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Optimized optical setup for DIC in rock mechanics
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Abstract. In order to investigate the micromechanical medms of argillaceous
rocks under combined mechanical load and varyingstone@, and observe very low
strain rates of about 8s?, i.e. about 19 per week, a specific optical setup for Digital
Image Correlation (DIC) has been developed at thelSMechanics Laboratory, Ecole
Polytechnique. This paper mainly presents two plores to optimize the experimental
setup and enhance the full-field strain measuremmetiracy. The first one allows us to
minimize the systematic DIC errors by choosing atinmgd optical setup, including
appropriate lens aperture and light source withllsmavelength, in combination with a
specific grey level interpolation method (bilinebigubic, biquintic) in DIC algorithms.
The second procedure aims at reducing the erratscéd by overall out-of-plane
motions of the sample. This procedure makes use specifically designed optical
microscope, which tracks the few tens of micronseteunt-of-plane motions of the
sample all along the several months lasting testcdmpensate the magnification
fluctuations which disturb the macroscopic measear#@s) The current optimized optical
setup gives a better than3@ccuracy at macro scale (3 mm gage length) arftl 10
accuracy at microscale (about 100 pum gage length).

1 Introduction

While Digital Image Correlation (DIC) techniquessawidely used to investigate the mechanical
properties of structural materials such as metptdymers and composites [1], much fewer
applications in rock mechanics are reported. Thiammeason is probably the very low strain levels
such materials sustain before failure or macrosctigialization, typically below Tdor even less.
For instance, the creep behaviour of argillaceoak,rwhich is considered as a potential host rock
for nuclear waste repository and is under invetitigan the present study, is typically charactedis
by strain rates of about 1bs?, i.e. about 19 per week. In order to identify and characterise th
micro-mechanisms of creep, accuracies in termstrafnsmeasurements of the order of°1ére
required over long periods of time, not only at thacroscopic scale of the centimetric sample but
also at the local scales at which such mechanisensuspected to act.

The developed experimental setup combines a ctedrblydro-mechanical loading device with real
time continuous optical observations at both thalescof the sample and the scale of the
microstructure. It extends an earlier simpler setuprhich only mechanical load was controlled on
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samples preliminarily subjected to and in equilibmi with an atmosphere &t fixed relative
humidity prescribed by a saturated saline solutn

This paper starts with a short presentation ofeakperimental setup, which will be described in
detail elsewhere [3], and then focuses on two §pegiocedures which have been developed to
improve the accuracy of optical measurements. Tisé frocedure aims at precisely quantifying
actual systematic DIC errors obtained with the iesam use and then reducing the amplitude of
these errors by an appropriate choice of the lgrstare, which controls the size of diffraction
patterns, so as to adapt it to the available natmatrast of the rock used as DIC patterns and the
specific DIC algorithm. The second one consistsomrecting the errors induced by the overall
micrometric out-of-plane motion of the sample oe tmacroscopic DIC measurements. Indeed,
because of geometric constraints, stereo-correlagohniques can hardly be applied in the present
context. The alternative solution consists in tragkthe motion of the sample with the optical
microscope specifically designed to investigateodeftions at microscale. A contrast detection
algorithm automatically keeps the microscope irufoand centres the area of interest; it records in
addition the distance between the sample and tleeaszopic camera with micrometric accuracy.

2 Experimental setup

The experimental setup mainly consists of thre¢spanacroscopic and microscopic optical setups;
mechanical loading device; suction control equiptmen

The macroscopic DIC setup (MacroDIC) employs a léghpixels ImperX progressive scan CCD
camera, which is equipped with a Schneider 5.6/AP® Componon macrolens. This camera
records images of the whole surface of the sang?lg@36 mm) with 4872x3248 pixels in 12 bits (1
pixel = 7.4 um). The lens exhibits very low geornetlistortion at the optical magnification equal to
one in use (CCD-sample distance = 480 mm). Two pgaxf four blue (wavelength = 440-490
nm) Light Emitting Diodes (LED) symmetrically andhitormly illuminate the flat surface of the
sample with an incident angle of about 45 degréés. blue LEDs with shorter wavelength have
been preferred to red, green or even white LEDaum they provide a larger depth of field (about 1
mm) for a given diffraction pattern size, the latpdaying an important role in the optimization of
the setup as shown later. In addition, blue lightlose to the peak quantum efficiency of the senso
The camera is mounted on a manual X-Y-Z translattage with about 10 pum positioning accuracy.
This macroscopic optical setup is fixed during lgdromechanical loading.

