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Abstract

This paper reports a multi-scale study on damage evolution process and rupture of gabbro under uniaxial compres-
sion with several experimental techniques, including MTS810 testing machine, white digital speckle correlation method,
and acoustic emission technique. In particular, the synchronization of the three experimental systems is realized for the
study of relationship of deformation and damage at multiple scales. It is found that there are significant correlation
between damage evolution at small and large length scales, and rupture at sample scale, especially it displays critical

sensitivity at multiple scales and trans-scale fluctuations.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Rock is a multi-scale heterogeneous brittle
material. It is well established that the rupture of
heterogeneous brittle media in compression is due
to generation, growth and coalescence of micro-
cracks [1-4], which will induce damage localization
at locally macroscopic scale and catastrophic rup-
ture at macroscopic scale. That is to say, the failure
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process usually takes place through a sequence
from small scale to large scale and eventually to
the whole sample scale [5]. During such a process,
the effects of some disordered structures at meso-
scopic scales can be amplified significantly due to
dynamical non-linearity, and become crucial for
eventual rupture. Therefore, to better understand
damage and rupture behavior of rock, it is neces-
sary to observe the process at different scales
synchronously.

The damage evolution process and rupture of
gabbro sample under uniaxial compression is stud-
ied. Several experimental techniques are combined
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to synchronously observe the process of rock dam-
age and rupture at different scales.

(1) The gabbro sample is loaded under uni-
axial compression with a MTS810 testing
machine. The experimental nominal stress—
strain curve provides a description of global
behavior at sample scale.

(2) The surface image series is captured by a
CCD camera during the loading process. A
speed-shift image capture method according
to loading status of the sample is provided
for effective use of resource.

After experiment, the speckle images are
analyzed with digital speckle correlation
method (DSCM) [6,7] and the deformation
field series during the loading procedure is
obtained. Based on coarse-grained analysis,
the responses at length scales ranging from
about 107> sample scale to sample scale are
obtained.

(3) Acoustic emission (AE) [8,9] signals are
elastic waves resulting from crack initiation
and propagation in material. Therefore,
by making use of AE monitoring system,
acoustic emission associates with micro-
cracks were recorded. The detection of AE
signals enables us to characterize micro-dam-
age on mesoscopic scale statistically.

Most importantly, in order to compare
the responses at different scales, the synchro-
nization of the recordings made in the three
systems should be realized in an experiment.
Then, a synchronous multi-scale analysis on
damage and rupture of rock can be per-
formed to provide a complete and clear
insight of the process.

2. Experimental details
2.1. Measurement of nominal stress—strain curve

The experimental system is illustrated in Figs. 1
and 2. In our tests, rectangular gabbro samples,
5% 5x 13 mm?®, were compressed uniaxially with
a servo-hydraulic testing machine (MTS810). The
resolution of the load sensor is 10 N in the range

Fig. 1. The experimental set-up for observing rock damage and
rupture, l—lumination, 2—camera, 3—CCD, 4—AE sensors
and rock sample, 5—extensometer, 6—platen of MTS810.

of 20 kN, and the resolution of displacement sen-
sor is 20 um in the range of +10 mm. Due to the
rigidity of the testing machine, the displacement
recorded by the MTS810 displacement sensor,
which is called boundary displacement later, is
not the real displacement of the rock sample.
Thus, the displacement of the sample was mea-
sured by an extensometer with resolution of 3 um
and an offset of load 1 kN. The loading mode
was load control till 0.8 kN and then held 1 min,
afterwards the mode changed to boundary dis-
placement control with velocity of 0.02 mm/min.
Fig. 3 shows the curves of load versus displace-
ment, respectively obtained by extensometer
(solid line) and MTS810 displacement sensor
(dashed line), of a gabbro sample under uniaxial
loading. In such a loading system, the bound-
ary displacement is the external controlling vari-
able, while the nominal stress and nominal strain
are the responses of the rock sample at sample
scale.

2.2. Surface image capture and strain field
calculation

For speckle correlation analysis, one surface of
the rock sample was first spray-painted to make
artificial speckle (see Fig. 4). During loading, the
surface of the sample was illuminated by two fiber
optic white light sources, and consecutive surface
images were captured and transferred to computer
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Fig. 2. Schematic diagram of experimental set-up.
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Fig. 3. Curves of load versus displacement obtained by
extensometer (solid line) and MTS810 displacement sensor
(dashed line), respectively, for a gabbro sample under uniaxial
loading.

by a video camera with a CCD array of 768 x
576 pixels. The whole sample surface was mapped
to approximately 480 pixels in loading direction
(axis 2 in Fig. 4) and 180 pixels in the direction
(axis 1 in Fig. 4) vertical to loading. Thus, the
length-pixel ratio of the imaging system is about
28 pm/pixel.

