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Abstract The implementation of distributed strain measurement methods in triaxial and uniaxial tests

have demonstrated the development of strain localization, even at early stages. This implies that single point
measurement methods are location dependent. The use of distributed methods is required not only to improve
the interpreted constitutive parameters obtained from triaxial tests, but also to understand the implications of
strain localization in the failure process. This work uses optical fibers in triaxial tests. The developed distributed
measurement method was implemented on granite, gabbro, and sandstone samples and tested under different
confining pressures, reaching 200 MPa on the granite sample. Using a temporal resolution of 0.25 Hz and

5 mm of spatial resolution, the strain evolution at over 300 locations at the sample surface was measured
during testing. When compared to point sensing methods, the use of optical fiber greatly increases the number
of measurements at the surface of the sample, and their interpolation provides the entire deformation of the
sample surface. In all the tests performed, strain localizations were revealed before failure. A three-dimensional
interpretation of a test, combining an optical scan of the sample and the distributed measurements, show good
correlation between the fractures and the strain localization.

Plain Language Summary Triaxial tests are commonly used to describe the response of rock
materials under loading and to predict their failure. The sample is assumed to develop a uniform deformation;
therefore, single point sensors are used. The recent implementation of computer tomography scans and acoustic
emission techniques in triaxial tests have shown the evolution of strain localization prior to failure. This implies
that distributed measurement methods are required to improve interpretation of the material behavior and
understand its failure mechanisms. This work uses optical fibers in triaxial tests. The developed distributed
strain measurement method was compared to widely accepted point measurement methods. It was then used in
rock samples, capturing the distributed deformation on their surfaces with higher temporal resolution than the
computer tomography scanning method. In all the tests performed, strain localizations were revealed, evolving
through the height of the sample. A three-dimensional reproduction, combining an optical scan and the
distributed measurements, show good correlation between the fractures and the strain localization.

1. Introduction

Constitutive models are used to describe the mechanical behavior of materials (Karev et al., 2020; Nadai, 1963;
Puzrin, 2012). These consist of mathematical equations that can be used to relate physical quantities and are
defined by material-specific constants (Davis & Selvadurai, 2005). The design of civil engineering structures
relies on the precise calibration of these constants (Alonso et al., 2010; Puzrin et al., 2010). Triaxial tests are
commonly carried out to obtain the constitutive parameters of geomaterials (Jaeger et al., 2007). It is generally
assumed that the triaxial test is a representative volume test, meaning that the developed stresses and strains are
uniform in the sample. Accurate detection of a sample's strain is important for the determination of the mechan-
ical properties. Linear variable differential transformers (LVDT) and strain gauges are common technologies to
measure the strain response. The drawback is that the measurement is limited to the point or small zone where
they are installed, forcing the assumption of a homogeneous sample response in accordance with the represent-
ative volume assumption. However, recent numerical and experimental studies have shown strain localization in
the samples, even at early test stages (McBeck et al., 2019; Van der Baan & Chorney, 2019). This implies that
when point measurement methods are used, the mechanical parameters obtained are dependent on the sensor
location.
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The use of distributed measurement methods can provide the strain field over the entire surface of the sample,
solving the point measurement location dependency. In addition, their application in laboratory tests has shown
promising advances in the investigation of other physical phenomena. Van der Baan and Chorney (2019) imple-
mented a numerical model of a triaxial test using the bonded-particle method, showing the development of
heterogeneous force networks within the sample. They concluded that the intensity of the stress heterogeneity is
related to the seismicity that originated during the failure process. McBeck et al. (2019) measured the distributed
strain in a triaxial test using the computer tomography (CT) scanning method. They observed localization of
contractive strain preceding dilatation and shear localization. These strain localizations preceded the macroscopic
yielding of the sample and coincided with its dilatation. Higo et al. (2013) implemented two distributed methods
to measure strain in a low confinement triaxial test; microfocus X-ray CT and digital image correlation. The
measured displacement field showed that localized shear deformation developed before the shear bands became
visible. These studies have exposed the complexity of the failure process, even in highly controlled environments.
As the use of distributed measurement methods becomes widespread, more data will become available to study
the correlation between strain localization with seismicity and fracturing, which might provide a better under-
standing of the failure process (Bernard, 2001; Bohnhoff et al., 2016; Cornet et al., 1998; Durand et al., 2021;
Martinez-Garzén et al., 2021; Scotti & Cornet, 1994). Even though X-ray and CT scanning has been successfully
applied to measure distributed strain in triaxial tests, the major disadvantage is the long measurement time (2 hr
per measurement registered by Higo et al., 2013), which can cause interruptions to the test procedure. Addition-
ally, the required equipment is large, complex, and expensive, making this technology incompatible with most
triaxial systems.

When compared to CT scanning, fiber optics technology has the ability to measure the distributed strain with a
much higher sampling rate (minutes and often hours for the CT and only seconds for the optical fiber interro-
gator). Additionally, its implementation into existing triaxial systems is less complex because it requires only a
millimetre diameter fiber inside the triaxial cell and, hence, one channel to measure the distributed strain over the
entire fiber length. Similar to other methods, optical fiber technology does not measure strain inside the sample.
In contrast to CT scanning, the fiber must be coupled with the sample; therefore, attention must be given to the
installation, glue, and fiber selection. Figure 1 shows the two principal components: the interrogator and the
optical fiber. In the experimental setup, the optical backscatter reflectometer (OBR 4600) was used. The OBR is
based on Rayleigh scattering, and, in our opinion, is the most suitable for laboratory applications because of its
high spatial resolution (~1 mm) and its sampling rate (~0.25 Hz). Further details on the technology are given in
Appendix A. The technology has been introduced in diverse civil engineering applications, due to its reliability,
precision, and high spatial resolution (Crameri et al., 2019; Hauswirth, 2015; Hauswirth et al., 2014; Inaudi
& Glisic, 2005; Minardo et al., 2012; Moffat et al., 2015; Rabaiotti & Malecki, 2018; Vorster et al., 2006; Xu
et al., 2016).

Fiber bragg grating (FBG) is a point strain measurement method that uses similar single mode fibers as the
OBR technology (Domingues & Ayman, 2017). The implementation of several FBGs in the same fiber can
act as a quasi-distributed method. The main advantage of FBG is that it measures with a kHz sampling rate.
FBG has been implemented in uniaxial and triaxial tests, proving the feasibility of using single mode fibers for
measuring strain on rock and concrete samples at unconfined and confined conditions (Kovalyshen et al., 2018;
Schmidt-Hattenberger et al., 2003; Sun et al., 2016; Yabesh et al., 2021; Yang et al., 2007).

Recently, Sienko et al. (2019) and Uchida et al. (2015) used the OBR to measure distributed strain in uniaxial
compression tests on acrylic and concrete samples, respectively. Uchida et al. (2015) positioned the optical fiber
in a helicoid configuration to capture the entire superficial strain field, showing that even artificial homogene-
ous isotropic samples suffer non-uniform deformation. Sieriko et al. (2019)
observed strain localization, which they attributed to crack development

:ggfet:ing within the concrete surface, showing the potential of the method to study

OBR ” A “5' | Cladding failure. In the present study, the use of the fiber optics technology to measure

" A distributed strain is extend to high confining pressure triaxial tests (up to

@. ' /Optical fiber 200 MPa). The distributed method was first developed (Section 2) using a

Interrogator steel sample implemented with optical fiber and strain gauge sensors. Later, in

Section 3, the method was tested on Central Aare granite, Zimbabwe gabbro,

Figure 1. Components of fiber optics distributed measurement method. and gray, and green Bernese sandstone, assessing the distributed method for
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a wide range of strength (40-270 MPa) and stiffness (4—103 GPa). The meas-
ured distributed strain was superimposed on a light scan of a failed sample,
showing that the strain localization correlated with the position where frac-
tures appeared on the surface.

