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ABSTRACT

Brittle instabilities in tunnel excavation have led to severe consequences such as spalling, violent
rock ejection or rock burst, and tunnel collapse. Detached rocks from the tunnel boundary not only
compromise the structural integrity of tunnels but also pose significant safety risks to personnel and
construction equipment, disrupting the operations. Over the past decades, in-situ studies and laboratory
tests have contributed to understanding the brittle failure mechanisms. However, the factors contributing
to the progression and extent of brittle failure damage remain not fully understood, limiting the predictive
and preventive capabilities.

This dissertation aims to improve the understanding of tunnel brittle instabilities through
laboratory experiments. The research focused on (1) developing an analog brittle rock model,

(2) performing a series of tunnel model tests using a true-triaxial cell, a mock miniature tunnel boring
machine (TBM), and acoustic emission (AE) monitoring, and (3) proposing more robust analytical
methods and predictive models for brittle failures.

The analog rock was designed to mimic the brittle behavior of sedimentary rock while
maintaining a low uniaxial compressive strength (UCS). This combination of weak and brittle response
was vital, as it allowed for using a lower-capacity true-triaxial loading apparatus and enabled large
specimens, making it accessible to observe and document the progressive failure inside the excavated
tunnel. The true-triaxial setup and mock miniature TBM allowed for realistic tunneling simulations,
capturing unloading stress paths and face support behavior. Damage progression observation and post-
mortem investigation provide detailed identification of damage mechanisms around the tunnel boundary,
such as surficial spalling and damage zone development, as a V-shaped notch formed from progressive
shear fracturing and resembled brittle-to-ductile transition. Real-time data on microcracking progression
was captured using acoustic emission (AE) sensors during the loading stage, revealing potential
precursors on brittle failure onset.

Additionally, triaxial extension (TE) tests were introduced to improve the accuracy of spalling
predictions. These tests provided a more representative biaxial stress state and unloading conditions in
spalling that proved more robust than conventional triaxial compression (TC) tests, providing factors such
as the entry angles and damage depth. In this study, the thin spalling with a steep angle measured from the
minor principal stress direction in the tunnel model provided evidence of shear-driven fractures rather
than extensional fractures. While steep angles may resemble extensional fractures, appearing
perpendicular to minor principal stress, this likely results from shear-induced dilation along the fracture

surface, triggering the mobilization of friction angle.
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Another novel contribution of this work is the development of quadratic Bézier curves in
capturing the successive progression of fracturing based on damage factors and breakout width. This
method offers a more robust representation of tunnel damage under anisotropic stress conditions and
improves the theoretical logarithmic spiral plastic slip lines that rely solely on friction angle. In
conclusion, this research improves the understanding of brittle failure mechanisms in tunneling,
contributing to safer and more reliable tunnel designs in brittle rock environments. The developed
experimental methods and predictive models offer valuable tools for mitigating the risks of spalling and

rockburst during underground excavations.
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CHAPTER 1 INTRODUCTION, LITERATURE REVIEW, MOTIVATION, AND RESEARCH
OBJECTIVES

The brittle, violent failure of rock poses a significant threat to subsurface engineering endeavors,
such as deep tunneling projects. As infrastructure development projects expand into mountainous regions,
transportation and hydroelectric tunnels are being excavated to unprecedented depths (Zhu et al., 2019).
For example, the Olmos Trans-Andean Tunnel in Peru encountered overburdens of up to 1930 meters, the
Gotthard Base Tunnel in Switzerland was constructed with an overburden of up to 2300 meters, and the
tunnels of Jinping II in China reached a maximum overburden of 2525 meters (Eberhardt et al., 2016). In
such substantial depths with brittle rock formations, potential damage can manifest in various forms,
including spalling, rockbursting, and developing of excavation damage zones. Consequently, civil tunnel
engineers are becoming more cognizant of the challenges associated with construction of deep-level
tunnels, particularly those excavated by tunnel boring machines (TBM) (Rojat et al., 2009).

A recently published report discusses that compressive failure modes and degradation of tunnel
wall integrity occurred during a TBM-excavated tunnel, although not necessarily at great depths or in hard
rock. In the case of the Ohio River Tunnel Project in Kentucky, United States, the brittle failure
phenomena have been reported to delay the final lining installation progress (Figure 1.1a). The 6.1 meters
diameter TBM-driven tunnel encountered tunnel was excavated through sedimentary rock at a depth of
approximately 60.9 meters below ground elevation (des Riviéres and Goodman, 2023). The high
horizontal stresses induced by the glacial event in the region are likely responsible for the overstress
condition at the tunnel boundary, evident from the significant failure observed in the crown and invert
areas. Another example is the Pahang-Selangor Raw Water Transfer Tunnel Project in Malaysia, where
the depth of overburden reached only 1246 meters (Figure 1.1b). Despite the relatively shallower depth,
brittle failure during TBM excavation caused significant nuisance throughout the project (Kawata et al.,
2014).

When considering rock mass instability in underground excavations from an engineering
perspective, it can be broadly classified into two categories: 1) structurally controlled or gravity-driven
fallout, and 2) strength-controlled or stress-driven rock mass yield (Diederichs, 2003). Typically, the
former is more prevalent in low-stress environments, while the latter is more common in high-stress
environments. Prediction of potential damage and failure in high-stress environment, massive, and brittle
rock formations, therefore, remains a critical challenge in rock mechanics. When underground
excavations are undertaken, the stresses surrounding the tunnel boundaries are inevitably perturbed,
leading to induced damage to the rock mass. The extent of this damage is mainly influenced by the in-situ

stress levels and rock mass properties.



Figure 1.1 Brittle failure challenges were encountered at (a) the long-distance water transfer TBM
excavation (Kawata et al., 2014) and (b) the Ohio River Tunnel Project in Louisville, KY (des Riviéres
and Goodman, 2023). Both brittle failures encountered at the tunnel wall caused nuisances to the project
and demanded additional efforts to ensure the safety of the personnel.

Unlike ductile rocks with more contractive response and gradual deformation to failure, brittle
rocks exhibit distinct behavior under stress. Brittle fracture, as defined by Brady and Brown (2007), is
defined as a rapid loss of strength without significant or long-term plastic deformation. Brittle fractures
demonstrate a well-defined peak shear strength, indicating their ability to withstand a certain extent of
stress. Beyond this peak shear strength, though, there is a pronounced reduction in strength, known as
strain softening to residual shear strength (Nygérd et al., 2006). This reduction in strength is accompanied
by increased fracturing and damage within the rock mass, which has profound implications for tunnel
excavation projects.

The occurrence of strain softening in brittle rocks can result in rapid and catastrophic failure of
tunnel walls, particularly during certain stages of the excavation phase when the rock mass is exposed
without ground support. The tunnel boundary would be exposed to the initiation, propagation, and
coalescence of fractures at a perturbed rock mass that can compromise the stability and structural integrity
of the tunnel. Nevertheless, the fractures in the rock mass can develop without interacting with each other,
but eventually, they merge, causing a rapid decrease in rock strength (Perras and Diederichs, 2016). In
stiff materials under high stress, a brittle failure process can lead to rockburst, a violent form of brittle
failure. The process of brittle failure, whether violent or not, can lead to spalling failure. Hence, it is
crucial to have thorough comprehension over the characteristics and behavior of brittle rocks to ensure

successful planning, execution, and upkeep of tunneling excavations.



To overcome the challenges associated with tunneling through brittle rock formations, it is crucial
to develop mitigating techniques for assessing potential damage and failure. When analyzing the potential
damage, it is worth distinguishing between the source mechanism and the mechanism of damage. This
differentiation helps us to understand the cause-and-effect relationship between these two elements.
Understanding the distinction leads to providing accurate and efficient strategies to address the unique
properties of brittle rocks and take preventive measures or make necessary modifications to mitigate the
potential damage from the subsequent mechanism. This approach enables the planning, execution, and

maintenance of safe tunneling projects with confidence.

1.1 Literature Review

To investigate the issue of brittle failure in tunnel excavations, numerous methodologies have
been proposed. These approaches typically rely on field observations, laboratory experiments, and
numerical and physical simulations of tunnels to understand their inherent brittle failure. This section
provides an overview of these methodologies, as well as the laboratory physical models that have been

developed to analyze tunnel excavation under brittle ground conditions.

1.1.1 Methodologies to Study Brittle Failure at Tunnel Excavation

The understanding of brittle failure, in rock engineering, relies on the development of two
classical theories. These theories approach brittle failure from different perspectives that contribute to
each other, one through empirical observations and the other through physical model developments
(Kaiser and Kim, 2015). The first approach involves defining a specific failure criterion based on an
empirical approach that is consistent with the observed failure conditions. The second approach
establishes a physical model of the brittle failure process that can be theoretically demonstrated.

Particular to the underground excavation projects, the encountered properties of rock and the
stresses can vary significantly and are considerably site-specific. This variability makes it difficult to rely
solely on analytical approaches to predict the behavior of the rock mass accurately, unlike other
engineering domains where materials and conditions can be more precisely controlled and predicted
(Hajiabdolmajid and Kaiser, 2003). In this study, there are three enlisted empirical approaches that were
developed for guidelines in terms of brittle failure susceptibility, hazard, and damage prediction in
underground excavations: (1) hazard classification based on certain factor indices, (2) brittle failure
proneness assessment, and (3) potential damage analysis.

The first type of listed approach is the empirical chart related to brittle failure hazard
classification (Barton et al., 1974; Diederichs et al., 2009; Farhadian, 2021; Palmstrém, 1995; Russenes,
1974). These are remarkable efforts to articulate the brittle failure potential in form of spalling or

rockburst to the underground excavation based on certain factor indices from the rock mass (e.g. uniaxial
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compressive strength o, principal major stress g;, Hoek-Brown constant m;). The development of this
hazard classification continues to grow with updated brittle failure cases, including the multi-dimensional
prediction of the hazard potential with inclusion of additional rock mass indices (Farhadian, 2021).
However, general usage of these empirical charts appears to be limited for the preliminary assessment of
brittle failure potential and needs to include more factors into consideration. Table 1.1 summarizes some
examples of the developed empirical charts along with the indices used.

The second listed empirical approach is often associated with brittleness assessment. Some
methods to assess this brittle failure proneness are including but not limited to rock mass strength
parameters calculation (e.g. strength brittleness index B;) and unconfined compression test (UCT) stress-
strain curve analysis (brittleness index modified BIM, strain energy storage index Wy, and burst energy
coefficient R). Gong et al. (2020) reported 20 criteria that were developed to estimate the brittle failure
potential solely from the cylindrical core specimens. The stress-strain curve can provide insights on how
the intact rock behaves under loading and unloading, which translated to the rock mass response due to
the tunneling excavations. This empirical approach should be used in caveat with broader consideration
on other parameters such as the in-situ stress condition, excavation shapes, and both geological and man-
made structures at the vicinity of the underground excavation.

The potential damage analysis, as the third empirical approach, elaborates the following aspects:
(1) failure modes, (2) rock mass properties, (3) encountered stress, and (4) assessment of the depth of
failure/yield. Kaiser (2019) integrated the term in-situ "stress level index" SLI to the rock mass quality
RMQ to characterize different modes of rock mass failure including brittle failure. The stress level index
is the ratio between the maximum tangential stress at the tunnel boundary og,,,4, to the unconfined
compressive strength of the rock a,. This inclusion allows a broader view on assessing the brittle failure

modes that are predominantly a function between stress-level and rock mass properties.



Table 1.1 Brittle failure hazard classification chart examples. These charts are developed on certain
brittle failure cases (spalling/rockbursting). The charts visualize the indices used for classification, with
the following marks: N for none, L for low, M for moderate, H for high, and VH for very high. The last
chart has sub-classes for the hazards: moderate-low (M-L), moderate-medium (M-M), and moderate-high

(M H).

Empirical Charts

References

Remarks

UCs, o,

N L M H
M

Principal Major Stress, o,

(Barton et al 1974;
Russenes 1974
Palmstrém 1995)

Some of the early works
used the point load strength
index that further correlated
to the UCS.

Summarized into graphical
chart by Zhou et al. (2016).

UGS, a,

VH

H
M

Hoek-Brown Constant, m;
or UCS/T, o, /0

(Diederichs et al 2009)

Higher value in y-axis
resembles the energy
potential level, while higher
value in x-axis reflects the
spalling potential.

Weaker rocks can undergo
spalling without strain
bursting, often linked to
low potential energy.

Elastic Energy Coefficient,
In(Wgr)

Stress Coefficient, In(oy/o.)

(Farhadian 2021)

Elastic energy coefficient,
also known as strain energy
storage index Wgr
(Kidybinski, 1981)
Analyzed from the stress-
strain curves of unconfined
compression test (UCT)
with unloading.

This chart is developed by
integrating 20 case studies
with different type of rocks.




One thing that is notable with this potential damage analysis empirical approach is that the
observed feature that brittle failure mode may vary with the effect of confinement. Tensile stresses
induced during anisotropic loading of heterogeneous rock, as explained by Diederichs (2007a), resulted in
Griffith type extension fracturing with a depressed failure envelope in the low confinement zone, where
fracture propagation causing spalling is not suppressed by the available confining pressure. The resulting
failure envelope for a rock mass in the minor-major principal stress domain is then an s-shaped or the
trilinear shape curve, which can be divided into two behavioral zones; (1) spalling dominated stress
fracturing at low confinement and (2) shear rupture dominated behavior at high confinement. Figure 1.2a
presents the S-shaped failure criterion for brittle rock masses with stress space zoning in underground
rock engineering and failure mode highlights.

Furthermore, the function is also compliant with the depth of failure df assessment that is
developed based on observed case histories on spalling (Figure 1.2b). The depth of failure df is the point

at which a rock mass fails and unravels if it is not supported, or the maximum depth of notch formation by
spalling recorded in a tunnel domain (Hoek and Martin, 2014). The initial trends of the normalized depth
of failure to the tunnel radius dy /Ry based on the stress level index SLI is defined by:

d
R—f= 1.25 SLI — 0.51 (1.1)

T
This linear fitting was first adopted, until Perras and Diederichs (2016) observed the non-linear

correlation at higher SLI and included the term excavation damage zones based on the calibrated
numerical modeling. Kaiser (2019) added that the previously defined depth of failure dy should be
annotated as 'extreme' depth of failure d)? and added the range for the mean depth of failure d}” to cover
the highly damage zone from the numerical model. Therefore, Eq. (1.1) expands into semi-empirical

relations to anticipate extreme and mean depths of failure in brittle failing rocks:

& = 1255LI - 051 +0.1, for SLI < 1 (1.2)
T
de
7 = 0.75SLI - 051 +0.1, for 1 <SLI < 1.5 (1.3)
T
_ ds (1.4)
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(a) S-shaped failure criterion for brittle rock masses divided into low and high

confinement behavioral regions with illustrations of different failure modes (after Castro et al. 2012 and
Kaiser 2019); (b) Empirical depth of failure chart in terms of radius of failure in circular opening (after
Kaiser 2016). The case studies are taken from Martin et al. (1997) and Diederichs et al. (2009). The
damage limit shown in the red line is added according to Perras and Diederichs (2016) and is the

anticipated mean depths of failure in brittle failing rock d}” /Rr.



In addition to the damage analysis, there are terminologies used for the excavation damage zones,
which are primarily employed in an underground radioactive waste disposal to improve the understanding
of how damage is induced and how permeability is changed around an excavation (Tsang et al. 2005;
Siren 2015). Figure 1.3 depicts the schematic diagrams for the different zones of induced damage around

a circular excavation in brittle rock (modified after Read 2004 and Perras and Diederichs 2016).

Po Po
Transverse Longitudinal

Po Po

------------ Tunnel Initial Profile

Excavation Influence Zone | Highly Damaged Zone

— Tunnel Final Profile

— - - Elastic-Plastic Boundary - Excavation Damage Zone I:l Construction Damage Zone

Figure 1.3 Schematic illustration for transversal and longitudinal cross sections of the different zones
of induced damage around the tunnel constructed with TBM under isotropic loading (modified after Read
2004 and Perras and Diederichs 2016).

The different zones of induced damage in the tunnel wall are classified as follows:
i.  Construction Damage Zone CDZ, also termed as construction-induced excavation damage zone
EDZ,, is observed as irreversible damage and highly depends on the construction method.

ii.  Highly Damaged Zone HDZ, typically characterized by fracturing close to the tunnel boundary
due to crack propagation within localized zones and may promote spalling, slabbing and/or dog-
earing. This fracturing occurs after the shear strength of the rock has been reached and the rock is
in the strain softening regime where pronounced damage from fracturing occurs.

iii.  Excavation Damage Zone EDZ is associated with irreversible and significant rock damage due to
plastic deformation. The stresses reach the peak shear strength of the rock but may not have
reached strain softening.

iv.  Excavation Influenced Zone EIZ, which was previously called the excavation disturbed zone and
renamed to minimize confusion. In this zone, the rock is anticipated to experience elastic
deformation, demonstrating reversible damage.

Other than the CDZ, it is expected that different zones from the tunnel boundary towards the rock

mass will be in the pre-peak, peak, and post-peak regimes of the stress-strain behavior in the EIZ, EDZ,
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and HDZ, respectively. Although distinguishing the boundary between the rest of the zones can be
difficult, it is crucial to consider induced damage delineation to ensure a safe and durable tunnel
excavation design.

Regarding the physical model development, some researchers use large-scale in-situ tests, while
others scaled it down to the laboratory-scale. These tests aim to capture the underlying mechanisms that
lead to brittle failure in a more theoretical and fundamental manner. Over the past decades, several in-situ
studies have contributed to understanding the brittle failure mechanism. These field studies include
wellbore breakout observations through borehole televiewer reflectivity in granitic rock in South Carolina
(Zoback et al., 1985), Mine-By-Experiment (MBE) in Canada's Underground Research Laboratory (URL)
(Read and Martin, 1991), brittle failure experiment at Aspd Hard Rock Laboratory in Sweden (Andersson
et al., 2004), Posiva's Olkiluoto Spalling Experiment (POSE) in Finland (T. Siren et al., 2015a), and rock
spalling investigation in China's Jinping Underground Laboratory Phase II (CJPL-II) (Feng et al., 2018).
Some of the in-situ experiments contributed to the following: (1) the development of empirical criteria as
previously discussed, (2) failure mode validation such structurally controlled brittle failure due to
anisotropy, and (3) numerical model of brittle failures using continuum or discontinuum approaches
(Barton and Shen, 2017; Hajiabdolmajid, 2017; Martin et al., 1997). Conducting in-situ tests on large-
scale geotechnical structures are time-consuming and expensive; however, carefully designed physical
model tests are an effective alternative to investigate the stability and failure of geotechnical structures
(Lin et al., 2015). The following section will elaborate more on the laboratory-scale physical modelling

for brittle failure investigation.

1.1.2 Laboratory-Scale Experimental Models Simulating Brittle Failure in Tunneling

Laboratory-tested results have been critical in understanding brittle failure phenomena (Ulusay,
2015). Researchers have performed various laboratory tests to investigate spalling and brittle failure
mechanisms, e.g. uniaxial, biaxial, triaxial, and true-triaxial tests on rock specimens. In the context of the
uniaxial compression test, Carter (1992) studied fractures on the tunnel boundary using a block of rock
with a central circular opening. Jacobsson et al. (2015) recently performed uniaxial compression of a large
hard rock specimen with a distinct shape (curved handle dumbbell) to recognize the critical area for
spalling along the tunnel boundary. The uniaxial tests contributed to the scale effects consideration, but
not able to simulate realistic in-situ condition.

Moreover, Labuz et al. (1996) developed a biaxial testing apparatus to investigate the splitting-to-
shear failure mechanism that allows the failure plane to propagate unrestrictedly. Cho et al. (2010) built a
bending test configuration to simulate the maximum tangential stress distribution on the circular
excavation through axially compressed beams. Kusui et al. (2016) proposed a uniaxial compressive

strength to the induced stress ratio to estimate the spalling at tunnel boundaries based on biaxial loading to
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the specimen. The biaxial test has significantly contributed to the comprehension of spalling and brittle
failure by simulating plane strain conditions to observe the brittle behavior (Qaidahiyani and Widodo,
2016).

With a series of triaxial tests of cylindrical specimens, Martin and Chandler (1994) investigated
the progressive fracture in a granite material, focusing on cohesive and frictional strength. Pinto and
Fonseca (2013) performed a triaxial test with eccentric axial loading on a granite block. In the opening
sidewalls of the specimen, spalling with the propagation of cracks was reported in their work. Meanwhile,
developing a true-triaxial cell for brittle failure investigation is thought to yield more accurate results than
conventional triaxial testing due to independent manipulation of the three principal stresses (Kwasniewski
2012).

Since the early 1990s, true-triaxial cells have been used for studying brittle failure under varying
configurations. Some notable developments include Lee and Haimson (1993). They investigated the
borehole breakout phenomenon in a granite specimen resulting in a "dog ear" shape due to a sequential
spalling failure. Years later, Cheon et al. (2011) studied an opening in mortar rock-like brittle specimens
under true-triaxial stress. The opening size was 60 mm in diameter in a cubic specimen of 290 x 290 x
290 mm?, where one of the failed specimen documentations is shown in Figure 1.4a. The investigation
focused on the damage depth and characterized the failure type through multiple loading configurations.
Nonetheless, the characterization of the brittle rock-like specimen was not discussed in detail, particularly

in terms of its brittleness properties.

Figure 1.4 Failed sample documentation for true-triaxial test with prefabricated hole simulating
circular tunnel under three-dimensional high stress conditions; (a) 290 x 290 x 290 mm3 rock-like mortar
sample (Cheon et al. 2011) and (b) 100 x 100 x 100 mm3 red sandstone sample Gong et al. (2018).

Beginning in 2007, the term true-triaxial has also been expanded with one-side unloading to
simulate the condition of the tunnel wall when exposed immediately after excavation. He et al. (2010)

developed a strain burst testing machine, modifying true-triaxial apparatus to allow sudden unloading as
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the main unit of the testing machine to capture violent, brittle failure phenomena. There were numerous
tests followed since then, with further investigation on the loading path used, number of rapid unloading
sides, and inclusion of impact-induced rockburst through the superposition of static and dynamic loads
(Du et al., 2016; Hu et al., 2021; Su et al., 2017; Sun et al., 2016; Zhao et al., 2014). These tests were
categorized as direct experimental methods that can reproduce rockburst failure with three main
components (He et al., 2023), which are: (1) the high-stress state, (2) sufficient elastic strain energy
accumulation, and (3) free face from unloading. Arguments were raised that when the stress is not very
high, the sudden unloading process can be ignored, until the experiment trend returns to include the initial
free face concept.

With similar apparatus, Gong et al. (2018) continued and adopted cube samples with a
prefabricated circular hole to simulate the tunnel induced failure under true-triaxial stress condition. They
studied the effect of spalling failures that induce rockburst events on the laboratory scale to perform deep
tunnel simulation. Their experiment was observed through a 50 mm diameter prefabricated opening in a
red sandstone cubical specimen 100 x 100 x 100 mm? in size. In their study, the failure was characterized
by the rock ejection as the concentrated tangential stress exceeded the uniaxial compressive strength
(UCS) of the rock around the tunnel boundary (Figure 1.4b). This ratio between the concentrated
maximum tangential stress and the UCS when failure (0g,,4,/0;) is evaluated as the critical failure
strength, like the so-called stress level index SLI introduced earlier. However, the prefabricated opening

without loading does not represent real tunnelling conditions where the tunnel is excavated under load.

1.2 Motivation

The following question persists as the motivation of this research: How can we improve the
understanding and prediction of tunneling-induced brittle failure? To ensure the successful execution of
tunneling projects, it is crucial to comprehensively understand the behavior of brittle rock mass and its
damage potential damage and failure. While numerous studies have focused on brittle rock
characterization and in-situ testing (e.g. Andersson et al. 2004; Martino and Chandler 2004; Martin and
Christiansson 2009; Klammer et al. 2017; Gottsbacher et al. 2020), there remains a critical need for in-
depth investigation through laboratory experimental studies. The experimental laboratory-scale model
allows us to replicate the complex and dynamic conditions encountered during tunnel excavation,
providing valuable insights into the mechanisms and factors contributing to brittle failure.

As previously discussed in Section 1.1.2, the documented laboratory-scale investigations on
brittle failure are limited. Some of the models were unable to replicate tunnel advance, some were not
created for field stress levels, and others were only applicable to certain geomaterials. Also, to the extent
of current knowledge, there is a lack of investigations focusing on the simultaneous development of
reproducible, brittle-analogous synthetic material and a controlled experimental model to simulate brittle
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failure characteristics. A combination of material and physical testing variability can contribute
experimentally to verified insights in developing analytical and numerical models. These models will
benefit tunneling projects in deep and challenging ground conditions. This research would enable
development of a deeper understanding of the fundamental principles governing brittle failure, paving the

way for the design and implementation of effective risk management strategies.

1.3 Research Objectives

The general objective of this research effort is to develop an improved understanding of
tunneling-induced brittle failure by performing laboratory-scale investigation schemes. The schemes
include simultaneous development of reproducible, brittle-analog sediment rock and methodology for a
laboratory-scale experimental model to simulate brittle failure phenomena at the tunnel boundary under
varying loading configuration.

To meet this purpose, four research objectives will be pursued:

1. Develop and characterize an analog sediment rock material for laboratory experimental study
with weak and brittle characteristics.

2. Perform a series of laboratory-scale experiments of brittle failure at a freshly excavated model
tunnel wall under realistic in-situ condition using a true-triaxial and miniature TBM setup to
capture spalling and damage zones around the excavation.

3. Develop new reliable procedures to predict tunnel spalling based on specimen-scale and
laboratory-scale experiments investigation results.

4. Develop new reliable procedures to predict tunnel rockburst based on specimen-scale and
laboratory-scale experiments investigation results.

By fulfilling the above objectives, the simultaneous development of analog rock and investigation
of a laboratory-scale model tunnel can help in distinguishing source mechanism and mechanism of
damage of tunneling-induced brittle failure. With the identification of these aspects, experimentally
validated procedures can be developed to effectively mitigate tunnel instabilities. The research output and
knowledge gained will benefit the infrastructure tunneling operation and other deep underground
excavations such as mining operations, wellbore oil production, geothermal extraction, and

hydrofracturing projects that can reach greater depths with a higher stress state.

1.4 Research Tasks

The objectives of this dissertation, which were discussed in Section 1.3, were pursued through an
experimental testing program and an extensive analysis of the experimental data. The tasks that were

performed to achieve the research objectives are described in the following sub-sections.
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1.4.1 Tasks Related to “Objective 1”

o Identify the constituents for fabricating an analog rock that exhibits brittle response while low in
uniaxial compressive strength (UCS).

e Perform multiple trial mixes to determine the final mix composition and engineering treatments for
the analog brittle rock. The evaluation criteria are bursting tendency and stress-strain behavior in the
unconfined compression test (UCT) and triaxial compression test.

o Characterize the analog brittle rock to report its physical and mechanical properties and compare it

with the naturally occurring sedimentary rock for assessment.

1.4.2 Tasks Related to “Objective 2”

e Conduct experiments to characterize damage and spalling at the tunnel wall at incremental isotropic
and anisotropic stress levels.

e Record the excavated tunnel model from the portal during loading to capture the damage progression.

e Identify damage zones in the recovered specimen from the tunnel model experiment through post-

mortem investigation using macrophotography.

1.4.3 Tasks Related to “Objective 3”

e Explore additional contributing factors to the extent of spalling and damage development based on
tunnel model testing results.

e Develop testing schematics to validate the effects of intermediate confinement on the predictions of
spalling strength and geometry.

e Evaluate the depth of failures in the tunnel model experiment with empirical and analytical models.

1.4.4 Tasks Related to “Objective 4”

e Explore additional contributing factors to the extent of brittle failure and rockburst progression based
on tunnel model testing results.

e Evaluate the depth of failures in the tunnel model experiment with empirical and analytical models.

e Improve the theoretical predictions of plastic slip lines to capture the successive fracturing

progression into the tunnel wall.

1.5 Organization of Dissertation

The dissertation consists of four individual papers that have been published or are undergoing
revisions for publication in peer-reviewed international journals. The main chapters of this dissertation are
presented in the form in which they were originally published or submitted as individual manuscripts.

Therefore, each chapter has its abstract, introduction, main body, results, discussions, conclusions, and
13



acknowledgements. Minor formatting variations, however, were made to maintain the consistency and the
flow of the dissertation. All the references in the development of the dissertation are presented
collectively at the end of the dissertation.

The chapters in the dissertation were organized in the order of the dissertation objectives as
described above, with six chapters in total, as follows.

Chapter 2 presents the development and characterization of an analog sediment rock material for
laboratory experimental studies.

Chapter 3 presents the physical model setup designed to study circular tunnels under isotropic
loading conditions.

Chapter 4 focuses on the analysis in spalling failure characterization from a circular tunnel under
isotropic loading conditions that include new reliable spalling prediction using triaxial extension tests.

Chapter 5 addresses the analysis of episodic brittle failure and rockburst progression from a
circular tunnel under anisotropic loading conditions with an improved plastic slip lines prediction
methodology and brittle-to-ductile transition consideration.

Chapter 6 presents the major conclusions and suggestions for future research.