Later, we select a calculating domain with
401 pixels in axis 2 and 131 pixels in axis 1, i.e. to-
tally 52531 calculating points. Then, the digital
speckle correlation method was carried out, and
both displacement and strain fields of the sample
surface during the loading process were obtained.
The contour map of strain field &, is shown in
Fig. 5. The obtained displacement and strain of a
point can be understood as an average over area
of 28 x28 um?, i.e. approximately 107> sample
scale, which is assumed to be locally macroscopic
scale in this paper. In addition, the accuracy for
displacement measurement is 0.1 pixels in the
experiment based on our calibration.

2.3. Acoustic emission detection

Moreover, two AE sensors (10 mm in diameter)
were fixed on two sides of a sample with a specially
designed clamp. The resonant frequencies of the
sensors are 140 kHz and 250 kHz respectively.
The sensor output was amplified by 40 dB at pre-
amplifier and 10 dB at main amplifier. Then, the
AE signals associating with micro-cracks on meso-
scopic scale were analyzed on the AE main board
produced by the Institute of Computer Technol-
ogy of Shenyang, and then the AE parameters,
such as AE counts, energy, etc., can be obtained.
The AE counts and energy series during loading
are shown in Fig. 6.
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Fig. 4. Eight evolution patterns of surface speckle image. Axis 2 indicates the loading direction and axis 1 the direction vertical to

loading.

2.4. Synchronization of multi-scale observations

Furthermore, the main boards of the comput-
ers, which control the AE system and image cap-
ture system respectively, are installed with A/D
cards. The key point in synchronization is that
the load signal recorded by the MTS810 testing
machine is transferred to the A/D cards in the
image capture and acoustic emission systems respec-
tively (Fig. 2). In this way, the load-time signal is

recorded by the three experimental systems respec-
tively (see Fig. 7(a)). Obviously, the three load-
time curves should collapse into one curve after
sliding them along time axis (Fig. 7(b)). Corre-
spondingly, after sliding the surface image series
and acoustic emission series along the time axis
with the same value as the load-time curves, the
synchronization of the responses obtained by the
three experimental systems is realized. Therefore,
the responses of the sample at different scales,
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Fig. 5. Contour maps of surface strain field ¢}, relative to the initial image pattern, corresponding to the speckle patterns marked by
the same letters in Fig. 4. indicates that the area where DSCM is not effective since the deformation is too big or the surface

speckles fall off.

such as macroscopic nominal stress—strain curve,
surface strain series at locally macroscopic scale,
and acoustic emission series owing to micro-
cracks at mesoscopic scale, can be analyzed syn-
chronously.

2.5. Speed-shift image capture

However, in the present experiment, a loading
process will last longer than 10 min. If the image

is captured with the maximum image capture
speed of the CCD, 25 images per second, there will
be more than 15,000 images. This will be huge
workload for storage and data processing. If we
use a unique low image capture speed, some useful
details might not be obtained, especially near rup-
ture, since the deformation develops very fast at
this stage. Thus, this becomes a critical problem
in the synchronous experiment. After considering
the deformation to be stable in the early loading
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Fig. 6. (a) AE counts series. (b) AE energy series.
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Fig. 7. Curves of load versus time captured by MTS810 (O and corresponding line), DSCM (A and corresponding line), and AE
(M and corresponding line) system respectively. (a) Before synchronous processing. (b) After synchronous processing.

stage while change much faster at later stage, we
adopt a speed-shift image capture method con-
trolled by the external load.

Based on some preliminary experiments, we
adopt the image capture speed as follows: the
speckle images are captured with time interval of
10 s when load is less than 5 kN, 1 s when load is be-
tween 5 kN and 6 kN, 500 ms between 6 kN and

6.5kN, and 80 ms when load is greater than
6.5 kN (Fig. 8). The comparison of the capture
speeds of the designed (dashed line) and the actually
realized (solid line) indicates that the speed-shift
image capture method can be satisfactorily realized.
The control of image capture speed ensures that the
system can capture enough useful images with the
current image capturing equipment.
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Fig. 8. Image capture interval versus load on rock sample,
actual captured curve by the system (solid line) and designed
curve (dashed line).

3. Experimental results

3.1. Synchronous observations of the damage and
rupture

Based on the synchronization of the three
experimental systems, we can synchronously draw
various responses at different scales with the same
variable-nominal strain ¢*, such as nominal stress
a* (Fig. 9, solid line), global mean damage fraction
D (Fig. 9, B and corresponding line, where points
A1-AS8 (|) represent the eight evolution patterns
shown in Figs. 4 and 5), and cumulative AE energy
O* (Fig. 9, and O corresponding line). In data
processing, D is calculated from the experimental
nominal stress ¢* and strain ¢* curve [10], and
©* is obtained from the AE energy series.