(b)

m 2. Development of the Distributed Strain Measurement
Method

The present section aims to test the applicability of the method using simple
uniaxial tests, assess the performance of the selected combination of the fiber
and glue (adhesive), and develop an optimal fiber layout for later use in triax-
ial tests. For this purpose, the results of a simple uniaxial test on a homogene-

900um

um ous steel sample are shown and discussed. The sample was implemented with
i:g”m strain gauges and fiber optics to compare the measurements.
um

Figure 2. Schematic cross-sections of the optical fibers. (a) 900 pm
acrylate-coated fiber manufactured by Solifos AG. (b) 155 pm 2.1. Equipment and Sensors
polyimide-coated fiber manufactured by Fibercore.

Optical fibers developed for sensing and telecommunication are composed

of an inner cylindrical core surrounded by two layers: cladding and coat-
ing (Figure 1). While the cladding ensures that the light beam (pulse) is confined within the core, the coating
improves the mechanical properties, protecting the fiber from physical damage. Two single mode fibers were
selected for this work: 900 pm diameter acrylate-coated and 155 pm diameter polyimide-coated (Figure 2). The
strain coefficient was calibrated prior to the test, being C, = 150 for the poliyimide fiber and 149 for the acrylate
fiber. The fibers were chosen by considering two effects: light attenuation and strain lag. Light attenuation caused
by micro-bending can lead to light loss and, consequently, make measurement impossible. Several authors have
shown that the fibre's coating alters the strain transfer between the medium and the core (strain lag), and they
developed numerical and theoretical models to correct the measurements (Alj et al., 2020; Ansari & Libo, 1998;
Bassil et al., 2020; Billon et al., 2015; Falcetelli et al., 2020; Tan et al., 2021; Wang & Zhou, 2014; Wang
et al., 2016; Wang & Xiang, 2016; C. Zhang, Shi, et al., 2020; S. Zhang, Liu, et al., 2020). The results in this
work are not corrected by any strain lag model for three reasons: (a) Strain lag models have been developed for
known strain fields, while the strain fields in triaxial tests are complex and unknown (McBeck et al., 2019). (b)
Theoretical strain lag models have assumptions that are not met in the triaxial system (Wang & Zhou, 2014).
(c) Most of the models were developed for field applications with fiber/cables, which are considerably thicker
than the selected fibers (Figure 2). For example, the theoretical strain lag proposed by Zheng et al. (2021) for
the polyimide-coated fiber is 0.5 cm, while for the acrylate-coated fiber it is 1.1 cm, which is considerably
smaller compared to other fibers. The OBR technology is sensitive to confining pressure and temperature changes
(Appendix A). Nevertheless, no pressure or temperature compensation was considered because the uniaxial test
was carried out under constant confining pressure and temperature.

The OBR 4600 interrogator manufactured by Luna Innovations (https://lunainc.com/) was used in the present
work. The device has a high strain resolution (micro strain ye = 107°) and millimetre spatial resolution that are
sufficient for laboratory tests on relatively small samples. The interrogator has a sampling rate of 0.25 Hz but
only one optical channel; therefore, each fiber was interrogated every 8 s with the use of an optical switch. A test
typically lasted 30—-60 min. Appendix A describes the methodology and the adopted post-processing procedure.

The tests were carried out in a triaxial system that generates confining pressures up to 200 MPa, using oil to
conduct pressure. The triaxial cell can accommodate cylindrical samples with a maximum diameter of 7 and
14 cm height. Further details are given in Appendix B.

2.2. Uniaxial Test Setup

The uniaxial tests were performed on a cylindrical steel sample, instrumented with the optical fibers (Figure 2)
and strain gauges. The comparison between technologies applied in a simple test allowed for assessing the distrib-
uted method and for studying the fiber's strain lag. A slightly off-centered axial load was applied to induce a
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Figure 3. Uniaxial test layouts implemented with the acrylate- (green) and
polyimide-coated (yellow) optical fibers. The continuous lines represent where
the fibers are glued to the sample, while dashed lines are loose fiber sections.
The strain gauges measuring grid size are 4.5 mm long and 3.2 mm wide
(SGD-5/350-LY 11 manufactured by Omega Engineering, https://www.omega.
com/en-us/). (a) The axial layout comprises four lines parallel to the axial
load, equally distanced on the perimeter and four axial (vertical) strain gauges
(V1, V2, V3, and V4). (b) The circumferential layout comprises two fully
glued circumferential loops at the middle of the sample and three strain gauges
attached in the circumferential direction (C1, C2, and C3). One strain gauge
was implemented in the axial direction (V5).

non-uniform strain field, enhancing the advantages of the distributed meas-
urements. The fibers were placed in position using pre-tension and fixed with
a cold-curing instant adhesive. A two part epoxy was used to cover the fibers,
to protect them during test preparation and to improve the strain transfer
(from the sides of the fibers).

Two configurations were assessed to measure the expected principal strains:
the maximum strain (¢,) in the axial direction (Figure 3a) and the mini-
mum strain (&;) in the circumferential direction (Figure 3b). In the axial
direction a compressive strain is expected, while tensile strain is expected
in the circumferential direction. In each configuration the measurements are
one-dimentional (along the fiber), but when implemented together they result
in a two-dimensional distributed surface measurement. Separate testing of
axial and circumferential configurations and their comparison to the strain
gauge measurements enabled the capability of the method under different
deformation mechanism to be assessed. In our setup, the triaxial cell has
four strain gauge feed-through ports, restricting the number of optical fiber
segments that can be implemented because the objective is to compare both
technologies. Since the metal sample is not broken during testing, we have
the advantage of testing these configurations separately, and, due to the
limitation of the number of strain gauge feedthroughs, the axial and circum-
ferential configurations were tested in two different tests. In the tests on rock
samples described in Section 3, both the axial (Figure 3a) and circumferential
(Figure 3b) configurations were implemented simultaneously.

In the axial configuration, four equidistant vertical lines were instrumented.
The strain gauges were glued parallel to the corresponding first vertical lines,
two at the beginning of the lines (V2 and V4) and two in the middle of the
sample (V1 and V3). Each pair allowed the strain development distance of the
fibers to be studied. The circumferential configuration consisted of two loops
surrounding the middle of the sample. Three strain gauges (C1, C2, and C3)
were glued adjacent to the fibers in the circumferential direction. One vertical

strain gauge (V5) was attached to verify the Poisson's ratio. The distribution of the strain gauges in the circum-
ferential configuration prioritizes studying the capability of the optical fiber to measure the non-uniform strain
field. The outputted distributed data has two columns: the fiber distance to each “distributed” gauge and the strain
measured at this position. To spatially reference the data on the sample, several locations (gauges) were identified:
closest positions to the strain gauges, end-begging of axial lines and crossing of the circumferential fiber with some
pre-draw lines. To locate the gauges, the fiber was point heated with a 5 mm diameter steel rod, allowing refer-
encing the distributed data on the sample. The uncertainty in the gauge identification is the selected gauge length
for data post-processing and does not exceed +5 mm. This uncertainty is the same for all measurement locations.

