creep in compression.

All these conclusions added to the analysis of the experimental
evidences found in literature, permit to propose an assumption
concerning the physical mechanisms at the origin of the basic creep of
concrete.

This assumption is that the creation of the microcracks during the
static loading constitutes the origin of this basic creep. As a matter of
fact, these microcracks generate additional strains related to the
creation of an additional self-drying shrinkage.

In other words, it is advanced, in this paper, that the basic creep of the
concrete is mainly an additional self-drying shrinkage under stress.

Lastly, it is important to state that, to say that the basic creep of
concrete is not other than a self-drying shrinkage under stress,
inaccurate and useless the summation of strain usually made in the
analysis of a creep test. Indeed, one should not any more write this:

€

creep — Etotal —&

elastic .

shrrinkage —Ethermic
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a) Compression creep

Strain and cracking before self-

Strain and cracking after self-

drying shrinkage drying shrinkage
b) Tensile creep
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Strain and cracking after self-
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Fig. 28. Process of microcracks opening due to self-drying shrinkage when they are respectively created by compression and tension.

but this:
Ecreep = Etotal ~Celastic ~Ethermic — Ess

where &g is the shrinkage strain under stress.
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