It can be seen that the damage-failure process of
the gabbro sample under uniaxial compression has
three phases:

(1) The first phase (from Al to A2 in Fig. 9): At
the initial loading stage (much before A2),
there is no AE signal since the events of mes-
oscopic damage are too small to be detected
by AE sensors. The surface strain field is
nearly homogeneous (Al in Fig. 5) and the
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Fig. 9. Curves of nominal strain ¢* versus nominal stress o*
(solid line), mean damage fraction D (M and corresponding
line), points A1-A8 (|) represent the eight evolution patterns
indicate in Figs. 4 and 5, and cumulative AE energy ©* (O and
corresponding line).

mean damage fraction is nearly zero. When
approaching to A2, AE signals appear. This
indicates that micro-damage has become
stronger and can be detected by the AE sys-
tem. Meanwhile, surface strain field is still
approximately homogeneous (A2 in Fig. 5),
only more tensile strain domain than Al
owing to transverse effect. Also, the mean
damage fraction remains a low level.

Obviously, the nucleation, growth and
minor coalescence of micro-damage happen
here and there, but the rock sample remains
globally stable in this phase.

(2) The second phase (from A2 to near A8 in
Fig. 9): Beyond the first phase, ®* and D
increase faster, see A3 in Fig. 5. Correspond-
ingly, a high-strain-gradient domain, which
can be called strain localization, appears at
the left-up corner of the surface strain field.

Afterwards, as load increases, there is a
small drop in the nominal stress—strain curve
(from A4 to AS in Fig. 5), which is called
small catastrophe macroscopically. Clearly,
it can be seen that there is a jump in @* and
D, and the failure domain in the surface strain
field extends to larger length scale. That is to
say, the evolution of micro-damage causes
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obvious response on mesoscopic scale (AE
energy release), locally macroscopic scale
(strain localization and local failure), and
macroscopic scale (mean damage fraction).

After the small catastrophe, it can be seen
that the rock sample comes to a relatively sta-
ble state since ®* and D increase much
slower, and the strain localization domain
increases a little only.

However, prior to the maximum nominal
stress point (A6 in Fig. 5), the rock sample
comes to another unstable status correspond-
ing to another sharp increasing in the
responses at different scales.In this phase,
strain localization and other intermediate-
scale events, such as small catastrophe,
appear.

(3) The third phase (A8 in Fig. 9): Eventually,
the sample displays catastrophic rupture on
sample scale.

Moreover, the AE energy distribution at
different phases is shown in Fig. 10. It is
found that the width of the energy distribu-
tion becomes wider with increasing load.
And there is more large energy AE appears
in the later loading phase than in the initial
loading phase. This indicates that many small
cracks occur in the initial loading stage while
more larger cracks in the eventual rupture.
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Fig. 10. Distribution of acoustic emission energy at different
loading phase.

3.2. Critical sensitivity on multiple scales

More interestingly, the synchronous multi-scale
observations of rock damage and rupture provide
pronounced trans-scale effects of rock on failure.
In order to combine the macroscopic external con-
trolling variable, i.e. boundary displacement U,
with the responses R of the rock sample at different
scales, the concept of sensitivity [11] is adopted.
Here, we define sensitivity S as

szﬁj@g) (1)

critical sensitivity means that responses at different
scales to the controlling variable, i.e. boundary dis-
placement U, may increase significantly, i.e. S>> 1,
prior to catastrophe.

In this paper, we adopt the responses at three
different scales, i.e. the mean damage fraction D
at macroscopic scale, the distance AH* between
successive patterns of surface strain at locally mac-
roscopic scale and the cumulative AE energy @*
owing to micro-cracks at mesoscopic scale. In data
processing, AH* can be calculated from the sur-
face strain patterns,

131 401

l&li* 1 * ..
- N Z Z |A8ij(x7y)|7 i,j=1,2, (2)
y=1

eff 1

where A¢/(x,y) is the increment of strain tensor
&;(x,») at point (x,y), 131 and 401 are the totals
of calculating points in the strain field along axis
1 (loading direction) and axis 2 (vertical to load-
ing) respectively, and Ng is the effective points,
i.e. effective for DSCM calculation.