2.3. Results of the Method Development

The distributed measurements obtained with the acrylate and polyimide fibers are compared in Figure 4. Each
continuous gray-scaled line is a distributed measurement at diverse differential loads over the length of the fiber,
following the sample's schematics below each figure. The strain gauge positions are marked with colored dashed
lines. The distributed axial strain measured with the polyimide fiber is shown in Figure 4a, while 4b details
the measurements from the acrylate fiber. The same comparison for the circumferential direction is given in
Figures 4c and 4d, where the “sinusoidal” distribution reflects the non-uniformity of the strain field caused, as
mentioned in Section 2.2, by applying the axial load slightly off-center to the sample. When comparing the axial
measurements obtained with the polyimide and the acrylate fibers (Figures 4a and 4b), it can be seen that the
second fiber registered lower values at the beginning and end of each vertical line (round edges in Figure 4b).
Towards the middle of the sample both fibers measured similar values, reflecting the higher strain lag due to the

thicker coating. For example, the difference at the V4 position is 13.7%, while at V1 the differences is 4.02%.

This effect is considerably diminished in the circumferential direction (Figure 4¢), mainly due the increase of the
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Figure 4. Axial (¢,) and radial (¢;) distributed strain measurements. Solid lines denote distributed strain at different times and correspond to different differential
loads (¢ = 6,~0;), while dashed lines mark the strain gauge positions. (a) Polyimide fiber measurements in the axial configuration (Figure 3a). (b) Acrylate

fiber measurements in the axial configuration (Figure 3a). (c) Polyimide fiber measurements in the circumferential configuration (Figure 3b). (d) Acrylate fiber
measurements in the circumferential configuration (Figure 3b). The strain gauge positions are marked by vertical lines with notation shown in Figure 3.

frictional force inherent to this orientation. Nevertheless, a slight difference can be seen at the highest and lowest
values (at 8 and 17.5 cm along the perimeter), where the acrylate fiber tends to the average (~1% difference at
8 cm).

In order to compare the distributed and point measurement methods, Figure 5 shows the strain at the same
positions plotted against the differential stress. To take into account the location uncertainty in the distributed
data (+5 mm as discussed above), the average of three fiber optics gauges (closest to a strain gauge and its
nearest neighbors) is plotted in Figure 5. Since we are comparing fiber optics and strain gauge measurements
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Figure 5. Comparison between distributed (solid lines) and point (dashed lines) measurement methods. Optical fiber (FO) measurements are shown at the strain gauge
positions. To take into account an uncertainty in locating the FO gauge positions, the FO measurements are averaged over located positions of the FO gauges (closest to
strain gauges) and their nearest preceding and following neighbors. On all plots, ¢ = 6,~0;, ue = 1075, Letters “V” and “C” indicate vertical (axial) and circumferential
strain gauges, respectively. (a) Axial configuration measured with the polyimide fiber. (b) Axial configuration measured with the acrylate fiber. (c) Circumferential
configuration measured with the polyimide fiber. (d) Circumferential configuration measured with the acrylate fiber. See Figure 4 caption for more details.

from almost the same locations (with 5 mm accuracy), the loading conditions do not significantly influence the
comparison. Strain gauges located at the ends of the implemented vertical lines (V2 and V4) recorded higher
values than the acrylate fiber (Figure 5b. 13.9% difference compared to V4), but were similar to the polyimide
fiber (Figure 5a. 0.228% difference compared to V4). In the middle of the sample both fibers are in accordance
with the strain gauge data (5% difference for the acrylate fiber and 0.54% for the polyimide fiber). This indicates
that the distance required by the acrylate fiber to develop the strain is greater than 1 cm and less than 4 cm, while
for the polyimide fiber it is only a few millimetres. Both results are in agreement with the theoretical strain lag
distance calculated using the method proposed by Zheng et al. (2021); 1.2 cm for the acrylate-coated and 0.5 cm
for the polyimide-coated fiber. In the circumferential direction, the acrylate fiber measurements, on average,
have a 3% difference to the strain gauge data. In contrast, the difference for the polyimide fiber reduced to 1.5%
(Figures 5c and 5d). In other words, the measurements obtained using the polyimide-coated fiber are reliable
for both orientations (axial and circumferential) and through the entire glued segments. In the circumferential
direction, the distributed data obtained with the acrylate-coated fiber is also reliable, but its implementation in
the axial direction (compressive deformation) requires consideration of the strain lag. For the sample size used in
this work (14 cm) the reliability is limited to the central section of the fiber.

In non-uniform strain fields, point measurement methods are insufficient and distributed methods are required.
This is shown in Figure 6, where the advantages of the distributed strain measurements are enhanced. The axial
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Figure 6. A comparison of the measured strain average between distributed and point measurement methods (¢ = 6,~0;, ue = 107°). (a) The vertical strain (¢,) is the
average of the four points on the vertical fiber near the middle of the sample. It is compared to the average strain from the axial strain gauges, V1 and V3 (Figure 3a).
(b) Average of the distributed circumferential strain (¢;) compared with the average of the circumferential (horizontal) strain gauges, C1, C2, and C3 (Figure 3b).

strain measured in the middle of the sample is averaged for the strain gauge and distributed technologies and is
shown in Figure 6a. When considering only the central values in the axial direction (stretch not affected by strain
lag) both cables perform similarly, with a difference of 2% between them. A non-linear behavior is seen in the
strain gauge data at about ¢ = 175 MPa (Figures 5 and 6). This was due to a rotation on the sphere that applies
the load, between the sample and the piston. The rotation probably contributed to the strain field non-uniformity
described above. This non-linearity, however, does not change the average of the distributed data, because the
measurements covered a much greater surface of the sample. Figure 6b contrasts the average of the circumferen-
tial distributed strain and the average measurements from the corresponding strain gauges (C1, C2, and C3). The
difference in the circumferential average measured with the optical fibers is approximately 1%, while the strain
gauges registered a value 5.5% lower. This is explained by the fact that the strain gauges were installed on the less
loaded side of the sample, highlighting their location dependency. This is evidenced in Figure 4, where the strain
gauge positions coincide with the zone where lower strain was measured with the distributed method.

Even though the polyimide-coated fiber is more accurate, the use of the acrylate fiber is not discarded. In
Appendix C, the results of isotropic confinement tests are given, indicating light attenuation problems caused by
micro-bending. Polyimide-coated fibers on a polished steel surface were able to measure the distributed strain
under confining pressures up to 80 MPa. If applied to rock surfaces, attenuation problems are apparent at 15 MPa.
Fiber crossing can also produce light attenuation. Small voids at the sides of the overlapped fiber allows the over-
lapping fiber to bend when confining pressure is applied. Additionally, at this pressure range, the stretches of the
fibers that are loose in the oil show a linear spectral shift with confinement, indicating the pressure sensitivity of
the technology (Appendix C). This information cannot be used to compensate for test measurements in which the
confining pressure is not constant. To obtain the compensation factor, tests with fibres glued on materials with
known properties are necessary. In this work, no compensation is required because all measurements were taken
at constant pressure and temperature. This is described in more detail in Section 3 and Appendix C.

3. Distributed Strain Measurement Method in Triaxial Tests

The previously developed distributed measurement method was used on rock samples and tested under confined
and unconfined conditions. The complexity of the results presentation gradually increases in this section, from
conventional point measurement to virtual reproductions of the sample. The goal is to show that the distributed
strain measurement method can be implemented to not only obtain traditional data, but also to provide further
understanding of the failure process.
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Figure 7. Lithologies at two different scales. (a) Central Aare granite samples collected from Wassen in Switzerland. (b)
Zimbabwe gabbro of unspecified location. (c) Gray Bernese sandstone collected from Bern city center. (d) Green Bernese
sandstone collected from Bern city center.