The microscopic optical setup (MicroDIC) consistsacd Megapixels Diagnostic Instruments Spot
Insight IN1400 digital camera, an infinity-corredt®litutoyo apochromatic< 10 objective lens and

a 200mm MT1 optical tube lens. With this opticahtmnation, the observed object area is 1.5x1.5
mm and the pixel size 0.74 um, to be compared with 1 um optical resolution of the lens
(numerical apertura = 0.28). The working distance is 34 mm. In consitlen of the small depth of
field of optical microscopy, about 3.5 um, the caenbas been mounted on a servo-controlled
micrometric X-Y-Z translation stage. With this se+eontrol, Z position (normal to sample) is
automatically adjusted for sharp focus, by means abontrast maximization algorithm, and the
camera can be moved automatically along X and ¥ctions to observe several juxtaposed zones
and centre them on positions of interest by meahstandard DIC algorithms. Because of
mechanical limitations of the translation staghs, dccuracy of this positioning is currently lintite
to 3 um but will be reduced to 0.1 um for the zh#lation in a near future. The normal and lateral
white illuminations described in [2] are used. Aldeional manual rotation stage is used to align th
X-Y translation stage with the surface of the samg that focus is kept when the microscope is
moved all over the whole flat surface.

The MicroDIC setup is opposite the MacroDIC setup liioth are mounted on the same rigid optical
table, which is itself mounted on a rigid electraimenical machine used to apply the axial force on
the cylindrical sample (height = 36 mm, diameteB6=mm). Both force and displacement control
can be used. Symmetric flats are machined on thwlsaand mechanically polished up to grade
4000 for optical observations. The width of thelsgsfis about 24 mm, so that remaining thickness
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normal to these flats is 26.8 mm. Teflon sheets @sed to reduce fretting effects at the

sample/machine interface and moments are reducetkbps of a spherical bearing.

Relative humidity is prescribed by means of sugarated saline solutions which are placed near
the sample inside an airtight PMMA container, ali2i&it25x40 cm in size, in which holes have been
machined for the optics and the loading line. T®l system is illustrated in Fig.1

: Z\ a7

Fig.1. Macroscopic and microscopic optical

etp frdepled dro-mechanical tests of rocks
3 Minimizing the systematic DIC errors

3.1 Systematic errors

By comparing deformed images with a reference imtgeDIC technique allows to reconstruct the
in plane displacements with sub-pixel accuracy. Buseveral factors such as available contrast,
image quality, noise and the correlation algorittimsen, so-called systematic errors can be induced
and affect the accuracy[4, 5, 6]. They correspandystematic over- or under-estimation by DIC
algorithms of the actual displacement field, catedl with the value of the fractional part of the
amplitude of the displacement, expressed in pixéigy can be characterised by an S-shaped curve,
which gives the amplitude of this error as a furetdf the fractional part of the displacement.