Now, we have had sensitivity S at the three
scales, Sp from macroscopic damage, Sy« from lo-
cally macroscopic surface strain patterns and Sg«
from mesoscopic AE. Fig. 11 shows the sensitivi-
ties S at the three scales for a sample. At the initial
stage, S+ is equal to zero since the events of mes-
oscopic damage are too small to be detected by AE
sensors, S+ and Sp are also equal to zero since the
change of the deformation patterns is nearly zero
and macroscopic damage can be neglected at the
initial stage. In other words, at the initial stage,
the responses of the system at all scales are not
sensitive to the external controlling variable,
i.e. the boundary displacement. As the boundary
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Fig. 11. (a) Sensitivity Sp calculated from damage. (b) Sensi-
tivity Sy« calculated from surface strain patterns. (c) Sensitivity
Se+ calculated from released elastic energy.

displacement increases, the three sensitivities keep
in low level. This means that the system is in a
state with low sensitivity. However, the three sen-
sitivities Sg+, Sy, and Sp, present oscillations
one after another (Fig. 11) with increasing load
and increases significantly near the catastrophe
transition point. This implies that the system be-
comes highly sensitive prior to catastrophe point,
from mesoscopic scale to macroscopic scale. This
is what we called critical sensitivity on multiple
scales. Noticeably, the critical sensitivities of AE
energy, surface strain patterns and mean damage
to the external boundary displacement demon-
strate the linking of several scales: from meso-
scopic events to macroscopic behavior. So, such
sensitivities imply that a minor change on micro-
scopic level can induce significant cascade effect,
from mesoscopic to macroscopic scales as the sys-
tem approaches the catastrophe.

3.3. Trans-scale fluctuations

Furthermore, trans-scale fluctuations of the
strain pattern from 107> sample scale to larger
scale were revealed by coarse-grained average on
strain patterns. The approach is as follows: Firstly,
set a window with size N X N (here, we adopt N as
an odd number) pixels around a point (x, y) in the
surface strain field, then take the mean value of the
points in the window,

&;;(x,y)

1 L& N—i—l N+1
NZ 2 - 811( m’y_ P +7’l),
i,j=1,2 3)

as the strain at the point (x, y) on scale N x N. Sec-
ondly, after sliding the window on the whole strain
field, a strain field at spatial level of N X N is ob-
tained. Finally, the standard deviation,

| 12NN _2
on(ey) = |57 > [ -]
eff =1 y=I
i’j = 1’2’ (4)

can be assumed as the fluctuation of the strain field
at scale N x N, where .s_j‘j is the mean value of the
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whole strain field at level Nx N, and N, is the
corresponding effective points number in such a
strain field.

In the present study, set the windows 1x 1,
9x9, 31 x31, and 101 x 101 pixels, which corre-
spond to about 107>, 103,102, and 107! sample
scale. The fluctuations of strain field &}, on the four
scales versus nominal strain ¢* are shown in
Fig. 12. It is clear that during the whole loading
process, the fluctuations decrease as the scale in-
crease. At the initial stage (before A2), fluctuations
at different scales keep in a low level, no more than
0.002, and the corresponding strain field remains
nearly homogeneous (Al and A2 in Fig. 5). How-
ever, prior to the main rupture the fluctuations at
all scales increase significantly, which signifies a
very heterogeneous strain field (A3-A8 in Fig. 5).
This is what we called trans-scale fluctuations
[11]. Trans-scale fluctuations of strain field imply
that the correlation length of strain increases pro-
gressively from small scale to large scale at the
catastrophic rupture. Trans-scale fluctuations can
be considered as a significant indication of the
catastrophe transition and an immediate precursor
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Fig. 12. Curves of nominal strain versus fluctuations of surface
strain field dy (¢}, ), coarse-grained on 1 x 1 (O and correspond-
ing line), 9x9 (A and corresponding line), 31 x31 (@ and
corresponding line), and 101 x 101 (A and corresponding line)
pixels. Moreover, points A1-A8 (]) on the nominal stress—strain
curve corresponding to the speckle patterns marked by the same
letters in Fig. 4.

to main rupture. This experimental result validates
that trans-scale fluctuations might be a common
precursor to catastrophe experimentally.

4. Conclusions

Multi-scale coupling plays an important role
in damage and rupture of heterogeneous brittle
media, such as rock. A synchronous multi-scale
experimental system, consisting of MTS810 testing
machine, DSCM, and AE technique, for rock
damage and rupture is designed and realized. This
provides an effective method for the study of such
a complex problem.

The synchronous analysis of physical and
mechanical responses of rock at different scales
shows that there are significant correlation be-
tween damage evolution at small and large length
scales, and the rupture at sample scale. Moreover,
it is found that there are two common trends prior
to catastrophe. One is critical sensitivity on multi-
ple scales: the system becomes highly sensitive
prior to catastrophe point, from mesoscopic scale
to macroscopic scale. The other is trans-scale fluc-
tuations: the correlation length of strain increases
progressively from small scale to large scale at
the catastrophic rupture. These experimental
observations may provide some useful information
for understanding the physics underlying cata-
strophic rupture in rock.
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