3.1. Sample Preparation

Cylindrical samples, 7 cm in diameter and 14 cm in height, were cored from four different lithologies: Central
Aare granite (Switzerland), gabbro (Zimbabwe), gray and green Bernese sandstone (Switzerland; Figure 7). The
Central Aare granite (Figure 7a) is a medium biotite grained granite with a recognizable magmatic structure,
dominated by quartz, potassium feldspar and greenish colored plagioclase (Labhart et al., 2015). The biotite
inclusions are evenly distributed in the sample, with an irregular shape of about 2.7 mm long. The Zimbabwe
gabbro is composed by plagioclase, mica, biotite and amphibole quartz (Figure 7b). Inclusions are homoge-
neously distributed and the samples have isotropic mechanical properties (Liu, 2021). Bernese sandstone has
a homogenous fine grained lithology composed of quartz, calcite, feldspar, and mica (Kellerhals et al., 2005;
Materials Hub, 2017). Samples of green and gray Bernese sandstone were tested, but blue and yellow tones
can also be found, depending on the degree of glauconite oxidation (Kiindig et al., 1997). The grains of the
gray Bernese sandstone have an approximate diameter of 0.15 mm (Figure 7c), while the grain diameter of the
green Bernese sandstone is 0.2 mm (Figure 7d). The reported porosity of the Bernese sandstone is 0.24-0.27
(Materials Hub, 2017). Porosity of the intact granite and gabbro samples does not exceed 1%. This lithology
selection incorporates a wide range of rock stiffness and strength.

The granite and sandstone samples were instrumented with the acrylate-coated fiber to avoid micro-bending,
due to the high confining pressure used on the granite and the rough sandstone surface. Polyimide fiber was
selected for the gabbro samples, because of its smoother surface and lower confining pressure. An estimation of
the sandstone roughness can be made from their mean grain size, which is ~0.2 mm. Figure 8 shows the optical
fiber configurations used, differing only in the axial optical fibers (vertical lines) included in configuration b.
Granite and gray Bernese sandstone samples were instrumented with configuration (b), while gabbro and green
Bernese sandstone were implemented with configuration (a). All samples were prepared, jacketed and tested in

@ @ @ @ 9 @ ® @ @ @ @

<> <>

10 cm
'2.5cm'2.5 cm' 2.5 cm' 2.5 cm!

! ! -Circumferential : ! _V_ertical
/‘//_7& SG @, EI : /7/ Fiber
: f ; Vertical SG ()| Y. ‘ 3 3
B I 4 i R
I s oa% R ——
: @ ‘ 1 1
1/2m : 1/2m : 1/2n : i 12 : 1/2n : 1/2n : 1/2n

Figure 8. Optical fiber configuration used in the triaxial tests. (a) Configuration composed of five circumferential optical fiber loops at different levels and four strain
gauges (SG). (b) Configuration composed of two axial optical fiber stretches, five optical fiber loops in the circumferential direction and four strain gauges.
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the laboratory environment (temperature ~20°C, pressure ~1 bar and humid-
00257 ity ~76%). The samples were first isotropically confined, and then an incre-
0.000 - i i i mental and uniform (centered) axial displacement was imposed at a constant
20 40 60 80 190 rate of 9.91 péels.
~0.025 A
Appendix A describes the OBR measuring method and the post-processing
'o\? ~0.050 - sequence used to obtain the distributed strain. The method calculates the
I: strain variation between two measurements and is sensitive to tempera-
—0.0751 ture, strain and pressure (Appendix C). Since measurements were taken at
0,100 - constant pressure (after confinement), and, therefore, constant strain coeffi-
cient, no pressure compensation was considered necessary. The confinement
o254 T & increases the temperature of the oil, with an expected ~1°C variation during
— & differential loading due to heat dissipation. In a loose section of the cable
(i.e., between the sample and the feed-through port), where temperature and
q [MPa] temperature-deformation effects occur, this temperature variation induces a

Figure 9. Differential stress (¢ = 6,~0;) versus strain response of the Central
Aare granite tested at 200 MPa confinement. The axial (¢,) and circumferential
(&;) strain are from selected locations of the distributed measurements.

spectral shift of 1.24 GHz, which is equivalent to ~8 ue. The equivalent strain
is lower when considering the temperature coefficient of a cable restricted to
deformation (only temperature effects). This strain represents less than 1%
of the expected maximum strain, therefor no temperature compensation was
needed.

Similar to the uniaxial tests (Section 2.2), the positions of interest in the distributed data were identified by touch-
ing the fiber with a heated steel rod with an accuracy of 1 mm. This procedure allows the identification of the
beginning and end of the circumferential and axial lines, mapping all the distributed information on the sample.

3.2. Point Method Results

Data obtained with point methods are usually restricted to line graphs and assume that the sample behaves
homogeneously. One such common presentation is the stress versus strain response, which is shown in Figure 9
for a Central Aare granite sample tested at 200 MPa confining pressure. The plotted strain data is from selected
single points of the distributed measurements (both axial and circumferential) located at the middle of the sample.
The calculated Young's modulus at the elastic stage is 72 GPa, and the Poisson's ratio is 0.22. These values are
consistent with other experiments on samples with similar lithologies. For example, Li et al. (1999) measured a
Young's modulus of 69.9 GPa and Poisson's ratio of 0.27 on Bukit Timah granite tested at 170 MPa confining
pressure. These values are within the ranges of 13—85 GPa and 0.14-0.34 given by Domede et al. (2019) for
Young's modulus and Poisson's ratio, respectively, for 178 different granites
(albeit at different confining pressures).

— & [%]

£3 [%]

50

The results from three gray Bernese sandstone samples tested at confining
i pressures of 2.6, 4, and 6 MPa are shown in Figures 10 and 11. The samples

40 T =

—— 03=2.6 MPa
— 03=4.0 MPa
— 03=6.0 MPa
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Figure 10. Strain versus stress response of the gray Bernese sandstone at
different confining pressures. The vertical strain (¢,) is the average of the
two points on the vertical fiber near the middle of the sample, while the

circumferential strain (g;) is the average of all the distributed circumferential data.

0.8

were loaded until failure, but the stress drops and post-failure behavior are
not shown because the macro fracture (rupture) that split the sample also
damaged the fibers, rending further measurements impossible. The circum-
ferential strain in Figure 10 is the average of the distributed measurement
of all circumferential segments. The axial strain is the average of the two
measurements taken at the positions crossing the middle of the sample.
As expected (e.g., Jaeger et al., 2007), the sandstone exhibits an increase
in non-linearity and stiffness with confinement (Figure 10). Nevertheless,
the low maximum strain developed before failure (<0.8%) indicates that the
material behavior is brittle.

The principal strain data was adopted to compute the volumetric
(¢, = €, + 2¢&;) and the shear strains (&, = (&, — £;)2/3) in Figure 11. The first
advantage of the distributed method can be seen by comparing the volumetric
behavior calculated from the entire sample (average of lines C1, C2, C4, and
CS5 in Figure 8b) to the response at the middle (average of line C3). A larger

SALAZAR VASQUEZ ET AL.