In addition to the development of tunnel brittle failure experiment and the improvement of
spalling strength, geometry analysis, and consideration of brittle-to-ductile transition, the dissertation
proposed one additional methodology relating to acoustic emission (AE). Appendix A provides the AE
analysis work based on anisotropic loading experiment with enhanced temporal deconstruction and

frequency domain analysis to explore precursors of damage and visible spalling onset.
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CHAPTER 2 DEVELOPMENT OF A VERY WEAK ANALOGUE SEDIMENTARY ROCK FOR
EXPERIMENTAL STUDY TO MODEL BRITTLE INSTABILITY IN TUNNELING'

2.1 Abstract

This paper presents the development process of fabricating an analogue sedimentary rock in
the laboratory. This analogue material is characterized by a notably low uniaxial compressive
strength, yet it exhibits brittle behavior. The main objective of this paper is to develop with a mix of
constituents, sample preparation procedures, and engineering treatment within a trial-and-error
framework to achieve a material with desired behavior. The developed analogue sedimentary rock
is primarily aimed to support the study of brittle failure instabilities encountered during tunnel excavation.
Laboratory tests such as unconfined compression, Brazilian splitting, and triaxial compression tests were
conducted to characterize the behavior of the analogue material. These targeted rock mechanical
characteristics of the analogue materials encompass four key aspects: (1) showing a very weak uniaxial
compressive strength of approximately 1.5 MPa, coupled with a post-peak strain softening behavior; (2)
exhibiting an uniaxial compressive to indirect tensile strength ratio within the range of 8-10; (3)
enhancing Hoek-Brown constant m;; and (4) achieving selected brittleness indices such as strength
brittleness index, brittleness index modified, and burst energy coefficient that are associated with bursting
tendency. Several engineering treatments were methodically explored, including uniformly graded fine
aggregate usage, lower cement content, curing time reduction, air-entraining admixture usage, saturation
and freeze temperature exposure, and thermal exposure. The result is a uniform and isotropic analogue
rock that can be replicated, similar to mortar mixing. The mixture includes fine-grained F-75 Ottawa sand,
type I/II Portland cement, and distilled water, with a low cement content of 4% and a water-to-cement
ratio of 1.2. This analogue rock provides a controlled, replicable framework for investigating brittle

failure instabilities such as spalling and dog-earing in a laboratory-scale tunnel excavation model.

2.2 Introduction

Brittle instability poses a significant threat to tunneling in rocks with high in-situ stress
conditions. As infrastructure development projects expand into mountainous regions or deeper

underground, transportation and hydroelectric tunnels are being excavated to unprecedented loads. For

! This chapter will be submitted as a full journal paper for publication in the ASTM Geotechnical Testing Journal.
Partial contents of this chapter have also been submitted and presented at the 56th US Rock
Mechanics/Geomechanics Symposium, Santa Fe, New Mexico, USA, June 2022 (Wibisono et al., 2022) and 57th
US Rock Mechanics/Geomechanics Symposium, Atalanta, Georgia, USA, June 2023 (Wibisono et al., 2023a)
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example, the Olmos Trans-Andean Tunnel in Peru encountered overburdens of up to 1930 m, the
Gotthard Base Tunnel in Switzerland was constructed with an overburden of up to 2300 m, and the
tunnels of Jinping II in China reached a maximum overburden of 2525 m (Eberhardt et al. 2016). In such
great depths with brittle rock formations, potential damage can manifest in various forms due to the stress
condition, including spalling, rockbursting, and development of excavation damage zones. Consequently,
tunnel engineers are becoming more cognizant of the challenges associated with the construction of
tunnels at high in-situ stress conditions, particularly those excavated by tunnel boring machines (TBMs).
Figure 2.1 illustrates the different types of failure in tunnel excavation depending on the level of
effective confinement of Castro et al. (2012). Tensile stresses induced during anisotropic loading of
tunnel wall, as explained by Diederichs (2007), resulted in Griffith type extension fracturing with a
depressed failure envelope in the low confinement zone, where fracture propagation causing spalling is
suppressed towards the emergence of confining pressure. The failure envelope for a rock mass in the
minor-major principal stress domain forms an s-shaped or trilinear shape curve, which can be divided into
two zones: (1) spalling-dominated stress fracturing at low confinement and (2) shear rupture-dominated
behavior at high confinement. This criterion is generated using three envelopes: the damage
threshold/crack initiation (CI), spalling limit (g1 /05 = 10 to 20), and long-term strength of lab
samples/crack damage (CD). These envelopes depend on rock properties, further motivating this study,

particularly regarding rock microstructure.
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Figure 2.1 S-shaped or tri-linear failure criterion for brittle rock masses divided into low and high

confinement behavioral regions with illustrations of different failure modes (after Castro et al. 2012 and
Kaiser 2019). Three envelopes are used to generate this criterion, which are damage threshold/crack
initiation (Cl), spalling limit (o4 /o3 = 10 to 20), and long-term strength of lab samples/crack damage
(CD).

In contrast to ductile rocks, which display a more contractive response and large deformations
leading to plastic failure, brittle rocks demonstrate uncontrollable behavior when subjected to stress.
According to Brady and Brown (2007), brittle behavior is characterized by a sudden decrease in strength
without substantial plastic deformation. Brittle rocks exhibit a distinct peak shear strength followed by a
sudden and well-defined strain softening response. Notably, once the peak shear strength is surpassed,
there is a significant decrease in strength with increasing strain leading to the residual shear (Nygard et al.
2006). For very brittle rocks, the residual shear stress can drop to zero. The decrease in mechanical
strength is accompanied by an escalation in fracturing and disintegration of the rock formation, which are
very difficult to control during tunnel excavation. Rock failure is often very violent with large energy

release posing hazards to construction personnel and equipment.
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The phenomenon of strain softening in brittle rocks can lead to a rapid and catastrophic failure of
tunnel walls, especially during specific phases of excavation when the rock mass is exposed without any
form of ground support. The stability and structural integrity of the tunnel may be compromised by the
initiation, propagation, and coalescence of fractures within a disturbed rock mass, which can affect the
tunnel wall. The fractures within the rock mass have the potential to develop independently of one another
at an early stage. However, over time, these fractures may propagate and coalesce, resulting in a
significant reduction in the overall strength of the rock (Perras and Diederichs 2016). In the context of
materials under high stress, the occurrence of a brittle failure process can result in a phenomenon known
as rockburst, which is an intense manifestation of brittle failure. The phenomenon of brittle failure,
depending on its intensity, has the potential to result in spalling or dogearing failure characterized by
violent detachment of pieces of rock from the tunnel wall.

Laboratory testing is a viable method for improving understanding of the behavior and failure
mechanisms exhibited by rocks. The analogue rock developed in this study will be subsequently
employed in the scale-model testing of tunneling using a true-triaxial and a miniature TBM (Frash et al.,
2014; Arora et al., 2019). The setup requires large cubic-shaped rock specimens, with each side measuring
300 mm in length. Acquiring large rock specimens that are both representative and unaltered is inherently
difficult if not impossible. Additionally, the use of natural specimens has the potential to introduce
unknown variables to the experiment, thereby affecting the reproducibility of the investigation (Johnston
and Choi, 1986). Therefore, the development of an analogue material is essential to ensure experimental
consistency.

The prepared analogue rock material is designed to be weak yet brittle. Low shear strength is
desired to reduce the requirement for a large capacity loading apparatus, while accommodating a large-
sized specimen. A larger specimen size facilitates visual observation of the tunnel model. Brittleness is
required to study tunnels in brittle rock (Wibisono et al., 2022). Despite being categorized as medium-
strength rocks, brittle failure has been documented to happen in sedimentary rocks lithology (Gong et al.,
2012a; Naji et al., 2019; des Rivieres and Goodman, 2023; Sun et al., 2016) In recent years, researchers
have tried to create analogue rock that resembles natural sandstone with isotropic and homogeneous
characteristics. The preparation methods include using chemical reactions, artificial cement, 3D printing,
natural sand grain sintering with artificial beads, and other techniques (David et al., 1998; Huang and
Airey, 1998; Rice-Birchall et al., 2021; Wu et al., 2020). Particular to the study of brittle failure
phenomena, Klammer et al. (2023) developed rock-like specimens conforming to ultra-high-performance
concrete (UHPC) to investigate rockburst phenomena. The specimens displayed brittle properties, which
were observed during compression tests. The uniaxial compressive strength UCS are in the range of 62 to

192 MPa, with variations observed based on the specific type of aggregate employed. Nevertheless, such
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a high level of UCS would inevitably require the implementation of a high-capacity loading system, even
when conducting a tunnel model experimental investigation.

Several studies have provided justification for employing low-strength materials as a viable
repeatable substitute for rocks. In addition to low shear strengths, these materials can yield comparable
ratios of uniaxial compressive to the indirect tensile strength (UCS/UTS) and Young's modulus to the
uniaxial compressive strength (£/UCS) (Barton, 1970; Indraratna, 1990; Stimpson, 1970) that correspond
to brittle materials. These studies suggested a procedure for analogue rock fabrication with designated
properties. Following the justification based on comparable modulus ratio or the strength ratio to the rock,
this research endeavors to create a brittle but a weak analogue material that can be consistently replicated
in laboratory settings with varying geometries. The material is aimed to serve as a model material to the
advancement of our understanding of brittle rock instability. The ease in fabricating the test material is
this study stems from the wide availability of its constituents and the standardized procedures for their
mixing.

The term “very weak” is adopted following the International Society of Rock Mechanics (1978)
rock strength classification. The assessment of rock strength classifies weak rocks as extremely weak (RO
with UCS of 0.25 to 1 MPa), very weak (R1 with UCS of 1 to 5 MPa), and weak (R2 with UCS of 5 to 25
MPa). The shear strength of the material developed in study is designed to be very weak to avoid
requiring a large load capacity apparatus. To achieve a 4-10 ratio of applied stress to strength, the UCS of
the analogue rock should be in the range of 1.3-3 MPa to meet the 13 MPa capacity of the applied stress
from the true-triaxial setup (Wibisono et al., 2023b).

This study presents experimental results that are based on a synthesis between material
conceptualization, preparation and engineering treatment within a trial-and-error framework. Some major
takeaways and limitations will also be outlined that could be useful for future research. The following
section provides a more detailed explanation of the experimental framework that covers the selection of
an analogue mixing method and constituents, sample preparation procedure, and a description of testing
setup. Section 2.4 covers the material development in stage. Next, Section 2.5 of the paper provides a
comprehensive rock mechanical characterization of the produced analogue rock. Finally, Section 2.6 will

provide a summary of the conclusions derived from the study.

2.3 Experimental Framework

The objective of obtaining a very weak analogue rock can be achieved by mimicking sandstone as
one of the most prevalent types of sedimentary rocks. Sandstone is a type of siliciclastic sedimentary rock
that originates from the processes of transportation, deposition, compaction, and cementation of sand
grains with varying mineral compositions (Haldar and Tisljar, 2014). The primary constituents of sand

grains are predominantly composed of quartz sand. The grains are also occasionally accompanied by
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substantial quantities of feldspar, silt, and clay. Sandstone is a prevalent type of sedimentary rock,
constituting between 20 to 25 percent of the Earth's crust (Boggs, 2006). It ranks as one of the most
abundant sedimentary rocks, second only to shale. Although sedimentary rock is commonly associated
with stratified layers, it is important to note that the present experiment focuses solely on examining a
sandstone like rock that is isotropic (uniform in all directions), homogeneous (uniform in composition),
and densely compacted. In geological scenarios, this type of sample can be comparable with thick
sandstone bed—typically considered when it reaches a thickness of at least 1.5 meters (Chipping, 1972).
The experimental framework consists of three stages that lead to the attainment of final results;
(1) mixing, (2) treatment and (3) characterization stages. A trial-and-error is followed to achieve the
desired material qualities. The mixing stage includes a selection of an analogue mixing method and
constituent, general sample preparation. Engineering treatments are employed to introduce defects in the
form of microcracks to weaken and embrittle the material (Wibisono et al., 2023a). The characterization
stage covers the laboratory tests and acceptance to the designated criteria. The details of each stage will be

discussed in the following subsections.

2.3.1 Selection of Analogue Rock Mixing Method and Constituent

Existing mortar mixing procedures that have been standardized and followed in the construction
industry are employed. On the laboratory scale, the mortar mixing process is also routinely performed as
typical quality assurance and quality control (QA/QC) to achieve a specified target and designated
purpose. In a general sense, mortar is produced by mixing binding material and fine aggregate with water
(Arizzi and Cultrone, 2021). Immediately after mixing, the mixture is still workable and can be molded to
a certain geometry. Conforming to the mold shape, the water will continue to hydrate the cementing
agent, and the hydrated cementing agent will bond the fine aggregates together over time. This is known
as the curing time. When the mixture solidifies as cured mortar, it exhibits similarities to sedimentary
rock. The analogue sedimentary rock is therefore intended to demonstrate reproducibility, flexibility in
terms of shape, and convenience of sample preparation using the mortar mixing methods.

The developed analogue sedimentary rock consists of F-75 Ottawa sand (Dakoulas and Sun,
1992), Type /Il Portland cement (ASTM, 2021a), and distilled water. Serving as the hydration agent,
distilled water was selected to reduce the effects of the contained minerals, which may affect the cement
hydration process in the synthetic sandstone. In other words, the selection process ensures the consistency
on investigated variables in the developed mix. The water addition to the mix is controlled by the ratio of
water to a cementitious mixture w/cm.

Type VIl Portland cement is the commercially available cementitious constituent with adhesive
and cohesive properties that is capable of binding together mineral fragments within a matrix. To enhance

its capabilities as the binding agent, the presence of water is indispensable. The Type I/II Portland cement
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is primarily composed of calcite minerals, along with alkaline substances and trace amounts of various
other elements that chemically react with water. This selected type of cement produced by Quikrete
satisfies the ASTM-C150 requirements and possesses a specific gravity of 3.15, denoted as cement G,,,.
As fine aggregates, the F-75 Ottawa sand is characterized by a substantial amount of silicate
mineral (98% Si0,) that mainly constitutes the analogue sedimentary rock. F-75 Ottawa sand has a
specific gravity G, of 2.65, and grain median diameter D5, of 0.182 mm (Mirshekari et al., 2018). The
silicate mineral inherently has more tendency to brittleness when compared to the calcite mineral. This
characteristic has been investigated in relation to the brittle-ductile transition throughout confining
pressure, with experimental observations supporting this correlation (Mogi, 1966). It is anticipated that
materials with a higher calcite content will exhibit increased ductility when compared to materials with
similar UCS. Consequently, the selection of the analogue constituents incorporates a composition
featuring a higher proportion of silicate, constituting a minimum of 84% of the mix's matrix by mass. The
determination of the quantity of cement to be incorporated into the mixture is established by the cement
content parameter, denoted as C, and defined as the ratio of cement mass to total solids mass, which
includes both cement and fine aggregates. The formation of cement hydration products is influenced by
various factors, including but not limited to the water-to-cement ratio w/cm and the duration of the

curing process.

2.3.2 Material Preparation

The material constituents can be mixed using table-mounted industrial mixers or by using hand
grout mixers (i.e., an electric drill with a mixer attachment). The selection between the two methods
depends on the volume of the mixture, with the latter being more suitable for larger specimens that are
beyond current investigation. The procedure for analogue sedimentary rock preparation is as follows:

The procedure for synthetic sandstone preparation is as follows:

1. First, the F-75 Ottawa sand and type I/II Portland cement are pre-mixed in a dry container
according to the cement content C until mixed thoroughly. C is defined as a percentage of the

cement mass to the total solid mass (cement and sand). With a relatively low cement content of 4-

8%, visual observation during the pre-mixing is necessary to ensure perfect mix homogeneity (see

Figure 2.2a). As both solids have distinct colors, a homogoneous mix is judged by the absence of

distinct regions with a dominant color, resulting in an overall compound appearance of gray. The

solid compound is then poured into the mixer.
il. Distilled water is then added at a specified ratio, which is determined based on the water-to-
cement ratio w/cm. The mixer can be operated now to thoroughly mix the dry constituents and

the water. It is recommended that the mixing process maintains a minimum speed of 40

revolutions per minute (RPM). As the moisture from the water covers the pre-mixed material, the
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mixture should have consistent homogeneity after up to ten minutes of thorough mixing (see
Figure 2.2b).

1ii. The process of casting and tamping of the specimen involved layering, ideally with a minimum of
three layers to achieve the desired specimen size (e.g., for 100 mm height, then each layer needs
to be at least 33 mm). Before placing the subsequent layer, the surface is roughened/keyed to a
depth of 5-10% layer thickness (see Figure 2.2¢). This procedure establishes interconnections
between the layers, prevents flat shear planes, and ensures the specimen remains isotropic.

iv. The specimen is cured for specified days, with the curing treatment according to the American
Society for Testing and Materials (ASTM) Standards C192 and C511 (ASTM, 2021b, 2021c).
Further adjustment to the curing duration will be elaborated on in Section 2.4.4.

V. The procedure can be modified for additional treatments, if needed, such as the addition of air-

entraining admixture, thermal treatment, saturation treatment, and freezing treatment.

Figure 2.2 Preparation of cylindrical specimen for laboratory characterization. (a) Pre-mixing of
Type VII Portland cement and F-75 Ottawa sand; (b) Adding water and mixing process in a stand mixer;
(c) Tamping and rough surfacing for each layer to ensure the thorough compaction and dense analogue
sedimentary rock; (d) Cylindrical specimens in the mold before placement in desiccator chamber.

All the specimens used in this investigation were built with a three-gang cast bronze cylinder
mold manufactured by Humboldt (see Figure. 2.2d). This mold allows the casting of cylindrical
specimens with a diameter of 51 mm and a height of 102 mm, meeting the dimensional specifications

outlined in the ASTM standards for unconfined and triaxial compression tests (ASTM, 2017). The
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Brazilian tension test involved cutting the cylinder to a disk length equal to the radius of the cylinder, in
accordance with the ISRM standard (ISRM, 1978).

Table 2.1 provides the details of three different mix designs and proportions, denoted as mixes O,
A, and B, used for creating 1 m? of the analogue material. Each mixture represents a significant point in
the development of very weak but brittle analogue sedimentary rock through various engineering

treatments. Detailed engineering treatments for each mix will be discussed further in Section 2.4.

Table 2.1 Summary of mix design and proportions (by weight) for the analogue sedimentary rock.
Properties Mix O Mixes A and B
Cement Content, C 8% 4%
Water to cement, w/cm 1.2 1.2
Mass of F-75 Ottawa sand* (kg) 1963.4 (83.94%) 2269.6 (91.6%)
Mass of cement* (kg) 170.7 (7.30%) 94.5 (3.82%)
Volume of water* (1) 204.9 (8.76%) 107.9 (4.35%)
Volume of AEA* (1) N/A 5.6 (0.22%)

*For 1 m® of the specimen

2.3.3 Description of Testing Setup and Acceptance Criteria

The predominant approach used in laboratory testing for the purpose of material characterization
primarily involves the use of cylindrical specimens. In the characterization process, a series of physical
property tests, including unconfined compression tests (UCT), Brazilian tension tests, and triaxial
compression tests are performed. The physical characterization of the specimen includes the
determination of density and porosity for each variant of the specimen. Thin section image analysis for
select specimens is also performed with the Imagel] tools (Schneider et al., 2012) to evaluate the effect of
specimen treatment on its microstructure. The process was conducted iteratively, with steps taken and
feedback incorporated throughout the development process to assess and document the material
modifications as function of the interventions implemented.

The complete stress-strain curves generated from the UCT were used to determine the peak shear
strengths and subsequent post-peak behavior of every mix design that was tested. The compression test
used a displacement-controlled scheme, wherein the testing setup exhibited significantly greater stiffness
compared to the analogue rock being studied. This characteristic enabled controlled failure during the test,

thereby facilitating the acquisition of a complete stress-strain curve (Hudson et al., 1972).
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It is well-known that rock brittleness and ductility are not necessarily intrinsic properties but can
be dependent on the level of stress confinement (Nygéard et al. 2006). Rocks tend to become more ductile
with increasing confining stress. The decreased brittleness may be accompanied by the development of
compaction bands (Wong and Baud, 2012). In addition to acquiring the Hoek-Brown and Mohr-Coulomb
failure envelope, the complete stress-strain curves were used to ascertain the resulting brittle-to-ductile
transition of the analogue material. These characterization results are examined further in terms of
meeting acceptance criteria to the final design of the very weak but brittle analogue sedimentary rock.

The triaxial compression tests (with o; > ¢, = g3) are carried out on the cylindrical rock
specimen also according to the ISRM suggested method to determine the shear behavior of the rock under
different confining pressures (Ulusay and Hudson, 2007). The triaxial compression test system consists of
a Hoek cell positioned in the stiff loading frame of an ELE International ACCU-TEK 250 Range Digital
Series compression tester. This setup is also used for UCT and has an axial loading capacity of 1,112 kN.
A dual Teledyne ISCO 65DM syringe pump system, programmed with Disco software (Frash 2016), is
connected to the Hoek cell to apply the confining pressure to the tested specimen. The software records
the hydraulic fluid volume that is introduced into or expelled from the Hoek cell. The volumetric strain

can be calculated as follows (Arzaa and Alejano, 2013):

& = A7‘/(%) = L;O Vo — Ah (Tcrz - g)] .1

where Vj, is the volume of fluid displaced, V is the original sample volume, f is the
compressibility factor for the hydraulic fluid, 7 is the radius of the Hoek cell, F is the axial force acting on
the ram, E is the elasticity modulus of the ram’s steel, and Ah is the measured axial displacement.

The target properties for the analogue material encompass four key aspects: (1) very weak UCS
of 1.5 MPa or less, coupled with post-peak strain softening behavior; (2) indirect tensile strength
exhibiting an uniaxial compressive to indirect tensile strength (UCS/UTS) ratio within the range of 8-10;
(3) enhanced Hoek-Brown constant m;; and (4) selected brittleness indices. Regarding the brittleness
indices, there are two brittleness assessment methods selected, which are based on strength parameters
and the shape of the UCT stress-strain curves. The strength-based method is represented by the brittleness
index B; (Hucka and Das, 1974), while the methods based on UCT stress-strain curves include the
Brittleness Index Modified BIM (Aubertin et al., 1994) and burst energy coefficient R (Cai 2016a). These
selected methods are discussed below and are based on their established reputation for evaluating rock
bursting susceptibility (Meng et al., 2021). In addition, testing results obtained in this study will also be
evaluated using the adopted framework from Tatone et al. (2023) that compares the analogue material to

natural sedimentary rock based on modulus ratio, strength ratio, Poisson’s ratio v, and density p.
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24 Material development

The development process involved six mixing treatments within a trial-and-error framework.
Figure 2.3 shows the tested engineering treatments in chronological order, which include air-entraining
admixture, saturation and freeze exposure, and thermal exposure. Additional treatments involved using
uniformly graded fine aggregate, low cement content, and variations in curing and testing times. These

treatments will also be further detailed in the following subsections.

Saturation & freezing

Thermal exposure
1.5 ml/25 g cement 24 hour @ -23.5°C 24 hour @ 125°C

Air Entraining Admixture

Figure 2.3 Displays of three engineering treatments incorporated in the development of the analogue
sedimentary rock within trial-and-error framework. Note that the arrangement is following a
chronological way to get the final design (mix B) as follows: (a) incorporation of air-entraining admixture
while mixing, (b) cylindrical specimens undergo freezing treatment inside a chest freezer with a cooling
range of up to -25 °C, and (¢) cylindrical specimens undergo thermal exposure, monitored with a digital
thermometer for the chamber temperature.

2.4.1 Use of Uniformly Graded Fine Aggregate

The aggregate distribution in mortars is of great importance in achieving a cohesive mix and a
strong bond within the matrix. Cementitious mixtures with well-graded aggregates show higher UCS due
to better void filling for geometric interlocking (Mehta and Monteiro, 2014). In contrast, usage of
uniformly graded aggregates with small size variation appears to leave larger voids. Mortars with coarse
sand exhibit greater deformability and ductility, with a smoother post-peak branch in the stress-strain
curve compared to those with fine sands (Haach et al., 2011). Therefore, using uniformly graded fine
aggregate is expected to induce brittle behavior, likely due to the fragmented void structure within the

matrix.

2.4.2 Low Cement Content

The analogue sedimentary rock is developed with low cement content. The rock matrix is
primarily bound by hydrated cement, but the strength is lower due to the reduced cement proportion

relative to the total solids. Lower cement content requires higher water content to maintain mortar
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workability, especially when using fine sand with a greater specific surface area (Westerholm et al.,
2008). Initial tests were conducted to determine an appropriate mix design. To obtain representative
stress-strain curves from UCT, three distinct cement content mixes of 8%, 6% and 5% were examined,

with all other variables held constant.

2.4.3 Thermal Exposure

Both aggregate and hydrated cement in the cementitious mixtures exhibit thermal expansion when
subjected to temperatures from 0 to 100 °C. In the range of 100-150 °C, the aggregates expand,
concurrent with the evaporation of unbound water in the cement paste, causing the paste to shrink. This
shrinkage, combined with aggregate expansion can initiate microcracks within the matrix (Kassir et al.,
1996). The objective behind subjecting the analogue sedimentary rock to thermal exposure was to
intentionally induce a state of 'semi-controlled' microcracking, resulting from the expansion of the
material (Cruz and Gillen, 1980). This occurrence of microcracking was expected to contribute to the
brittle tendency exhibited by the analogue rock specimens. In the present investigation, all specimens
subjected to thermal exposure treatment were placed within an oven set at a temperature of 125°C for a

duration of 24 hours prior to undergoing testing (Figure 2.3c).

2.44 Curing and Testing Time

In cementitious mixtures, the mechanical strength typically follows an upward asymptotic trend
as curing progresses, reaching approximately 99% of UCS after 28 days (Neville and Brooks, 2010).
Reducing curing time decreases UCS due to less cement hydration. Aside curing time, this study tested
specimens both immediately and after a resting period to highlight the effect of cooling. Abramowicz and
Kowalski (2005) reported that the cooling duration post-thermal exposure affects mechanical behavior.
While microcracks remain small during heating, they expand during cooling (Kassir et al., 1996). This

expansion is expected to promote brittle behavior due to accelerated crack propagation.

2.4.5 Air-Entraining Admixture Usage

Air-entraining admixtures (AEA) in cementitious mixtures contain surfactants to stabilize air
voids, protecting against frost damage (Tunstall et al., 2021). However, in the developed analogue
sedimentary rock, the AEA serves a different purpose. It is intended to promote accelerated crack
propagation in the event of a sudden brittle failure in the specimen. This additional treatment involves
incorporating the AEA in liquid form during mixing using a volumetric plastic syringe (Figure 2.3a).

The specimen was prepared by compaction with tamping rod, incorporating a high dosage of
AEA, using low cement content, and uniformly graded fine aggregate, followed by exposure to thermal
conditions before testing. Rath et al. (2017) observed that increasing the AEA dosage decreased the

volume of coarse air bubbles while increasing fine air bubbles. This presence of distributed fine air
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bubbles, represented into distributed micropores seems reasonable in facilitating accelerated crack
propagation. The testing procedures from Section 2.4.3 were replicated with consistent AEA dosage. The
experiment involved two curing periods and testing durations of 12 and 28 days, allowing for immediate
testing or rest period before testing. Sika® Multi-Air 25, an AEA meeting ASTM C-260 standard
(ASTM, 2010), was used at a consistent dosage of approximately 1.5 ml per 25 g of cement. The AEA
was mixed with water before combining with other constituents, with water quantity adjusted to maintain

the prescribed water-to-cement ratio w/cm.

2.4.6 Saturation and Freezing Before Thermal Exposure

The process of saturation and freezing before thermal exposure was intended to enlarge the
micropores in the specimens, as water expands during freezing (Powell-Palm et al., 2020). The method of
cold-water saturation (Safiuddin and Hearn, 2005)appears suitable for short curing periods and high
porosity (25-30%) cementitious mixture. Upon saturation, the micropores become filled with water, which
crystallizes and grows when exposed to freezing at -25 °C (Tunstall, 2016). Thawing of the ice in the
specimen during subsequent thermal exposure is assumed to result in larger micropores.

Limited pore closure or crack closing under confinement can lead to earlier ductile transition
(Wong and Baud, 2012). However, with deliberately regulated and closely spaced enlarged micropores,
the analogue rock is hypothesized to show an extended brittle behavior. This assumption is based on the
concept that larger micropores, when closed under confinement, form larger microcracks, facilitating
easier crack propagation throughout the specimens. This method was evaluated based on the criteria for a
higher Hoek-Brown constant m;, which is reported to be associated with the brittle-ductile transition
(Rahjoo, 2019). Figure 2.3b shows the specimens in a freezing chamber (chest freezer) with a cooling

range of up to -25 °C.

2.5 Results and Discussions

Throughout the development of very weak analogue sedimentary rock, there are three
characterized rock-like designs (Mixes O, A, and B) that become milestones of the process of getting
more brittle characteristics for the tunnel model specimen experimental study. These mixes proportions
are mentioned earlier in Table 2.1. Mix B is the final design, exhibiting the most brittle characteristics
observed. Numerous laboratory investigations and trial-and-error approaches were used to get from mix O
to mix B, including mechanical and physical properties tests of the respective mix. The following
subsections will present laboratory test results, where the discussions in subsections 2.5.1-2.5.3 are

summarized in Figure 2.4.
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Figure 2.4 Development process summary with engineering treatment applied and stress-strain

curves record as follows: (a) cement content variation, (b) thermal exposure, and (c) air entraining
admixture (AEA) usage. Note that for (b) and (¢), two different curing times (12 and 28 days) and test
times (rest and immediate) were tested.