The influence of the systematic errors is importahen all pixels in a correlation window undergo
almost the same subpixel displacement, i.e. foordedtion levels below approximately 0.1/d, where
d is the DIC window size in pixels. Their conseqeens the appearance of fringes in the
deformation maps deduced from DIC displacementdielvhich might strongly mask the actual
investigated heterogeneity. The number of suchyédnis equal to the integer part of the relative
displacement, expressed in pixels, of one sidéhefrégion of interest (ROI) investigated by DIC
with respect to the other one. Within a 4500 pixeide ROI undergoing an overall deformation of
103, 4 to 5 fringes are for example expected. Thigpery makes it easy to detect whether such
fringes are physical or not. Such artefacts mightrémoved by appropriate filtering when the S-
shaped curve relative to the images and the DIGrighgn in use is known. It is however preferable
to chose conditions for which these errors areadyeminimal. The strong dependence of the
systematic errors on the grey-level interpolatiamhesne used by DIC algorithms has been
emphasized by Schreier et al. [6]. In a recent wiité dependence with image noise has also been
investigated [7]. However the detailed dependelacesstill unclear so that no general procedure to
suppress such errors is available. Progress imrtderstanding of the origin of these errors can be
expected from the analysis of purely virtual imafgdut as the S-shape curve depends not only on
the DIC algorithms but also on the image charagties, the transfer from simulated data to real
images is not straightforward. Alternatively realaiges can also be artificially translated but the
accuracy of the result is questionable as virtuatipslated image might not be representative af re
ones. Actual S-shaped curves can also accuratetietegmined by the comparison of several real
images of an object physically translated with eetfio the camera, but this requires very accurate,
usually unavailable, positioning systems [7]. Wepmse here a simpler procedure which provides a
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direct determination of the S-shaped curve by meéassimple and single out-of plane motion. It is
used to determine an optimal aperture of the Idmisiwleads to a reduction of this error.

3.2 Determining the systematic errors and the dependence with aperture

With standard (non-telecentric) lenses a relatiedion dZ of the camera with respect to the sample
along the optical axis, without refocusing, genesat relative magnification variation of the image
equal to -dZ/OC where OC is the object-to-opticahter distance, equal to 240 mm on our
MacroDIC setup. If dZ is sufficiently small, so thhoth images, recorded before and after
translation, are in focus, their image charactegsare identical. The 2D apparent motion generated
by such a 3D motion is a radial displacement wéhpect to some motionless pixel close to the
optical center. The relative translation of oneegifia W pixels wide ROI with respect to the otiser
Du = W.dZ/OC, while within a correlation window width w pixels, maximal relative motion is du

= w.dZ/OC. As W>>w (typically 4000 pixels with resgt to 30 in our setup), one can chose dZ such
that du is sufficiently small within a correlatiomindow and the displacement associated with a
constant systematic error, i.e. a single pointtan$-shaped curve, and such that, at the same time,
Du is equal to a few unities, such that all posii@f the S-shaped curve are explored several times
in one image, both in X and Y directions. In preefifor our setup, dZ can vary from 100 to 500 pum,
generating 2 to 10 fringes in X and 1 to 7 fringe¥ in the apparent deformation maps. It is rather
easy to determine the parameters of the radialomdtom the measured displacement of points at
the boundary of the ROI. Care can in addition Hesrtato select the ROI such that points at its
boundary suffer from the same systematic errorthed the evaluations of the apparent isotropic
strain in not affected by this error. The comparibetween the homogeneous radial motion and the
DIC-measured motion at any position inside the RDBlysed as a function of the fractional part of
the X and Y components of the theoretical displaaetingives then a direct access to the systematic
errors. Random errors are also available, but isoudsed here. It is checked that the obtainedecurv
does not depend on dZ, as soon as images are us, fdemonstrating the intrinsic nature of the
results. Dependence of these actual experimentaisenn various parameters such as window size,
correlation algorithms, but also image charactegstan then be investigated. In the following, we
focus on the importance of lens aperture, with eéespo actual sample contrast and DIC grey-level
interpolation algorithms.

Indeed the contrast on the digital images can tmmgly changed when lens aperture is changed, all
other parameters being unchanged except the expdsne modified so as to keep a constant
illumination of the sensor (and thus same shotent@sels). A smaller aperture increases the depth
of field, but enlarges diffraction patterns, chaeasized by the Airy disc radius equal to 051a.
Fig.2. and Fig.3. present the typical evolutionhwéiperture of the contrast of digital images. The
natural contrast of the argillaceous rock, essliytiaade of a clay matrix and quartz or calcite
grains 10 to 50pum in diameter [2], is shown in Flgwhile the artificial contrast of an aluminium
sample marked with a speckle painting, is preseimddg. 3. Aperture Al corresponds to full open
(f-number equal to 5.6 when the lens is focusddfatity) and an increase of one unity corresponds
to a division by two of the light flux. The smallaperture clearly leads to smoother images.