9 of 24

85U9D17 SUOWILIOD BAIESID 3|eal|ddle au Ag peussnoB aie o1 O '8N 40 Sa|n 10} ARiq1T 8UIIUO |1 U0 (SUORIPUOD-PUB-SWiIBY Y A3 In ARe.qjBulUo//Sd1Y) SUORIPUOD pUe SUL | 8U} 89S *[£202/20/ET] U0 AReIqITauliuo 481 ‘UoieuLIoU| BOIUYO8 | PUY DIIUBIS JO 31O Ad /66£209r2202/620T OT/I0p/wod" A |1m Aseiqipuljuo'sandnBe)/sdiy woiy pepeojumoq ‘g ‘220z '9SE669TC



A7t |

NI

ADVANCING EARTH

AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth

10.1029/2022JB023997

—— Average middle segment
—— Average sample surface

-0.1

-0.2

/‘ -

03=2.6 MPa
—— 03=4.0 MPa
—— 03=6.0 MPa

Figure 11. Gray Bernese sandstone samples tested under confined conditions.
Volumetric strain (¢, = €, + 2¢;) plotted against shear strain (&, = (¢, — £;)2/3).
The volumetric response is compared for the distributed data from the entire

sample sur

€3 [%]

face versus the middle segment.

volumetric strain was observed at the ends of the sample (top and bottom)
compared to the middle; this difference increases with confinement for these
tests. The material initially reduces its volume, followed by a significant dila-
tation. This response can explain the hardening at small loads and the soften-
ing toward failure, as shown in Figure 10.

3.3. Distributed Strain Measurement Method Results

The circumferential strain evolution of a Zimbabwe gabbro sample is shown
in Figure 12a. The distributed measurements of each circumferential level
given in Figure 8a are plotted with different colors, and their intensity reflects
the imposed axial load increment. The horizontal axis is the distance along
the perimeter of the sample from an arbitrary axial line (unwraped surface).
The color code of each level of the distributed data follows the scheme in
the legend of Figure 12b. In a homogeneous sample, the distributed strain
should be constant (horizontal lines), increasing with load. At low loads
(lighter colors), the distributed strain is relatively homogeneous, but close to
failure (darker colors) strain starts developing faster at 5 cm in the perimeter
(indicated with arrows), especially at lower stress levels (at about 80% of the

maximum load). The strain localization started at level C4, and propagated towards levels C5 and C3. Figure 12b
gives a comparison of single points (gauges) of the distributed data that have the highest (red dashed line) and the
lowest (blue dashed line) strain, together with the levels' average (following the same color code). At the position
of the minimum strain (Section 1), the behavior remains linear until 90% of the maximum stress, while the maxi-
mum strain (Section 2) initiates an exponential growth from 50% of the maximum stress. Level C1 average shows
a slightly lower strain response than the others, but all indicate non-linear behavior starting at about 80% of the
maximum load. The results from a second gabbro sample tested at 10 MPa confinement are given in Appendix D.
A strain localization that propagated in the sample towards the end of the tests was also observed.

0.4
0.3 Level C1
0.4 5 10 15 20 (b)0_40 :
031 Level C2 D 1
021 v 0.35 ‘ Average 1 -- Section1 ,"
| Average2 -- Section 2 |
0301 {4 Average 3 i
] 5 Level C3 | 025 P Average s
¢ \ - z | &= /
! 20204 !
1 - ]
o /
0.15 4 K
II
0.10- i Py
0.05 _,_,——”"— ______ -~
0.00 = . . . .
0.0 0.2 0.4 0.6 038 1.0
A/Amax [-]

Perimeter distance [cm]

Figure 12. Zimbabwe gabbro tested under unconfined (uniaxial) conditions. (a) Circumferential distributed strain measurements at each of the levels (Figure 8b). Color
intensity marks the loading increment, being darker for higher loads. The positions of the maximum and minimum strains are marked with red and blue dashed lines,
respectively. (b) Circumferential strain development with normalized differential stress (¢ = 6,—c;). The average for each level is compared with the maximum and
minimum strain in the sample.

SALAZAR VASQUEZ ET AL.

10 of 24

85U801 7 SUOLULLOD SISO (qeotidde au Aq pauienob 8.2 s8jole VO ‘95N JO S9N o) ARIq1T8UIUO AB]IM UO (SUOIHIPUOD-PUE-SLLBIALIOY A8 |1 Ale.q 1 U0//StNY) SUORIPUOD PUe WIS | 84} 89S *[£202/20/ET] UO Afiq18UIUO AB]IM 'UOIIRWLIOU [BOIULDS | PUY DLILBIOS JO 8OO AJ £66€208r2202/620T 0T/I0p/W0d"A3|im A1 jput|uo'sandnBe//:sdny Wwoly pepeojumoq '8 ‘Z202 '9SE669T2



A7t |

NI Journal of Geophysical Research: Solid Earth 10.1029/2022JB023997

ADVANCING EARTH
AND SPACE SCIENCE

(b)
1.2 1 ‘llllll..'
>.< Average 1
| Average 2
.04 - Average 3
U Average 4
__ 081 | Averages
O
™ 0.64
w
0.4
0.2
) 02 0.4 06 08 1.0
q/qmax [']

10 15 20
Perimeter distance [cm]

Figure 13. Green Bernese sandstone tested under 16 MPa confinement. (a) Circumferential distributed strain measurements at each of the levels (Figure 8b). Color
intensity marks the loading increment, being darker for higher loads. (b) Average strain development per level. Circumferential strain development with normalized
differential stress (¢ = 6,—-0;). The average of each level is compared.

The test performed on green Bernese sandstone at 16 MPa confining pressure shows the greatest differences
within the sample's levels (Figure 13a). The maximum measured strain at level C5 is about 0.2%, while it is
ten times higher at level C2. Two clear strain localizations developed in levels C1, C2, and C3 (indicated with
arrows). In level C2, a single localization is visible at the projection of upper level localizations. Figure 13b
reveals that, from the early stages, the upper side of the sample develops higher strain (levels C1 and C2); from
40% of the maximal load, the difference increases exponentially and is close to linear behavior at level C5, while
it is exponential in level C2.

The distributed measurement method allows for an extension of the results to show the material behavior in detail.
The last measurement of the test performed on the green Bernese sandstone (Figure 13a) was interpolated to
obtain the strain on the sample surface, as shown in Figure 14. The angle formed by the strain concentrations is
more evident in this plot. This information was used to superimpose the strain on a 3D scan of the sample taken
after the test (Figure 15). The sample was placed on a rotating table and scanned using the Space Spider light
scanner (https://www.artec3d.com/), with a sub-millimetre precision. Axial lines drawn prior to the test were
used to reference the coordinate system of the scan. The distributed data was superimposed on the virtual sample
using the same orientation: no additional rotation or adjustment was done. Failure was driven by a macro fracture,
dividing the sample in two: The upper part is shown in Figure 15b, while the lower in Figure 15c. The virtual
reproduction in Figure 15a shows that the strain localization at the upper levels (C1, C2, and C3) correlates with
the position where the fracture manifests on the surface. Figures 15b and 15c¢ indicate the fault's dip direction to
vertical at about levels C4 and CS. This change in direction was followed by a sudden fracture propagation that
caused sample failure. The strain localization is not obvious on the fracture's position at levels C4 and C5, because
the fracture propagation speed, after the change in direction, exceeded the OBR interrogator's time resolution.

An additional test on green Bernese sandstone is presented in Appendix D. At unconfined conditions the macro
fracture-driven failure was sub-vertical, which was also reflected in the distributed measurements. An assessment
of the accuracy of the distributed method under confinement conditions is given in Appendix E.
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Figure 14. Circumferential strain field on sample's surface (green Bernese sandstone). The data from the last distributed
measurement of Figure 13a was interpolated. Black dashed lines indicate the locations where the distributed strain was
measured.