2.5.1 Effect of Cement Content Variation

From the UCT, mix O was observed to have UCS=3.07 MPa, with 8% cement content design in
the mixture. Figure 2.4a presents the UCT stress-strain curves for varying cement content (from 5%-8%),
as the preliminary effort in improving the brittleness yet reducing the UCS from mix O design. From
Figure 2.4a, the UCS values were decreasing following the decrease of cement content C. The post-peak
stress-strain behavior notes that with less cement content, the analogue rock tends to be less brittle, shown
from the strain-softening behavior that become less steep. Presumably, less cement content leads to less
bonding into the rock-like matrix, affecting both the UCS and brittleness. With this finding, a further
process was implemented and observed; as mentioned in Section 2.4.3, the additional treatment applied to
increase the brittleness included the introduction of a thermal exposure to the sample.
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2.5.2 Effect of Thermal Exposure

In this study, all specimens subjected to thermal exposure treatment were placed in an oven at one
day prior to the completion of designated curing period. The UCT result indicates that the thermal
exposure has a positive effect on the UCS after 28 days of curing. Two alternatives were implemented,
namely the reduction of curing time and the decrease in cement content. Figure 2.4b shows the stress-
strain relationship after thermal exposure with cement content limited to 4%, and two of the three
specimens subjected only 12 days of curing. The minimum cement content ensures adequate binding of
fine aggregates.

Post-peak behavior observations revealed that specimens with a rest period (cooling) before
testing demonstrated greater UCS compared to those tested immediately. However, strain softening was
more pronounced in cooled specimens, indicating a more brittle response (Figures 2.4b and 2.4c). The
microcracks formed during heating are due to the expansion of both cement hydration product and fine
aggregates (Cruz and Gillen, 1980). During cooling, bond restoration within the interfacial zone seems
reasonable to increase UCS. Nevertheless, cooling also induces microcrack expansion (Kassir et al. 1996),

which seems reasonable to align with the observed brittle behavior.

2.5.3 Effect of Air-Entraining Admixture (AEA)

Similar testing procedures are employed when administering a consistent dosage of air-entraining
admixture (AEA). Following from previous findings with thermal exposure, the investigation documents
two different curing durations, namely 12 and 28 days, as well as two testing times, specifically
immediate testing and testing after thermal exposure. Figure 2.4c presents the stress-strain curves from the
UCT after introduction of AEA. The inclusion of AEA in the sample demonstrates potential in brittleness
enhancement, as the behavior observed after reaching the peak shear strength displayed a notable drop in
strength following a limited post-yield strain. The homogeneous distribution of entrained air voids
(micropores), as outlined in Section 2.4.5, seems reasonable for facilitating an accelerated propagation of

cracks.

2.5.4 Effect of Saturation and Freezing Exposure

The treatment of saturation and freezing exposure was incorporated and tested using thin section
analysis and triaxial tests. Two highlighted specimen designs, which are introduced earlier as mixes A and
B, were compared with the same mix proportion (water-to-cement ratio w/cm, cement content C, AEA
dosage), curing time, and test time. Both mixes were contrasted as follows:

e Mix A: underwent only saturation and thermal exposure (Figure 2.5a)

e Mix B: underwent saturation, freezing and thermal exposure (Figure 2.5b)
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Figure 2.5 Freezing temperature and thermal exposure treatments diagram for (a) mix A that

underwent only saturation and thermal exposure and (b) mix B that underwent saturation, freezing
temperature, and thermal exposure. Sample surface temperature is continually monitored using a FLIR
One Pro LT thermal camera.

The measurement reported in Figure 2.5 was based on sample surface temperature, measured
continually using FLIR One Pro LT thermal camera. Both freezing and thermal exposures are extended
for several hours to ensure that the designated temperatures of -23.5 °C for freezing and 125 °C for
thermal treatments was reached completely within the specimen. Approximate freezing and thermal rates
were calculated at -5 °C/minute and 0.16 °C/minute, respectively. After taking out the specimen from the
oven, the cooling rate down to room temperature was approximately -0.96 °C/minute. All specimens were

tested at room temperature. The thermal exposure condition applies to the findings summarized in Figures
4b and 4c.

Thin-section image analysis

Thin sections from mixes O, A, and B were analyzed to verify the effects of the treatments on
inducing larger micropores and better pore distribution within the specimens. The thin-section billet size
was 25 mm x 40 mm x 10 mm for all specimens and was impregnated with epoxy resin containing a blue
dye injected into the pore system. Since mixes A and B had a 24-hour gap in treatments at the end of
curing stage (Figure 2.5), the timing for epoxy resin injection and thin-section imaging was carefully
synchronized for both . This timing consistency ensures that the effect of different treatments can be
compared accurately.

Figure 2.6 presents sampled thin section images (5 x 9 mm) and corresponding pore size
histograms for all mixes. In the upper images, the blue coloration represents the impregnated resin dye,
which surrounds the grains and cement bonds to highlight pore areas. The lower images show the
processed thin sections using ImageJ software with binary and watershed processing. The histograms
were generated from these processed images using particle analysis to illustrate the distribution of pore

sizes.
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Figure 2.6 Thin section images and pore size distribution from (a) mix O, (b) mix A, and (c¢) mix B,
each sampled from a 5 X 9 mm area.

The thin section images display a relatively dense matrix with fine aggregate particles, consistent
with the mix constituents. The pores in Figure 2.6a appear visually scattered and larger than those
observed in the other mixes. The well-distributed aggregate particles in mixes A and B indicate enhanced
compaction and isotropy. In mix A (Figure 2.6b), the micropores are smaller compared to those in mix B,
where they appear slightly larger and more irregular in shape (Figure 2.6¢). The histograms show mean
pore Feret diameter measurements of 0.135+0.081, 0.094+0.056 and 0.104+0.06 mm for mixes O, A and
B, respectively. These measurements support the trend of increasing micropore size from mix A to B, as
described in Section 2.4.6. Additionally, about 20% reduction in standard deviation suggests that the use

of AEA is effective in controlling pore size distribution.

Unconfined and triaxial compression test

The results of unconfined and triaxial compression tests conducted on both mix A and B,
including mix O are presented herein. Table 2.2 summarizes the engineering treatments, mix design,
average porosity, UCS, UTS, and Mohr-Coulomb and Hoek-Brown failure envelope fit values observed in

this study among mixes O, A, and B.
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Table 2.2 Summary of mix design (engineering treatments, cement content, water to cement ratio)
and laboratory test results (material physical and mechanical properties) for mixes O, A, and B.

Properties Mix O Mix A Mix B
12 days curing,
12 days curing, AEA,
Treatment remarks 28 days curing AEA, saturation-
thermal freezing,
thermal
Cement Content, C 8% 4% 4%
Water to cement, w/cm 1.2 1.2 1.2
Saturated unit weight, ¥, (KN/m?) 17.8 18.4 18.5
Dry unit weight, ¥4y, (KN/m?) 16.7 16.9 16.8
Average porosity, n 11.51% 29.71% 30.59%
Average uniaxial compressive strength, UCS 307 .82 168
(MPa)
Average tangent Young’s modulus at 50% peak
shear strength, Es, (GPa) 0.94 0.81 0.76
Average indirect tensile strength, UTS (MPa) 0.45 0.22 0.19
Cohesion, ¢ (MPa) 1.06 0.35 0.28
Friction angle, ¢ (°) 214 43.18 43.24
Poisson’s ratio, v 0.21 0.22 0.22
Hoek-Brown constant, m; 4.89 19.93 20.58

According to the data presented in Table 2.2, it can be observed that the porosity increased
significantly from mix O to mix B. When subjected to engineering treatment, both the UCS and UTS
exhibit a decrease. The reduction in UTS indicates the improvement on the brittleness, that will be
assessed further through strength parameter brittleness criteria. In addition of brittleness improvement,
Figure 2.7 presents the failed specimen for both mixes A and B. The failure specimen for mix B
predominantly exhibited more significant axial splitting with brittle faulting (sub-vertical fractures)

compared to mix A with splitting with shear faulting.
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Figure 2.7 The specimens of both mixes A and B after UCT: (a) UCT and (b) UCT-AE-Ext. mix B
specimens exhibited failure characterized by more sub-vertical fractures, parallel to major principal stress
extensional fractures, in contrast to the failure pattern observed in mix A.

For the UCT results, mix B has the lowest UCS among select mixes of 1.68 MPa. Particularly
compared with mix A, the inclusion of freezing treatment caused an approximate 7.7% reduction of UCS.
This reduction of strength could be attributed to the porosity and average Feret diameter measurements
discussed in the previous Section. Zhu et al. (2010) provided an equation to estimate the peak shear
strength (UCS in unconfined compression) based on the stress intensity factor, inverse square root of pore

radius, and porosity following power law. The equation that valid for porosity less than 40% is as follows:

1.325 K¢
o, = Py X ﬁ 2.2)

where n is porosity, K. is the stress intensity factor, and r is the pore radius. Plugging in the
porosity and pore radius values for mix A and mix B, the calculated reduction of UCS from mix A to mix
B is predicted to be 9.2%, that is relatively close to current observation. It is assumed that the stress

intensity factor K for both mixes are the same due to same mix design to build the specimen.
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Triaxial tests were performed at three different confining pressures for each mix; mix O with
higher UCS (3.07 MPa) is tested with 1.5, 3, and 4.5 MPa, whereas mix A and B with smaller UCS (1.82
and 1.68 MPa, respectively) are tested with 0.6, 0.8, and 1 MPa. Reported unconfined compressive
strength and triaxial data are processed using RSData (Rocscience Inc., 2022) to generate Mohr-Coulomb
and Hoek-Brown failure envelopes for each mix. Figure 2.8 presents the plots of the obtained failure

envelopes along with Mohr intrinsic circles from the test.
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Figure 2.8 Mohr circles at failure for unconfined and triaxial compression tests with the best fitting

for Mohr-Coulomb and Hoek-Brown failure envelopes for a) mix O—preliminary design, b) mix A—only
saturation and thermal exposure, and ¢) mix B—with additional freezing exposure.

The effect of freezing treatment in mix B (Figure 2.8c) demonstrates a reduction in cohesion but a
slight increase in the internal friction angle ¢. The effect can also be indicated from the increase of the
Hoek-Brown constant m;, that can lead to higher brittle-ductile transition. The brittle-ductile transition is

reported to have a correlation to the Hoek-Brown constant as following:
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where a3 is expected confinement at the brittle-ductile transition and d is ductility number. Aside

from the failure envelopes, the stress-strain curves and volumetric strains measurement are plotted to

support the findings. Figure 2.9 presents the summarized results that include unconfined and triaxial

compression test.
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Figure 2.9 Full stress-strain (upper) and volumetric strain curves (lower) associated with both

unconfined and triaxial compression tests for a) mix A—only saturation and thermal exposure, and b)
mix B—with additional frost exposure.

The stress-strain responses of both mixes are shown in terms of the shear stress (g4-03) vs. axial
strain &; curves in Figure 2.9. One can note that both mixes A and B display strain-softening response
under the UCT. However, the strain-softening response is still observed for Mix B (Figure 2.9b) at 0.6
MPa applied confinement. This observation is perceived to indicate higher brittle-ductile transition in mix

B compared to mix A. In the volumetric strain plots, the volumetric responses of both mixes are shown in
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terms of volumetric strain €,,,; vs. axial strain &; curves with different level of applied confinement.
Under higher confinement (more than 0.6 MPa), both mixes A and B exhibit a purely contractive reaction,
which is represented by a positive trend indicating inward volumetric movement of the specimen.

Two additional data sets were included for calculating the peak dilation angle (Figures 2.9a and
2.9b) based on the test with chain extensometer only (UCT-Ext) and chain extensometer with acoustic
emission (AE) sensor configuration (UCT-AE-Ext). Figure 2.10 presents the setup of the UCT-Ext and
UCT-AE-Ext. The configuration on the acoustic emission sensor placement may slightly add confinement
due to usage of electrical tape around the specimen. Additionally, the chain extensometer itself appeared
to increase shear strength, likely due to its added confinement effect. Discussions on AE results of mixes
A and B can be found in Gautam and Gutierrez (2024). Based on the developed Mohr-Coulomb failure
envelopes (Figure 2.8), the estimated confinements for mixes A and B are 0.1 MPa with the UCT-Ext
configuration and 0.2 MPa with the UCT-AE-Ext configuration.

Figure 2.10 Configuration for additional data sets from UCT: (a) using circumferential extensometer
to measure diametrical deformation (UCT Ext), and (b) integrating an acoustic emission (AE) sensor
alongside the extensometer (UCT-AE-Ext). Notably, the AE sensor is not directly associated with
diametrical deformation readings. Instead, its inclusion in the figure is intended to illustrate the potential
confinement effects, considering the very weak UCS of the specimen.

2.5.5 Peak Dilation Angle and Elastic Modulus

In this study, the peak dilation angle 1 based on the volumetric strain measurement is also

reported for all mixes O, A, and B. The dilatancy is understood to be typically associated with brittle
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deformation mechanisms—crack formation and opening (Kim et al., 2021). To calculate the peak dilation

angle 1, the following formula was used:

1+ ddgvol
&
Y = arcsin 7 ! max (2.4)
3 _ Evol
dey max

where €,,,; is the volumetric strain and &; is the axial strain that is presented in Figure 2.9. Other
than the dilation angle, elastic modulus variation is also presented to give insight on the confinement
dependency of this very weak analogue sedimentary rock. Figure 2.11 presents the dilation angle and

elastic modulus variation between mixes O, A and B.
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Figure 2.11 Calculated properties with the normalized confining pressure to the UCS for mixes O, A,
and B; (a) peak dilation angle and (b) elastic modulus Es,. The first values for each mix were obtained
from the UCT under assumed confinement. These assumptions stem from the setup configuration, which
includes the circumferential extensometer and the placement of acoustic emission (AE) transducer (refer
to Figure 2.10).

From Figure 2.11a, one can notice that the peak dilation angles were only reported for the
unconfined compression and low confinement triaxial tests. For mix O, the UCT data was only from the
UCT-Ext configuration, with 0.08 MPa confining pressure approximated from corresponding Mohr-
Coulomb failure envelope (Figure 2.8). The y-axes of confining pressure are normalized to provide better
comparison among the mixes. The highest peak dilation angle for each mix was observed from the UCT-
Ext with 29.0° for mix O, 40.8° for mix A, and 47.1° for mix B (Figure 2.11a). Generally, the peak
dilation angle tends to be close to zero with increasing confinement. This indicates a diffused deformation
as the ductile shear response becomes the dominant deformation mechanism (Nygérd et al. 2006). The
absence of phase transformation—the transition from contractive to dilative response—can also be

observed in Figure 2.9 when examining the volumetric strain under increased confinement.
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Figure 2.11b, on the other hand, presents the increase in elastic modulus along with the applied
confining pressure. This finding aligns with the observation made by Addis et al. (1990), which noted a
confinement dependency on the elastic modulus of the weak analogue material. The elastic modulus
demonstrates an almost twofold increase when subjected to the highest level of confinement, compared to
the lowest level of confinement for mixes A and B. In addition, a high porosity level for both mix A and
mix B would affect this elastic modulus dependency. The effect is less pronounced for mix O, potentially
due to lower porosity of the mix. Although focusing only on UCT, Palchik (1999) reported that high
porosity has an effect of rock stiffness. The densification and increased grain-to-grain contact resulting
from the pore closure under confinement pressure contribute to the stiffness enhancement of the

specimen.

2.5.6 Brittleness Assessment

For assessing the brittleness based on the strength parameter, the calculation involves the ratio
between UCS and UTS of the rock that define the strength brittleness index B;. The ratios pertaining to
mixes O, A, and B are approximately 8, with specific values of 7.36, 8.27, and 8.84, correspondingly.
Moreover, the acquired values exhibit a greater alignment with Griffith's crack theorem when considering
specimens that possess microcracks. The calculated values of brittleness assessment for all mixes are
summarized in Table 2.3.

For two other assessments of the brittleness index modified BIM and burst energy coefficient R,
the UCT stress-strain curve analysis for brittleness assessment is summarized in Figure 2.12. The rock
bursting tendency can be preliminarily assessed using the brittleness index modified BIM, which is based
on a comprehensive analysis of over 300 uniaxial compression test results conducted on more than 50
distinct rock types of various origins (Aubertin et al., 1994; Gong et al., 2020). BIM can be described as
the quantification of the entire input energy density during the pre-peak phase, relative to the elastic strain
energy density at the peak. The criterion is represented by the equation BIM = A,/A;, where A; is the
peak elastic strain energy density that is achieved by considering the deformation modulus at 50% of the
peak strength and A, is defined as the cumulative integral of the stress-strain curve up to the point of
maximum compressive strength. The components of A, and A; can be calculated from following

equations as also illustrated in Figure 2.12a:

& =0C+CB =¢, te¢ (2.52)
Ec
A, = AOAB = f fe(e) de (2.5b)
0
Ec
A, = AABC = f f2(e) de (2.5¢)
&p
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This A; value is assumed to correspond to the unloading curve, which is represented as a parallel
line to the stress-strain curve starting from the point of peak strength. The region bounded by the linear
unloading curve represents the maximum elastic strain energy density. For mix B with BIM of 1.11, the
A; and A, are 2.8x107 and 3.1x107, respectively. This BIM reflects the higher tendency for bursting
rock, compared to mix O and A.

Figure 2.12b illustrates the procedure for calculating the burst energy coefficient R on mix O, mix
A, and mix B UCT stress-strain curves. The ratio between accumulated strain energy before peak Wy to
dissipated strain energy after peak Wp is defined as the burst energy coefficient R (Cai 2016). This full
stress-strain curve is typically obtained from a stiff UCT system as the system responds to gradual
deterioration in load-carrying capacity through automatic reduction in the applied load (Goodman, 1989).
The accumulated and dissipated strain energy are reflected in the left portion and right portion of the full
stress-strain curve, respectively. Both accumulated and dissipated strain energy (Wg and Wp) components

can be calculated from following equations:

Etotal = O0C + OB = &, + €4 (2.6a)
Ec
Wy = AOAC = f fe () de (2.6b)
0
Etotal
Wp = AABC = f fss () de (2.6¢)
&

c

As an empirical criterion, the ratio larger than one shows a tendency for the rock to burst or fail in
a brittle, violent manner. From Table 2.3, mix B shows the highest burst energy coefficient R. This
finding demonstrates that the listed engineering treatments are significant in producing more brittle

material while keeping the UCS low.
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Table 2.3 Brittleness assessment with rock bursting criteria used for the analogue sedimentary rock
mixes O, A, and B.

Bursting Source Mix O Mix A MixB 1ypical Ranges
Criteria for Bursting
Strength
brittleness index, ~ [ucka and Das 7.36 8.27 8.84 < 14.5 (High)
- (1974)
By =o./0;
Brittleness index 1.0 - 1.2 (High),
modified, Goodman (1989) 1.18 1.38 1.11 1.2-1.5
BIM = A, /A, (Moderate)
Burst energy )
coefficient, Aubertin et al. 13 156 550 > 1.0
(1994) (Moderate-High)

R = Wg/Wp

2.5.7 Micropores Idealization and Cracking Mechanisms

Figure 2.13 depicts the illustration of apparent air voids microstructure changes in each mixture
with the various treatments applied. The illustrations are based on Python code written using Matplotlib
library. The code enables simulation of two-dimensional porosity to some extent in the specimen. The
micropores are assumed in circular geometry that is randomly distributed for visualization purposes.
Furthermore, one can specify the distribution type for micropores generation (in this case using normal
distribution—maximum, mean, standard deviation) and minimum distance between each pore to avoid
micropores coalescences for more relevant pore area calculation. The generation of the micropores will be
completed when the sum of pore area meets the predetermined porosity percentage, which represents the
ratio between the area occupied by micropores and the overall specimen area.

The micropore input size for mixes A and B is taken from the Feret diameter distribution obtained
through thin section imaging (Figure 2.6). Mixes A and B contrast to mix O due to the air-entraining
admixture that perceived to stabilize the air voids inside the specimen, which gives small variance of the
micropore size (Tunstall, 2016). Notably, air voids are unavoidable in the hydrated cement paste, with
various types of voids, amounts, and significance (Mehta and Monteiro, 2014). In the absence of an air-
entraining admixture, the air voids in the hydrated cement paste are mostly formed by entrapped air with
the largest size among the types of the air voids. Also, the entrapped air is associated with relatively

irregular size.
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Figure 2.13 Visual representation of perceived alterations in the microstructure of air voids/entrained
micropores across different mixtures, as affected by the different engineering treatments used to prepare
the analogue material. Three selected mixes are presented as mixes O, A, and B that were discussed in
Section 2.4. These figures serve solely as an illustrative tool for idea comprehension and are generated
with assumed and obtained parameters such as micropore sizes, spacings between micropores, and
porosity.

As the confining pressure increases in triaxial testing, crack-like micropores undergo a gradual
closure process, often starting with those possessing the smallest aspect ratio (Detournay and Cheng,
1993). Figure 2.14. illustrates an array of through-cracks, growing in a two-dimensional linear-elastic
medium under a triaxial stress field o, and o3. The triaxial stress field g, and o3 causes a shear stress T
and a normal stress ¢ across faces of the initial cracks, forming crack slides that open the mouth of each
wing crack. Ashby and Sammis (1990) summarized the following equations for determining the sliding
force at the initial crack F3:

42



03 — 01

T=—7 sin 23 (2.7a)
o3+ 0 03 — O
== Ly Lcos 2B (2.7b)
2 2
F3 = (t+ po)2asinf (2.7¢)

where  is the coefficient of friction acting across the crack faces and 8 is the angle between the
crack sliding surface and the wing crack plane (Figure 2.14). The Eq. (2.7c) demonstrates the linearity
between sliding force F; and initial crack size a, indicating that additional sliding force can be expected

from mix A to mix B.
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Figure 2.14 Population of growing cracks under triaxial stress condition adopting two-dimensional
wing crack model (after Ashby and Sammis, 1990).

The concentration from the pore surface leads to the initiation of fractures that propagate parallel
to the direction of maximum compression. As the cracks propagate, they begin to interact, and if their
mean spacing is sufficiently small, crack propagation becomes unstable (Wong and Baud, 2012), possibly
leading to crack coalescence in a scenario analogous to microstructural observations reviewed above. The
implementation of saturation and freezing at enlarging pore size and ensuring a well-distributed structure
within mix B is thought to support crack propagation and coalescence upon reaching the peak shear

strength. This, in turn, leads to a more brittle response in the analogue material.

2.5.8 Comparison of Analogue Material Properties with Natural Sedimentary Rock

This section compares the properties of the developed analogue rock with natural sedimentary

rocks using the framework from Tatone et al. (2023). Key properties such as Poisson’s ratio, density,
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elastic modulus ratio, and strength ratio (Table 2.2) were assessed. Figure 2.15 shows the plots of the
materials developed in this study in conjunction with previously collected data on natural rock and
developed rock-like materials (Addis et al., 1990; Cheon et al., 2011; David et al., 1998; Klammer et al.,
2023; Tatone et al., 2023; Wu et al., 2020).
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Figure 2.15 Comparative plot depicting the properties of very weak analogue sedimentary rocks

developed in this study, alongside data collected from previous studies on natural rock and rock-like
materials: (a) Poisson’s ratio (Gercek, 2007), (b) density (Johnson and Olhoeft, 1989; Lama and Vutukuri,
1978), (c) modulus ratio, and (d) strength ratio (Tatone et al. 2023).

Figures 2.15a and 2.15b present the comparison of the Poisson’s ratio and density of very weak
analogue to natural sedimentary rocks. The Poisson’s ratio value is fit to the sedimentary rocks range,
while the density value falls within the lower bound of certain sedimentary rock types, such as siltstone,
sandstone, shale, and limestone. This low density would be attributed to the porosity values of the
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developed mixes. Therefore, the material developed in this study is found to exhibit characteristics that
made it analogous to sedimentary rocks.

Figures 2.15c and 2.15d show that the elastic modulus and strength ratios for mixes O, A, and B
predominantly fall within the lower left corner of the plots. This indicates the predesignated very weak
UCS and, consequently, the low elastic modulus E to the developed analogue sedimentary rock. The
classification boundary for sandstone, according to Deere and Miller (1966), remains open at their lower
end due to numerous test results showing low UCS and E values. These low values are attributed to the
cemented, porous texture, and the anisotropy from bedding in the tested sandstone. Nevertheless, the
general range of sandstone covers the developed analogue rock in this study. The plotted values,
particularly mix B, align within the range of average modulus typical of most natural sedimentary rocks.

Mix B is then well-suited for further laboratory experiments requiring weak but brittle characteristics.

2.6 Conclusions

This study presented the development process and findings of a very weak analogue sedimentary
rock while enhancing its brittleness for further study in underground brittle failure phenomena. The
development stage consisted of mixing and characterization stages within the experimental trial-and-error

framework. The experimental results can be summarized as follows:

(1) An analogue sedimentary rock exhibiting brittle characteristics was developed using readily
available mortar mix constituents, ensuring reproducibility and consistency in results.

(2) The analogue material was easily prepared and molded into various sizes and geometries due to
the simple material preparation and the availability of commercially sourced constituents.

(3) Several conceptual frameworks were validated through controlled laboratory testing, including
the use of uniformly graded fine aggregate, low-cement content, thermal exposure, curing-testing
time, and saturation-freezing treatments prior to thermal exposure.

(4) During the development process, an improvement in the post-peak behavior of strain-softening
was observed. The observed enhancement suggested a more brittle response with the engineering
treatments from mix O to mix B.

(5) The strain-softening response for mix B at 0.6 MPa applied confining pressure, compared to mix
A, demonstrated an extension of brittle-ductile transition due to the engineering treatments. The
triaxial test results from mix O to mix B revealed higher values of the Hoek-Brown constant m;
for the final mix B.

(6) Assessments of brittleness measures such as strength brittleness, brittleness index modified, and
burst energy coefficient also supported the findings, classifying the very weak analogue

sedimentary rock as brittle.
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(7) The developed material was classified as sedimentary rock-like based on its Poisson’s ratio,
density, elastic modulus ratio, and strength ratio. Specifically, for mix B, both the elastic modulus
and strength ratios fell within the average range typical with natural sedimentary rocks. This
suggested that mix B closely mimicked the behavior of natural sedimentary rocks, making it well-

suited for experiments requiring weak yet brittle characteristics.
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CHAPTER 3 EXPERIMENTAL INVESTIGATION OF TUNNEL DAMAGE AND SPALLING IN
BRITTLE ROCK USING A TRUE-TRIAXIAL CELL!

3.1 Abstract

Deep underground excavations in brittle rocks are subject to several ground stability hazards such
as spalling and rockburst. These hazards are typically associated with brittle failure mechanisms for hard
and massive rock mass. In this study, an experimental investigation has been carried out to evaluate the
mechanisms underlying these induced hazards in deep underground excavations. The main objective of
this study is to investigate the behavior of a freshly excavated circular unsupported tunnel in a brittle
synthetic rock with a focus on induced damage and spalling response. The experiment used a miniature
tunnel boring machine (TBM) to excavate a tunnel in a cubical specimen placed in a true-triaxial cell. The
material selected for this experiment was a reproducible synthetic rock analogous to sandstone with brittle
characteristics. In the experiment, the specimen was loaded with increasing confining stress under
incremental isotropic conditions in the true-triaxial cell until the tunnel failed. Macro-photography was
utilized to verify the excavation damage zones and failure mechanisms around the tunnel boundary. The
main observed failure mechanism of the model tunnel was spalling, which occurred due to brittle failure
and a sudden stress release at the tunnel excavation boundary. In addition to spalling, three zones of
damage were identified by macro-photography in the tunnel due to damage from construction, fracturing,
and plastic rock deformation. The outcomes point to a unique and in-depth comprehension of how

damage and spalling failure during underground excavation develop and its impact on tunnel stability.

3.2 Introduction

Forecasting and mitigating damage and failure in tunnels and caverns excavated through massive
and brittle rocks remain critical challenges in rock mechanics. Underground excavations perturb the
stresses around the tunnel boundary, contributing to induced damage dependent on the in-situ stress and
rock mass properties. Brittle rocks exhibit well-defined peak shear strength followed by pronounced strain
softening and pronounced damage from fracturing. Brittle rock characteristics have profound implications
in tunneling. In underground excavations, brittle failure of rocks is often violent and uncontrolled, which
is difficult to control and requires special provisions to achieve stable construction and ensure the safety

of workers.

! This chapter is based on a paper published in International Journal of Rock Mechanics and Mining Sciences
(Wibisono et al., 2024). Partial contents of this chapter have also been presented at the EUROCK 2024, Helsinki,
Finland, November 2022 (Wibisono et al., 2023b).
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Figure 3.1 depicts the schematic diagrams for the different zones of induced damage around a
circular excavation in brittle rock (modified after Read (2004) and Perras and Diederichs (2016). The

different zones of induced damage in the tunnel wall are classified as follows:

1) Construction Damage Zone CDZ, also termed as construction-induced excavation damage zone EDZ;,
is observed as irreversible damage and highly depends on the construction method.

ii)) Highly Damaged Zone HDZ, typically characterized by fracturing close to the tunnel boundary due to
crack propagation within localized zones and may promote spalling, slabbing and/or dog-earing. This
fracturing occurs after the shear strength of the rock has been reached and the rock is in the strain
softening regime where pronounced damage from fracturing occurs.

iii) Excavation Damage Zone EDZ is associated with irreversible and significant rock damage due to
plastic deformation. The stresses reach the peak shear strength of the rock but may not have reached
strain softening.

iv) Excavation Influence Zone EIZ, which was previously also called the excavation disturbed zone and
renamed to minimize confusion. In this zone, the rock is anticipated to experience elastic deformation,

demonstrating reversible damage.
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— Tunnel Final Profile

— -~ Elastic-Plastic Boundary - Excavation Damage Zone Construction Damage Zone

Figure 3.1 Schematic illustration for transversal and longitudinal cross sections of the different zones
of induced damage around the tunnel constructed with TBM under hydrostatic loading (modified after
Read (2004) and Perras and Diederichs (2016).

