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Measuring coarse grain deformation by digital image correlation
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. L This work presents results from oedometric compression of coarse granular mate-
Mechanics, Centrale Nantes, Université de
Nantes, CNRS, UMR 6183, France rial. Coarse granular media exhibit significant deformations making it complicated
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to predict the settlement of structures. In this paper, a measurement technique was
developed for the analysis of two-dimensional (2D) images of a deforming coarse

granular medium to investigate its deformation. This was achieved by realizing grain-
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*Claire Silvani, Univ. Lyon, INSA-Lyon, ased image correlation to measure the grain transformation in gravel with the use
GEOMAS, F-69621, Villeurbanne cedex. of a Digital Image Correlation technique. The 2D displacement fields enable us to

Email: claire.silvani @insa-lyon.fr explore the behavior of granular media at different scales: microscopic, mesoscopic,

Present Address and macroscopic scales. The mesoscopic scale is defined from branches that connect
69621, Villeurbanne cedex, France the centers of three neighboring grains, using a Delaunay triangulation to account
for an equivalent continuum media. While the consistency of the macroscopic strain
and the average mesoscopic strain is assessed, it is shown that a deviation from the
normalized microscopic vertical displacement is an indicator of the heterogeneity of
the mesoscopic strain field. The proposed mesoscopic analysis allows us to investi-
gate these heterogeneities. Another important result is that even if the amplitude of
the microscopic strain is small (approximately 100 times smaller) compared with the
other strain measures, it confirms that the grains are not rigid and that their ultimate

strain can be estimated using the proposed approach.
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1 | INTRODUCTION

This study focuses on the behavior of coarse granular media under compression. Rockfill media are coarse media composed of
quarry rock debris or crushed rock fragments with a characteristic size of up to 1 m. This kind of medium is used in various
civil engineering works, such as roads, retaining walls, railway engineering works, and in a large number of embankment dams
for the coarsest material.

The mechanical behavior of granular materials is complex essentially due to their discrete nature. To improve our knowl-
edge of granular media it is necessary to understand the evolution of the internal state of this heterogeneous material. Here,
experimental work was conducted to offer insights into the strain behavior of granular media. Many authors have explored
the strain behavior of granular material via theoretical, numerical, and experimental approaches (Satake, 1992 [28]], Kruyt
and Rothenburg, 1996 [12], 2016 [15], 2018 [13], Kruyt 2003 [14], Bagi, 1996 [4], Kuhn, 1999 [16], Cambou et al., 2000
[6], Kuhn and Daouadji 1999 [17] for example for theoretical and numerical approaches). for example, for theoretical and
numerical approaches). Furthermore, extensive experimental work has been performed to study the kinematics mostly of shear
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bands in granular materials (such as sands) in triaxial loading paths with X-ray micro-tomography, and with experiments
carried out in situ (Desrues et al. 1996 [8]], Viggiani et al. 2004, [31]], Hall et al. 2009 [[10]) or during plane strain compression
(Rechenmacher 2006 [24] and Rechenmacher et al. 2011 [25]]) with the use of Digital Image Correlation (DIC) to obtain the
grain kinematics. These investigations provided important data concerning shear band features such as orientation and width,
patterns of shear band formation, and their evolution (Viggiani et al., 2001 [32]]). Similarly, Sibille and Froiio (2007) [29] ]
measured the microscale kinematics and fabric properties of cylindrical wooden rods such as two-dimensional (2D) analog
granular materials. In the past few years (Ando et al. 2012 [1] and [2]), the mechanisms involved in strain localization (in triaxial
tests) were experimentally investigated at the microscale and the quantification of individual grain kinematics (displacements
and rotations) of large quantities of sand grains was realized (in a test sample undergoing loading). However, there is still a
challenge to extract quantitative descriptors of grain-scale processes, e.g., kinematics and spatial interactions (Vlahinic et al.
2014 [33])) to explain macroscopic strain.