The DIC systematic errors, associated with a kdlirgrey-level interpolation, for the natural costra

of the argillaceous rock sample, is plotted in &&gfor 5 apertures. The results show a strong but
apparently monotonic dependence of this error ajfitrture both in terms of amplitude and shape of
the S-shaped curve. In addition, a more than 1ddoturacy improvement can be expected when an
optimal aperture is selected (between A4 and Ahim case). The same analysis with the biquintic
interpolation shows similar tendencies, but witffedent curves; optimal aperture is now between 2
and 3, but with small differences between apert@resand 4 (see Fig. 4b).
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Fig.2. Natural contrast of argillaceous rocks (60 x 9e[s) observed with various apertures
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Fig.3. Artificial contrast by sprayed paint of an aluntim sample (80 x 90 pixels) at various apertures
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Fig.4. Systematic errors as a function of lens apertdi€ with bilinear interpolation (a) and biquintic
interpolation (b), Schneider 5.6/120 APO Comporanrs] natural contrast of an argillaceous rock

3.3 Effect of the interpolation method on the systematic errors

Three interpolations (bilinear, bicubic, and bidighwere used here to estimate the effect of high
order interpolation on the systematic errors. Témults show that the systematic errors depend, as
reported in the literature, on the interpolatioheswe (Fig. 5a), but that higher order interpolation
schemes are not always better than a simple bilinézrpolation (Fig. 5b). For the optimal aperture
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associated with a given interpolation, there iseedl little difference of the errors for these three
interpolations. The choice of interpolation scheca@ then be governed by other considerations,
such as depth of field (i.e. small aperture andllsander interpolation) or spatial resolution (larg
aperture and higher order interpolation).
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Fig.5. Variation of systematic errors for three interpiolas (bilinear, bicubic and biquintic) with a leaperture
2 (a) and a lens aperture 6 (b), natural contrfash @rgillaceous rock
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The same phenomena have been found on the alumsaumle with the artificial speckel pattern.
The results however show that the systematic emleend on the actual “physical” contrast of
sample. Optimal aperture for bilinear interpolatioow turns out to be between 3 and 4, with
amplitude of systematic error below 0.01 pixelsydo than that obtained with the natural contrast of
the rock sample (Fig. 6.a). The little or even haffuence of high order interpolation on the
systematic errors is observed again in some cirtamss (Fig.6b).

With these procedures, it is possible to optimimeamplitude of systematic error so as to keep them
lower than random errors, which are essentiallgelihto image noise and correlation window sizes,
and are of the order of 0.01 pixels (with 30 pixglde correlation windows). Under such conditions,
the MacroDIC setup provides an accuracy better fifnover a gage length of 3 mm (~400 pixels,
i.e. 8x12 independent strain measurements on thelea This is a 10-fold accuracy improvement
with respect to the earlier setup [2] which is rieggl to investigate very low creep strain rates.

4 Reducing the effect of out-of-plane motions on DIC measurements

The full-field strains on the object are charaatedi here by using the two-dimensional DIC
technique, which provide only in-plane motion. hagtice, due to several factors, such as Poisson’s
effect, deviations from planarity and small amouofsspecimen bending, etc. [7], out-of-plane
motions of the sample with respect to the camegauaavoidable. In addition, the loading device
may move itself slightly with respect to an idealup, generating an overall out-of-plane motion of
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the sample. This is in particular the case on @tups where the loading device is not very rigid
transversally because of the presence of the latirigntainer which requires a “long” loading
system. These motions will induce a magnificatiariation on the MacroDIC images, which
depend linearly on the out-of-plane motion as alyeamphasized in section 2 and as predicted by a
simple pinhole projection model, or basic geometptics. Sutton et al [9] presented a more general
evaluation of the effect of out-of-plane motiond{inding out-of-plane translation and rotation) and
compared it with the experimental one.