4. Discussion

Uniaxial tests were carried out to assess the reliability of the distributed method. Additionally, Figure E1 gives
a comparison between the strain gauge and a single location of the distributed measurements under confined
conditions and at large strain (~1%). The correct selection of optical fiber is critical for the application of the
current method in triaxial tests. The cable stiffness, which depends on the coating material and its thickness, is
important to ensure the quality of the strain data collected by the fiber senors (e.g., strain transfer and light atten-
uation). Under low confining pressures (<15 MPa) or unconfined tests, the thinner (or stiffer) coated fibers are
recommended for measuring the distributed circumferential and axial strain. To avoid light attenuation, thicker
(or softer) coatings should be used under high confinement or when the sample surface is rough (e.g., sandstone).
The correct implementation also requires consideration of the height of the sample. For example, the acrylate
fiber used in the present research should not be used for samples shorter than 10 cm because of the strain lag. For
short samples, a combination of distributed and point methods can be implemented: the optical fiber to meas-
ure the distributed circumferential strain and strain gauges in the axial direction (e.g., configuration shown in
Figure 8a). In the circumferential direction, the average of the distributed strain is reliable for both fibers. When
compared to strain gauges, the distributed circumferential data showed a 3% difference using the acrylate-coated
fiber and 1.5% when using the polyimide-coated fiber. Two different fibers can also be used to avoid bending at
fiber crossings. A thin fiber should be glued in the axial direction, with a thicker fiber overlapping to measure the
circumferential strain. The thinner fiber at the bottom reduces the voids on the side of it, where the overlapping
fiber can bend due the confining pressure. In any event, the effects of fiber crossing and fibers pressing on one
another are too small and do not show up in the distributed data (Figures 12a, 13a, D1a and D2a). The distributed
method can potentially be extended to high temperature conditions. The polyimide fiber used in this research is
rated up to 300°C, and temperature resistant acrylate-coated fibers are industrially available (e.g., SM1500 HT
manufactured by Fibercore can withstand up to 150°C). Besides coating stiffness, other physical and chemical
interactions of the coating with the host media should be considered. For example, some polymer and acrylate
coatings swell in contact with water, and the swelling depends on salt concentration, PH, and presence of other
chemical substances (Bai & Seitz, 1994; Janting et al., 2019; Khanikar & Singh, 2021; McCurley & Seitz, 1991;
Sedighi et al., 2021; Shakhsher et al., 1994).

In all tests performed, strain localizations were seen at multiple heights. The probable cause is fracture nucleation
inside the sample and its subsequent propagation (Bobet, 2000; Germanovich et al., 1994; Katz & Reches, 2004;
Reches & Lockner, 1994). The first observation supporting this hypothesis is the correlation between the local-
izations and the location where the fracture manifests on the surface of the sample (Figure 15a). Additionally,
sub-vertical fractures were observed in samples tested with low confinement, which is in accordance with the
measured localization distribution (Figures 12, D1 and D2).
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Figure 15. 3D optical scan post failure, which was caused by a macro fracture dividing the sample in two of the green Bernese sandstone. (a) The scan is colored with
the interpolated circumferential strain from Figure 14. (b) Upper part of the sample after failure. (c) Lower section of the sample after failure. The dip direction of the
fracture surface experienced a verticalization at level C4 and C5.
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Figure 16. Probable internal fracture nucleation and propagation. Arbitrary

tested under 16 MPa (Figure 13) is outlined in Figure 16. At the early stages
(¢,), the fracture nucleates closer to the top (between levels C1 and C2). This
discontinuity (rupture) grows in a stable manner towards the bottom and the
side surface (¢, and t;). This would explain the higher average strain of level
C1 and C2 at low loads, followed by level C3 (Figure 13b). Towards fail-
ure the strain localization becomes more pronounced, because the fracture

is approaching the side surface of the sample (Figure 13a). Finally, the frac-
ture becomes unstable and changes the propagation direction downwards (),

time stamps during the test are denoted by ¢, time is until failure 7, splitting the sample.

(t; <ty <t; <1). Dashed lines in the last time stamp indicate the intersection
of the fracture with the horizontal plane where the circumferential optical

fibers were implemented.

fi

The interpretation of internal fracture propagation (Figure 16) could also
explain the difference between the volumetric response averaged over
the middle segment and entire sample surface (Figure 11). In most of the
performed tests (Figures 12a, 13a, D1a and D2a), the largest signals were
registered at approximately one radius from the sample ends, propagating
towards the middle. We explain this observation by the nucleation and propagation of a macro fracture. Tests at
larger confining pressure result in a more inclined macro-fracture. An inclined fracture leads to more fracture
presence in one end of the sample than in the middle. This can be observed in Figure 16, where the fracture area,
projected into the upper horizontal cross-section (upper dashed lines in Figure 16), is greater than in the middle
of the sample (middle dashed line). This may explain the lower volumetric strain measured in the middle of the
samples, while the increasing inclination explains the increasing volumetric difference between the middle and
the sample average with confining pressure.

In triaxial tests, fractures in the samples show several recognized patterns (e.g., Jaeger et al., 2007). For example,
the fracture may show an X-type pattern under confining pressure. Based on this hypothesis, the optimal fiber
layout schemes on the surface of the sample can be designed to monitor potential fracture propagation and to
reduce the number of trials and errors.

An important question is whether the rupture schemed in Figure 16 nucleated inside the sample or was due to
a starter weakness, from which rupture propagated, that was located at the surface of the sample. As our meas-
urements are conducted on the sample surface, to answer this question would require coupling our method with
additional technology such as acoustic emission or CT scanning. In previous experiments with similar rock mate-
rials and conducted under similar conditions, the initial nucleation was observed inside the sample, both with
acoustic emission (Benson et al., 2007; Lei et al., 2004; Reches & Lockner, 1994; Salazar Vasquez, Selvadurai,
et al., 2022; Thompson et al., 2009) and CT scanning (Higo et al., 2013; McBeck et al., 2019) methods. Also, the
evolution of the localized strain in the data (Figure 13a, localizations marked by arrows) is nearly symmetric on
the opposite sides of the sample surface, strongly suggesting that the rupture nucleated inside the sample. This is
why it is most probable that in the experiment with green Bernese sandstone and confining pressure of 16 MPa
(Figures 13-15), the strain localization observed with the optical fiber is an expression of the structure nucleated
inside the sample, as the nucleation on the sample surface would have broken the symmetry. Nevertheless, it is
possible that in some samples and other conditions, rupture propagation begins on or close to the sample surface.
For example, data collected in the uniaxial (unconfined) test with Zimbabwe gabbro exhibits strain localization
only on one side of the sample surface (e.g., level 4 in Figure 12a). This indicates fracture development on or
near the sample surface.

In addition to the experimental techniques of acoustic emission and CT scanning, inverse modeling based on the
obtained fiber optics data could also clarify this question. Confirming this hypothesis means that the developed
method provides distributed information regarding the sample damage, which would allow new parameters to
be predicted to predict material failure, which is generally limited to the maximum axial differential load. For
example, the distributed strain spatial/temporal derivative (as a localization indicator) or the percentage of the
sample's surface that is dilating can be easily obtained. To find such a failure predictor requires significant effort,
which is outside the scope of the present work.

