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1 Introduction

A satisfying description of the microstructure of laeterogeneous material such
as concrete should take into account the presemceracks. Indeed, their
inevitable presence weakens the porous matrix teegie and constitutes a
preferential flow path for fluid, gas and pollutenimaterial durability is therefore
seriously affected. A proper numerical modelingcohcrete subjected to severe
loading conditions should take into account thesenpmena: the description of
the behavior of a cracked concrete studied as éphate porous media requires
the definition of an experimental constitutive laglating the typical durability
indicators (such as permeability/diffusivity/electd resistivity) to the crack
width.

A typical sequence of operations, in order to find relationship between cracks
and transfer properties, consists in: a first stdere cracks are produced, a
second step of geometrical description of the @arid a third step leading to the
characterization of transfer properties (resistiviluid permeability or ionic
diffusivity) on residual cracks.

This paper deals with the feasibility of transfeoperties measurement tests
during the post-peak cracking phase of concretsuth a case, parameters like
chloride diffusivity or gas/water permeability ekhlia sharp increase which has
been observed on pre-cracked concrete [1, 2, Sieier, a proper description of
the evolution of these properties should be moadtan real-time as cracks open
in the specimen. In this paper, attention is foduse the mechanical test and the
geometrical characterization of the cracks by meafsa displacement
measurement system together with a digital imageskagion technique [6, 7].

Usually, mechanical tests used to explore the peak phase lead to distributed
multiple crack patterns [1, 8, 9] or to single wedfined crack [2, 3, 4, 5]. The
former geometry is obviously more difficult to chaterize than the latter. Given
our objective, tests leading to a unique crack waresen. Direct tensile test,
bending test or Brazilian test are good candidat#swith the aim of performing

durability tests during and after the loading, Brazilian splitting test has been
retained.



2 Testing conditions

The mix proportions of the concrete used for thsigte of the tests is given in
table 1. It is a classical concrete for bridges.

Components Mass (kg) / m°
Cement :CEM 152,5N PMES CP2 / Lafarge / Le Havre 340
Water 184,22
Sand (river) : Bernieres 0/4 739,45
Gravels (river) : Berniéres 6,3/20 1072,14

Tableau 1: Mix design.

Cylinders with 100 cm? in cross section and 22 ontéight were cast in steel
moulds for the sake of a good geometry. They werecc wrapped in an auto-
adhesive aluminium tape. They were aged of mone theee months at the time
of the tests. Before the test, specimens weredshoel their faces were grounded
to reach a thickness of 5 cm (three samples calndven from one cylinder).

Splitting tests were performed with a + 500 kN kydic testing machine
equipped with a feedback. The controlled varialale be either the displacement
of the piston, measured by a 200mm LVDT, or thel logeasured by a load cell
or an external parameter chosen by users. Caldwateable can also be chosen
for feedback signal instead of a single channelcdhsists of a real time
mathematical combination of signals from individoaasurement transducers. A
lower bearing plate (fig. 1, ref. 1) is fixed aettop end of the piston (bottom of
the testing machine) while the upper bearing piate part of a ball and socket
joint (ref. 2) under the load cell (ref. 3). Thargde (ref. 4) is loaded between
these bearing plates.

As permeation tests or image correlation tests twasbe performed, no

displacement transducer can be fixed or glued dh kads of the specimen.
Displacements are measured at each side of theontal diameter. As

mentioned by [2] and [3], cracks generally openome face before the other.
Hence, two pairs of LVDTSs (stroke = = 1 mm, ref.vdre maintained by a rigid

frame (ref. 6) bearing on the lower plate of thechiae, in order to measure the
variations of two diameters. The frame is non defbble and its temperature
sensitivity was measured. The distance (a) betwezaxis of the LVDTs can not
be equal to the thickness (b) of the sample sonaraistance (3 cm) has been
chosen. Tips of LVDTs were not directly in contadgth the sample but with

glass blades (ref. 7) glued on each side (axiglatements of each LVDTSs are of
the same order of magnitude than orthogonal disphents close to the tip of the
transducers).