Concerning the theoretical works, the micro-mechanical formulation of the stress tensor has been well established for a long
time, whereas the corresponding formulation for the strain tensor has proved to be much more evasive and is the subject of
much discussion (Duran et al., 2010 [9]]). To improve the models, some authors have introduced an intermediate scale, called
“the mesoscale,” at which strain can be defined using the tools of continuum mechanics (Bagi, 2006 [S]]). Establishing a link
between particle- level displacements and macro-level deformations is important for researchers who intend to develop micro-
mechanically based constitutive theories (Nicot and Darve 2011 [21], Chaze and Cambou 2014 [7], Xiong et al. 2017 [37]).
Such an intermediate local scale is expected to allow the local structure of granular materials to be more precisely described.
Hence, micro-mechanical models embedding both microscale and mesoscale can usually describe a variety of constitutive
features in a natural way.

The aim of the present study is to contribute to the theoretical and numerical works on the introduction of an intermediate
scale for representing macro strain. To do so, an experimental study is carried out, based on the development of a DIC tool
to extract the evolution of key properties directly from the grain-scale mechanics of granular media under oedometric com-
pression. The objective is to measure the displacement of each individual grain and then to compute mesoscopic strain from
grain displacements. As theoretical and numerical approaches, we introduce this intermediate scale to link grain motion to the
macroscopic deformation of the media. To our knowledge, there are few experimental data avalaible on this topic (Houda et
al., 2016 [11]]), 1), with most papers focusing mainly on discrete element simulations (Nguyen et al., 2009 [19], 2012 [18] and
2016 [20], Zhu et al., 2016 [38] and 2017 [39]]), since they represent solutions that are more affordable to implement.

A series of experiments on gravel are conducted in this work. The first sections of this paper describe the experimental
set-up and materials, the DIC technique, and the developments. The following sections examine the results of the experiments
through different scales (macro-, micro-, and mesoscales) and conclude with a comparison between these different scales and
the possible relationships between them.

2 | EQUIPMENT, MATERIALS, AND METHODS

2.1 | Experimental set-up and materials

The study of coarse granular materials requires suitable laboratory facilities whose dimension must be in proportion to the
maximum size of the grains. To this end, oedometric tests are performed. The oedometric cell used here was developed by the
IRSTEA laboratory in Aix-en-Provence (France) and has a square surface of 30 cm x30 cm and is 40 cm high. Some of the cell
walls are in Plexiglas (Figure[I)), to guarantee the optic accessibility of surfaces. Only the upper part of one face of the box is
transparent; the bottom is opaque. DIC is then used to measure the grain displacements in 2D on the projected surface of the
grains.

Stress is applied via a loading plate attached to a frame that is connected to a hydraulic cylinder to impose the load. The frame
used to impose the load does not allow for the use of a single camera to follow the whole upper part (see Figure [Z). Therefore,
two cameras are used to follow the whole upper part, and each camera points toward half of the upper part (Figure ). Lighting
of the surfaces of interest is made with LED or with more diffuse ligthing.

Several tests on limestone were carried out: The gravel is from the Ain region near Lyon (France) and is composed of grains



CLAIRE SILVANI ET AL | 3

whose diameters D range between 6 mm and 12 mm. Grains are dropped off randomly into the cell. Granulometry was per-
formed before and after the tests. The principal characteristics of the material are summed up in Table[I] Several of the tests
performed have the same initial granulometry charateristics (Figure ).

FIGURE 1 Experimental devices: two cameras follow a quarter of the sample each (only the upper part of the cell is transparent).

Loading plate

30 cm

FIGURE 2 Principle of field measures with the oedometric cell using DIC (top view of the experiment). Each camera follows
a quarter of the sample, with only the upper part of the cell being transparent.

Cameras with ultra-high resolution (29 megapixels) are used to analyze precisely the grain field. Pictures were taken every
60 s.
Tests with imposing load velocity F are performed (2 kN/min or 26 kPa/min). The displacement of the loading plate is mon-
itored via a linear variable differential transformer (LVDT) sensor. Parts of the Plexiglas walls were sometimes damaged by
the material, and scratches appeared that made DIC difficult, if not impossible. Thin sheets of removable Plexiglas were then
placed behind the thicker Plexiglas cell walls so that several experiments could be performed.
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TABLE 1 Main characteristics of the material and initial cell height.