Other than the CDZ, it is expected that different zones from the tunnel boundary towards the rock
mass will be in the corresponding pre-peak, peak, and post-peak regimes of the stress-strain behavior in

the EIZ, EDZ, and HDZ, respectively (Vazaios et al., 2019). Although distinguishing the boundary
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between the rest of the zones can be difficult, it is crucial to consider induced damage delineation to
ensure a safe and durable tunnel excavation design. Further discussion on this induced damage will be
presented in Section 3.3, along with the observed damage and spalling response in the experiment carried
out in this study. The terminologies used for the excavation damage zones are primarily employed in
underground radioactive waste disposal to improve the understanding of how damage is induced and how
permeability is changed around an excavation (Siren, 2015; Tsang et al., 2005). The terminologies are
also adopted in this paper.

Spalling observed in the HDZ is a particularly undesirable brittle rock mass failure along the
tunnel boundary, frequently occurring in large underground excavations under high in-situ stress
conditions (Cai and Kaiser, 2014). Spalling can be violent or nonviolent depending on progressive
damage stages and is also adversely associated with rock-bursting susceptibility (Diederichs et al., 2009;
Hoek and Kaiser, 1995). Spalling is a type of brittle rock failure characterized by the progressive release
of strain energy in hard and massive rock from the initiation and propagation of extensional (Diederichs et
al., 2004; Ortlepp and Stacey, 1994). Spalling under strong compressive loading is characterized by the
production of apparent crack extension and dilation along the excavation boundary. In addition, spalling
can also produce a V-shaped notch on the tunnel surface with slabs that vary in thickness and originate in
the highest tangential stress regime at the tunnel boundary (Martin and Christiansson, 2009). Spalling
takes place commonly in excavations through hard rock at great depth. However, spalling has also been
reported in excavations through soft rock at comparatively shallow depths (Read, 2004; Yu et al., 2015).
Induced damage and spalling can compromise tunnel stability and pose major safety threats, financial
loss, and technical difficulties. Therefore, an in-depth understanding of the key contributing factors to
brittle failure can greatly improve tunnel design. For instance, a detailed investigation of the induced
damage under various in-situ stress conditions is a fundamental aspect of developing effective mitigation
techniques.

Laboratory-tested results have been crucial in understanding damage and spalling phenomena
(Ulusay, 2015). Since in-situ tests on large-scale geotechnical structures are time-consuming and
expensive, researchers have performed various laboratory tests to investigate spalling and brittle failure
mechanisms. These include: (i) uniaxial compression using a block of rock with a central circular opening
(Carter, 1992) and large hard rock specimen with a distinct shape (curved handle dumbbell) to recognize
the critical area for spalling along the tunnel boundary (Jacobsson et al., 2015); (ii) biaxial testing to
investigate splitting-to-shear failure mechanism that allows the failure plane to propagate unrestrictedly
(Labuz et al., 1996), to simulate the maximum tangential stress distribution on the circular excavation
through axially compressed beams (Cho et al., 2010), and to estimate spalling and failure onset in plane
strain conditions (Kusui et al., 2016); (iii) triaxial testing to focus on cohesive and frictional strength and

to observe the cracks propagation with eccentric axial loading on a granite block (Martin and Chandler,
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1994); and (iv) true-triaxial testing for brittle failure investigation that is thought to yield more accurate
results due to independent manipulation of the principal stresses that reflect better to actual conditions
(Pinto and Fonseca, 2013).

Since the early 1990s, true-triaxial cells have been used for studying induced damage and
spalling. Some notable developments include Lee and Haimson (1993). They investigated the borehole
breakout phenomenon in a granite specimen resulting in a "dog ear" shape due to a sequential
spalling failure. Years later, Cheon et al. (2011) studied an opening in mortar rock-like brittle specimens
under true-triaxial stress. The opening size was 60 mm in diameter in a cubic specimen of
290 x 290 x 290 mm®. The investigation focused on the damage depth and characterized the failure type
through multiple loading configurations. Nonetheless, the characterization of the brittle rock-like
specimen was not discussed in detail, particularly in terms of its brittleness properties.

Recently, Gong et al. (2018) studied the effect of spalling failures that induce rockburst events on
the laboratory scale. The experiment was observed through a 50 mm diameter prefabricated opening in a
red sandstone cubical specimen 100 x 100 x 100 mm? in size. In this study, the early stage of sidewall
failure was characterized by the ejection of a few tiny particles as the concentrated tangential stress
exceeded the unconfined compressive strength of the rock around the tunnel boundary. However, the
prefabricated opening does not represent real tunneling conditions because the tunnel was not excavated
under load.

To the extent of current knowledge, there is a lack of investigations focusing on the simultaneous
development of reproducible-analogous synthetic material and a controlled tunnel model to simulate
brittle failure characteristics. In this context, the prime focus of the present study is to analyze the
mechanical response of an excavated circular unsupported tunnel in a brittle synthetic rock specimen with
due consideration to induced damage and spalling occurrences. The experimental configuration allows the
tunnel to be excavated under conditions that correspond to realistic in-situ stresses. A combination of
material and physical testing variability can contribute to developing analytical and numerical models that
will benefit tunneling design.

This study presents experimental results of induced damage and spalling in a freshly excavated,
unsupported tunnel through brittle-synthetic rock. A miniature TBM was designed to excavate the tunnel
through a cubic rock specimen under controlled in-situ stresses in a true-triaxial cell. The selected
material to be investigated is a reproducible brittle rock specimen developed as an analog synthetic
sandstone. The investigation seeks to capture tunnel damage and spalling failure at the post-mechanical

excavation stage, aiming to create safer and more efficient tunneling practices in the future.
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33 Experimental Framework

In geotechnical engineering, physical models serve two purposes: (i) qualitative assessment by
achieving geometry similarity and (ii) quantitative analysis to develop a model that meets the conditions
of "similitude" (Stimpson, 1970). The test specimens must have the characteristics of the investigated
phenomenon. In this investigation, the test specimens were prepared to exhibit brittle response at the
tunnel boundary. Developing a repeatable analog rock mix was vital, as collecting natural, homogeneous,
and undisturbed specimens of large sizes from the field were difficult. Natural specimens often introduce
heterogeneities, and the statistical probability of obtaining consistent ones decreases as sample size
increases. This variability could compromise the investigation plan. Hence, the material selection, the mix
proportion, and the mixing method play a significant role in developing the appropriate mix for specimen
preparation. Along with the controlled tunnel model, the experimental framework scheme in this paper

would capture a comprehensive view of the induced damage and spalling in tunneling.

3.3.1 Sample Preparation and Characterization

A synthetic sandstone was developed for testing in the true-triaxial testing cell as a specimen. The
synthetic rock is expected to exhibit isotropic-homogeneous behavior, repeatability, and ease of
preparation, particularly for large-scale tests. The proposed synthetic sandstone consists of F-75 Ottawa
sand (Dakoulas and Sun, 1992), commercially available Type I/Il Portland cement (ASTM, 2021a), and
water. These molded specimens are designed to exhibit a brittle response and relatively low porosity,
imitating the characteristics of weak sandstone (Wibisono et al., 2022). Additionally, weak synthetic rock
reduces the need for a large capacity loading configuration and allows for specimens that comply with
size effects. The mix design and proportions for 1 m* of the synthetic specimen, developed after several

trials, are presented in Table 3.1.
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Table 3.1 Summary of mix design and proportions for synthetic sandstone mix.

il

iii.

1v.

Components Values
Cement content, C (%) 8.0
Water to cement ratio by weight, w/cm 1.2
F-75 Ottawa Sand* (kg) 1963.4
Cement* (kg) 170.7
Water* (1) 204.9

* for 1 m3 of specimen.

The procedure for synthetic sandstone preparation is as follows:

First, the F-75 Ottawa sand and cement are pre-mixed in a dry container according to the cement
content percentage C (see Table 3.1) until mixed thoroughly. C is defined as a percentage of the
cement mass to the total solid mass (cement and sand). With a relatively low cement content of
8%, a homogeneous mix is ensured through visual observation during the pre-mixing.

Water is added at a designated ratio (see Table 3.1) and mixed using a hand grout mixer

(i.e., electric drill with mixer attachment) with a minimum of 40 revolutions per minute (RPM).
As the moisture from the water covers the pre-mixed material, the mix should have consistent
homogeneity after up to ten minutes of thorough mixing.

The casting of the sample is performed in layers (preferably at least three layers to reach the
designated specimen size), with light tamping of 10-20 mm thick layers. This procedure creates
an interconnection between the layers. Figure 3.2 shows photographs of the 300 mm cubical
testing specimen preparation process.

Finally, the specimen is cured for 28 days, according to the American Society for Testing and

Materials (ASTM) Standards C192 and C511 (ASTM, 2021b, 2021c).
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Figure 3.2 Preparation of a cubical specimen for true-triaxial testing. (a) Mold and pre mixing of
cement and F-75 Ottawa sand until visually homogeneous solid mix is prepared; (b) freshly mixed
synthetic sandstone with consistent homogeneity after adding water and thorough mixing process; (c)
tamping rod is adjusted according to the suitable size for different sample geometry; and (d) moisture
control and monitor for the specimen inside the mold.

In addition to the 300 x 300 x 300 mm? cubical specimen constructed for the main test in the true-
triaxial setup, additional cylindrical samples are prepared for material characterization. In the
characterization process, a series of physical property tests, including Unconfined Compression Tests
(UCT), Brazilian tension tests, Single-Cyclic Loading-Unloading Uniaxial Compression (SCLUC) tests,
and triaxial tests are performed. These characterization results are examined further in terms of brittleness
and burst-prone behavior through several rock-bursting criteria, such as the strength brittleness index B,
(Hucka and Das, 1974; Wang and Park, 2001), burst energy coefficient R (Goodman, 1989), brittleness
index modified BIM (Aubertin et al., 1994), and strain energy storage index F (Kwasniewski et al., 1994).

3.3.2 True-Triaxial Cell and Miniature TBM Setup

The present experimental investigation used a true-triaxial cell and a miniature soft-ground open-
face TBM developed at the Colorado School of Mines (CSM). The true-triaxial cell (Frash et al., 2014a) is
combined with a miniature TBM to develop a tunnel model test to investigate instabilities in excavation

(Arora et al., 2022). The subsequent sections provide explanations for each component.

53



3.3.2.1 True-triaxial cell

The true-triaxial cell is designed to test cubical rock specimencs up to 300 x 300 x 300 mm? in
size. Figure 3.3a presents the isometric view of the true-triaxial cell configuration without the steel top lid.
The main cell body is constructed of structural steel with a yield strength of 250 MPa, while the steel top
lids have a yield strength of 700 MPa. Figure 3.3b presents the top view of the true-triaxial cell
configuration before mounting the steel top lid. With the top lid removed, the cell is accessible, allowing
the placement of the cubical rock specimen, acoustic emission (AE) monitoring, and loading
configuration.

The load is applied to three active faces through Freysinnet flexible flat jacks behind stiff metal
platens. This loading configuration can apply normal stresses of up to 13 MPa on each side. The opposing
passive sides are composed of cast-in-place high-strength cement grout to ensure uniform contact between
the specimen and the cell body. The flat jacks are manually pumped with Enerpac hand jacks to apply
each principal stress to the specimen faces. Pressure gauges are equipped to monitor the applied load to
each flat jack.

As shown in Figure 3.3c, the specimen in this study was subjected to an isotropic confining stress
field (i.e., oy = 0, = g3 = p,). When the steel top lid is placed on the true-triaxial cell, hydraulic and
sensor lines can go through the 63 mm circular opening on top. The steel top lid contains another 75 mm
circular opening at the center, furnished for the excavation access. More details about this true-triaxial

setup can be found in Frash et al. (2014a).
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Figure 3.3 Conceptual illustrations of: (a) concrete backing and cell body; (b) top view of the true-
triaxial apparatus configuration without the steel top lid; (c) isometric view of the specimen showing AE
sensor placement and tunnel position; and (d) the miniature TBM mounted on the true-triaxial cell. The
actual experimental setup is shown in (e).

3.3.2.2 Miniature TBM setup

A miniature TBM setup simulates a mechanical excavation in a cubical rock specimen subjected
to field/in situ stress levels under a true-triaxial condition (Figure 3.3d). The adopted mechanical
excavation system incorporates a vertically-mounted rotary and down-the-hole drill with a compressed air
flushing system. The miniature TBM also consists of a reaction frame that holds the entire system of
thrust, torque, cutting, and supporting units. The thrust unit includes a hydraulic jack, a pair of servo-
controlled pumps, and a thrust bearing, while the torque unit consists of a constant-speed AC motor, two
chain sprocket gears, and a chain. In addition, the cutting unit has a 51 mm diameter tungsten-carbide-

button-bit attached to the hollow drilling rod. The reaction frame as the supporting unit is fabricated from
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ASTM AS500 structural steel and consists of two square columns, one rectangular beam, and four welded
rectangular bracings. More details about this miniature TBM setup can be found in Arora et al. (2021).

The location of the tunnel excavation opening is along the center line of the specimen, drilled top
to bottom through diameter opening at the steel top lid of the true-triaxial cell. The excavation leaves a
clearance gap of approximately 124 mm (around five times of tunnel radius) between the tunnel
excavation face and the specimen boundary. The magnitude of clearance is obtained by several trials such
that the effects of confinement boundary are negligible on the tunnel excavation face. In the present
investigation, the excavated length of the tunnel is 146 mm, which covers almost half of the specimen's
length. A DiSCO (Dynamic Teledyne Isco D-series Syringe Pump Control) control program developed
using LabVIEW monitors the TBM parameters, including cutter head thrust or face pressure, total tunnel
progress, and tunnel advance rate (Frash, 2016). The tunnel face pressure determined from the hydraulic
jack pressure provides input command to the program with a continuous constant pressure (CCP) mode.
The control program also computes and logs the miniature TBM's advance rate and total advance by

measuring the amount and flow rate of hydraulic fluid flowing into the hydraulic jack from the pump

34 Experimental Procedure

This section describes the different stages of the experimental procedure performed in the present
study. The four major stages of this procedure are as follows: (i) preliminary works, (ii) tunnel excavation
using a miniature TBM, (iii) stage-wise loading using the true-triaxial cell, and (iv) post-experimental

investigation.

3.4.1 Preliminary Works

At first, the true-triaxial cell was prepared for the tunnel model experiment. This step includes
removing the steel top lid and cleaning debris from the previous testing. The loading system consisting of
hydraulic cylindrical expansive jacks and square steel plates were installed as the active sides on three
cubical specimen sidewalls—bottom, front, and side (Figures 3.3b and 3.4b). Supporting frame, hydraulic
lines arrangement, and steel footing were also prepared beforehand to hold the loading system and the
rock specimen. The rock specimen was extracted from the casting mold and transferred to the true-triaxial
cell using a hydraulic crane setup (Figure 3.4a). A spirit level was used to ensure the specimen was placed
horizontally correctly. The steel top lid of the true-triaxial cell was then tightened, and the three hydraulic

lines were connected with the corresponding jacks (i.e., g4, 05, 03), as shown in Figures 3.4b and 3.4c.
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Figure 3.4 (a) Positioning the sample into the true-triaxial cell; (b) top view of the sample in the
true-triaxial cell before mounting the top steel lid. Annotated for the grouted sides (passive faces) and
steel plate jacks (active faces), also the outlet for the hydraulic and AE lines; (c) installing the top steel
lid; (d) miniature TBM setup mounted on the true-triaxial cell

3.4.2 Tunnel Excavation using a Miniature TBM

In this stage, the miniature TBM reaction frame was mounted on the steel top lid of the true-
triaxial cell (Figure 3.4d). The position of the vertical reaction frame was fixed through the arrangement
of the bolts to ensure its stability and verticality during tunnel excavation. After mounting the reaction
frame, the respective power source and hydraulic line attachment enabled the torque and thrust unit to
operate. In addition, a flushing system was enabled through a connection to the compressed air line.
Before the cutter head touches the specimen, however, multiple tests were conducted to ensure that the
miniature TBM system operate properly.

Once the miniature TBM is ready to excavate the tunnel, the rock specimen was pre-loaded under
isotropic confining stress py of 0.5- g, (o, = UCS of the intact rock) to steadily hold the specimen while
the excavation was taking place. To maintain the thrust, the miniature TBM excavates the tunnel face
under continuous constant pressure (CCP) mode. Air flushing was continuously performed at 20-second
intervals to primarily transport broken material outside the tunnel and minimize debris accumulation at
the tunnel face. The flushing duration varies as needed and was determined by observing the debris blown
out from the tunnel. When no more material is blown out, the flushing was paused. The single-phase
constant speed alternating current (AC) motor controls shaft rotational speed at 14 revolutions per minute
(RPM). The excavation was terminated once the tunnel advance reached the specified depth of
approximately 150 mm. This process was conveyed through simple ruler measurement of hydraulic piston

extension since the TBM cutter head began drilling.
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3.4.3 Stage-Wise Loading

The isotropic loading on the rock specimen was gradually increased in stages, with the AE
monitoring system continually recording the tunnel response. The initial load increment in each stage was
set at po/o, = 0.5. Loading was increased to the next higher level once the observed AE activity (hits and
events) in a respective loading stage became negligible, i.e., each loading stage lasted approximately 120
hours to promote a steady state on the tunnel boundary. The loading rate was maintained at approximately
0.45 MPa/min in all directions. This selected rate and holding duration were intended to minimize the
loading rate effect that could otherwise cause apparent increase in strength. Stress relaxation was observed
throughout the epochs, necessitating re-adjustment to designated isotropic loading state every 24 hours.
When the specimen was expected to fail, the magnitude of the applied load increment was reduced to
po/o. = 0.25 (e.g., from py /o, = 2.75 to py /o, = 3.0).

Figure 3.5 represents the stage-wise loading in the experiment. The load increment process was
completed when a sudden massive event was recorded in the AE monitoring system, along with an
observable phenomenon, such as sounds and spalling in the rock mass surrounding the tunnel. Loading
was also stopped when the current true-triaxial setup reached its maximum loading capacity. AE data
analysis during the true-triaxial loading stage could not be performed due to data saturation. However, AE
data from the excavation phase with miniature TBM has been analyzed and is available in previous

studies (Gautam et al., 2023; Moradian et al., 2024).
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Figure 3.5 Applied hydrostatic stresses step graph throughout the loading stages. The Roman
numerals represent the corresponding loading stage at each hydrostatic condition (p, /o)
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3.4.4 Post-Experimental Investigation

Once the loading phase was completed, the mini-TBM was withdrawn from the tunnel opening.
The tunnel wall and face were investigated for damage digitally using a 2-Megapixel borehole endoscopic
camera inserted into the hole (Figure 3.10). After imaging inside the tunnel is completed, the tunnel is
filled with an epoxy resin mix (West System 105 Epoxy Resin Part 1 and 207 Special Clear Epoxy
Hardener) to preserve the final convergence and structure of the tunnel wall even after unloading. With a
flowing viscosity suitable for permeation, the resin was poured using gravity from a constant height of
150 mm to the tunnel portal. The cubical specimen was unloaded from the true-triaxial cell after the resin
fully hardened (approximately 48 hours). The specimen was then sliced and slabbed into one longitudinal
section and six approximately 50-mm thick half-axial cross-sections for further examination through
macro-photography. The following was the setup for the post-test macro-photography of the slabbed
specimen: (a) body: Canon EOS M6 Mark II, (b) macro lens: Canon MP-E 65 mm 1/2.8 1-5x, (c) adapter:
EF-EOS M lens adapter, (d) flash: Yongnuo macro ring flash. The configuration gives a resolution of 32.5
megapixels, ensuring high-quality visualization of the damage zones and spalling features. The
longitudinal section of the tunnel is digitized with point picking to develop final deformed tunnel profile.

The characterization of the tunneling-induced damage in the rock is discussed further in Section 3.3.

35 Results and Discussion

This section discusses the experimental results recorded according to the processes prescribed in
Sections 3.3 and 3.4. The experimental results include the rock specimen properties, TBM performance

during excavation, spalling observation, and tunnel deformation data.

3.5.1 Synthetic Sandstone Properties

A series of property tests are carried out in this study to obtain the physical properties of the
developed synthetic sandstone. The tests include six UCT, four Brazilian tests, three SCLUC tests, and six
triaxial tests at different confining stresses. The displacement-controlled UCT and triaxial tests utilized a
constant axial strain rate of 10 s! with test times typically between 8-12 minutes (ASTM, 2017). The
SCLUC tests use a load-controlled setup at an 80 N/s loading rate. In addition, physical property tests also
determined the dry unit weight, saturated unit weight, and porosity of the synthetic sandstone. The mean
values of the unconfined compressive strength o, tensile strength o;, and tangential elastic modulus at
50% of peak stress E;, are summarized in Table 3.2, together with the saturated unit weight y,,, dry unit
weight ¥4, and porosity #. Additionally, the axial and lateral strain measurements yielded a Poisson's

ratio v to be 0.21.
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Table 3.2 Summary of the synthetic sandstone test results (physical properties, UCT, Brazilian,
SCLUC, and triaxial)

Property Value
Saturated unit weight, ¥, (kN/m?) 17.8
Dry unit weight, Y4, (KN/m’) 16.7
Porosity, n (%) 11.5
UCS, a.* (MPa) 3.07+£0.19
UTS, o, * (MPa) 0.45+0.11
Elastic modulus, E5,* (GPa) 0.94 +0.07
Poisson's ratio, v * 0.21
Retained axial strain in SCLUC (%) 0.18 £0.01
Cohesion, c* (MPa) 1.06
Internal friction angle, ¢ * (°) 21.4

* for the strain-controlled testing, the strain rate is 10°s™!.

For the SCLUC test, three samples are unloaded when the first loading reaches 2.1 MPa (at 70%
of peak compressive strength), and the retained axial strain is determined to be 0.18 + 0.01%. The axial
stress-strain curves obtained from the UCT and SCLUC tests are shown in Figures 3.6a and 3.6b,
respectively. As can be seen, the stress-strain curves clearly show brittle behavior with distinct peak shear

strength followed by pronounced strain-softening to distinct but very low residual shear strength.
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Figure 3.6 (a) Axial stress-strain plot representing the majority of the Unconfined Compression

Tests, with an error bar (vertical-dotted) to account for variability due to the number of results; (b) axial
stress-strain plot representing SCLUC test for one of rockburst criteria evaluations. The red dotted line
shows the extrapolation of the unloading curve; and (¢) Mohr’s circles for unconfined compression and
triaxial tests with the best fitting for Mohr-Coulomb and Hoek-Brown failure envelopes.

Six triaxial tests were performed at three different confining pressures of 1.5, 3, and 4.5 MPa,
which represent p, /o, = 0.5, p, /0. = 1.0, and p, /o, =1.5, respectively. Triaxial and unconfined
compression test results were processed using RSData (Rocscience Inc., 2022) to generate Mohr-
Coulomb and Hoek-Brown failure envelopes for the synthetic sandstone. Figure 3.6¢ shows the obtained
failure envelopes and the Mohr's circles for four confining pressures, including the unconfined
compression test. For the Mohr-Coulomb (MC) failure envelope, the best linear fit gives undrained
cohesion ¢ and internal friction angle ¢ equal to 1.06 MPa and 21.4°, respectively. On the other hand, the
non-linear Hoek-Brown (HB) failure envelope is obtained with the parameters m=4.33, s=1, and a=0.5.
As can be seen, there is very little difference between the MC and HB criteria. Table 3.2 summarizes all
the laboratory test results of the synthetic sandstone.

Figure 3.7 shows back-to-back photographs of two samples, one for UCT and another for the
SCLUC test, after the loading. Both samples clearly developed vertical/sub-vertical fractures, which

61



appear extensional given the dilation of the fractures. The fractures (crack damage) were observed at
about 0.25% of axial strain and were fully developed after the peak shear strength has been reached. The
development of extensional fractures parallel/sub-parallel to the major principal stress oy is a clear

indication of the brittle characteristics of the synthetic (Nygard et al., 2006).

Figure 3.7 Photographs of the test samples after loading showing axial dominant and shear failure
where the tests were performed at 28 days curing time of the synthetic sandstone. (a) Unconfined
compression tests (UCT) and (b) SCLUC tests.

The synthetic sandstone properties contributed to determining the experimental stage-wise
loading. For instance, the staged-loading confining pressure is normalized with the Unconfined
Compression Strength, UCS or o,. The element test results on the cylindrical specimens, particularly the
mode of failure, also serve as input for further analytical study and interpretation. The physical properties
are analyzed to investigate experimental results with analytical and empirical solutions of the model
tunnel test.

As mentioned, developing a synthetic sandstone that behaves as a weak, homogeneous, brittle
material for investigating spalling and rockburst is vital. This study evaluated synthetic sandstone based
on four empirical criteria to determine its brittleness and bursting properties. These criteria were assessed
using three analysis methods: strength parameters (strength brittleness index B;), UCT stress-strain curve
analysis (brittleness index modified BIM and burst energy coefficient R), and SCLUC stress-strain curve
analysis (strain energy storage index F).

The strength brittleness index B; defined as the ratio between the unconfined compressive

strength of the rock to its tensile strength (o./0;). In the case of the synthetic sandstone mix, the strength
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parameters presented in Table 3.2 were used to calculate B; values ranging from 5.1 to 9.6. These ranges
of strength brittleness index B; suggests a strong potential for rockburst, as they are less than 14.5.
Figure 3.8 illustrates the brittleness calculations using the UCT and SCLUC test stress-strain
curves. The brittleness index modified BIM is defined as the ratio of the total input energy density of the
pre-peak A, to the peak elastic strain energy density A, based on the UCT stress-strain curve (Figure
3.8a). Based on the stress-strain curve analysis, the value of A; and A, are 5.5x1073 and 6.5x107,
respectively, resulting in a calculated BIM of 1.18 (A,/A;). According to the criterion, values ranging

from 1 to 1.5 indicate a strong to moderate potential for bursting.
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Figure 3.8 Calculation of synthetic sandstone bursting criteria using stress-strain curve analysis

methods: (a) brittleness index modified BIM, (b) burst energy coefficient R, and (¢) strain energy storage
index F.
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The burst energy coefficient R uses the complete stress-strain curve from UCT and calculates the
total area under the curve before peak Wy divided by the total area under the curve after peak of the shear
strength Wy (Figure 3.8b). After calculating the areas, Wy and W are found to be 6.5x107 and 5x1073,
respectively. The burst energy coefficient R (Wg/Wp) is then determined to be 1.3. This ratio satisfies the
criterion for moderate bursting potential, as the burst energy coefficient requires a ratio greater than 1.

The strain energy storage index F is calculated by dividing the retained elastic energy ¢, by the
dissipated energy ¢4, as delineated from the SCLUC stress-strain curve (Figure 3.8¢). The SCLUC
stress-strain curve, which relies on 70% of the peak unconfined compressive strength, reveals that the
retained elastic energy ¢, is 1.5x107, while the dissipated energy ¢, is 6.5x10*. The strain energy
storage index criterion suggests that the an F value between 2.0 and 5.0 indicates moderate burst potential.
The division of these values (¢g,/ ps:) yields a value of 2.32, which falls within the moderate burst range.

Table 3.3 provides a summary of the evaluation of the developed synthetic sandstone based on the
four criteria that primarily support its brittle and bursting characteristics. The synthetic sandstone exhibits
a moderate to strong bursting potential from the strength brittleness index, brittleness index modified,

burst energy coefficient, and strain energy storage index criteria.

Table 3.3 Summary of current synthetic sandstone mix characterization to the rock bursting criteria
used in this study.

Synthetic Typical Ranges

Bursting Criteria Measurement Source Sandstone for Moderate
method .
Values Bursting
Hucka and Das
Strength brittleness index, Strength (1974);
B; = o./0; parameters Wang and Park >1-96 <145
(2001)
Brittleness index
modified, Is{rCaTnséfrsvse Goodman (1989) 1.18 1.0-1.5
BIM = AZ /Al
Burst energy coefficient, UCT stress- Aubertin et al. 13 -1
R =Wy /Wp strain curve (1994) ’
Strain energy storage . .
index, SCLUC stress-  Kwasniewski et al. 232 20-50

F = g/t strain curve (1994)
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3.5.2 TBM Performance During Excavation

TBM parameters such as face pressure and advance rate throughout the excavation stage were
continuously monitored. Figure 3.9a depicts the TBM face pressure py while Figure 3.9b depicts the
miniature TBM's measured advance rate during the excavation phase. The cumulative tunnel advance plot
is superimposed on each figure. Although the TBM face pressure is maintained at around 1.69 MPa by a
pair of servo-controlled pumps, Figure 3.9a shows quite a few drops in the load. These monitored drops
are perceived because of a sudden loss of contact between the TBM cutter head and the advancing tunnel
face (Wibisono et al., 2023b). The TBM overall advance is gradual and without impediment. However,
the maximum tunnel advance is limited to 150 mm (50% of the specimen's length) to minimize the
boundary effects of the cubical specimen sides over the tunnel behavior. The excavated tunnel profile is
measured to be 51 mm, which is equal to the TBM cutter head diameter, resulting in 25.5 mm of tunnel
radius Ry. It is worth noting that the "as-built" tunnel wall profile is not a perfectly smooth circular profile

but has an undulating one.
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The advance rate in this experiment (Figure 3.9b) is calculated from the oil flow rate monitored
from the control program. The average advance rate was 49.98 mm/hour, resulting in a total excavation
time of approximately 2.80 hours for 146 mm of advance. In Figure 3.9b, some fluctuations are
accompanied due to the abrupt loss of contact between the cutter head and the rock specimen during
excavation. As part of the mechanical excavation process, it is a common practice that TBM excavation
be carried out as quasi-static loading. In the present experiment, the operations of the miniature TBM
follow the same procedure, influenced by the rock mass properties, to determine rock excavability,
defined as the rate of excavation expressed in cutting performance in advance length per time (Bieniawski
and Grandori, 2007). As mentioned, the rock mass properties, such as brittleness response, were vital in
evaluating the cutter head performance in regard to the advance rate. The synthetic sandstone in this
experiment was found to be brittle as discussed above. The cutter head achieved a relatively higher TBM
advance rate compared to the previous experiments with the same configuration that used synthetic
mudstone (Arora et al., 2022). The rocks with lower brittleness is known to absorb extra energy at the
fracture tip to fulfill fracturing criteria, resulting in the TBM advance rate decrease (Gong and Zhao,

2007).