Ordinary adhesive tapes were placed on the bednmeg instead of using
plywood or cardboard between sample and bearintgpla the machine. In that
case, it is a much better choice to distributeltta®l because preliminary tests



with usual bearing devices showed that, even imptegpeak zone of the loading,
displacements were not symmetrical.

Figure 1: Test settings.

Samples are aligned and maintained on the lowée plah a special test rig (ref.

8) avoiding any displacement during the dockingMeenn the sample and the
upper plate. During docking, the ball and sockentjootates to counteract

eventual out of parallelism of bearing lines. Aftlrcking, the lateral movement
of the ball and socket joint is restrained by thesams of compliant spacers (ref. 9)
of equal thicknesses.

The four measured displacements are namkd Als, Aly, Aly) in function of the
situation of the LVDTs on the testing machine: extpvely the front left
displacement, the front right, the rear left anel tear right. The sum of the front
displacements gives the variations of the diaméfemm in front of the mid
section NG = Aly + Alg) while the sum of the rear displacements gives the
variations of the diameter 15 mm backwat®, = Al; + Al,;). The mean value
(AQD) of these two variations, calculated by the testmachine in real time,
becomes the control variable. The tuning of thesetdb loop (Proportional /
Integral/ Derivative actions) is delicate but possible witicsessive tests.

Two cameras (ref. 10) are fixed in front of thedaof the sample, with optical
axis collinear with the axis of the sample.

The successive steps, during the test, were asv®llThe first pictures are taken
by the two cameras without loading. The dockingnesnual until a pre load of
about 0.5 kN. A ramp is started at a rateA@/dt = 10 pm/mn and pictures are
automatically taken at a rate of 4/mn. When the rdsplacement reaches



100 pm, the ramp is reversed down to 83 pum. Thieading rate of 5 kN/mn is
applied to reach 2 kN. Then the sample is complataloaded with the control
on the displacement of the piston.

3 Experimental analysis of displacement transducer s measur ements

As there is always a dissymmetry between facesiltseare expressed on both
sides (rear and front) of the specimen.

The analysis of diameter variations (fig. 2 lefipw/s similar measurements in the
pre peak zone. It confirms that bearing conditiares suitable when the sample is
still elastic. Differences between rear and frorasurements are shown in the
post peak period. It confirms the necessity of atrabd on the mean value of the

displacements. A zoom (figure 2 right) on this @umdicates, three times, that
the displacement on one face snaps back (arrowsg,wdn the other face, the

displacement increases. A control with only one sneament would have failed

because of these quick recoveries.
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Figure 2 : Diameter variations are obtained by sumgnfront displacements on
one hand, and rear displacements on the other hand.

The crack opening displacement (COD) is calculate]dm measured
displacements in two steps.

The first step of the calculation consists of deiaing which would have been
the diameter variation on each face of the samfipiré 3 left) instead of

measuring the displacements in the axis of LVDTer Ehis purpose, it is

supposed that plane sections remain plane. Thisulatibn emphasizes the
discrepancy between the rear and the front faee tifé peak load. The amplitude
of the snap-backs on each side is more important.



The second step consists to remove the elasticopdhtese variations (figure 3
right) provided that, after the peak load, the dangpsplit into two elastic blocks
without damaged zones on the lips of the crack. dlkstic part is a function of
the load, deduced of the pre peak slope of theecoibtained in the first step.
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Figure 3 : Diameter variations on the faces ofshlimple and COD at mid height.

The figure 3 (right) shows that the front COD géeester, just after the peak load,
than the rear COD which is quasi stopped. At ab8uam for the front COD, the
crack stops to increase and snaps back while #1€0®@D starts to increase.

This mechanism, also observed on other samplesstrdites that one side is
(always) weaker than the other. The crack propadaten this side to the other in
the first few micrometers of COD. During the funthrack opening, frictions
through the crack, between aggregates and matexinaolved in the opening
mechanisms. These frictions are attributed to artogs shrinkage of the cement
paste restrained by the aggregates [10, 11]. Tkishamism should be taken into
account in numerical modelling (a full 3D analysmsecessary). The area of the
crack is also pertinent in numerical modelling thus dimension is missing in the
previous measurements. That's why another techniguesed for a field
characterization.