Passing (%)

FIGURE 3 Gravel with 6 mm < D < 12 mm.

Ain limestone

Maximum Diameter D, (mm)

max

12

Ratio L/D,,,,.

26

Density (kg/m?)

2700

Average weight/test (kg)

39

L=Initial Sample height (mm)

317

100

801

60

40 1

20

7 8 9 10
Grain size (mm)

FIGURE 4 Typical initial granulometry for the gravel tests.

2.2 | Digital image correlation

In the past decade, image correlation techniques have gained attention in experimental geomechanics. Today, the use of this
technique, which was introduced approximately 30 years ago by Peters and Sutton (Peters et al., 1982 [23]], Sutton et al., 1983
[3QD), is widespread. Image-based analysis methods are widely used in particulate media in several laboratory investigations
in the field of geomechanics: cone penetration testing (e.g, Paniagua et al. 2013 [22]], Arshad et al. 2014 [3]]), load transfer in
granular platforms supported by piles in soft soil (Houda et al. 2016 [[T1]]), and fluctuations in shear tests (Richefeu et al., 2012

1261).

DIC was chosen to follow the surface displacement (vertical and horizontal) of each grain individually. This technique assumes
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that the surface texture (gray-level distribution) does not change during the test. Let us call f the reference image and g the
deformed image, u the displacement field, x the pixel coordinates in the reference image frame, and x* = x + u(x) the advected
coordinates of these pixels in the deformed image. It is possible to write (Equation (T))):

F(x) = g(x + u(x)) = g(x*) 6]
Usually, it is necessary to apply a speckle on the object studied to make the machting between f and g easier. In our case, the
color gradation of the granular media enables us to work without applying a speckle pattern. We used the software UFreckles,
described in Réthoré 2018 [27]. All the DIC parameters are summarized in Appendix [B]
We consider only 2D displacements (vertical and horizontal). We disregarded the out-of-plane component of the displacement,
since grains were placed behind the window, and the media is very constrained in such an oedometric compression test. To
solve the ill-posed problem (Equation|[I}), the reference image f is cut into small zones Q, and attached to each individual grain.
Since hundreds of grains are considered, it is not possible to define these zones with a manual grain contour capture. However,
the center of each grain is picked up manually (see Figure5)). From this set of points (assumed to be the center of the particles),
a Delaunay triangulation is derived (see Figure[6). Voronoi cells are then computed from this triangulation and each analyzed
grain surface Q is defined as a scaling of its Voronoi cell (Figure[6). The displacement of each individual grain is then searched
for as an affine transformation (constant strain and rigid body motion), meaning that for each grain a full micro strain tensor
(later referred to as €,,,,,) is obtained as well as a rigid translation vector (U, U,) and an in-plane rotation w.

FIGURE 5 Methodology for the image processing: identification of the grain center.

From this assumtion, the discretized displacement field v over the grain surface Q reads as (2)):

v(x) = ) 0 Ny (x) ©)
kex
where A(is the set of degrees of freedom, and N, the basis functions of the considered displacement description. The basis
functions can be any basis of a linear function of the pixel coordinates. The corresponding degrees of freedom v, are related
10 €,icro» (Uy, Uy) and w which are thus obtained independently for each grain. To find the transformation of each zone €2, the
goal is to obtain the best approximation v of the field displacement u. This consists in the resolution of an inverse problem. The
best solution v is the one that minimizes the ¢, function as defined in Equation (@).

v(x) = ArgMin(g,,>) (3)

Poor” = / (f(x) — g(x*))* dx 4)

Q
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FIGURE 6 Methodology for image processing: definition of grain area (dark gray) as a scaling of the Voronoi cells (black
dashed lines) and Delaunay triangulation (red) computed from the grain center.