3.5.3 Induced Damage and Spalling

Figure 3.10 shows the imaging carried out by an endoscopic camera from inside the tunnel. As
mentioned, the sample was still under load at this time. Figure 3.10b shows multiple cracks on the tunnel
wall that are sub-parallel to the longitudinal tunnel axis and partial detachment of thin rock fragments
along the tunnel wall, indicating spalling failure around the tunnel boundary. Figure 3.10c shows similar
images of spalling looking towards the tunnel face. Note that the tunnel surface finish is not smooth but

undulating. The structure of the surface influenced the damage at the tunnel, as will be discussed below.

Endoscopic Camera and Scale = BVicwafrom Thur

Figure 3.10 (a) Endoscopic camera to record the spalling behavior inside the tunnel opening using a
manual scaling system; (b) images from a perpendicular view of the tunnel axis; and (c) closer tunnel axis
view of the final spalling outcomes on the tunnel profile inside the tunnel portal.
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Half axial cross and full longitudinal sections from the specimen were investigated using macro-
photography after the epoxy resin was introduced into the tunnel while it was under load. The hardened
epoxy resin effectively preserved the rock microstructure created by the tunneling. Figures 3.11 and 3.12
show photographs of the tunnel half cross-sections at 50 mm and 100 mm tunnel advance, respectively.

Figure 3.13 shows photographs from a full longitudinal section of the tunnel.

o

Figure 3.11 Slabbed rock tunnel specimen half axial cross-sections at approximately 50 mm advance
length from the tunnel portal. HA denoting Half-Axial, whereas the following codes include the slab
number in respect to distance from portal and spot of shots (upper, medium, and lower). Different types
and colors of demarcating lines indicate different zones of induced damage around the tunnel boundary.
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Figure 3.12 Slabbed rock tunnel specimen half axial cross-sections at approximately 100 mm advance
length from the tunnel portal. HA denoting Half-Axial, whereas the following codes include the slab
number in respect to distance from portal and spot of shots (upper, medium, lower, and invert).
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Figure 3.13 Slabbed rock tunnel specimen longitudinal cross-section. LU and LL denoting the
longitudinal upper and longitudinal lower, respectively, whereas the following number is the shots
numbering.
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In characterizing the induced damage zones, interpreting the Excavation Influence Zone E1Z was
difficult since the elastic deformation cannot be noticed from the macro-photograph. The outer boundary
of the EIZ is often insignificant in an excavation with relatively minimal changes in rock mass properties.>
The epoxy used to preserve the microstructure of the failed tunnel wall did not penetrate the EIZ.
Furthermore, by removing the sample from the true-triaxial cell, the sample is unloaded and is no longer
under applied load. At this time, all elastic deformation should have been released and no longer visible in
the sample.

In addition to the EIZ, the damage induced by tunneling on the tunnel wall is further delineated
into four different more visible zones. Details of the different damage zones from the experiment are
discussed below. Using macro-photography, it is found that the microstructure of the tunnel wall after
drilling can be characterized according to the following four damaged zones:

The Highly Damaged Zone HDZ is observed from the major discoloration to brown color of the
resin-dominated area, indicating high macro-fracture intensity and connectivity. The resin glued the loose
sand grains and broken cementitious bonds from the highly damaged intact rock. This phenomenon is
similar to the in-situ condition discussed in Li (2017) about fracture intensity in an observatory borehole
in an underground excavation.

The Excavation Damage Zone EDZ is indicated by slight discoloration due to the resin from the
original synthetic sandstone color. The EDZ is caused by the plastic deformation and some distributed
damage in the rock mass (Perras and Diederichs, 2016). Less interconnected damage presumably allows
smaller penetration of resin compared to the HDZ.

The Construction Damage Zone CDZ shows porosity that looks smaller compared to other zones
indicating compaction due to TBM excavation. Light greyish color also indicated predominantly hydrated
cement and bonded crushed sand, disallowing penetration of the resin further.

Spalling emerges from the separation of thin materials at the tunnel wall. The notable features
near the tunnel boundaries are the micro-fractures sub-parallel to the wall indicating extensional failure
leading to spalling. The spalling is evidenced by material separation from the tunnel boundary. The sub-
parallel feature is similar to the samples from the UCT with sub-vertical extensional fractures parallel to
o after failure (Figure 3.7). This fracturing is expected because the stress condition at the tunnel wall is
similar to the UCT, where the radial stress o;- is zero, corresponding to zero confinement in the UCT, and
the tangential stress oy is the major principal stress. From the slabbed sections, the depth of spalling was
measured at 2 mm, approximately 8% of the tunnel radius. To put this in perspective, a tunnel with a
diameter of 10 m would have a measured spalling depth of up to 0.4 m.

Figure 3.11 shows a half cross-section at a tunnel advance of 50 mm with close-up macro-
photographs taken from three locations. The top figure shows four distinct rock fragments that have
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spalled at the tunnel wall. Note that the separated materials are clearly due to spalling as they are long,
very thin, and detached parallel to the tunnel wall. The drilling did not create these detached materials,
which would have produced irregularly-shaped drill bit cuttings. The repeated air flushing during the
tunneling would have removed these cuttings. HA-2-U, HA-2-M, and HA-2-L highlight the different
close-up response of the tunnel wall after excavation. Photo H-2-U shows two separate segments of the
tunnel wall due to spalling. The greyish area demarcated by the dashed line indicates a CDZ with a
relatively tighter structure compared to the rest of the rock that the resin could not penetrate. A slight EDZ
area is observed surrounding the CDZ. Photo HA-2-M shows major resin penetration that strongly
discolored the damaged zone to brown. Intense penetration indicates high micro-fracture intensity and
connectivity and is characterized as HDZ. The observed depth of HDZ in this location ranges between 1-2
mm. The thin lines demarcating the CDZ are indicated since light greyish materials appear by the chipped
cavities (spalled surface) marked by the dotted lines. Photo HA-2-L also shows clear indications of
spalling. The separated material is approximately 0.3 mm thick and is prominently separated at up to 1.2
mm from the rest of the tunnel wall. The HDZ and EDZ are shown away from the wall with major
discoloration due to resin penetration.

Figure 3.12 shows a half cross-section at a tunnel advance of 100 mm with close-up macro-
photographs taken from three locations. The top figure shows four distinct thin materials that have spalled
from the tunnel wall. There is a thin but clear CDZ at the tunnel boundary with a thickness of
approximately 0.2 mm. Major discoloration up to 5 mm can be observed to indicate the HDZ that the EDZ
surrounds. Photo HA-3-U shows a CDZ adjacent to the tunnel boundary with 0.3 mm thickness. The solid
line demarcates the EDZ, characterized by a relatively loose structure and slight discoloration. One
chipped opening can be observed that is potentially created by a spalled surface from the tunnel boundary.
In photo HA-3-L, a spalling of 0.4 mm thin separated material is visible. The separation ranges from 0.8
to 1 mm. The resin penetrates up to 11.5 mm from the tunnel boundary. Photo HA-3-L shows a thin
compacted layer indicative of a CDZ with a thickness of 0.8-1 mm. The resin penetrates further into the
rock until up to 11.5 mm from the tunnel boundary. Higher magnification in Photo HA-3-I distinctively
shows the major discoloration to indicate EDZ. A thin CDZ is distinct at the tunnel boundary with a
thickness of approximately 0.2 mm (photo HA-3-M). Major discoloration up to 5 mm can be observed to
indicate the HDZ that the EDZ surrounds. One chipped opening can be observed that is potentially left by
a spalled surface from the tunnel boundary.

Figure 3.13 shows photographs along the longitudinal section of the tunnel. The top figure shows
clear spalling of thin rock segments and the nearly continuous presence of a CDZ surrounded by EDZ.
The boundaries of both zones appear to follow the undulations of the irregularly excavated tunnel wall. A
small amount of separated material is observed in photograph LU-1 at the tunnel boundary close to the

edges of the capture. However, the material is chipped and separated from the rest of the rock mass. The
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dashed line demarcated the HDZ with reddish discoloration of the intact rock, while the rest is considered
EDZ. In photo LU-2, the dash-dotted line follows the final tunnel boundary, which could indicate micro
fracturing due to the undulating "as-built" tunnel profile before loading. Some CDZ is visible on the left-
hand side from the tightness of the structure and light color. In LL-1, three separated materials are
observed from the tunnel boundary demarcated by the dotted lines. The range of separation is from 0.5 to
2 mm. The dash-dotted line indicates the HDZ, whereas the rest of the rock is considered EDZ. Shown in
photograph LL-2 is major discoloration in the HDZ, localized close to the tunnel boundary, which
supports the probable shear localization due to the undulating "as-built" tunnel profile before loading. The
rest of the colored rock portions away from the is considered as an EDZ.

The average resin infiltration around the tunnel wall—demarcated as EDZ is 11.15 mm (i.e.,
43.73% of tunnel radius Ry), giving the experimental plastic radius R,, = 37 mm. The maximum radial
displacement ug _was measured to be 2.57 mm. Figure 3.14 presents the tracing results and
visualization of the radial displacement of the tunnel from point picking. Of note, the tunnel demonstrated
plastic deformation on top of the detached wall that manifested as spalling. The localized strain softening
due to initial tunnel irregularity after the excavation would affect the ups and downs of the deformation

along the longitudinal section.
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Figure 3.14 Digitized tracing results in tunnel deformation from longitudinal cut. (a) scatter plot with
point picking from tunnel invert and crown. (b) Tunnel deformation and spalling failure along the
longitudinal profile of the loaded tunnel with 5x exaggeration for the deformed ground. Note that the
initial excavation with miniature TBM resulted in an irregular tunnel shape.
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3.6

Conclusions

The present study investigated induced damage in a freshly excavated tunnel model in brittle-

synthetic rock using the true-triaxial cell. Miniature TBM was used to excavate the scale model tunnel

under conditions corresponding to realistic in-situ stresses. Laboratory element tests were performed to

understand further the rock mechanical behavior, particularly the brittle response and fracturing of the

synthetic rock specimen used. Post-experimental investigation using macro-photographs of the failed

tunnel boundary verified the tunnel damage and failure mechanism. Spalling was one of the prevalent

failure mechanisms, which developed because of increased stress intensity and concentrated tangential

stresses around the tunnel boundary during stage-wise loa(1ding. The experimental results lead to the

following conclusions:

1)

2)

3)

4)

The demarcated damage zones from the experiment include the Construction Damage Zone CDZ,
Highly Damage Zone HDZ, and Excavation Damage Zone EDZ, and separated materials due to
the spalling. These zones strongly corresponded to different failure mechanisms from the tunnel
boundary towards the rock mass that resembles the stress-strain curve's pre-peak, peak, and post-
peak regimes.

The tunnel model exhibited spalling failure at the tunnel wall with a 2 mm thickness or about 8%
of the tunnel radius. This finding is critical in understanding potential hazards to tunnel
construction when extrapolating to actual, in-situ conditions.

Prominent extensional failures adjacent to the tunnel boundary indicated by the failure pattern
were characterized by macro-photography. The behavior of the tunnel wall and UCT test sample
were in agreement, with both showing fracturing sub-parallel to the major principal stress (o; in
the UCT and oy in the model tunnel true-triaxial test).

Post-experimental investigation in the longitudinal cross-section also provided an evidence of
potential shear localization and micro-fracturing caused by the undulating "as-built" tunnel profile
before loading. The Highly Damage Zone HDZ is closely localized and followed the final tunnel
boundary.

Further research is necessary investigate different stress configurations and mitigation measure

such as ground support implementation. The AE data monitoring need to be fixed to avoid saturation

during the loading stage so it allows precursors detection in brittle failure scenarios. Albeit with

limitations, this research showcased the experimental scheme that adequately simulated brittle tunnel. The

stress-dependent brittle behavior of rock around a tunnel boundary was observed after the incremental

isotropic loading stages.
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CHAPTER 4 INVESTIGATION OF TUNNEL SPALLING USING A LARGE-SCALE TUNNEL
MODEL AND TRIAXIAL EXTENSION EXPERIMENTS!

4.1 Abstract

Brittle instabilities in tunnel excavation have led to spalling, violent rock ejection, and tunnel
collapse. Previous research has primarily investigated brittle failure using two-dimensional approaches,
which oversimplify in-situ stress state. Additionally, the mechanism behind the low entry angle of
fracturing observed in spalling during tunnel projects is not fully understood when using standard uniaxial
compression tests (UCT). This study aims to showcase these limitations using a large-scale tunnel model
and triaxial extension (TE) tests. A mock miniature tunnel boring machine (TBM) excavated through an
analog specimen loaded in a true-triaxial cell. Following excavation, the specimen was loaded in stages
under incrementally increasing isotropic conditions, which induced failure in the tunnel. Excavated 51
mm diameter tunnel within 300 x 300 x 300 mm?® facilitated direct observation of spalling progression
throughout the loading stage. Six wideband acoustic emission (AE) sensors were utilized to monitor
microcracking intensities associated with changes in boundary stress conditions during the loading stages.
At the end of the final loading stage, an epoxy resin was injected into the failed tunnel to identify the
damage zone. The TE tests were introduced as a new experimental methodology to improve spalling
prediction. Using conventional Hoek Cells, the TE test setup effectively represents three-dimensional in-
situ stress states and yields steep angles failure plane measured from minor principal stress. This study
improves our understanding of brittle failure mechanisms based on experimental evidence by comparing
TE and triaxial compression (TC) results with the tunnel model spalling. The evaluations indicated that
predictions using TE parameters were more accurate than those using TC parameters regarding spalling
strength (element strength test), entry angle, and depth of damage. The failure envelopes for both TE and
TC tests were assessed, but neither could predict a steep failure plane angle at zero confinement.
However, direct entry angle measurements from the element test and theoretical log-spiral slip lines
offered the most accurate fit with tunnel model spalling. Thin shear slabs with steep failure planes
provided conclusive experimental evidence, confirming that classical shear failure primarily governs
spalling. Ultimately, this study adds new insights for safer and more reliable tunnel designs in brittle

rocks.

! This chapter will be submitted as a full journal paper for publication in an international peer-reviewed rock
mechanics journal.
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4.2 Introduction

Various instability mechanisms can occur when the in-situ stress magnitudes surpass the rock
mass strength. One type of instability in tunnel excavation is brittle fracture, signified by rapid reduction
of the general load-bearing capacity of the rock mass. The fracturing propagates sub-parallel to the
maximum principal stress, typically known as extensional fractures, shear failures along pre-existing
discontinuities, or combinations of both (Hoek and Marinos, 2009; Martin et al., 1999). These fractures
can lead to the detachment of rock surfaces in the form of spalling or rock bursts (Gong et al., 2012b;
Mazaira and Konicek, 2015; Ortlepp and Stacey, 1994; Primadiansyah, 2024). Such instabilities have
significant consequences, including safety hazards, delays, and increased costs, particularly in deep
tunnels under high-stress conditions (Moss and Kaiser, 2022; Naji et al., 2019; Zhu et al., 2019). Recent
reports highlight brittle failure in tunnels excavated under moderate in-situ stress conditions. For example,
brittle failure delayed the final lining installation in the sedimentary rock of the Ohio River Tunnel Project
(des Riviéres and Goodman, 2023). Spalling also impacted the progress of the TBM excavation of the
Pahang-Selangor Raw Water Transfer Tunnel Project in Malaysia (Kawata et al., 2014). These cases
emphasize the need for a deeper understanding of brittle failure mechanisms under complex stress

conditions. As shown in Figure 4.1, spalling exhibited a low-entry angle failure mechanism near the

tunnel wall, which motivates this study.

Figure 4.1 Brittle failure challenge in the TBM-excavated tunnel project, showing spalling with low-
entry failure angles oriented sub-parallel to the tunnel boundary during excavation (Kawata et al. 2014).
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Over the past decades, several in-situ studies have contributed to understanding the brittle failure
mechanisms. These field studies include wellbore breakout observations (Zoback et al., 1985), Mine-By-
Experiment (Read and Martin, 1991), the Aspd Hard Rock Laboratory (Andersson et al., 2004), Posiva's
Olkiluoto Spalling Experiment (T. Siren et al., 2015b), and the Jinping Underground Laboratory Phase 11
(Feng et al., 2018). These investigations contributed to the following: (1) the development of empirical
criteria based on the maximum tangential stress gy to the uniaxial compressive strength o, (2) failure
mode validation, such as structurally controlled brittle failure due to anisotropy, and (3) numerical model
of brittle failure enhancement using continuum or discontinuum approaches (Hajiabdolmajid and Kaiser,
2003; Martin et al., 1997; Shen and Barton, 2018). However, in-situ tests are expensive and complex (Lin
et al., 2015).

As aresult, researchers have developed laboratory-scale experimental models to classify the
brittle failure mechanisms in rock (Paterson and Wong, 2005). These models are essential for verifying
simulation models of specific mechanisms, which can be used to explore a broader range of parameters
(Einstein, 2024). Some developed models related to borehole breakout or tunneling allow simultaneous
excavation under loading conditions, while others employ specimens with prefabricated openings.
Experimental models that include excavation allow a closer representation of actual field conditions than
prefabricated openings (Herrick and Haimson, 1994). Redistribution of stress around the tunnel boundary
during the excavation follows the unloading mechanism, degrading brittle rock (Gong et al., 2023a).
Borehole breakout refers to elongated sections in a vertical wellbore caused by rock failure under stress
(Haimson, 2007). In tunneling, spalling failures are typically attributed to extensional fracturing in a
subparallel direction to the major principal stress, resulting in stress-induced damage around the opening
(Haimson and Herrick, 1989; Lee and Haimson, 1993). The damage extent depends on factors like
opening orientation towards far-field stress, stress anisotropy, and rock properties (Rawlings et al., 1993).
While practical, these models predominantly use anisotropic loading and infinite openings under plane
stress or plane strain conditions.

Many studies demonstrate that stresses perpendicular to the tunnel axis are responsible for brittle
fracturing (Cheon et al., 2011). However, confinement stresses parallel to the tunnel axis (intermediate
confinement) have been found to influence brittle behavior and affect the angle of brittle faulting (Cai,
2008; Diederichs et al., 2004; Haimson and Rudnicki, 2010; Su et al., 2023). This confinement effect is
linked to the role of the intermediate principal stress g,, which has been shown in general to strengthen
the rock based on its magnitude (Al-Ajmi and Zimmerman, 2005; Garg et al., 2021; Su et al., 2023;
Trzeciak and Sone, 2024; Yun et al., 2010). A critical knowledge gap still exists in understanding the
influence extent of these intermediate confinement stresses in tunneling scenarios, particularly in spalling

initiation predictions.
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This study provides a comprehensive analysis of brittle failure mechanisms based on a
combination of experimental methodologies. The laboratory-scale tunnel model involves a cubical analog
brittle specimen with an excavated tunnel, while rock characterization and failure envelope determination
are based on elemental testing of cylindrical specimens. A new methodology using triaxial extension (TE)
tests is introduced, offering improved insights into tunnel spalling mechanism. TE tests yield peak failure
stress oy as a spalling strength and a refined failure envelope, considering the three-dimensional stress
states and unloading conditions. These results and two-dimensional analyses from triaxial compression
(TC) are compared against data from the tunnel model experiment. The comparison focuses on three key
aspects: spalling strength oy, depth of spalling Dy, and spalling entry angle a. This study highlights
enhanced experimental methods, leading to a deeper understanding of brittle failure mechanisms and
more robust spalling predictions, particularly in the context of three-dimensional state-of-stress and

unloading effects.

4.3 Experimental Setup
4.3.1 Tunnel Model Test Apparatus and Procedures

A mock miniature TBM (Arora et al., 2021) and a true-triaxial apparatus (Frash et al., 2014b)
enabled controlled excavation and simultaneous loading to a cubical analog brittle specimen. First, the
300 x 300 x 300 mm? cubical specimen was placed inside the true-triaxial cell. An initial loading
condition was applied to the specimen (1.0-1.5 MPa) to ensure it remained in position. Then, the
miniature TBM, consisting of a 51 mm diameter tungsten-carbide-button-bit excavation head, thrust unit,
and torque unit, was mounted on top of the true-triaxial cell (Figure 4.2a). The hollow drilling rod
connected to a compressed air line (Figure 4.2b) allowed air flushing to remove cuttings from the tunnel
face. Once half the length of the cubical specimen was excavated by the miniature TBM, the TBM was
removed from the specimen. A digital borehole caliper measured the initial tunnel dimension (Figure

4.2¢).
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Figure 4.2 Laboratory-scale tunnel model experiment designed to study tunnels in brittle rock;

(a) actual setup at Colorado School of Mines featuring a mounted miniature TBM on top of a true-triaxial
cell, (b) conceptual drawings of the excavation unit, (c) digital borehole caliper used to measure initial
tunnel diameter, and (d) conceptual drawings of the incremental loading unit.

Next, isotropic loads were applied gradually to the specimen. The loading was applied through
three active faces with Freysinnet flexible membrane flat jacks placed behind stiff metal plates (Figure
4.2d). The opposing passive sides consisted of rigid high-strength cement grout to ensure uniform contact
with the cell body. Based on the reported stress distribution near the center of the specimen (Frash et al.,
2014b), a factor of 37% was applied to calculate the effective far-field stress. For example, with a
pressure transducer reading of 6.14 MPa, the effective far-field stress p, was 2.27 MPa. Loading stopped
when a significant failure occurred, or the apparatus reached its maximum capacity. The stress state at the

onset of visible spalling was then compared with analytical stress state predictions.
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Acoustic emission (AE) data was acquired using a six-channel board and data acquisition system
from the MISTRAS group, operated through AEwin software. Six WSa-30 AE sensors, with an operating
frequency range of 100—-1000 kHz and a resonance frequency of 125 kHz, were mounted on three faces of
the rock specimen to capture event occurrences (Figure 4.2d). The seismic waveforms were amplified by
60 dB, and a threshold of 30 dB was applied to filter out environmental and machine noise, ensuring the
selection of relevant signals. This setup facilitated the detection of elastic waves associated with
microcracking and failure processes, offering detailed insights into the evolution of damage in the
specimens (Gautam et al., 2023; Lockner, 1993). In this investigation, parametric AE data used are count
and cumulative count to indicate cracking intensity in each loading stage.

Before unloading the specimen, a red-dyed flowable resin was filled to the excavated area to
preserve the final deformation profile and infiltrate the damaged zone around the tunnel. Once the resin
had completely solidified, the specimen was unloaded and removed from the true-triaxial cell. The cubical
specimen was then sliced for post-mortem analysis, consisting of one longitudinal section and six half-
axial cross-sections (Wibisono et al., 2024). From the post-mortem analysis, the maximum distance from
the tunnel centerline to the outermost extent of resin infiltration into the damaged rock mass was inferred
as the experimental plastic radius R, or excavation damage zone EDZ. Additionally, the thickness of the
spalled materials observed in the macro-photographs of the sections was measured to quantify the

experimental depth of spalling D.
4.3.2 Analog Brittle Rock

The analog brittle rock used in this study was prepared through a mortar-mixing process to mimic
the properties of sandstone. The mixture comprised Type I/II Portland Cement, F-75 Ottawa sand, and
water. Table 4.1 summarizes the mechanical properties of this analog brittle rock. The specimen was
designed to be "very weak" in uniaxial compressive strength g, yet exhibit brittle characteristics. This
analog rock is categorized as "very weak", according to a system acknowledged by the International
Society of Rock Mechanics (1978). This weak and brittle characteristic of the material offers critical
advantages: reducing the need for a high-capacity loading apparatus and accommodating a large specimen
to facilitate induced failure observation inside the excavated tunnel (Wibisono et al., 2024). During an
unconfined compression test (UCT), brittle behavior was identified through distinct peak shear strength,
followed by a sudden and well-defined strain softening response. In addition to the stress-strain behavior
under UCT, several rockburst tendency criteria—such as the strength brittleness index, brittleness index
modified and burst energy coefficient—were used to validate the brittle response of the specimen
(Wibisono et al., 2022). This reproducible analog brittle rock design (mix O) served as the test material

for all experiments performed in this study.
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Table 4.1 Summary of analog sandstone mechanical properties from previous laboratory
characterization. The mix design is denoted with Mix O.

Properties Mix O
Uniaxial compressive strength, o, (MPa) 3.07
Brazilian splitting strength, a; (MPa) 0.45
Tangent Young's Modulus, E5y (GPa) 0.94
Poisson's ratio, v 0.21

4.3.3 Tunnel Model Test Results

Following excavation, the borehole caliper measured the tunnel diameter at three locations: the
tunnel portal, mid-point, and near the tunnel face. The average tunnel radius Ry was determined to be
25.52 mm, closely matching the radius of the miniature TBM excavation head. Figure 4.3a. presents the
initial tunnel profile post-excavation, revealing slight, consistent irregularities rather than a perfectly
smooth surface. Table 4.2 summarizes the experimental measurements, which are later compared with

empirical correlations and analyzed further using element test data.
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Figure 4.3 a) Initial tunnel profile after excavation with miniature TBM, (b) final tunnel profile after

the loading stage VII, and (c) Effective far-field stress p, applied during the loading stage to the specimen
in miniature TBM and true-triaxial cell experimental schematics. Yellow dashed lines in (b) highlight the
final spalling failure. In (c), the visible spalling failure was first observed during the transition from
loading stage IV to stage V at p, = 3.2 MPa, indicated with a red cross mark. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Table 4.2 Summary of the initial tunnel model boundary condition and experiment results,
including tangential stress dy, final spalling depth Dy, and depth of plastic radius R,, or excavation
damage zone EDZ based on resin infiltration..

Experimental data Note Value

Average tunnel radius, Ry (mm) Initial stage 25.52

Visible spalling initiation
stage, 6.4

Tangential stress at tunnel wall, Og—initiati
—initiation

gy (MPa)
Final loading stage, 794
Og— final '
Depth of spalling, Dy (mm) - 26.03 —27.56
Depth of plastic radius R, or i 26.01 — 37.00

excavation damage zone EDZ (mm)

The loading phase consisted of seven incremental stages (Figure 4.3c¢), each lasting approximately
120 hours to ensure a steady-state condition around the tunnel boundary. Spalling failure was first visually
observed between loading stages IV and V (Wibisono et al., 2023b), occurring at an effective far-field

stress p,, of 3.2 MPa. Based on Kirsch's solution for a circular tunnel, the tangential stress at the tunnel
boundary is defined as 65 = 30, — g;,. Under isotropic loading conditions, where o,, = g, = plo, the

solution reduces to py = 0 /2. Thus, at the initiation of spalling, the maximum tangential stress
Og.initiation at the tunnel boundary was 6.4 MPa.

By the final loading stage VII, the maximum tangential stress g finq; reached 7.94 MPa. Figure
4.3b shows the spalling around the tunnel at the end of this stage, with failure characterized by spread and
diffused spalling. Most spalling appeared as very thin cracks, with close to sub-parallel wall detachment
attempts at a minimal entry angle a. At the tunnel crown (Figure 4.3b), conjugated shear was observed at
a slightly greater angle, showing more pronounced detachment attempts. However, only a few actual wall
detachments occurred in the tunnel.

Figures 4.4a and 4.4b present the longitudinal view of the recovered specimen and the half-axial
(HA) section taken 100 mm from the tunnel portal, respectively. The dashed green lines marking the
darkened regions of the specimen indicate the extent of resin infiltration (R, or EDZ). The white dotted
lines delineate the thickness of the spalled rock, corresponding to the depth of spalling failure Dy. Figures
4.4c¢ and 4.4d provide a closer view of the tunnel damage in Figure 4.4b, captured using
macrophotography.
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Figure 4.4 (a) Longitudinal section of the recovered specimen with cured epoxy resin (red color),
(b) half-axial section located 100 mm from the tunnel portal. Epoxy resin was injected into the opening
after the final loading stage to preserve final deformation. Annotations show the infiltrated resin (plastic
radius Rp or EDZ) and the thickness of spalled rock observed in the section. (c) and (d) provide a closer

view of the tunnel damage observed in (b). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

In both the longitudinal and HA sections, resin infiltration around the tunnel wall—marked as
Ry, or EDZ— ranges from 0.51 to 11.15 mm (1.99-43.69% of the tunnel radius Ry), giving an
experimental plastic radius R, between 26.1 to 37 mm. Additionally, the depth of spalling failure Dy
ranges from 26.03 to 27.56 mm, as noted in Figure 4.4a. The measured values for damage observed in
Figures 4.4c and 4.4d align with those from the longitudinal section measurements. Figure 4.4d further

confirmed the occurrence of thin spalling failure with a minimal entry angle &, where the angle was

measured to be less than 5°.
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4.4 New Experimental Procedure to Determine Tunnel Spalling Potential
4.4.1 Three-Dimensional State-of-Stress at Tunnel Wall

Figure 4.5 illustrates the tunnel boundary's stress state through two- and three-dimensional
visualizations. The two-dimensional is limited to the zone near the portal, whereas realistically, the
perturbed lateral stress parallel to the tunnel axis appears to affect the confinement state. After excavation
(unloading), the radial stress at the immediate tunnel wall is negligible, but radial stress increases radially

outward from the tunnel wall, influencing brittle failure mechanisms.