Section 3 shows that within the sample different behaviors can be observed. This directly impacts the interpreta-
tion of triaxial tests. For instance, the importance of dilatancy is enhanced in the numerical modelling of classical
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rock mechanics post-failure problems (Alejano & Alonso, 2005). The dila-
tancy angle of the gray Bernese sandstone tested at 6 MPa (Figure 11) is
23.6° considering only the data from the middle of the sample, and increases
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Figure 17. (a) Global coordinate system used in Equations 1 and 2. (b)
Diagram of a sample implemented with three fibers with different local

orientations (A, B, and ).

v to 29.4° for the entire sample (24.3% increment). When individual gauges in
: S — the distributed data are consider (equivalent to points sensors) the differences
= are more pronounced. The elatic shear modulus of the Zimbabwe gabbro,
B > 1 calculated from Figure 12b (using a Poisson's ratio of 0.29), is 64 GPa for
</ -1 the gauge with the lowest strain (blue dashed line) and 28.6 GPa in the strain
¢ /’ﬁ localization (red dashed line). This evidences the large variability in the
> A > parameters obtained when using point measurement methods.
q —
| N The optical fiber method measures the distributed strain in the fiber's core
B 1 axis direction (shortening or elongation of the core along its axis), which
Q__—/ presents a limitation to capturing all the strain tensor components in triaxial
tests. Equation
Epr Eor Ezr uy
em=[ur u u:lle epp e0||uol (D
Erz €0z  Ezz || Uz

defines the strain measured (¢,,), which is the projection of the strain tensor

in global coordinates (Figure 17a) into an arbitrary fiber's direction (&Z). On
the sample's surface, the fiber orientation can only have circumferential (u,) and vertical («,) components; drilling
into the sample is required in order to have a radial component («,). Commonly, unaltered samples are required,
having a null radial component in the fiber orientation (u, = 0). This implies that all radial components of the
strain tensor (¢,,, &, and ¢€,) cancel out from the measured strain (¢,) in the projection of Equation 1. The
implementation of three arbitrary and different fiber directors, shown in Figure 17b is sufficient to measure the

remaining components of the tensor (¢_, £, and &,). Equation

-1
2

E0o MAB 2uA9qu qu EA
—| .2 2
€0z | = | Uy, 2Upolp: Uy, ITIE (2)
2 2
€22 uz, 2ucoeuc: Uy, £c

rotates the three measurements (&,, &, and &£.) from the local fiber directions (A, B, and ©) to global cylindri-
cal coordinates. Uchida et al. (2015) measured the vertical, circumferential, and shear strain (¢,,, &y, and &,
using three different fibers. Nevertheless, equivalent results can be obtained with the present implementation by
using the information from the descending stretches of the circumferential fiber (diagonal segments in Figure 8).
This has the advantage of reducing the amount of fiber overlap, which is crucial to minimize light attenuation
in confined environments. The point measurement methods have the same limitation as described above, but
the developed method has the advantage of collecting distributed information. In particular, the representative
volume test assumption enables the calculation of the remaining components of the strain tensor (&, = &, and
Eg=¢.,=¢,=0).

The main limitation of the developed method is that it cannot measure the strain field inside the sample, as the CT
scan does. Nevertheless, the optical fiber-based method has two advantages over CT scanning: the higher tempo-
ral resolution and the implementation efforts. During the test on the green Bernese sandstone under 16 MPa
confinement (Figure 13), 858 measurements were taken without interrupting the testing procedure, which allows
the strain localization evolution to be observed. Despite the lack of internal data, the fact that the distributed
strain field is measured enables (numerical) inverse analysis to be carried out to obtain the micro fracturing inside
the sample. Additionally, implementing the method in existing triaxial devices requires the following steps: (a)
Drilling a 1 mm diameter hole into the triaxial cell. (b) After the instrumented sample is placed in position, the
fibers are fed through the hole, which can be sealed using a two phase epoxy. Post test, the feed-through should
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be mechanically or chemically cleaned. The optical fibers feed-though can also be sealed using capillary tubes,
following the procedure described by Reinsch et al. (2013).

5. Conclusions

A distributed measurement method for triaxial tests using fiber optics technology is presented in this article. The
method was first developed in an unconfined test on a steel sample instrumented with optical fibers and strain
gauges. Two fiber coatings were assessed: acrylate and polyimide. In the axial direction, the thicker acrylate
coating produced a strain lag distance of about 40 mm, while this distance reduced to approximately 2 mm when
using the thinner polyimide fiber. This implies that the acrylate fiber should not be used to measure axial strain
on samples shorter than 10 cm in height. Considering the values measured on the surface in the middle of the
sample, the difference between the optical fibers is about 2%. In the circumferential direction, the differences
between the fiber measurements is lower than 1%, because of the larger frictional forces inherent to this direc-
tion and the fact that it is extension in this fiber segment (rather than compression in the axial direction). When
compared to the strain gauges, the polyimide fiber measurements show a 1% difference. Nevertheless, the poly-
imide fiber exhibits excessive light attenuation at high confining pressures (above 80 MPa for polished surfaces).
In contrast, the acrylate fiber was successfully implemented in tests with confining pressures up to 200 MPa. In
general, implementing the developed distributed method requires selecting the correct optical fiber, taking into
consideration such factors as the sample size, confining pressure, coating material, roughness of the surface of
the sample and temperature variations.

In a second stage, the developed distributed method was implemented in triaxial tests performed on Central Aare
granite, Zimbabwe gabbro, and both gray and green Bernese sandstone samples. Our distributed method allowed
the observation of the non-uniform strain field that developed before failure. Strain localizations with exponential
growth were observed at multiple positions on the sample. 3D optical scanning allowed the virtual reproduction
of the test, revealing a correlation between the strain concentrations and the macro fracture positions on the
surface. The probable cause of the strain localization is fracture nucleation in the sample and its propagation,
causing failure. The distributed strain measurement method using optical fibers has the potential to be imple-
mented in existing triaxial tests. The use of this method allows for an improved interpretation of the mechanical
parameters of the sample and data collection to further investigate the failure process.

Appendix A: Rayleigh Scattering Based Distributed Strain Measurements

Optical fibers, as depicted in Figure 1, were first developed in the 1970’s for telecommunication (Domingues
& Ayman, 2017). They are comprised of an inner cylindrical core, surrounded by two layers: cladding and
coating. The cladding is tuned with a lower refractive index to decrease the critical incidence angle, assuring
the light beam's confinement within the core. The coating improves the mechanical properties of the cable,
protecting it from physical damage. The measurement method starts by launching a light beam into the fiber
core from a linear variable frequency laser. Due to small-scale imperfections in the core, random permittivity
variations cause the Rayleigh scattering of the light, back reflecting in a random but stable pattern (Froggatt
& Moore, 1998).

Figure A1 shows the steps of the OBR system to calculate the distributed strain, where the black arrows indicate
the work flow. The backscattered spectrum, shown in Figure Ala, is registered using of a Mach-Zehnder inter-
ferometer (Kreger et al., 2016), and projected into the space domain with the inverse fast Fourier transform (1.
IFFT; Figure Alb). A spatial window or gauge length is selected (indicated with the black square) and a Fourier
Transform (2. FFT) is used to calculate the spectra of this subset (Figure Alc). These random spectra are unique
for each fiber section and remain stable as long as the measurements are taken without altering the external condi-
tions. The method compares two measurements to obtain the strain variation (reference measurement in blue and
the second measurement in black). Temperature (A7) and strain (A¢) variations on the fiber alter the refractive
index of the core, causing a frequency shift of the random pattern (Figure Alc). The spectrum shift (Af) can be
related to imposed temperature and strain variations using equation

Af=C.-(e—€0)+Cr- (T -Ty). (A1)
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Figure A1l. Optical Backscatter reflectometer (OBR) strain calculation process. Arrows indicating calculation steps and work flow. (a) Measured Rayleigh backscatter
spectrum. (b) Rayleigh backscatter in time/distance domain. (c) Selected gauge spectrum. (d) Cross-correlation (CC) of reference (blue) and second measurements

(black).

It is computationally and visually complicated to recognize the frequency shift (Froggatt & Moore, 1998);
therefore, a cross-correlation (3. CC) operation between the reference and strained measurement is performed
(Figure A1d). Fourier-transform properties allow merging the two previous calculations (steps 2. and 3.) into a
single operation (step 2b).