3 | MULTI-SCALE ANALYSIS

The purpose of this section is to explain how each grain of the granular media behaves individually and how it interacts with
its neighbors. More than 250 grains are followed behind the transparent glass. The ratio of cell size/grain size is equal to 26 to
limit the influence of the lateral boundary conditions. No breakage appears for the range of macroscopic loads considered here.
Some grains near the edges are not taken into account to avoid convergence problems. Different scales and parameters have been
studied herein to compare their order of magnitude:

e ¢ is the strain derived from the loading plate displacement and the height of the box,

macro

® €,,5, Will be computed from the displacements of the grain center (U,, U,) based on the Delaunay triangulation,

® ¢ is the microscopic strain of the grains obtained directly from the DIC analysis at the grain scale.

micro

An other quantity U, /y, is also computed for each grain, with y, the initial position of the grain center. This normalized
microscopic displacement is intrisically related to the grain motion and it will thus be classified as a microscopic parameter.
This parameter has been defined because if the set of grains is deformed as a homogeneous continuum submitted to a constant
strain then its value should also be constant and its averaged value should match the one of the macroscopic strain €,,,,.,, (see
Appendix EI) Thus, by computing the averaged normalized displacement (U v/ y0>, any deviation of the grain set kinematics
compared with a homogeneous continuum can be detected.

The different quantities enumerated will be explored and compared thereafter and are presented in the following scheme
(Figure[7). Note that compression will be considered positive and expansion will be considered negative.

3.1 | Macroscopic scale

Figure[§]shows some of the experiments conducted. Tests were performed several times to check the macroscopic reproducibility.
The curves (Figure 8] are obtained by the LVDT sensor. The two curves are quite close, which confirms the reproducibility of
the test In the rest of the paper, the macroscopic strain is evaluated from a DIC measurement of the vertical displacement of the
loading plate. This allows us to have exactly the same reference state (defined by the reference image for DIC) for the different
strain measures presented.

3.2 | Microscopic scale

The horizontal and vertical {e,,,,,) are compared (Figure E[) The horizontal mean micro-strain is low compared with the vertical
one, which increases more with the loading. Note that the grains are compressed in the two directions and their volume change
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FIGURE 8 Macroscopic behavior of the gravel (LVDT sensor measures for strain).

is mainly governed by the sum of these two strains. A maximum relative volume change of approximately 0.0125% is obtained.

Normalized vertical displacements U,/ y, are shown in Figure as a function of the macroscopic vertical strain. Grains move
downward in a continuous way (the vertical displacement is nearly linear with respect to €,,,,,,). No remarkable rearrangement
is visible. Note that the slope of the plots in Figure[I0|should be the same for all the grains and should be 1 if the set of grains
behaves as a continuum submitted to a homogeneous strain transformation. The fact that this slope is not the same for all the
grains is proof that the deformation of the set of grains differs from that of a continuum submitted to the same loading.

The mean (U, /y, ) is now compared with the mean micro-vertical strain (€, ,;.ro)- €, micro ) is Very low compared with the
mean normalized vertical displacement of the whole grains <U v/ y0> (Figure, as expected. Note that, again, this figure is
an illustration of the non-homogeneous deformation of the granular medium we observed. Indeed, in the case of a continuum,
the average (Uy / y0> should match the macoscopic strain €,,,.,, and the slopes in Figure [11|should be 1 (see Appendix @)
(Uy / y0> will be compared with mesoscopic strains hereafter.
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5
15x10 . . . .

<e> Micro

0 0.01 0.02 0.03 0.04 0.05
€y (macro)

FIGURE 9 Mean micro-strain as a function of vertical macro-strain.

0.05

0.04r ]

Uy!y0 grains

0 0.01 0.02 0.03 0.04 0.05
€ (macro)

FIGURE 10 Normalized grain vertical displacement as a function of vertical macro-strain. A different color is assigned to each
grain. The dashed line indicates a slope equal to 1.

3.3 | Mesoscopic scale

Recent work (e.g., Bagi, 2006 [3], Chaze and Cambou, 2014 [[7], Zhu et al., 2016 [38]], Nguyen et al., 2016 [20]) showed that
an intermediate scale is necessary to link the grain displacements to macroscopic strain, i.e., the meso-scale, which is defined
hereafter.
To compute strain, the assembly is replaced by a continuous domain, and displacement of the characteristic points of the equiva-
lent continuum media is equal to the displacement of the particles centers. To define local strain, a meso-scale is defined, whose
branches connect the centers of three particles in contact, using Delaunay triangulation.