Tunnel portal

(a) (b)

Figure 4.5 Visualizations of the stress state at the tunnel boundary: (a) two-dimensional cross-
sectional view showing tangential and radial stress distribution and (b) three-dimensional view illustrating
tangential, radial, and longitudinal stress distribution throughout the tunnel length.

For a two-dimensional tunnel (i.e., a plane stress condition), an unconfined compression test
(UCT) condition can represent the stress state at the tunnel boundary. Here, the minimum principal stress
at the tunnel boundary is the radial stress o,, = g3 = 0, while the tangential stress oy serves as the
maximum principal stress g; # 0. Assuming that the tunnel is under compression around a highly stress
excavation, the tangential stress gy yields the tunnel wall and causes failure if it exceeds the UCS of the
rock o., as shown in Figure 4.5a. This consideration appears to oversimplify the stress state and
underestimate rock strength, as tunnels are subjected to complex three-dimensional loading.

Under isotropic loading conditions in a three-dimensional tunnel, the stress state at the boundary
is modified due to the presence of intermediate confinement (Figure 4.5b). This intermediate confinement
near the tunnel boundary manifests as longitudinal stress o, contributing to fracturing (Rahjoo, 2019; Su

et al., 2023). This results in a biaxial stress state at the tunnel boundary, involving axial unloading during
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excavation, where o, = 0 and gy, g, # 0 (Cai 2008). Intermediate confinement stress has been reported
to provide a strengthening effect to rock based on its magnitude (Feng et al., 2020; Garg et al., 2021;
Wang et al., 2020; Yun et al., 2010). Hence, consideration of intermediate confinement in three-
dimensional loading is crucial for accurately predicting and mitigating brittle failure. To estimate the
tangential stress at failure og under two- and three-dimensional state-of-stress, triaxial compression (TC)
and triaxial extension (TE) tests are adopted. The required stress to induce failure is adopted as ogr and

will be referred to for each test as o5 _se; (i-€., Of_yer = ¢, Tr_1¢)
4.4.2 Triaxial Compression and Triaxial Extension States-of-Stress

A conventional triaxial chamber—Hoek cells—was employed for a set of TC and TE tests to
predict tangential failure stress or spalling strength o5. Of note, the TC with 0 MPa did not use Hoek cells
but followed the UCT standard (ASTM, 2017). All the TC tests follow the International Society of Rock
Mechanics (ISRM) suggested method with testing procedure type I—an individual test, loaded at a
constant strain rate such that failure occurs within 5-15 minutes of loading (Kovari et al., 1983). The peak
axial load and confinement at the point of specimen failure are plotted to obtain the best-fit failure
envelope in the g; vs. g3 plane. Additionally, the Brazilian splitting strength o; from analog rock
mechanical properties (Table 4.1) is included when developing the failure envelopes to account for tensile
behavior (a5 < 0).

TE test is adopted to simulate the encountered biaxial stress state at the tunnel boundary (Figure
4.5b). Additionally, the unloading process enables more accurate stress path replication that reflects the
path experienced at the wall during the tunnel model experiment (Section 4.3.3). Figure 4.6 provides a
detailed comparison between the testing conditions of TE and TC tests. The positioning of the specimen
in the loading apparatus is similar to that in a TC test. However, the loading arrangement is conceptually
rotated perpendicularly to simulate the confinement stress as the major and intermediate principal stresses
o, and o0, acting on the specimen (Figure 4.6b). In the unconfined extension test (UET), the minor
principal stress o3 is controlled by the axial loading apparatus and is completely unloaded to simulate the
excavation or sudden release due to spalling rock detachment. On the other hand, TE allows partial

unloading to simulate the stress state further away from the tunnel wall.
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Figure 4.6

Initial and final configurations of the laboratory cylindrical tests (element tests) for (a) the

TC test, (b) the TE test performed in this study, and (c) the illustration of the stress paths in these tests and
post-mortem investigation to obtain failure plane angle @y, and fracture depth Dfyq.. The required stress
to induce failure is adopted as gy and will be referred to for each test as g7_;eg:.
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TE tests follow a stress path involving unloading and lateral compression (Figure 4.6¢): (1) The
specimen is isotropically loaded in the triaxial chamber until the designated stress condition is achieved
(e.g., po = 0.5 0.); (2) the axial load g5 is then reduced to simulate g, = 0 (complete unloading-UET)
or a specific initial loading (partial unloading-triaxial extension test), representing the initial in-situ radial
stress state of the rock mass before spalling occurs (e.g., 03 = 0.2 - g,.); (3) lateral confinement pressures
0, and 0, are increased to simulate the tangential and longitudinal stresses, oy and o, at the tunnel wall
until failure is observed; (4) the peak lateral confinement is recorded as the required stress to induce
failure g7 _ygr and g5 _7g; (5) post-mortem investigation for the failed specimen to obtain the failure
plane angle @y, and depth of fracture Dy, 4. The theoretical failure plane is calculated using this
equation a = (45° — ¢/2 ) relative to the major principal axis (Figure 4.6c¢).

Though the TE methodology represents an advanced testing approach, they have some
limitations. One limitation is the assumption of equal confinement pressures (o; = g,), which may not
accurately reflect the anisotropic stress conditions present at the in-situ tunnel wall. Another limitation is
that the axial loading used a displacement-controlled apparatus. Mainly, for the TE test with partial
unloading, the axial platen is initially held at a specific 03_;,;iq; l0ading. As lateral confinement
increases, the platen cannot maintain a constant loading. Instead, it leads to the recompression of the
specimen 03 = 03_ipnitiar- 1herefore, synchronization and complete recording of axial and lateral data are
required to accurately simulate the rock mass's stress state accurately. The final axial stress state is
reported to obtain the failure envelope accurately. This synchronization ensures an accurate capture of the
complete stress path and enables the development of a reliable failure envelope.

In a typical TE test, a dog bone-shaped specimen is often used with justification to reduce the
potential for axial splitting, especially under low confinement (Brace, 1964; Hoek and Brown, 2019).
Nevertheless, the purpose of replicating the stress path at the tunnel model wall in this study is perceived
to be sufficient with a cylindrical specimen. Using a cylindrical specimen is also justified because the
axial splitting potential was not observed and is typically found where the axial tensile force is applied to

the specimen.

4.4.3 Comparisons of Results of TC and TE Element Tests

Three confinement levels were tested for both TC and TE to obtain the best-fitting failure
envelopes from each, along with the Brazilian splitting strength o;. For the TC test, the three confinement
levels were 0, 1.5, and 3 MPa, while for TE, the confinement levels were 0, 0.1, and 0.4 MPa. Although
the confinement levels for TE were considered small, they were designed as the initial load, which
increased as lateral compression progressed (as explained in Section 4.4.2). Table 4.3 presents the stress
states recorded to induce failure in these tests and the failed specimen characterization results. The stress
states for both TC and TE tests were plotted with Mohr circles in shear stress T vs. normal stress g, plane
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to derive the failure envelopes using best-fit curves (Figures 4.7a and 4.7b). The failure envelopes were
fitted using a hyperbolic curve for the TC test (TC-fitting) and TE test (TE-fitting). The equations for each

fitting are as follow:

o Do _ 2396
For TC with R“ = 0.99, tp¢ = ont29D) +5.46 (4.1a)
b2 _ 649
For TE with R* = 0.99, T = Goizis) + 3.86 (4.1b)
Table 4.3 Summary of TE and TC test results, including minor confining pressure at failure o3,

differential stress 0; — 03, measured failure plane angle @y, and depth of fracture Dgy.q.. The last two
parameters were measured from the failed cylindrical specimens (see Figures 4.6 and 4.7).

Minor confining pressure Differential  Measured failure plane Depth of
Test at failure stress angle fracture
type o3 01— 03 aexn Dfrac
(MPa) (MPa) ©) (mm)
TC 0 3.07 5-13° -
TC 1.5 4.86 35-38° -
TC 3.0 6.69 - -
TE 0 3.96 0-5° 10-36
TE 0.77 4.63 10-20° 21-47
TE 1.98 5.89 25-30° 25-55

The key feature of the TE-fitting is the steeper angle approaching g, = 0, which is attributed to the higher
failure stress of_ygr in comparison to or_ycr. This is due to the intermediate confinement, which led to a
biaxial stress state. The following Eqs. (4.2) were used to estimate the tangential friction angle ¢, at each

point on the failure envelope:

doy,
t = — 4.2a
an ¢, I (4.2a)
do, _ 2396
For TC, Trrc — 0nt49D) (4.2b)
do, _ 649
For TE, dtrs — (ont2.15)? (4.2¢)
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where at g, = 0, estimated ¢, for TC and TE are 44.8° and 54.5°, respectively. Using Kirsch's solution,
the radial stress o', was calculated for final loading boundary conditions. As g, progresses with radially

distance from the tunnel, corresponding mobilized ¢y (., are plotted in Figure 4.7c.

— UCT — BST— TC:1.5 MPa — TC:3 MPa 6 — TE:0 MPa — TE:0.1 MPa — TE:0.4 MPa
- == Failure envelope (hyperbolic best-fit) (a) === Failure envelope (hyperbolic best-fit) (b)
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Figure 4.7 Derived failure envelopes from the best-fit hyperbolic curves, generated using data from:

(a) BST and TC tests (TC-fitting) and (b) BST and TE tests (TE-fitting). (c) provides the mobilized
friction angle ¢, resulting from varying normal stress further from the tunnel, which estimated using
Kirsch's elastic solution.

Figure 4.8 shows the failed specimens from the TC tests under varying confining pressure. In Figure
4.8a, the specimen tested at 0 MPa confinement (UCT) shows sub-vertical failure planes with an angle @y,
between 5-13°. The sub-vertical planes suggest an immediate and rapid stress release along axial dominant
orientations, highlighted by dashed black lines indicating the approximated fracture planes. In contrast,
Figure 4.8b displays a specimen tested at 1.5 MPa confinement, which exhibited a single, distinct shear
plane. The transition from multiple conjugated shear fractures to a singular shear plane at higher
confinement reflects the increase in ductility as confinement increases, indicating that TC tests with more

confinement promote relatively more localized and controlled failure modes.
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Figure 4.8 Failed specimens from (a) TC at 0 MPa confinement showing sub-parallel failure planes
and (b) TC at 1.5 MPa confinement showing a distinct shear plane. Black dashed lines indicate an
approximated fracture plane in the specimens.

Figure 4.9 presents the failed specimens from the TE tests with distinct fracture planes formed
under different unloading conditions. The failure angle a,,,, for each specimen is highlighted with dashed
black lines. This failure angle @y, corresponds to the theoretical failure plane angle or the spalling entry
angle a (as shown in Figure 4.6¢). Dashed red arrows indicate the distance between the fracture plane and
the unloaded side, denoted as Dy,.q¢. In Figure 4.9a, complete axial unloading to 0 MPa (UET) resulted in
a smaller, angled fracture plane a,,,, ranging between 3° and 5°. TE tests with partial axial unloading,
shown in Figures 4.9b and 4.9¢, produced progressively larger @y, as summarized in Table 4.3. The
observed failure modes were primarily shear—based on smooth failure surfaces along with observed fine
debris. At g3 = 0 which is typically assumed to demonstrate extensional failure mode, the specimens in
Figure 4.9a show more of a mixed mode/hybrid based on conjugated shear displacement and sub-
perpendicular to minor principal stress. Regarding the depth of fracture Df,, increased confinement
seems to pull the failure plane closer to the center point of the specimen. Compared to TC tests, the Dgyq¢

from TE tests demonstrate potential for spalling depth predictive capability in tunnels.
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Figure 4.9 Failed specimens from TE tests indicating distinct fracture planes. The failure angle @y,
measurements are highlighted by dashed black lines, while dashed red arrows represent the distance
between the fracture plane and the unloaded side Dy, : (2) complete axial unloading to 0 MPa, (b) partial

axial unloading to 0.1 MPa, and (c) partial axial unloading to 0.4 MPa.

4.4.4 Spalling Strength Predictions

The element test results were applied to the tunnel model experiment, where four failure stresses

oy were evaluated: (1) peak failure stress from UCT o5_ycr, (2) failure stress prediction at o3 = 0 from
TC fitting or_rc, (3) peak failure stress from UET of_ygr, and (4) failure stress prediction at o3 = 0 from
TE fitting g7 _7g. These failure stresses were compared with the tangential stress state at the tunnel wall

during two key periods in the tunnel model test: spalling initiation and the final loading stage. Figure 4.10

presents a bar chart comparing the spalling strength oy with the tangential stresses observed during these
critical periods g _initiar and Gg_finqi- The tangential stresses at the visible spalling initiation and the

final loading stages are 6.4 and 7.94 MPa, respectively (as shown in Table 4.2).
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Figure 4.10 Comparison of experimental data and fitted points from cylindrical element tests (TC,
TE, BST), along with tangential stress og values from the tunnel model experiment at the visible spalling
initiation and the final loading stage.

The visible spalling initiation was the primary reference point for comparison with the failure
stresses. Notably, all predicted failure stresses are lower than the tangential stress state observed at visible
spalling initiation. This lower prediction suggests the failure mechanisms could be triggered well
intrinsically before spalling/failure becomes observable at the tunnel wall. An important observation is
that the TE tests provide a higher strength bound, most likely due to the biaxial stress state and
intermediate confinement. In contrast, the TC tests tend to underestimate the strength of the rock under
three-dimensional conditions. Figure 4.11 presents AE data recorded during the loading stages, showing
increased cracking intensity based on AE counts at both prediction points. The higher intensity near the

TE prediction points suggests that TE results offer a more reliable basis for spalling initiation prediction.
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Figure 4.11 Applied stress conditions on the 300 x 300 x 300 mm? specimen with a 51 mm circular

opening and acoustic emission (AE) monitoring counts during the loading stage. The plot shows the
isotropic effective far-field stresses (p,, 0,,, 05, 0), AE counts, and the cumulative AE counts from six
channels. Using a two-dimensional elastic solution, UCT and TE prediction (blue cross marks) are close
to loading stage I and I1, respectively.

Regarding the final loading stage tangential stress, it was not intended to be directly compared
with the failure stresses. Instead, this final state serves as a second reference point to assess the progress
of stress change from spalling initiation. This difference is later used to compare with empirical spalling
depth predictions (Section 4.4.5). The gap between visible spalling and the final loading stage is 1.54
MPa, approximately a 24% increase. Since spalling or fracturing is known to propagate under increasing
stress until the rock is fully damaged and loses its load-bearing capacity, this increase is perceived to

reflect the progression of damage in the rock mass near the tunnel wall.

4.4.5 Depth of Spalling Predictions

To explore the predictive capability of the depth of fracture from cylindrical element tests Dfy.q¢
in estimating the tunnel depth of spalling Dy, scaling factor analysis was first conducted. This analysis is
based on the TE tests, where distinct and measurable Dgq. values were observed during post-mortem

investigation. An illustrative specimen at the tunnel boundary, with a cylinder diameter of 5 mm and

height of 10 mm, was used to predict tunnel depth of spalling Dy. Scaling was applied using the empirical

strength-scale relationship by Hoek and Brown (1980), as follows:
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where d is the specimen diameter and g5_g is the failure stress for a cylindrical specimen of
diameter d. Based on the results from TE test g7 _ygr where a3 = 0, the spalling strength of for the 5 mm
diameter specimen was found to be 1.52 times higher than that for the 50 mm diameter specimen.
Assuming the extent of damage follows this scaling law, the Dfq. from TE tests when o3 = 0 MPa were
adjusted. Initially reported as 10-36 mm (approximately 10-36% of the specimen length), the scaled
values were reduced to 6.6-23.8% of the specimen length. When one multiplies these percentages by the
illustrative specimen length (10 mm), the predicted fracture depth ranges between 0.66 to 2.38 mm from
the tunnel wall. This calculation yields prediction values of D¢_rp that range from 26.16 to 27.88 mm.
This result aligns with the observed tunnel model spalling depth Dy of 26.03 to 27.56 mm, suggesting that
the scaling adjustment appropriately reflects the tunnel model spalling conditions.

The exclusion of Dfy.q, data from TE test with higher axial confinement o3 was made due to
concerns about the fracture plane positioning with a higher axial load. The axial load in these cases was
high enough to recompress the cylinder, causing the fracture plane to centralize at the center point of the
specimen. Additionally, the absence of a sizeable spalling entry angle « in the tunnel model indicates that
the applied stress level may not have been sufficient to induce more extensive damage.

The TE test-based, scaled Dgq. prediction and the tunnel model depth of spalling Dy (Table 4.2)
were compared with the strength ratio empirical correlation (Diederichs, 2007; Martin et al., 1999). The
correlation predicts the normalized depth of spalling to the tunnel radius Dr /Ry, based on the ratio of
maximum tangential to compressive strength og/0.. As noted in Section 4.4.1, the required stress to
induce failure is denoted as oy for each test, which is then applied to the shear strength ratio of the x-axis.
The original empirical criteria were developed for full-scale tunnels, indicating a damage progression line
intersecting with the y-axis at 0.4. This value is referred to as the typical crack initiation level relative to
the UCS o, (Diederichs, 2007). The 0.4 value may also correspond to a simple arithmetic relation
involving Poisson's ratio and the compressive-to-tensile strength ratio (Barton and Shen, 2017).

By calculating the tangential stresses at both the spalling initiation and final loading stages, it was
found that ratio gg /0y increased by 23.8%, as discussed in Section 4.4.4. Applying this same increase to
the initial value of g /0r = 0.4 during the spalling initiation, the expected gg /0 at final loading stage is
0.49. Figure 4.12 presents the plotted results for the measured spalling depth from post-mortem
investigation, primarily for the final loading stage. In contrast to the original empirical equation, the y-
axis here represents the absolute depth of spalling failure Dy rather than the normalized depth relative to

the tunnel radius D¢ /R7. The plotted range of Df_rg data (26.16 - 27.88 mm) and Dy value (26.03 —27.57
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mm) align well with Martin's empirical prediction within the confidence interval limit. The failure state in

the tunnel model is classified as minor spalling according to Diederichs et al. (2009).

— Empirical spalling depth (Martin et al. 1999, Diederichs 2010)
o Experimental spalling depth
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Figure 4.12 Depth of spalling Dy comparison from the laboratory-scale model with the predicted
spalling depth from the TE test Dy_ry and empirical spalling depth correlations (after Martin et al. 1999

and Diederichs 2010). The y-axis shows the absolute spalling depth with R=25.52 mm. In the original
equation, the UCS o, is used in the x-axis, while in this study, it is represented with the element failure

strength o

4.4.6 Spalling Geometry Predictions

Test results suggest that the TE tests with o3 = 0 produced fracture planes at significantly lower
angles compared to UCTs, likely because of lateral compression. The estimated tangential friction angle
¢ when o, = 0, derived from the best-fit TE failure envelope in Egs. (4.1) and Figure 4.7, was higher
than that derived from the best-fit TC failure envelope (Egs. 4.2). Consequently, the theoretical fracture
plane from the TE tests corresponds to a lower angle a, approaching the high spalling initiation angle
observed in the tunnel model experiment (Figure 4.3b). The radial stress o, at the tunnel wall, which is

unloaded to zero due to tunneling, was more accurately simulated by the TE tests. In contrast,
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conventional TC tests with their higher entry angles a and lower friction angles ¢, may overestimate both
the spalling initiation and the extent of tunnel damage.

Theoretical logarithmic spiral (log-spiral) plastic slip lines prediction was performed on both TC
and TE models using the tangential friction angle ¢, from the best-fit failure envelopes in 7 vs. 0, regime.

The log-spiral slip lines, modeled as equiangular spirals, follow the equation (Heuer and Hendron, 1971):

T o Pt
R eicot(45 +2)

R, 4.4

where the slip lines intersect the tunnel wall at an angle of « = 45° — ¢, /2, like the theoretical failure angle
in cylindrical element testing a,yp,. Figure 4.13a illustrates the log-spiral slip lines around the tunnel
boundary, while Figures 4.13b and 4.13c¢ depict the slip lines using tangential friction angle ¢; from the
best-fit TE and TC tests at o3 = 0 (Figure 4.7). The slip lines are spaced at 40° intervals and mirrored
symmetrically, forming a radially symmetric, nine-point geometry with D; and D, marking the first and
second intersections. This configuration represents the spread and diffusion of damage under isotropic
loading, consistent with tunnel model test results. Due to localized stress concentrations, fewer slip lines
are expected for boundary conditions under anisotropic loading. The Python code to generate the log-spiral

slip lines is available in the supplementary material.
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Figure 4.13 (a) Ilustration of theoretical plastic slip lines (after Heuer and Hendron 1971) and
developed equiangular log-spiral slip lines around the tunnel boundary with (a) ¢;_ycr =44.8° from TC-
fitting and (b) ¢;_ygr =54.5° from TE-fitting.

Figures 4.13b and 13c demonstrate that the damage extent is 8.7% greater with the lower friction
angle (TC) compared to the higher friction angle (TE). The inverse relationship between the entry angle «
and friction angle ¢, affects the progression of the symmetrical slip lines until they intersect. Figure 4.14
presents overlays of the developed theoretical log-spiral slip lines using ¢, applied to the tunnel model's
50 mm and 100 m advance half-axial cross-sections. Due to the nature of isotropic loading, predicting the
exact location of tunnel damage is challenging. Once initiated, strain softening reduces load-bearing
capacity, allowing damage to progress and become more pronounced than in other areas. This explains
why the crown region in the half-axial sections exhibited more damage and resin infiltration than the

invert.
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Figure 4.14 Equiangular log-spiral slip lines prediction (black dashed lines) with ¢;_ycr =44.8° and
¢r—uypr =54.5°, overlaid on half-axial tunnel model cross-sections (after Wibisono et al. 2024). The
distances from the portal to the section (tunnel advance) are (a) S0 mm and (b) 100 mm. The white and
green dashed lines indicate the spalled region and plastic radius R), in the original half-axial section. Axes
units are in mm. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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The log-spiral slip lines, based on tangential friction angle ¢, at o,, = 0, accurately captured the
resin-infiltrated zone R, or EDZ at a 100 mm and 50 mm tunnel depth for TC and TE, respectively. The
increase in the tangential friction angle ¢, is particularly important, as it provides a more realistic
justification of the low entry angle a at 63 = 0. These results suggest that the theoretical log-spiral slip
lines with the input of tangential friction angle g; has the potential to predict the extent of R, or EDZ.
However, there are two caveats: (1) the method is restricted to isotropic loading conditions and (2) it
assumes idealized, radially symmetric plastic slip lines (nine-point geometry), as the termination points of
the log-spiral lines remain uncertain. While this approach shows the potential in predicting R, or EDZ, it
does not yield a sub-parallel fracture with « less than 10°.

An alternative approach was then explored by developing log-spiral slip lines directly from TC
and TE experimental results. Using the experimental entry angle @y, to estimate a higher friction angle
for Eq. (4.4) provided predictions better aligned with the spalling geometry. Figure 4.15 presents overlays
of the developed theoretical log-spiral slip lines using &y, on the half-axial cross-sections of the tunnel
model. The TE experimental entry angle @, = 5° closely matched the spalling geometry in both the
HA-50 mm and HA-100 mm sections. Nevertheless, the conventional TC test model overestimated the

spalled region, predicting its extent nearly twofold.
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Figure 4.15 Equiangular log-spiral slip lines prediction (yellow dashed lines) with @eyp_ycr = 13°
and @exp—yer =5°, overlaid on half-axial tunnel model cross-sections (after Wibisono et al. 2024). The
distances from the portal to the section (tunnel advance) are as follows: (a) 50 mm and (b) 100 mm. The
white dashed lines indicate the spalled region in the original half-axial section. Axes units are in mm. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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4.5 Implication to Tunnel Spalling Predictions

In the TE test at 07 = 05, failure stresses oy or spalling strengths were observed to be higher
compared to the TC test (Table 4.3). In the test with o3 = 0, the failure stress oy_ygr exceeded o5 _ycr of
mix O (3.07 MPa) by 29%. This finding is consistent with previous studies on other rock types. For
instance, Ramsey and Chester (2004) found that the biaxial compressive strength of Carrara marble was
41.3% higher than its o, of 92 MPa. Bobich (2005) reported that Berea sandstone exhibited a 22.2%
increase in biaxial compressive strength compared to its UCS of 79 MPa. The results suggest that the
intermediate confinement enhances rock strength under confined conditions, as supported by Patel (2018)
and further confirmed through confined Brazilian tests by Li and Ghassemi (2021). In the tunnel model
test (Figure 4.10), the narrowing gap between the TE element strength oy_ry and the tangential stress
Og—initiar Narrowed implies that intrinsic failure mechanisms may have been initiated earlier than visually
detectable, supporting the need for further investigation. Future studies should assess spalling strength
from element tests using with deeper analysis of AE data monitoring, particularly in tunnel models or
borehole breakout tests. Comprehensive AE data analysis, as demonstrated by Ishida et al. (2017), Du et
al. (2020), and Moradian et al. (2024), offers valuable insights into the intrinsic mechanisms by
identifying cracking and damage progression stages in the rock under boundary stress changes.

The alignment between the depth of spalling from the tunnel model Dy and prediction values from
TE test Dy_rg to the empirical spalling depth correlations demonstrate the potential to refine spalling
extent predictions. This correspondence is robust at the immediate tunnel boundary, where g, = 0. The
observed spalling in the experiment was sparse and shallow with a very small entry angle «, indicating
that the final load applied in the true-triaxial cell was insufficient to induce more pronounced fracturing
and damage. Future studies should consider increasing the applied loads to further explore the limits of
spalling prediction accuracy similar loading capacity to a weaker material yet exhibiting brittle response
(Wibisono et al., 2023b).

The findings in Section 4.4.5-4.4.6 demonstrate that intermediate confinement stresses,
particularly those parallel to the tunnel axis, influence brittle behavior and the angle of faulting. The
minimal failure plane angle observed at the tunnel wall, where confinement is lowest, is consistent with
findings from Zeng et al. (2019) on cylindrical sandstone specimens under TE conditions. Beyond the
variation in failure plane angle @,y the angle progression towards more radial confinement from the TE
test in the model indicated the development of more pronounced shear fractures. With more confinement,
the fracture plane angle a,,, became more pronounced, indicating a transition toward more ductile

behavior. This observation is consistent with the literature, which showed a transition from extensional to
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conjugated shear fractures, further coupled with bulging under higher confinement (Nygard et al., 2006;
Wong and Baud, 2012).

The mobilized friction angle ¢y in the tunnel model test (Figure 4.7¢) further enhances the
understanding of the failure surface extent. The V-shaped notch, typically observed under high anisotropic
stress can be attributed to this transitional rock response, where multiple shear fractures intersect. This
failure mode illustrates the differential response of the rock mass to tensile and shear mechanisms
(Schoenball et al., 2014). While factors such as rock heterogeneity and fracture propagation may also
contribute to spalling and damage prediction, this study with homogeneous brittle rock provides
experimental evidence that brittle shear behavior can be triggered at shallow entry angles a, leading to
spalling and damage progression.

While Martin et al. (1994) found no evidence of tensile cracks during physical inspections of
spalling development at the mine-by-experiment, Barton and Shen (2017) addressed through observation
and numerical modeling that, whether in shallow or deep spalling, pure tensile spalling is unlikely. They
found that shear fracturing is the dominant mechanism for deep spalling. In this study, very thin spalling
with a steep angle measured from the minor principal stress direction in the tunnel model became physical
evidence of shear-driven fractures and not extensional fractures. The steep angle may resemble
extensional fractures, appearing perpendicular to g3, but it can also result from shear-induced dilation
along the shear fracture surface, triggering the mobilization of friction angle (Gutierrez et al., 2023).
Additionally, fracture morphology from the final tunnel profile (Figure 4.3b) and element tests at
minimum confinement (Figures 4.8 and 4.9) showed fine debris, suggesting traces of shear failure
dominance due to violent rupture (C. cheng Liu et al., 2020; Pratomo et al., 2024). This observation
indicates that the classical brittle shear mechanism primarily drives spalling within homogeneous, massive

rock under isotropic stress conditions.

4.6 Summary and Conclusions

This investigation analyzed spalling failure in a brittle, isotropically loaded tunnel. The triaxial
extension (TE) test with cylindrical specimens was introduced as a novel approach to better understand
spalling mechanisms and damage extent. The new methodology to assess tunnel spalling introduced a new
perspective in brittle failure prediction, incorporating three-dimensional stress considerations. Using
conventional Hoek Cells, the TE test setup offered practical advantages while effectively capturing key
parameters that conventional tests did not assess. These include (1) biaxial stress strength, (2) the depth of
fracture D4, and (3) the failure plane angle @,,,. These factors are fundamental to understanding brittle
failure mechanisms in tunnels excavated through high-stress, massive rock masses with sparse jointing.