4. Experimental analysiswith digital image correlation (DI C)

Digital image correlation (see for example [12]3])Lhas been used on both
sample faces in order to obtain a full displacenietd and a fine description of
the crack. Basically, the displacement field isaiieed from two pictures taken at
two different loading levels. Calling respectivefix) and g(x) the grey level
distributions of the reference image and the deéarmne, the displacement field
u(x) is gained ag(x+u) = f(x). As the displacement is not homogeneous on the
sample, the image is subdivided into regions okrgdt (ROIs), and the
displacement is computed on each ROIl. The analgsiposed here is an



enhanced version of this principle, where a sulelpedgorithm is introduced
based on a Q4-interpolation of the displacemeid {iE3]. Two kinds of analysis
are performed:

» the first one corresponds to a simple « trackinghgre just a local
displacement value is computed. It allows a congpariof the
results obtained with the four LVDTs and with DIC.

» the second one uses the computation of the fytlatement field,
and gives the crack pattern as well as the maiokcopening
value.

Two Nikon D200 cameras are used for the experinteath image resolution is
2616x3900 pixels. The physical size of a pixel.B50mm.

4.1 Local displacement measure
In this part, the left and right displacements ¢ tfront and rear faces are

computed. The regions of interest (ROIs) are shonnfigure 4 (squares of
256x256 pixels).
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Figure 4: ROIs for the front side (left) and tharene (right).

50 pictures for each side are analyzed. Figure dwshthe comparison of the
measurement between LVDTs and DIC for the frone.sills expected, a good
agreement is observed and proves the reliabilithefmeasure by DIC. One can
note a divergence in measurements concerning ¢in displacement after the



unloading. This difference can be explained considethat the measured points
are not the same for both techniques.
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Figure 5: Comparison of the

measurements for the front side.

4.2 Displacement field and crack pattern analysis
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We propose in this part to compute the central ldtsment field (the region
where the crack is expected to appear). Figure@sithe results for the ROIs for
both faces at the end of the loading. The cololesisain pixel. As for the lateral
displacement, an asymmetry of the crack patterwedsas the opening value is
clearly visible, due to the strong heterogeneitthefconcrete.

Figure 6: Crack pattern for the front side (lefiplahe rear one (right).



The main information obtained from these displagamnfields is the crack pattern
all along the loading. Hence, the nucleation are hopagation of the central
macro-crack in the sample can be observed. Comsidem elastic behavior
outside of the crack, one can compute the crackiogevalue all along the

loading process, by choosing two relevant ROIs acheside of the crack. This
analysis is shown, for the front face, by figurdléft). A comparison with the

approximation obtained from the LVDTs measuremeseie(fig. 3 right) gives

again a good agreement. An extra output alloweDIyis the value of the crack
opening all along the sample height. The displacegsnef the left crack lip and

the right one are plotted on figure 7 (right) foetmaximum displacement. The
horizontal box represents the location of the mesaments plotted on the left
graph.
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Figure 7: Crack opening for the front side.

5 Conclusion

In order to prepare transfer properties tests ankad concretes under loading, a
displacement controlled splitting test has beengdesl. This test gives COD
derived from diameter variations measurements tyneVDTs at mid height of
the cylindrical sample.

The comparison between this COD and results frogitadiimage correlation
technique is in a good agreement. This DIC methlodva the calculation of the
COD all along the path of the crack. It is thengiole to give the area of the
crack on both sides of the specimen. The correldigiween the crack width and
transfer properties is then completed.

As it is not possible to take pictures associatét WIC method while a transfer
test is in progress, it is planned to obtain a fiamcgiving a mean crack area vs.
the COD obtained with LVDTs and the position alahg crack path, after a
series of splitting test on samples made of theeseoncrete.
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