From the Delaunay triangulation built using the grain centers as nodes, the gradient of the displacement field over each triangle
is determined on the basis of particle displacements and geometrical characteristics, as in the finite element method with shape
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0.05
- =, macro
0.04 + —<(y micro> P s
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-0.01 : ' ' ‘
0 0.01 0.02 0.03 0.04 0.05
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FIGURE 11 Mean micro-strain (e and U, /y,) as a function of vertical macro-strain.

micro

function on each node. The displacement field is linear within a triangle, and thus a constant gradient can be assigned separately
to each cell, as done by Bagi, 1996 [4], Cambou et al., 2000 [6] (for example). Plane strain is assumed. The meso-strain for each
cell ¢ is then computed (Equation (3)): B

{€heso) = B 14°) ®)
with eﬁmo} the strain vector for a cell c, B the shape functions tensor derivative for each triangular element, and {g¢} the
nodal displacement vector for a cell c. A total 445 Delaunay cells are defined in the proposed example. Note that the Delaunay
triangulation is defined on the initial configuration and is unique during the whole test.

Then, an average strain is computed as follows (Equation[6)) and defines the mean meso-strain of the sample at each step.

c

neis = T D o 5° (©)
¥ e <!
c=1
Figure [12] shows that we have a random mesh with the Delaunay triangulation. A criterion is given to eliminate the too
elongated cells (in blank in the figure) that are mainly located on the boundary of the sample. The strain level of the mesoscopic
cells seems to be randomly distributed and some strain localization appears for a few cells.
The horizontal and vertical mean mesoscopic strains are presented in Figure[I3] The mean vertical mesoscopic strain evolution
is a regular function of the macroscopic strain (Figure [I3). The average horizontal strain is not exactly zero. Two reasons can
explain this result. First, all the grains in the experiment have not been taken into account. As mentionned earlier, some grains
near the interfaces are not taken into account. Secondly, at the beginning of the test the grains do not fill the entire available
space in the test box which allows for an expansion in the horizontal direction while the vertical compression is applied.

3.4 | Comparison between scales

Figure [I4] compares the four vertical strains already defined. The mean microscopic strain is very low compared with the
macro-strain. However, with the proposed strategy it is far above the measurement uncertainty. It can thus be concluded that
the micro-strain is indeed negligible compared to the macro-strain but that the grains are not rigid. The level of strain measured
inside the grain is indeed related to stress which may lead to grain failure for loads of higher amplitude. €,,,, is very close to
€macro» Which is consistent with its definition. This implies that the major events are captured by the DIC measurements behind
the window and that €,,,, is a good indicator of ¢,,,,,, even if the rear of the sample is not explored. One may imagine that some
major rearrangements that occur (inside the loading cell or close to the observation window) have an influence limited to their
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FIGURE 12 Map of mesoscopic strain (magnitude) at the end of the test.

0.05
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€y (macro)

FIGURE 13 Mean meso vertical strain as a function of vertical macro-strain.

local vicinity only and have no major impact on the displacement measurement of the plate and thus on e,,,.,,. However, the
average mesoscopic strain €,,,,, over the planes in the vicinity of the rearrangements may deviate significantly from ¢,,,,,,. For
example, if the rearrangements induce a rotation of the loading plate from its initial orientation, the average of the mesoscopic
strain can deviate from the macroscopic strain. The mean normalized vertical displacement of the grains <Uy / y0> also has the
same order of magnitude as €,,,,, but it deviates more. The slope of the evolution of <Uy / y0> as a function of ¢,,,,,,., is observed
to be lower than 1. This indicates the presence of deviations of the local mesoscopic strain (confirmed in Figure [I2)) from the
macroscopic strain, which can be seen as the signature of the discrete nature of the media. Plotting the evolution of (Uy / y0>
for each grain allows us then to appreciate the heterogeneity of the meso-strain field experienced by the granular material. It is
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also concluded from Figure [I4]that this deviation from the deformation of a continuum increases continuously as the prescribed
deformation increases. This confirms that no remarkable rearrangement is visible but that the relative motion between the
grains and their own deformation (micro-strain) producing heterogeneities in the mesoscopic strain field increases as well.