The simulated biaxial stress state required higher failure stresses than the more traditional two-

dimensional representation from unconfined compression tests. The spalling initiation predicted by the TE
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test approached the higher tangential stress state observed in the tunnel model, where spalling began
visually. The closer alignment of TE test results, particularly with the support of AE data, offered stronger
validation for spalling onset predictions. Moreover, the TE test results, combined with a scaling factor,
offered predictive capability for spalling depth Dy_7p that matched the observed tunnel spalling depth Dy,
with empirical correlations supporting these findings.

The TE test consistently yielded higher failure stresses than those from the triaxial compression
(TC) test, particularly as it approached a,, = 0 that simulated tunnel boundary stress conditions. This
resulted in steeper failure envelope gradient that explained the sparse, thin spalling observed in the tunnel
model. The high tangential friction angle ¢, theoretically demonstrated a lower theoretical shearing
failure plane a. The log-spiral theoretical slip line models were developed using TE and TC test
parameters. The model with the TE test parameters allowed the predictions to align closely with the post-
mortem investigation of the tunnel model, significantly enhancing the model's reliability. The TE test also
showed a transition to more ductile behavior under partial unloading, reinforcing the role of confinement
in fracture mode transitions and explaining the observed spalling pattern.

The use of log-spiral slip lines effectively modeled the plastic radius R,, or excavation damage
zone EDZ with the derived tangential friction angles ¢, from both TC and TE tests. However, the spalling
profile at the tunnel model with minimum entry angles was best represented through log-spiral slip lines
with the input of the experimental entry angle a,y,, from the TE test. These results demonstrated that
spalling was predominantly driven by brittle shear behavior, challenging the assumption that tensile or
extensional fracturing is the dominant mechanism. Instead, pronounced brittleness at low confinement o3,
supported by the curved failure angles, reinforced this shear-driven nature of spalling.

These conclusions demonstrate that integrating empirical data from experimental modeling, such
as the TE test, with large-scale tunnel models significantly improves spalling prediction. Incorporating TE
test parameters into log-spiral analysis marks a substantial advancement in understanding spalling
mechanisms. These findings offer valuable insights into tunnel design and mitigation strategies in brittle
rock masses, providing a more comprehensive tool for addressing spalling challenges in high-stress

conditions.

4.7 Supporting Information

Python codes for generating the log-spiral slip lines around the tunnel boundary are accessible at

https://github.com/mcdoans/brittle-slip-lines
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CHAPTER 5 ROCKBURST ANALYSIS IN TUNNEL UNDER ANISOTROPIC LOADING BASED
ON LARGE-SCALE TUNNEL MODEL EXPERIMENT AND TRIAXIAL EXTENSION TEST!

51 Abstract

Brittle failure in tunnel excavation progressively reduces the load-bearing capacity of the rock
mass, often leading to violent rockburst failure. Detached rocks from the tunnel boundary can injure
personnel and disrupt operations. However, the factors contributing to the extent of brittle failure damage
and its progression, such as face support and confinement dependency, are not fully understood. This
study investigates the rockburst progression of an unsupported tunnel excavated through a 300 x 300 x
300 mm? cubical analog rock specimen. The tested material was an analog sedimentary rock designed to
exhibit brittle behavior while maintaining low uniaxial compressive strength. This tunnel model
experiment employed a true-triaxial cell and a mock miniature tunnel boring machine (TBM) apparatus to
simulate realistic excavations. After the excavation, the 51 mm diameter tunnel was gradually loaded in
anisotropic conditions to induce failure. The final failed tunnel profile was injected with resin before
unloading and removing, allowing for digitized 3D reconstructions of the cross-section cuts to analyze
damage evolution along the tunnel. Two key questions were addressed: (1) What mechanisms lead to
brittle failure progression in the excavated tunnel model? (2) What are other contributing factors that
affect the extent of damage? Our observations revealed distinct V-shaped notch failure patterns, initiated
with localized spalling that led to rockburst. These patterns were characterized primarily by shear failure
with mobilized fracturing angles further away from the tunnel wall, significantly triggered by the
anisotropic stress state. A detailed examination of the localized failure zone identified face support and
confinement as factors that influence the extent of damage. A series of triaxial compression (TC) and
triaxial extension (TE) tests were performed to further explore the effects of confinement and unloading
on brittle behavior near the tunnel wall. These loading paths are associated with the role of brittle-to-
ductile response of the host rock in damage prediction and fracture angle mobilization, providing valuable
insights to improve the understanding of brittle shear failure and fracturing and rockbursts in tunnels. A
novel aspect of this study is the development of progressive Bézier curves to predict the successive
progression of fracturing into the tunnel wall, leading to the creation of V-shaped dog-earing and
rockbursts in tunnels. This study enhances understanding of brittle instabilities, contributing to safer

design and improved risk management practices in rock engineering.

! This chapter will be submitted as a full journal paper for publication in an international peer-reviewed rock
mechanics journal.
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5.2 Introduction

Brittle spalling and rockbursts frequently occur as failure mechanisms in hard, massive rock,
especially in deep underground excavations. When stress exceeds peak shear strength, brittle rock
materials experience damage due to micro-cracking accumulation and faulting, leading to a strain-
softening response (Alonso et al., 2003; Egger, 2000a). This response degrades the rock load-bearing
capacity and reduces the effectiveness of the installed ground support (Primadiansyah et al., 2024). The
spalling mechanism near the tunnel wall is generally recognized to initiate through extensional fracturing.
This fracturing is oriented sub-parallel to the localized tangential stress. Also, spalling can progress either
violently or nonviolently (Diederichs, 2007a; Martin and Christiansson, 2009). These fractures vary from
surficial cracks to severe spalling, potentially leading to rock bursting (Alcaino-Olivares et al., 2024;
Duan et al., 2019; Keneti and Sainsbury, 2020; Ortlepp and Stacey, 1994; Su et al., 2023). The extent of
brittle failure damage is associated with the highly damaged zone HDZ, within the excavation damage
zones EDZ (Perras and Diederichs, 2016; Siren et al., 2015). These phenomena not only compromise the
structural integrity of tunnels but also pose significant safety risks for personnel and construction
equipment. Therefore, a deeper understanding is crucial for mitigating brittle instabilities.

Extensive laboratory and in-situ experimental investigations have been conducted on brittle
failure (Feng et al., 2018; Gong et al., 2018; Haimson, 2007; Lee and Haimson, 1993; Qiu et al., 2018;
Read and Martin, 1991; T. Siren et al., 2015a). While in-situ tests on large-scale structures are vital,
laboratory-scale experiments are essential for efficiently understanding brittle failure mechanisms
(Jacobsson et al., 2015; Lin et al., 2015). Figure 5.1 illustrates the rock mechanics testing methodology for
modeling stress states adjacent to the underground excavation. The methodology includes various stress
simulation attempts such as unconfined, biaxial, triaxial, and true-triaxial compression, highlighting the
major, intermediate, and minor principal stresses applied to the specimen. Near the tunnel portal, radial
and longitudinal stress at the tunnel wall is zero, leaving a state of unconfined compression. As the tunnel
advances, radial stress remains zero while longitudinal stress is nonzero, resulting in a biaxial
compression stress state (Cai, 2008). Notably, this biaxial compression state can be simulated using a
triaxial extension test with a minor principal stress of zero. Behind the tunnel face, the stress state can be
replicated with conventional triaxial compression (TC) tests or true-triaxial/polyaxial compression tests
(Fairhurst and Hudson, 1999; Singh et al., 1998). The most advanced research introduces a circular tunnel
into the true-triaxial cell to better simulate the rock stress state (Luo et al., 2020; Pan et al., 2020;
Wibisono et al., 2024). In a tunnel model experiment, applied far-field stresses are denoted by a,,, oy, and
oy,. The direction of lateral stresses on a cubical specimen in a true-triaxial setup is interchangeable based

on the stress magnitude arrangement (oy = ay,).

104



Tunnel model in
true-triaxial
compression

Tn

gy
a3
Biaxial Compression
Triaxial Extension (TE)
02 o3 =0 UIIUZ

(free face) a3 20

(from the tunnel wall
and radially into
tunnel wall)

gy
gy > 03 > 0y
True-Triaxial

Compression
- 0-3

41

a. Triaxial

Compression (TC)
L

0, = 03

Unconfined
Compression

0, =03=0

Figure 5.1 Rock mechanics testing methodology for modeling stress states adjacent to the
underground excavation. 4, 03, and a3 represent the major, intermediate, and minor principal stresses
applied to the specimen, respectively. In tunnel model experiments, applied far-field stresses are denoted
by 0, oy, and o},

Table 5.1 summarizes laboratory studies of brittle failure around circular openings (also referred
to as borehole breakout). These studies employed a true-triaxial cell and anisotropic loading conditions,
with two opening categories: (1) those with prefabricated openings (Addis et al., 1990; Cheon et al., 2011;
Gong et al., 2019, 2018; Lin et al., 2020; Rawlings et al., 1993) and (2) those with the capability to
excavate while the rock is loaded (Gong et al., 2023b; Haimson, 2003; Haimson and Herrick, 1989;
Herrick and Haimson, 1994; Lee and Haimson, 1993). Studies using the latter type typically feature
opening diameters of <25 mm, requiring more load to induce failure (Martin et al., 1994). Cheon et al.
(2011) and Gong et al. (2019) used diameters of 60 and 50 mm of prefabricated opening, respectively, but
did not showcase abrupt brittle failure that poses high risks in excavation. Despite these extensive
laboratory investigations (Table 5.1), predicting brittle failure remains challenging due to the complex
anisotropic stress states encountered during tunneling with the evolving nature of brittle failure
progression (Shen and Barton, 2018). Rock mass response to tensile and shear mechanisms also affects
fracturing behavior (Sahara et al., 2017). These studies often overlook factors such as face support,

detailed failure progression, and confinement dependency.
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Table 5.1

Laboratory studies of spalling around circular openings with true-triaxial cells under

anisotropic loading. The presentation order in the table is organized by the experiment type and

chronological order.

Specimen Rock/anal
ock/analog
Experiment Test principle geo;::;try rock Observed failure Reference
type . mode
opening properties
diameter @
Weak
Sandstone
(mortar);
400 x 400 UCsS=0.5
PlooResll X400 mm? MPa,
' and
E=0.19 GPa. Addis et
500 x 502 | al. (1990);
x 500 mm Rawling et
Gres d
keyP \fgzgeess Extensional and shear al. (1993)
ko P 6 =508 Sandstone: failure mechanism,
mm UCS = 24 4 identified with log-
MPa. ' spiral formation around
’ the opening.
E=0.99
GPa.
p k;=012-03
True-triaxial k2= 0009 Mortar;
with 290 x 290 5,
prefabricated x 290 mm® UCS =38
hole MPa, Cheon et
G al. (2011)
E=11.5 GPa,
K kP g = 60 mm 93
2 v=0.21
Visible macro cracks to
heavy spalling,
V-shaped notch.
Case l 0, > gy >0
Red
Sandstone;
100 x 100 uces = |
3
o %100 mm 97.6 MPa, . Gong et al
- (2018,
E =18.6 GPa.
. 2019)
@ = 50 mm Changtai
Casel: Granite; ]
Gprap>dy f;ﬁ; o UCS =261 Spalling and
02045 s036er MPa burst/ejection of
material, V-shaped

notch
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Table 5.1 Continued.

Specimen
geometry Rock/analog
Experiment i rock .
type Test principle and Observed failure mode Reference
opening properties
diameter @
Th
Truetriaial 120 x 120 Sandstone;
Tue-triaxia x 120 mm? -
Wit%l o} i ues = Lin et al.
prefz;:)rllcated 423 MPa, (2020)
o @=1lmm  E-75GPa ey, ol
Oy > Oy > 0y V-shaped notch breakout
oy, = 10 MPa constant f .
o, = 5 MPa constant ormation
Ov Drill/unloading
130 x 130 Haimson
x 170 mm? Alabama and
. 130 % 130 Limestone; %e;';;(;k
x 180 mm®>  UCS =43 MPa ’
o .
E =28 GPa Herrick
o= 031041 on = = Haimson
0y = 035049 oy e 20 lnlnflnd v=027 V-shaped notch breakout (1994)
formation, episodic spalling
ay . )
Drillunloading Lac du Bonnet
100 x 100 Granite;
x 100 mm? UCs = 167 Lee and
oy MPa, Haimson
o, (1993)
True-triaxial h 0 =21 mm E =55 GPa,
with capability  oz>a 20
to excavate 1000 v=03 . )
Extensile cracks forming
V-shaped notch breakout
formation
Tv Drillunloading
Berea
150 x 1503 Sandstone;
% 230 mm Hai
. UCS =22-53 é‘;‘&;‘;n
o MPa
@ =23 mm

oy > op 2 6y
0n =0.07-0.27 oy
7, = 006-027 oy

Think and long tabular
borehole breakouts,
orthogonally to oy
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Table 5.1 Continued.

Specimen
) geometry Rock/analog
Experiment Test principle and rock Observed failure mode Reference
type openin, ;
Y g properties
diameter @
P
!
100 x 100 Red Sandstone;
o x 100 mm? =
True trlax.12}1 mm UCs = Gong et al.
with capability ki (2023)
to excavate 97.6 MPa,
Drilliunloading @=25mm  E=186GPa
k =0.09-0.15 Spalling and burst/ejection

of material, V-shaped notch

This study investigates these factors by developing reproducible analog material and a controlled
tunnel model experiment to simulate brittle failure. The tunnel model experiment features a true-triaxial
cell as the loading unit (Frash et al., 2014b) and a mock miniature tunnel boring machine (TBM) as the
excavation unit (Arora et al., 2021). Acoustic emission (AE) monitoring tracks acoustic wave patterns
during excavation and loading, detecting microfracture initiation and propagation to provide insight into
damage progression within the specimen. This setup enables detailed analysis under well-controlled and
instrumented conditions, which are difficult to achieve in field settings. Section 5.3 details the
experimental framework in this study, including analog material characterization, tunnel model setup, and
triaxial extension (TE) test. The TE test considers the biaxial stress state and unloading conditions to
provide an additional biaxial peak shear strength. This TE peak shear strength and uniaxial compressive
strength (UCS) results are evaluated using AE monitoring data and visible failure stress initiation from the
tunnel model experiment. Tunnel damage and rockburst progression at the loading stage under anisotropic
stress conditions (0, > gy > oy,) are documented. The study explores two critical discussions:

(1) comparisons with well-established empirical correlations and analytical approaches and (2) the
influence of face support, detailed failure progression, and confinement dependency. Ultimately, this
investigation showcases enhanced insight into understanding rockburst progression mechanisms. Also,

this study explores other factors that contribute to tunnel brittle failure through experimental evidence.
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5.3 Experimental Frameworks
5.3.1 Material Characterization, Tunnel Model Experiment, and Loading Path

The tunnel model experiment consists of a circular excavation through a cubical analog material
placed in a true-triaxial cell. These components are illustrated in Figure 5.2. as tunnel model experimental
schematics. Additionally, acoustic emission (AE) transducers monitor seismic signals during excavation

and loading stages. However, detailed AE analysis is beyond the scope of this study.

(a) EXCAVATION

. Reaction Frame

. Hydraulic Jack

. to Servo-Controlled Pump (Thrust)
. Thrust Bearing

. to Compressed Air (Flushing)

. Cutter Head Shaft

. Mounting Roller Bearing

. Chain Sprocket (Shaft)

. Chain Drive

T 12 10. Chain Sprocket (motor)

11. AC Motor, 1/2 HP

12. Cutter Head (34- and 51- mm dia.)
13. True-Triaxial Cell Body

Miniature TBM

W~ DU s WRN =

w

Scale

True-Triaxial Cell

300 mm

Vo4
actual setup arrangement mini-TBM mounting on true-triaxial cell

(b) LOADING

14. Concrete Backing

15. Cubical Rock Specimen
16. Flexible Membrane Flat Jack
mm 47 Active Platen (Steel)
18. Passive Platen (Grout)
19. AE Transducers (6 channels)
20. Tunnel Opening

isometric view top view - open lid loading and AE arrangement

Figure 5.2 Tunnel model experimental schematics: (a) Photo and details of the excavation unit
arrangement (after Arora et al. 2021); (b) Loading unit arrangement, including details of the AE
transducer locations and applied loading illustration on the cubical specimen (Wibisono et al., 2023a).

The material was a developed analog sedimentary rock. All specimens were fabricated following
the mortar mixing process, mimicking sedimentary rock with accurate control of the components. This

effort ensures the reproducibility of the physical and mechanical properties across various specimen
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geometries. The specimens primarily consist of Type I/II Portland cement, F-75 Ottawa sand, and water.
Aside from the 300 x 300 x 300 mm?® cubical specimen for this tunnel model experiment, additional
cylindrical specimens were prepared for material characterization. The characterization involved a series
of physical properties, unconfined compression tests (UCT), Brazilian tension tests, and TC tests.
Additionally, more cylindrical specimens were made for TE tests, which will be discussed further in
Section 5.3.2.

Table 5.2 summarizes the mix design and properties of this weak analog rock. The analog rock
mix design features a 4% cement content C (cement mass relative to total solid mass) and a 1.2 water-to-
cement ratio w/cm. Several engineering treatments were applied to the standard analog sedimentary rock
(Wibisono et al., 2022) to improve brittleness response while reducing the UCS. These weak and brittle
characteristics minimize the need for a high-capacity loading apparatus, allowing geometry that facilitates
direct tunnel observation. The engineering treatments include the following: (1) fine-uniformly graded
aggregate usage, (2) cement content reduction, (3) curing time reduction, (4) air-entraining admixture
usage, (5) saturation and freeze exposure, and (6) thermal exposure (Wibisono, 2024). This analog rock is
categorized as "very weak," according to the International Society of Rock Mechanics (1978), with a UCS
of 1.68 MPa. The improved analog rock has been evaluated to have more brittle responses with reduced
UCS. Further details regarding the analog sedimentary rock development are documented in Wibisono
and Gutierrez (forthcoming).
Table 5.2 Summary of mechanical properties of analog sedimentary rock mix and Mohr-Coulomb

fitting parameters based on previous laboratory characterization results. The mix design, called Mix B,
exhibits improved brittle response with reduced UCS (Wibisono, 2024).

Properties Mix B
Uniaxial compressive strength, . (MPa) 1.68
Tangent Young’s modulus, E5, (GPa) 0.76
Brazilian splitting strength, o, (MPa) 0.19
Poisson’s ratio, v 0.22
Cohesion, ¢ (MPa) 0.28
Friction angle, ¢ (°) 43.24

As shown in the loading schematics (Figure 5.2b), the true-triaxial cell uses flexible membrane
flat jacks positioned behind stiff steel platen, enabling controlled loading on three active sides. This
configuration allows the application of normal stresses up to 13 MPa on each active side, simulating the
three far-field stresses, a,,, oy, and o, (Figure 5.2b). The opposing vertical sides functioned as passive
boundaries, filled with rigid, high-strength, cast-in-place, non-shrink precision grout to ensure a tight fit

between the specimen and the true-triaxial cell. A rigid steel platen with a central opening was placed on
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the horizontal passive side, allowing excavation and tunnel observation. This setup required applying a
37% adjustment factor to the effective far-field stress calculation based on the reported stress distribution
near the specimen's center (Frash et al., 2014). For example, the reading at the pressure transducer of 8.0
MPa gives the effective far-field stress of 2.96 MPa. Removing the true-triaxial cell steel top lid facilitates
specimen placement to the true-triaxial cell. With the steel top lid in place, hydraulic lines for loading
schematics and acoustic emission cables are routed through a 63 mm circular opening. The steel top lid
also features a 75 mm diameter central opening for excavation and tunnel observation access.

Integrating the true-triaxial cell with a miniature TBM enables scale-model experiments to assess
responses during tunnel excavation. This excavation process replicates actual excavation under
true-triaxial stress conditions in a cubical rock specimen (Figure 5.2a). The tunnel in this study is
excavated vertically to reach the geometric center of the specimen. Two diameters of the excavation unit
are available with the 34- and 51-mm diameter tungsten-carbide-button-bit cutter head that is mounted on
a hollow drilling rod (Figure 5.3a). The excavation unit is driven by thrust and torque units. All units are
assembled into a reaction frame that holds the entire system to form the excavation schematics (Figure
5.2a). The thrust unit includes a hydraulic jack, syringe pump setup, and a thrust bearing. A control
program, DIsco (Dynamic Teledyne Isco D-series Syringe Pump Control), developed in LabVIEW, logs
the volume and flow rate of hydraulic fluid from and to the pump (Frash, 2016). The excavation face
pressure is set in a continuous constant pressure (CCP) mode. The torque unit is powered by a constant-
speed AC motor equipped with two chain sprocket gears and a chain. The hollow drilling rod attached to
the excavation unit is designed to facilitate debris removal from the tunnel face with a compressed air
connection (Figure 5.2a). The excavation with the 51 mm diameter cutter head leaves a clearance gap of
approximately 124 mm—about five times the tunnel radius—between the tunnel wall and the specimen
boundary. This clearance is optimized through several trials to minimize the impact of boundary
confinement on the tunnel excavation face. Further details regarding the miniature TBM configuration are

documented in Arora et al. (2021).
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Figure 5.3 Tunnel model experiment with true-triaxial cell and miniature-TBM: (a) two excavation

heads for pilot and main tunnel excavation, (b) specimen, loading unit, and AE transducers assembly, (c)
tunnel profile measurement using digital borehole caliper, and (d) loading path plan. Of note, the least far-
field stress oy, is applied parallel to the tunnel axis.

The tunnel model experiment involves four primary stages: (1) assembling, (2) excavating, (3)
loading, and (4) preserving deformation. First, the cubical analog specimen was placed inside the true-
triaxial cell with active and passive loading units, steel platens, and AE transducers (Figure 5.3b). The
steel top lid of the true-triaxial cell was then placed before connecting all the jacks to the hydraulic pumps
and mounting the miniature TBM. The specimen is initially loaded (isotropic, 0.6 MPa) to ensure it
remains in position. The excavation stage commenced as the excavation head contacted and rotated to the
rock specimen. The thrust pressure of 0.6 MPa was maintained for the miniature TBM to match with
isotropic loading. Once approximately half of the specimen length (150 mm) was excavated, the miniature
TBM was dismounted. This dismounting process allowed enough time for the rock specimen to stabilize
regarding AE signals before transitioning to the loading stage (Wibisono et al., 2023a). A digital borehole

caliper (Figure 5.3c) was used to measure the diameter of the excavated tunnel profile at three different
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advances: near the portal, halfway, and near the face. Measurements were taken from springlines and
crown to tunnel invert. These six values were then averaged to obtain the general diameter of the tunnel.
Due to the configuration of the setup, the measurements for this diameter can only be performed after the
excavation and loading stages.

As depicted in Figure 5.3d, the loading stage involved several steps. The specimen was
monotonically loaded in compression under isotropic conditions (g, = oy = ay,), until the preset oy, level
was reached. Subsequently, o, was held constant while o,, and o5 were monotonically increased until the
predetermined oy was achieved. Finally, lateral stresses o3, and gy were maintained at constant levels,
and vertical stress g, was monotonically increased. This monotonic loading was stopped until a
significant failure was observed, or the maximum capacity of the loading was reached. In this study, the
oy was applied parallel to the tunnel axis, where both o0, and oy were applied in a plane normal to the
tunnel axis. Before unloading, the tunnel was cleaned from the ejected debris, photographed for failed
tunnel documentation, and injected with epoxy resin to preserve its structure. After the resin had
solidified, the specimen was unloaded by releasing pressure from the three hydraulic jacks. The specimen
was then recovered by removing the steel top lid for further investigation.

Acoustic emission (AE) signals were recorded using a six-channel acquisition system provided by
MISTRAS, operated via AEwin software to monitor the damage. The experiment employed six WSa-30
AE transducers with an operating frequency range of 100-1000 kHz and a resonance frequency of 125
kHz (MISTRAS Group, 2013). The transducers were positioned on three sides of the rock specimen to
capture AE events (Figure 5.2b). The setup enabled the detection of elastic waves from microcracking,
which provided crucial insights into the progression of internal damage (Hampton et al., 2018; Lockner,
1993). As in the UCT, the damage initially occurred internally, beginning with crack closure, followed by
crack initiation, the onset of strain localization, crack damage, and post-peak responses (Hoek and Martin,
2014). The recorded seismic waveforms were amplified by 40 dB, and a 35 dB threshold was applied to
filter out environmental and mechanical noise, ensuring signal clarity. Although AE was also monitored
during the excavation, allowing further analysis as in Gautam et al. (2023) and Moradian et al. (2024), AE
analysis in this study focuses solely on the loading stage. In this investigation, AE parameters such as
event count and cumulative count were used to quantify cracking activity during each loading stage.
Wibisono and Gutierrez (forthcoming) present a detailed analysis of AE parametric data from the loading

stage, exploring potential precursors to the onset of spalling.

5.3.2 Laboratory Tests for Prediction Points of Spalling Initiation

In the context of a two-dimensional tunnel under plane stress conditions, the failure stress state at the tunnel
boundary is represented by the UCT scenario. Radial stress signifies the minor principal stress (o, = 03 =

0), while tangential stress serves as the maximum principal stress (o = g; > 0). These stresses induce
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tunnel wall yielding and lead to failure if the stress state exceeds the Mohr-Coulomb failure envelope of the

rock that defined as:
o5 =Ky, - 035 + 2¢- /Ky (5.1a)
1+sin¢
— .1
P 1—sing (5.10)

With internal support pressure p; = 0, observation at the tunnel wall (R = R) where g, = 03 = 0 and

015 = 0gs_ycr»> EQ. (5.1a) simplifies to:

O.Bf—UCT = ZC,/KP (52)

This expression yields the theoretical UCS according to the Mohr-Coulomb failure criterion.

Unlike two-dimensional analysis, in-situ tunnel boundaries have a more complex stress state
(Figures 5.1 and 5.4b). The three-dimensional effect and stress rotation near the tunnel boundary affect
fracturing conditions, as exemplified by the cases of tunnel instability (e.g., the mine-by-experiment
V-notch spalling, slabbing failure) (Martin and Chandler, 1994). A growing trend in academic research is
the consideration of three-dimensional confinement, which affects fracturing (Al-Ajmi and Zimmerman,
2005; Rahjoo, 2019; Saceanu et al., 2022). For instance, lateral stress transformation into longitudinal
stress g, (intermediate confinement) in polar coordinates contributes to the biaxial stress state at the

tunnel boundary. This stress state is characterized by o,- = 0 and gy, o, # 0 (Cai, 2008).
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Figure 5.4 Simulation of stress states at the tunnel boundary during excavation-induced unloading
using cylindrical laboratory tests: (a) two-dimensional consideration using UCT and (b) three-dimensional
consideration using triaxial extension (TE) test.

The TE test is proposed to investigate the biaxial stress state at the tunnel boundary. This test uses
a conventional triaxial chamber (Hoek cell) with an axial unloading scheme. This approach allows the
simulation of the encountered stress path around the wall of the tunnel model experiment (Section 5.3.1).
A small wall segment is modeled as a horizontally placed cylindrical specimen. Figure 5.4b illustrates this
concept, applying the major and intermediate principal stresses, o; and o, through lateral confinement on
the specimen. The stress configuration in TC (g, > g, = g3) is conceptually modified into TE (o4 =
05 > 03). The axial loading and unloading to the specimen are displacement-controlled compression
platen, applying minor principal stress a3. The same dual Teledyne Isco 65DM syringe pump setup in the
tunnel model experiment is used to apply confinement to the Hoek cell, programmed using the DIsco
software (Frash, 2016). This software allows data logging and controlling the connected syringe pumps.
The software has two different modes for fluid injection—constant pressure and constant flow—which

will be discussed in the test procedure.
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The TE test involves the following steps:

1) Isotropic loading of the specimen within the triaxial chamber until the designated stress
condition is achieved (e.g., py = 0.5 - g,). For this, the control of the Isco pump uses the
constant pressure mode to reach the designated stress state, along with the pressure transducer
reading from the axial compression platen.

2) Unloading the axial plate to simulate o, = 0 for biaxial stress state condition or a certain
loading level to simulate the stress state away into the tunnel wall (e.g., a3 = 0.2 - g,).

3) Increasing lateral confinement pressure (g; and o03) to simulate the tangential and longitudinal
stresses (0g and g,,) at the tunnel wall until failure is observed. The control of the Isco pump
uses the constant flow rate mode. This mode allows hydraulic oil injections into the
confinement chamber at a decided flow rate until a significant pressure drop indicates
specimen failure.

4) Noting the peak confinement as the required stress to induce failure or the TE peak shear
strength g s_ygr for unconfined extension test (UET) for 03 = g, = 0 or ggs_rg for o5 =
o, # 0.

However, this state-of-the-art approach has limitations; for instance, the identical confinement
state of o; = g, does not accurately reflect the stress conditions at the tunnel wall. Additionally, the
unloading rate is fixed and needs to be manually adjusted to match varying stress states. The axial loading
apparatus, being a displacement-controlled compression machine, cannot be programmed to maintain
constant loading. Consequently, during step (3), where axial unloading does not proceed to full release,
the pressure transducer at the top loading platen records an increase in load as the specimen dilates due to
increased confinement (o; = a,). This reactive force, as a generated tensile force —as, is then reapplied to
the specimen and acts again as the minor principal stress. Documentation of this reactive force is essential

in observing the stress path and developing a reliable failure envelope.