The cross correlation quality can be affected when the spectral shift between analyzed measurements is large due
to the light attenuation or other changes in the spectral pattern. This is usually observed as spikes or noise in the
distributed strain that correlate with the position of large strains (i.e., fractures). To avoid this issue, two adapta-
tions were made in our tests. (a) A Python script was developed to automatize the measurements and to increase
the sampling rate. (b) Our post-prcessing procedure measures strain increment per time step (i.e., effectively,
strain rate). The resulting strain was calculated by integrating the strain rate in a cumulative process as follows.
Consecutive measurements were used to calculate the spectral shift (if measurement i was analyzed the reference
was measurement i — 1), and the strain increment was added. Both adaptations improved the cross correlation by
reducing the spectral shift between the analyzed measurements. The chosen post-processing procedure is corrob-
orated by two observations. First, the strain measured on the sample from the cumulative process was compared
to the usual method (using a fixed reference measurement); at different stages of the test, the differences are <1%.
Second, the strain measured in the segments not attached to the sample (inside and outside the pressure cell)
remains below the method resolution.
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The equation

/12
4nAA

res R (A2)
shows the spatial resolution of the method, which depends only on the wave length range of the light beam used
to interrogate the fiber (Froggatt & Moore, 1998). L, is the spatial resolution, 4 is the free-space wavelength, n is
the refractive index of the core, and A4 is half of the total range of the change in wavelength. For the data acquired
in this work, a center wavelength of 1550 nm and a wavelength range of 21 nm was used, being theoretically
possible to reach a spatial resolution in the order of 10~ m. Nevertheless, a decrease in the spatial resolution (due
to a shorter gauge length) entails a degradation in the strain resolution (Froggatt & Moore, 1998). In other words,
higher spatial resolutions result in higher strain error. In our experience, when a millimetre spatial resolution
(2-5 mm) is used, the strain resolution is within the +5 pe range.

Appendix B: Triaxial System Setup

The triaxial system used in this work is located at the Eastern Switzerland University of Applied Sciences, and is
shown in Figure B1. The system was developed to study the mechanical response of rock materials loaded under
confining pressures up to 200 MPa, using oil to conduct pressure. An external heating jacket applies temperatures
up to 200°C. The reaction frame consists of steel walls with a thickness of 14 cm. The triaxial cell can accommo-
date cylindrical samples with a maximum diameter of 7 and 14 cm height.

The axial load is applied from a lower hydraulic piston, with a maximum force of 20 MN (i.e., 5.3 GPa for the
sample diameter of 7 cm). When low forces are required, a load cell of 5 MN capacity is placed on the upper
reaction plate, with a precision better than 0.05% of the full scale. The displacement load is controlled with a
servo-control system. In between the upper reaction piston and the sample, a spherical seat is placed to compen-
sate for nonparallel sample ends (Figures B1, B2c, and B2d). The deformation of the sample is measured with
distributed optical fibers and up to four strain gauges.

5 MN
Load cell

Reaction
plate

Optical
fiber N

_ - Reaction force
-
— -
-
-
—

- Reaction . 14 cm
- /_ frame

= I’ < Spherical seat

_— 20 MN Optical fiber Loading piston
Loading cell

I
b— Triaxial
cell Confinement
/ pressure
— Oil pipe | |
L —§ = / |
~
~

Imposed
T displacement

Figure B1. Schematics of the triaxial testing system. The axial load is applied by the bottom piston, and the reaction force is measured by the upper load cell. Sample
deformation is measured with optical fibers and strain gauges attached to the sample surface.
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Figure B2. Photographs of the triaxial system and two samples prepared for testing. (a) Triaxial sytem and reaction frame.
(b) Triaxial cell with the optical fiber and oil feed-though. (c) Steel sample implemented with optical fiber and strain gauges

(results given in Section 2.3). (d) Zimbabwe gabbro sample ready for uniaxial testing (Figure 12).

Appendix C: Light Attenuation and Pressure Sensitivity

Figure C1 shows the distributed light intensity of the back reflected signal, during the isotropic confinement
stage of the triaxial tests. No corrections are applied to the data. The polyimide fiber was used on a steel sample
(Figure Cla), while the acrylate fiber was installed on a granite sample (Figure C1b). The acrylate fiber was
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Figure C1. Distributed light intensity of the back reflected signal. Samples subjected to increasing isotropic confinements. Three fiber segments are marked: outside
the triaxial cell, inside but loose in the oil and attached to the sample. (a) Steel sample implemented with polyimide fiber. (b) Central Aare granite sample implemented

with acrylate fiber.
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Figure C2. Average spectral shift on the loose segment of the optical fibers (Figure C1).

implemented on the granite sample because of the unfavorable surface roughness conditions. Three fiber segments
are marked in the plots: The first corresponds to the stretch outside the triaxial cell (unconfined), followed by the
section after feed through (free in the oil), and the segment glued to the sample. Light attenuation is visible in the
attached segment of the polyimide fiber, which increases with pressure (Figure Cla). Strain measurements were
feasible up to attenuation of 2 dB, failing under pressures above 80 MPa. The thicker acrylate coating diminishes
light attenuation, measuring the distributed strain under pressures of 200 MPa (Figure C1b).

The pressure sensitivity of the optical fibers are shown in Figure C2. The average spectral shift was calculated
from the free segment inside the cell (“Inside” segments in Figure Cla and C1b). This information was not used
to compensate the distributed measurements in this work, but are given to give evidence of the pressure sensitiv-
ity of the fibers. The acrylate fiber is about 6.5 times more sensitive to pressure than the polyimide, presumably
because of its larger diameter and coating mechanical properties. With this configuration, the pressure accuracy
is approximately 0.3 MPa for the acrylate fiber, while for the polyimide it is about 2 MPa.

Appendix D: Additional Tests

The results of a gabbro sample tested at 10 MPa confining pressure is shown in Figure D1. The strain localization
was evident at level C5 at 0 cm in the perimeter, and propagated to the level C4 at the same position. On average
(Figure D1b), the upper and lower levels show the largest circumferential strain, which is lowest in the middle
segment. This is contrary to expectations because frictional forces at the loading plate interfaces should restrict
the sample deformation.

The results for a green Bernese sandstone sample tested under unconfined (uniaxial) conditions are shown in
Figure D2. Two strain localizations are indicated, separated in level C5 and merging at level C1 (Figure D2a). The
dip angle of the fracture surfaces are sub-vertical, correlating with the strain localization.
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Figure D1. Zimbabwe gabbro tested under 10 MPa of confining pressure. (a) Circumferential distributed strain measurements at each of the levels (Figure 8b). Color
intensity marks the loading increment. (b) Circumferential strain development with normalized differential stress (¢ = 6,—0;). The average for each level is compared.
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Figure D2. Green Bernese sandstone tested under unconfined (uniaxial) conditions. (a) Circumferential distributed strain measurements at each of the levels
(Figure 8b). Color intensity marks the loading increment. (b) Strain development average per level. Circumferential strain development with normalized differential
stress (g = o,—0;). The average of each level is compared.
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Appendix E: Distributed Strain Measurement Method Assessment Under Confined
Conditions

Figure E1 compares the measurements obtained with the strain gauges and the acrylate-coated optical fiber
from the test performed on the green Bernese sandstone, Figure 13. Pre-peak, the maximum strain difference
between technologies is approximately 120 ue, which corresponds to 2.89% error. Post-peak the maximum error
increases to 4.93%. The average difference during the test was 2.64%.
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Figure E1. Green Bernese sandstone tested under 16 MP confining pressure. The circumferential strain measured using the
optical fiber and strain gauge are compared.
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