0.05

— -(y macro

0.04 _<(y micr0>

€ meso
y

0.03

L _|_<Uy_n'yo>
G002 ¢

0.01¢

0 0.01 0.02 0.03 0.04 0.05
€y (macro)

FIGURE 14 Comparison of various strains as a function of vertical macro-strain.

4 | CONCLUSION

In this paper, we present an experimental exploratory work to understand the mechanisms of coarse granular media (gravel)
deformation under oedometric compression. A DIC technique in 2D is used to explore the granular media. The challenge was
then to extract quantitative information from 2D images to understand the mechanics at play, and then to elucidate and validate
the pertinent scale to accomodate for the macroscopic strain. A method is developed to process the digital images: An area is
defined from the center of the gravel particles proportional to the Voronoi cell deduced from the set of grain centers. The tool
developed enables us to measure displacement fields in an unfriendly environment: a cell with several Plexiglas windows with
dust and scratches.

The application of this tool reveals different scales of interest. Several scales are investigated (microscopic, macroscopic,
mesoscopic) to understand better the granular media deformation. The DIC technique offers the possibility of monitoring the
phenomena at a microscopic scale, allowing to extract information of the evolution of key properties directly from grain-scale
kinematics, and thus enabling a better comprehension of the behavior of the material. This microscopic strain represents
only about one thousandth of the macro-strain but it confirms that the grains are not perfectly rigid and that the stress levels
corresponding to the measured micro-strain can be significant. Analyzing the micro-strain could be of interest for estimating
the load failure of grains in-sifu (not in an experiment involving unrealistic loadings compared with what grains are submitted
to in-situ). A mesoscopic scale is introduced based on a Delaunay triangulation of the set of grain centers. The gradient of
the displacement field of each triangular cell is determined and defines the mesoscopic strain field. It appears that the average
meso-strain equals the macroscopic strain by construction but does not allow to appreciate the heterogeneity of the strain field
experienced by the analyzed material. This can be appreciated by analyzing the mesoscopic strain field. Another microscopic
parameter is computed for each grain (the normalized microscopic displacement U, /y;). It has been shown that the mean
normalized vertical displacement deviates from the macroscopic strain, with this deviation being a consequence of the het-
erogeneity of the strain distribution at the mesoscopic scale. The experimental quantification of the scatter between this strain
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measure and the macro-strain allows to also appreciate the heterogeneous nature of the transformation of the granular material.
The work presented here is a first step toward validating theoretical works and discrete element simulations concerning this
issue. The key contribution of the paper is the development of a grain-kinematics measurement technique for the determination
of links between deformation at the continuum macro-scale and at the grain scale, focusing on the specific parameters to be
calculated so as to account for the heterogeneous nature of the transformation of the granular material. Further, with this
method, any deviation from the idealized case of a uniformly applied strain can a priori be detected from a deviation between
the macroscopic strain and the average mesoscopic strain.

Like many other works, this one has certain limitations. This exploratory study is carried out in 2D whereas the media is
essentially 3D, which introduces artifacts disturbing the field measurements with out-of-plane motions. However, the out-of-
plane motions are limited since the Plexiglass wall prevents motion and thus particles are in an intermediate case (between
2D and 3D). Performing tomography should help to overcome this limitation. Moreover, due to the nearly “1D compression”
global deformation state, the rotation of the grains was not analyzed. To better understand granular media behavior, with more
motions and rearrangements, triaxial tests whould also be more adequate; therefore triaxial tests under tomography may be the
best and most elaborate way to proceed and should represent a major step forward in this issue. Advanced works on triaxial
tests using X-ray tomography have been done in recent years by several researchers. For example, Vlahini¢ et al. 2017 [34],
extracted particle morphology from 3D X-ray tomography images, but also reported with high accuracy the spatial interactions
between particles (contact statistics) as well as grain-level kinematics (particle rotations and translations) as a function of load
state. Wiebicke and coworkers (Wiebicke et al. 2017 [35] and [36]] 2020) linked the metrology of inter-particle contacts to the
investigation of the contact fabric evolution. However, to date, this cutting-edge work does not include multi-scale analysis to
study the deformation of granular media.