Simple considerations will however be sufficient émr needs. The magnification variation induces
a multiplicative factor on the 2D deformation gmeti so that the apparent gradienFis= F,. F,
whereF is the real gradient (second order tensor), B (1 +Ag/g)l is due to the magnification
variation Ag between the two images. In this expression dneésnbagnification and the identity
tensor. Under the small strain assumption, an ivédielation on linearized strains is obtained :
€ =¢,- Ag/gl, whereg is the real in-plane strain arg the apparent one provided by DIC. As
already mentioned, the magnification variation dilg depends on the sample-camera distance
according toAg/g = -dZ/OC. The object-to-optical center distance OC dmn determined
experimentally with high accuracy by plotting thegnification variation computed by DIC as a
function of the measured motion of the camera, guitesd with the available manual Z-stage,
following a procedure very similar to that descdhe section 3.

The difficulty is now to evaluate accurately theemdl dZ displacement of the sample during the
hydro-mechanical test (recall that during the tdst, MacroDIC camera does not move). In this
study, we make use of the available MicroDIC sednd its already-described automatic focusing
system to record the motion of the flat surfacdhef sample opposite the MacroDIC. Focusing is
based on contrast detection and makes use of the3l6um depth of field of the microscope.
Several tens of micrometers out of plane motiothef sample are recorded this way all along the
several months lasting test on the microDIC sidemBining this measured motion @&, and the
transverse deformation of the sample (Fig.7.), rélative displacement of the other side of the
sample with respect to the fixed macroscopic lems loe evaluated with micrometric resolution
according to dZ = dZc, + D €%, with D the sample width argj, the average out-of-plane strain of
the sample. As the rock can be considered trangveatropic about the load axis (which is normal
to bedding planes) the overall transverse sgdinan reasonably be assumed equal to the transverse
in-plane straine””, so that dZ = dgq, + D¢”. Combining these equations gives access to the
apparent”’, and reak” transverse in-plane strains, therddtion andsubsequently to all corrected
strain components.

Macroscopic Lens Object Microscopiclens

A zmicrodeformed

/\ zmicro

Azmacro
Fig.7. Scheme of the out-of-plane motions during the test

As an illustration of the performance of the prageg the results of a uniaxial compression test on
an argillaceous rock sample is presented on FigleBe OC is 180 mm (a 4.5/90 mm componon
lens was used in this test) and D was 24 mm. Aection of ~10 allows to obtain a convex stress
strain curve on which initial Young’s modulus andig3on’s ratio can be evaluated, which was not
possible without correction.
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Fig. 8. Magnification correction on overall DIC-strain/gtgecurve

5 Conclusions

An experimental setup, which combines a controfigdro-mechanical loading device with a multi-
scale full-field measurement setup by DIC, has badeveloped to investigate the deformation of
argillaceous rocks under coupled hydro-mechanigatlitions.

In order to observe very low creep strain rates angdrove the measurement accuracy, two
procedures have been developed. The first one sltowminimize the systematic DIC errors by
choosing an optimal lens aperture and blue lighttles illumination source. Moreover, the
comparison of three interpolation methods showsttfehigher order interpolations schemes are not
always better than a simple bilinear interpolatiort that optimal combinations can be found. The
second one uses an optical microscope not onlypserge several juxtaposed 1.5 x 1.5 mm fields,
but also follow the out-of-plane motions with mioretric accuracy. The later characteristic of the
microscope can be used to compensate magnificateoiations induced by the out-of-plane
motions. The experimental tests confirm that treseefficient procedure to reduce the errors. These
procedures are currently under daily use to dete¥nthe evolution of elastic and nonlinear
properties of argillaceous rocks under combineddwdechanical loads.
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