Finally, this displacement field characterization can be used to provide a concrete, experimental basis for discrete element
simulations in order to obtain force distribution in the media and thereby understand force transmission and breakage criteria.
This work is in progress.
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APPENDIX

A ESTIMATION OF THE NORMALIZED VERTICAL DISPLACEMENT IN 1D
COMPRESSION

To have an order of magnitude of the normalized vertical grain displacement, an assumption is made to deal with a 1D com-
pression test in the vertical y direction (low horizontal displacements). Let us call U this vertical displacement. Several grain
displacement functions can be assumed. Let us assume different functions for grain displacements U, (linear and non linear since

€,e50 18 MOt constant for each element). The final €,,,, of the sample can be written with the following notations (Equation [AT]):

e = —L (A1)
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where U is the final vertical displacement of the plate and L the initial vertical position of the plate (height of the sample) with
the following definition for €,,,,, and €,,.,, (Equation [A2):

L

1
= — d A2
emacru L / €meso y ( )
0
The objective of this part is to compute final (Uy / y) for the whole 1D system as follows (Equation :

L
U U

<_y>= l/_ydy (A3)
y LO y

=U;/L) are

. . . . . /U .
choosen for the study. Table|Al{summarizes the results. When the function U, is quadratic, the quantity <7y> deviates from the
macro-strain.

and compare it with the final ¢ Three functions (one linear and two non-linear functions that lead to €

macro- macro

From this simple analysis, it appears that the average meso-strain equals the macroscopic strain by construction. Thus the

Quantity | Function 1 | Function 2 | Function 3

2
y y y y
U, 2y, (#)u, | 2(-2+2)y,
, Y 2 2(_x
oy L L2 Us L ( L +2)U;
€ Y Yr Y
meso L L L
Y Y 1Y 30
y L 2 L 2L

I
[SSN A8

ﬂ
y

TABLE A1 Correspondences between < >, € macro AN €,

average meso-strain does not allow to appreciate the heterogeneity of the strain field experienced by the analyzed material. The
heterogeneity of the deformation experienced by the material can only be observed from the meso-strain maps, and there is no
global index derived from usual strain estimates quantifying the heterogeneity of the deformation. Alternatively, for any case
when the mesoscopic strain is not homogeneous, the strain measure TY differs from the macroscopic strain. Hence, this is a

way to quantify the heterogeneity of the mesoscopic strain field from a global point of view. Once one detects that <%> differs

from the macroscopic strain € a deeper inspection of the mesoscopic strain field is required.

macro’

B DIC HARDWARE AND ANALYSIS PARAMETERS

All the DIC parameters are summurized in Tables [B2]and [B3]
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Camera Vieworks
Image Resolution 6576 x 4384
Lens 100mm
Aperture /2.8
Field-of-View 30cm X 20cm
Image Scale Cam1:0.039 mm/pixel, Cam2:0.033mm/pixel
Stereo-Angle NA
Stand-off Distance ~ 30 cm
Image Acquistion Rate | 30 s
Patterning Technique None
TABLE B2 DIC Hardware Parameters

DIC Software UFreckles

Image Filtering None

Subset Size Adapted to grains

Step Size At each grain center

Subset Shape Function Constant strain

Matching Criterion NSSD

Interpolant cubic

Strain Window NA

Virtual Strain Gauge Size NA

Strain Formulation Small strain

Post-Filtering of Strains NA

Displacement Noise-Floor* | 0.05 px

Strain Noise-Floor* Emicro 7.5e-6, Emeso 0.003

(*) Before the test started, four images were acquired. The displacement and strain computed from the analysis of these
images are used to estimate the noise-floor of the proposed methodology. The overall noise-floor for the displacement,
Emicro and Emeso are obtained by computing the standard deviation of the sought field including all its components
at all points and for all four images.
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