5.4 Results
5.4.1 Excavation Process, Tunnel Geometry, Loading Path, and Acoustic Emission Counts

Two excavations were performed using 34- and 51-mm excavation heads, corresponding to the
pilot and main tunnels. Consequently, both mounting and dismounting of the miniature TBM were
performed twice. This approach aimed to investigate a potential size effect within this experiment and to
determine if pilot excavation could reduce the likelihood of brittle failure instabilities. Pilot tunnel
excavation achieved a 75 mm advance over approximately 33 minutes.

The loading for the excavated pilot tunnel was partial, primarily intended to record acoustic

emission (AE) data. This decision not to load the pilot tunnel until failure was budgetary. The maximum

116



effective far-field stresses applied to the pilot tunnel were 1.2, 0.9, 0.6 MPa (a,,, oy, and g;,). According
to the two-dimensional closed-form elastic solution for a circular tunnel, oy = 30,, — oy, this stress state
of failure initiation gives a maximum gy at the tunnel boundary of 2.7 MPa. The tunnel did not exhibit
any observable failure but showed yielding, which was measured using the digital borehole caliper. The
average diameter before the loading was 34.85 mm, which converged to 34.22 mm (1.81% deformation)
after loading. The tunnel was then unloaded to initial isotropic loading (0.6 MPa) before excavating the
main tunnel.

Main tunnel excavation took 43 minutes at a designated TBM thrust pressure of 0.6 MPa to
achieve a 142 mm advance. The excavation time was faster for the first 75 mm since part of the
excavation had been accomplished with the pilot tunnel excavation. Unlike the partial loading for tunnel
pilot, the excavated main tunnel was loaded until significant failure was observed (Figure 5.3d). Figure
5.5 presents the effective far-field stress to time, superimposed by the AE counts and cumulative AE
counts throughout the loading stage. The data presented extends up to 12 minutes, during which the
maximum effective far-field stresses were applied (o, = 3.9 MPa). At the failure initiation (mm:ss =
4:35), the effective far-field stresses were 1.6, 1.2, and 0.6 MPa (g, oy, and o03,). Using the same elastic

solution, this stress state at the onset of visual spalling gives the maximum og of 3.6 MPa at the tunnel

boundary.
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Figure 5.5 Applied stress conditions on the 300 x 300 x 300 mm?® specimen with a 51 mm circular
opening and acoustic emission (AE) monitoring counts during the loading stage. The plot shows the
effective far-field stresses (6, 0y, 05) and the cumulative AE counts from all channels, with the red
cross marking the point of visible spalling initiation. The loading stages are marked with Roman
numerals, as shown in the plot. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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The average main tunnel diameter before the loading stage was 51.47 mm. However, the post-
loading measurement with a digital borehole caliper was not performed due to the V-notch shaped
generation and catastrophic failure at the final loading stage.

5.4.2 V-Notch Spalling Generation throughout Time during Loading, Final Deducted Damage
Zones

Spalling generation documentation was taken outside of the tunnel portal using a UHD 60FPS
video recorder. Time stamps were synchronized with AE recording and effective far-field stress,
establishing a global time reference for the loading stage (denoted by mm:ss). At certain intervals, video
frames were extracted to capture the progression of brittle failure in areas with concentrated tangential
stress—particularly at the tunnel springlines. Figure 5.6a presents the video frames, denoted with
anisotropic loading stress level k where k = ¢,,/0y. The initial grain ejection occurred at k=1.45 with
timestamp 04:35, followed by relatively larger ejected grains from the springline near the marked "x1".
Further brittle failure progression at "x1" was initially obscured due to the integrity of the portal until
k=2.75 with time stamp 06:35. This collapsing portal is shown at the lower end of the figure as fracturing
dislocated the "x1" mark towards the opening. However, between the k=1.45 and k=2.75, slabs and shear
debris (fine grains) were observed flowing into the tunnel more aggressively and violently.

Figure 5.6b shows the final failure of tunnel with "x1" mark still visible before the tunnel
was cleaned up of ejected debris (Figure 5.6¢). The cleaned tunnel shows that the major damage occurred
at the springline with extended damage in the crown section near the portal (left handside). The final
tunnel failure profile that had been injected with resin becomes the only recoverable specimen, as shown

in Figure 5.6d.
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Stage I-post excavation Stage II, k = 1.00

End ofloadi;lg, i,,mx =325 End of loading: Cleaned Specimen global failure

Figure 5.6 (a) Progression of spalling failure throughout the loading stage with increasing anisotropy
k = 0,/0y, (b) final failure of the tunnel before cleanup, (¢) final failure of the tunnel after cleanup, and
(d) specimen recovery process showing the complete failure of the cubical specimen.

The recovered specimen was cut to approximately 30 mm wide to observe the final tunnel failure
profile. Seven cross-section cuts, marked with Roman numerals (I-VII), were photographed as shown in
Figure 5.7. Four cut parts were macro-photographed to detail the damage, denoted with A, B, C, and D,
respectively. Resin infiltration in the rock indicated both a highly damaged zone HDZ and an excavation
damage zone EDZ. The HDZ appeared as a dark-colored zone due to resin bonding, indicating high

macro-fracture intensity. Most of the HDZ had spalled and were manually removed.
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On the other hand, the EDZ showed less discoloration with observed cracks, likely due to
localized plastic damage. Some EDZ were separated from the recovered specimen, and some were lost
during cutting. The damage zone shown in A demonstrated a partially fractured wall where two distinct
angles (later referred to as the exit angle w,, in Section 5.5—Brittle failure geometry) formed and
increased with distance from the tunnel. Macro-photograph B showed three distinct layers: resin, HDZ,
and EDZ. Lastly, log-spiral fractures were observed in C and D, highlighting the complex failure

mechanism in brittle failure progression.

Figure 5.7 Cross-section cuts from recovered specimen with roman numeral markings, with four
macro-photographed denoted with A, B, C, and D. Red color indicates the solidified resin that was
injected into the failed tunnel profile before unloading.

Figure 5.8 shows the digitized cross-section cuts into 3D space, illustrating the extent of damage
throughout the tunnel. In this figure, the yellow points represent the digitized tunnel profile from the
photographs, while the light red mesh represents the interpolated surface between the measured points.
The excavated main tunnel is displayed in Figures 5.8b and 5.8c, with light grey shade for pre- and post-

loading comparison. The solidified resin helped to capture the failed tunnel profile on each cross-section
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cut. The longitudinal distances of cuts I-V from the initial tunnel face were 142, 106.8, 82.9, 54.6, and
25.6 mm, respectively, with cuts VI and VII extending beyond the initial tunnel face.

This diverging, tabular V-shaped failed profile indicates that the extent of damage decreases
towards the tunnel face. For cross-section cuts V-VII, the damage appears significantly smaller than the
excavated main tunnel, particularly for cuts VI and VII, which likely occurred due to the tunnel face
profile not being fully flat. The tapered end from the main excavation head (Figure 5.3a) left the face with
an undulating inner section, which also failed during the loading stage. Additionally, these cuts confirmed

that the failed geometry of both springlines was different in size.
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Figure 5.8 Failed tunnel specimen from cross-section cuts digitization: (a) isometric view, (b) portal

view, and (c) top view. Yellow cross marks represent the digitization of actual fracture locations from the
images in Figure 5.7. The light red surface represents the interpolated spline between these points to
illustrate the final tunnel profile. The brown surface is digitized from the recovered failed specimen. In (b)
and (c), the white highlights indicate the initial main tunnel profile, with the actual recovered specimen
shown adjacent to the digitized representation.

5.4.3 Analog Rock Failure Envelopes

Failure envelopes were best fitted from two sets of laboratory tests (TC and TE), along with the
Brazilian splitting strength o;. For the TC test, the four confinement levels were 0 (UCT), 0.6, 0.75, and 1
MPa, while for TE, the confinement levels were 0 (UET), 0.1, and 0.3 MPa. Although the confinement
levels for TE were considered small, they were designed as the initial load, which increased as lateral

compression progressed (as explained in Section 5.3.2.). Table 5.3 outlines the differential stresses that

121



induce failure during these tests and the corresponding characterization of the failed specimen. Figure 5.9
provides the failed specimens and their measurement parameters ey and Dypqc.

Table 5.3 Summary of TE and TC test results, including minor confining pressure at failure o3,
differential stress o7 — 03, measured failure plane angle @y, and depth of fracture Dfy.q.. The last two

parameters were measured from the failed cylindrical specimens (see Figures 5.6 and 5.7).

Minor confining

pressure at Dif:f:eesnstial Measured failure plane Depth of
Test type failure ot o, angle fracture
o °
o ;a) (MPa) Aexp (°) Dyqc (mm)
TC 0 1.68 0-5° -
TC 0.6 3.88 10-15° -
TC 0.75 5.72 15-22° -
TC 1.0 7.1 20-25° -
TE 0 2.09 3-5° 6-18
TE 0.68 5.03 5-7° 35-40
TE 0.83 6.15 5-10° 40-45
TE 1.0 7.23 8-10° 46-50
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Figure 5.9 Failed specimens from (a) TC and (b) TE tests showing fracture planes. (c) illustrates the
measurement of fracture depth D .4, in TE tests and the failure plane angle &, measurements from
both tests.

Differential stress states from both TC and TE tests were represented using Mohr circles in shear
stress T vs. normal stress g, plane, and the failure envelopes were derived by applying best-fit curves
(Figures 5.10a and 5.10b). A hyperbolic curve was used to model the failure envelopes for the TC (TC-
fitting) and TE (TE-fitting) tests. The equations for these fitting curves are as follows:

D2 _ 623

For TC with R“ = 0.99, 171¢ = Gor708) +9.1 (5.33)
For TE with R2 = 0.99 =" 11024

or TE wi =099, 1= @.1719) . (5.3b)

As g, approaches zero, the estimated tangential friction angle ¢, for TC and TE are 51.18° and

54.13°, respectively, based on the failure envelope derived using tan ¢, = do,,/d;.
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Figure 5.10 Failure envelopes from the best-fit curve based on data from the following: (a) BST and
TC tests (TC-fitting) and (b) BST and TE tests (TE-fitting).

5.4.4 Spalling Initiation Prediction

In this study, two spalling initiation predictions are evaluated based on the UCT o, and UET
o yer- Based on previous Mohr-Coulomb fitting with cohesion ¢ =0.28 and ¢y = 43.24° (Wibisono
et al., 2023a), this simplified expression yields a UCS value of 1.3 MPa. This value gg5_ycr = 1.3 MPa
will be applied as the first spalling initiation prediction point. For the second prediction, the peak lateral
shear stress from UET ogr_ygr was 2.09 MPa as reported in Table 5.3. These tangential stresses were
then used as inputs for a two-dimensional circular tunnel elastic solution (Kirsch, 1898) to mark far-field
stress conditions during the tunnel loading stage (o, and oy as the stresses act normal to the tunnel axis).
The equation is given as gg5 = 3 - 0;, — 0. With o maintained at a constant 1.2 MPa, giving o, = 07
values of 0.83 MPa and 1.09 MPa for TC and TE prediction, respectively. These values are then

incorporated into the loading path as critical points for further analysis, along with visible spalling
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initiation at k = 1.45 (4:35). As noted in Figure 5.5, the predicted time points for UCT and UET are 0:56
and 1:45, respectively.

The observed gap between the spalling initiation predictions and the actual visible onset could
also be attributed to two factors: 1) The stress gradient within the cubical rock specimen is more complex
than anticipated, or 2) significantly, while failure initiation was documented visually at k = 1.45, the
inherent structure of the tunnel wall may have already been compromised internally, which was not
visible. However, the acoustic emission count data significantly rose closely to both spalling initiation

prediction points, supporting the latter factor (Figure 5.5).

5.5 Brittle Failure Geometry

The cross-sectional cuts (Figures 5.7 and 5.8) were analyzed using two methods: the depth of
failure Dy and an improved analytical plastic slip lines model. Both analyses addressed the brittle-to-
ductile (BTD) transition, with the latter emphasizing the evolving stress anisotropy around the tunnel
boundary. In developing the improved plastic slip lines, the approach considers the mobilized fracturing
angles, which consist of the entry angle a,, and the exit angle w,,. This confinement dependency aligns
with the BTD transition concept described by Nygard et al. (2006) in cylindrical tests, where the rock
mass response shifts from extensional fracturing to shear banding (Figure 5.11a).

In this study, TC results showed a consistent pattern, with the measured fracture plane angle
Qexp increasing with higher confining pressure (Figure 5.9a). In contrast, TE results under similar levels
of confinements showed less significant changes in the measured fracture plane angle a,,, (Table 5.3),
supporting the fact that the transition pressure is higher in extension than compression (Byerlee, 1968).
Additionally, with the loading path for confined TE in Section 5.3.2., the stress conditions further from
the tunnel face appeared to be better represented by TC rather than TE. Therefore, further analysis used
TC results to address the BTD transition. When applied to the tunnel boundary, both @ and w were
observed to change with increasing confinement and radial distance (Figure 5.11b). The formation of the
final V-shaped notches was attributed to brittle rock responses under high anisotropic stress, involving

both extensional and shear fractures, as noted by Vardoulakis (1988).
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Figure 5.11 (a) Failure envelope in g, — g3 plane, illustrating potential failure modes and fracturing

from cylindrical tests across the brittle-to-ductile transition as confinement increases, and (b) the
corresponding changes for the fracturing angles, with the entry angle a,, and exit angle w,,, as the damage
progresses radially outward from the tunnel wall under increasing confinement.

Based on this understanding, Figure 5.12a illustrates the damage progression observed in the
tunnel model test. Axial stress-axial strain (Figure 5.12b) and volumetric strain-axial strain (Figure 5.12¢)
curves from TC tests further validate the BTD transition. The stress-strain curves exhibit post-peak

variations transitioning from strain-softening to hardening. The volumetric strain curves indicate
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increased ductility and reduced dilation under higher confining pressure, which align with the localized
damage progression observed in Figure 5.12a. Annotations (1), (2), and (3) in the stress-strain plots
correspond to stages of brittle failure (B), transitional failure (T), and ductile failure (D), respectively.
These annotations are estimated based on radial distances from the tunnel wall (>x/Ry), highlighting the

variations in failure response as confinement increases.
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Figure 5.12 (a) Illustration of observed spalling progression in the model tunnel cross-section with
hypothesized stress-strain curves of the tunnel wall extending into the rock mass, (b) stress-strain curves,
and (c) volumetric strain curves of mix B from both UCT and TC tests. Annotations (1), (2), and (3) in the
stress-strain plots indicate increasing ductility with radial distance from the tunnel wall represented as >

x/Ryp.
In the subsequent sections, the depth of failure D refer to the final geometry, while the improved

theoretical plastic slip lines are used to model the progression of brittle damage.

5.5.1 Depth of Failure Dy

5.5.1.1 Empirical Correlation

This study compares the measured cut sections with the well-known empirical correlation for

predicting the depth of failure Dy based on the stress ratio SR (Martin et al., 1999). The empirical equation

1S:

D
R—f = 0.49(+0.1) + 1.25(SR) (5.4)
T
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where SR is defined as the ratio of maximum tangential stress og to the UCS o,. The original criteria,
developed for full-scale tunnels, predicts the empirical line intersecting the y-axis at 0.4, representing the

typical crack initiation level relative to UCS (Diederichs, 2007a).

This intersection at 0.4 was interpreted as the stress state where visible spalling failure was
observed in tunnel model test, with k = 1.45. The vertical and horizontal stresses g,, and oy were
1.74 and 1.2 MPa, respectively. Using Kirsch's solution for a circular tunnel, the initial tangential stress at
the tunnel boundary og_;,;tiq; Was 4.2 MPa. At the final loading stage, with applied o, and o5 of 3.9 and
1.2 MPa, the tangential stress dg_finq; increased to 10.5 MPa. This demonstrates a 261% increase from
the initial stress state. Using 0.4 as the initial reference point and assuming constant o, the final stress
ratio becomes 1.04, aligning with the scaling in the empirical equation.

Unlike the previous study, which estimated Dy based on Dy, from TE test at a3 = 0 (Wibisono
and Gutierrez, forthcoming), the current study seems unsuitable for direct comparison. The observed
brittle failure here involved higher stress anisotropy and the formation of multiple slabs, which
collectively formed the final V-notch depth. This complexity makes it challenging to derive a single
fracture parameter from the element test to predict the extensive damage in the tunnel model. A potential
direction for future research could involve evaluating the thickness of the formed slabs to explore possible
correlations with Dy . This slab thickness evaluation may provide insights into how individual slabs

evolve under different stress configurations and contribute to the final Dy.
5.5.1.2 Analytical Radial Confinement on Brittle-to-Ductile Transition

Another approach to estimating the failure depth was to evaluate the predetermined BTD
transition Dy_prp. Using Kirsch's equation, radial stress g, away from the tunnel wall is estimated. The
TC stress-strain curves (Figure 5.12b) identified a confining pressure of 1 MPa as the transition point.
This transition point corresponds to a target radial stress g;. of 1 MPa, to be evaluated at a specific
distance r away from the tunnel wall. Kirsch's equation to calculate the radial stress o, at a given distance
r is given as follows:

o, + af R2 'Rz (0], — of 3R%  4R2
o =—2—"(1-=L + I T+( - ) 1 4 ") cos 26 (5.5)
2 r2 r? 2

rt r2

where p; is internal pressure, which is zero in this study, and 6 is the angle measured from the v-H plane.
The proposed predetermination point of the BTD transition during the loading stage was based on the
significant rise in AE at k = 1.25, with 0, and g, of 1.44 and 1.2 MPa, respectively. Given these

parameters, the distance r that translates to Df_grp was calculated to be 49.4 mm.
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5.5.1.3 Results from cross-section cuts

The depth of brittle damage Dy from the cross-section cuts I-V (Figures 5.7 and 5.8) was
measured digitally (Figure 5.13a) to obtain two values: right and left springlines, which were then
averaged for a third value. The values were plotted, along with empirical and analytical predictions
(Figure 5.13b). Unlike the original empirical plotting, this study adopts the absolute brittle damage depth
Dy on the y-axis, rather than the normalized depth Dy /Ry. The data points from each section, which share
the same x-values corresponding to the calculated final loading stage, were slightly offset to prevent
overlapping. Cuts VI and VII were omitted from this measurement since they represent extended damage

further into the tunnel face.
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Figure 5.13 (a) Depth of spalling measurement Dy from digitized cross-section Section I-V and (b)
comparison of the measured spalling depth Dy with the predicted spalling depth D¢_grp and empirical
damage predictions (after Martin et al. 1999). Measured data points from each section were slightly offset
to prevent overlapping, as they share the same x-values corresponding to the final loading stage.

These plots demonstrate that the empirical and Dy_prp prediction lines remained valid up to 54.6
mm distance (about two times R7) from the tunnel face (Cuts IV-V), based on the right springline values.
The remaining data points fall beyond the prediction line, indicating more damage than predicted. This
underprediction showcases the limitation of the model, which did not consider the unsupported
longitudinal distance away from the tunnel face. However, this insight emphasizes emerging degradation

mechanisms, particularly in long-span unsupported tunnels in brittle rock.
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Additionally, when using the empirical relationship, it is crucial to acknowledge the differences in
boundary conditions and site-specific stress conditions which manifested failure at the excavation
boundary (e.g., the smoothness of the excavation boundary and particular transition into other failure

modes) (Cai and Kaiser, 2014; Shen and Barton, 2018).

5.5.2  Analytical Plastic Slip Line Prediction using Progressive Bézier Curving

As stress localizes, the circular tunnel geometry gradually elongates into more stable elliptical
shapes, adapting to the evolving anisotropic loading conditions. The observed brittle failure progression in
the tunnel model corresponds to slabbing/buckling-shear rupture bursting as one of the strainburst modes
(Zhai et al., 2020). This bursting mode depends on rock lithology and radial stress gradient. The fracturing
behavior identified in this study reveals clear precursors, such as grain ejection, slab splitting or buckling,
and the development of intersecting shear bands, which characterize the brittle failure progression. The
theoretical elastic-plastic solution predicts that plastic slip lines follow equiangular logarithmic spirals in
representing shear banding geometry. These spirals are a function of the internal friction angle ¢, as

described by the following equation (Heuer and Hendron, 1971):

ro icot(45°+%>

(5.6)
T

where 7 is the radial distance and R is tunnel radius. While this logarithmic spiral relies solely on the
friction angle ¢, it does not provide information on where the slip line begins and ends. Therefore, a novel
approach using a quadratic Bézier curve offers an alternative method for modeling the failure zone,
accounting for extended tunnel damage and additional parameters beyond the friction angle alone. In
Figures 5.11a and 5.14b, the red dashed lines represent two intersected log-spiral curves with ¢, from TE

at g, = 0, which could not extend further and model the observed damage in cut IV.
A quadratic Bézier curve is defined as (Sapidis and Frey, 1992):

q(t) = (1 —t)%by + 2t(1 —t)b; +t%h,, 0 <t <1 (7)
where by = (xo’yo), by = (x1,y1), and b, = (x5, y,) are three control points of the curve (Fig. 5.14a). In
the context of brittle failure, these control points are fitted to the failed tunnel profile based on the breakout

width angle  and damage parameter {. The control points by, b1, and b, in polar coordinates are calculated

as follows:
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Figure 5.14 (a) Plastic slip line delineation using the Bézier curve method with three control points
and (b) progressive Bézier approach considering mobilized fracturing angles to fit the failed tunnel
profile.

1. Two symmetrical control points at the entry (xo‘yo) and (x,,y,) are given by:

(xo_yo) = |Ry - cos(n _ ﬁ) Ry - sm( '8) (5.7a)
2

(xz,YZ) = (-RT : Cos(n _ B), Ry - sin(n ; B)> (5.7b)

2. The middle control point (xl’yl) lies on the line defined by the tangent to the circle at the entry

point. Its coordinates are determined by the damage parameter ¢ as follows:
-pB 5.8)
)0) (

Additionally, due to the extended damage caused by the high degree of anisotropy, progressively

(xl’yl) = (0, Rr- csc(n

adjusted Bézier curves were developed, as shown in Figure 5.14b. Each Bézier curve idealizes the brittle
damage progression patterns, reflecting the mobilized fracturing angles a,, and w,, (Figure 5.12). Given
the need for multiple curves, the parameters § and { were considered as a range rather than as fixed
values. This range of B captures the changes in a,, and w,, as damage progresses away from the tunnel
wall under increasing confinement. Meanwhile, { accounts for the stress anisotropy that influenced the

extent of damage progression.
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These Bézier curves were then fitted and rotated to align with the observed damage from the
failed tunnel cross-sections. The fitting parameters £, ¢, and the rotation factor (Figure 5.15) enabled the
curves to represent the realistic progression of brittle instabilities accurately. Given the variation in
damage extent at the springlines and across different cuts, the ranges for these fitting parameters were
provided near the model. The ranges were initialized with low values of 20° for 8 and 1.04 for (,
corresponding to the minimum entry angle observed at the tunnel spalling initiation (Figure 5.6 — Stage
III, k=1.67). Another basis for these low values was the steep angle of shear fracturing mechanisms
relative to the minor principal stress in tunnel projects with spalling (Wibisono and Gutierrez,
forthcoming). The onset of spalling can appear like extensional fractures, likely due to the dilation of
fracture planes during shearing (Gutierrez et al., 2023).

Furthermore, the brittle damage progressed differently, appearing to be influenced by: (1)
distance from the tunnel face, (2) progressive load-bearing degradation due to strain softening, where the
damaged zone became more vulnerable to further degradation, (3) a slight tunnel offset within the cubical
specimen, potentially leading to an uneven load distribution resulting in longer, narrower damage on the
left springline, and (4) frictional boundary conditions that may have influenced the traversing load
distribution (Frash et al., 2014), though further data would be needed to quantify this effect to current
analog rock.

The converging damage pattern from the tunnel face to the portal (Figures 5.7, 5.8, and 5.13)
highlights the effect of face support. The tunnel face, resembling the unexcavated tunnel core, provides
gradually diminishing radial resistance as one moves farther from the face toward the exposed boundary
(Vlachopoulos and Diederichs, 2009). This results in more significant damage farther from the face as
resistance decreases. Moreover, as the strain-softening response progresses, the initially damaged sections
exhibit more damage than the later ones.

In addition, the right springline appears to have experienced a suppressed brittle-to-ductile
transition relative to the opposing side, potentially due to higher confinement levels. This earlier transition
limited fracture coalescence and shear band intersection, producing a shallower failure depth than on the
opposing side. These findings align with observations made by Ortlepp (1997) in the mine-by-experiment
tunnel, where the invert section exhibited a smaller notch due to additional confining stress from trapped

micro-slabs.
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Figure 5.15 Bézier slip line modeling of the final failure profiles from (a) Section-II, (b) Section-III,
(c) Section-1V, and (d) Section-V. The darker to brighter gradient dashed lines represent the progression
of the fracturing angles following the brittle-to-ductile transition. The bottom left and right legends show
the parameters used to fit the actual failure profiles (breakout width £, damage factor {, and notch tip
counter-clockwise rotation) at the left and right springline, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article).
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Figure 5.165
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Conclusions

This study extensively analyzed brittle damage and failure progression in tunnel excavation under

anisotropic stresses through laboratory experiments, addressing the mechanisms and contributing factors

of brittle failure. The experimental framework underscored the critical influence of stress anisotropy

gradients, longitudinal confinement stress, face support, and rock mass response on spalling progression.

The following conclusions are drawn:

(1

2

)

4)

This large-scale tunnel model experiment with analog brittle rock material, true-triaxial cell, miniature
TBM, and AE monitoring simulated the progression of brittle failure at a circular tunnel wall under
increasing stress anisotropy. The integration of element tests (TC and TE) enabled the
characterization of material response under confinement and unloading conditions. The developed
methodology was adaptable, allowing further investigation into spalling and rockburst due to ease of
repeatability, material preparation, and simple loading arrangements.

Brittle instabilities were concentrated in regions with the highest tangential stress near the tunnel
boundary. The initial failure mechanisms involved conjugate shear spalling at low entry angles
relative to the direction of tangential stress, yielding thin, detached slabs at the wall. As the deviatoric
load increased, the newly created geometry led to more violent rock ejection.

Confinement, inhibiting longitudinal and radial stresses deeper into the tunnel wall, influenced the
transition of rock mass response. Shear slip lines intersected at potentially brittle-to-ductile transition
due to confinement, forming the final V-shaped notch. This phenomenon was supported by physical
evidence from the recovered failed tunnel specimen and cylindrical specimens under confinement.
The assessment of the observed depth of failure Dy from different sections showed that empirical
prediction and brittle-to-ductile transition analysis were accurate only within one tunnel diameter
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from the face. Beyond this point, damage increased as virtual face support degraded, allowing for
more damage and further progression due to strain softening.

(5) Using progressive Bézier curves for the plastic slip lines effectively modeled the observed damage
zones from Sections II-V. The slip lines development considered the gradual progression of both
breakout width § and damage factor ¢, which were anisotropy dependent. The model closely
resembled the increasing fracturing angles (entry angle a,, and exit angle w,,) further away from the

tunnel wall.

5.7 Supporting Information

Python codes for generating the progressive Bézier curves for the plastic slip lines around the

tunnel boundary are accessible at https://github.com/mcdoans/brittle-slip-lines
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CHAPTER 6 SUMMARY AND CONCLUSIONS

The primary focus of this dissertation was to enhance the understanding of tunnel brittle

instabilities through a series of laboratory experimental investigations. These investigations focused on (1)

developing analog brittle rock model; (2) performing a series of tunnel model tests using a true-triaxial

cell, a miniature TBM, and AE monitoring; and (3) propose more robust brittle failure analytical and

prediction methods. While detailed conclusions are presented in each chapter, the major contributions and

conclusions of this dissertation are summarized below.

6.1.

Summary of Work Done

This dissertation makes several key contributions to the current understanding of brittle

instabilities in tunneling and underground excavation:

Established an analog brittle rock with a notably low UCS, which facilitates the replication of
experimental conditions, reduces the need for high-capacity loading, and enhances the observation of
brittle failure mechanisms.

Demonstrated the applicability of large-scale true-triaxial cell and miniature TBM for simulating
brittle instabilities such as spalling and rockbursting in tunnel excavation. The experiments provided
valuable insights failure mechanisms and stress-dependent behaviors under field conditions, among
other findings.

Proposed the triaxial extension (TE) test method to assess the effects of intermediate confinement and
unloading at the tunnel wall. This method used a conventional Hoek cell with a different loading path
and stress configuration to conceptually simulate the biaxial stress-state at the tunnel wall.

Identified a shear-driven mechanism that initiates spalling at a very small entry angle through tunnel
model spallings and TE test results. The steep angle measured from the minor principal stress may
resemble extensional fractures, forming perpendicular failure plane to o5. However, it could also form
through shear-induced dilation along the shear fracture surface, causing the friction angle to mobilize.
Improved the analytical log-spiral plastic slip line to the quadratic Bézier curve as an alternative
method for modeling the brittle failure zone. The curving accounts for extended tunnel damage and
additional parameters beyond the friction angle alone, such as breakout width § and damage factor (.
Proposed a methodology in identifying precursors to damage and spalling onset based on parametric
AE analysis. This included a temporal deconstruction procedure using time-frequency domain

signatures and b-value analysis.
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6.2.

Major Conclusions

The major conclusions of this research are as follows:
The developed analog material was classified as sedimentary rock-like based on its Poisson’s ratio,
density, elastic modulus ratio, and strength ratio. Mix B closely mimicked the behavior of intact
sedimentary rocks, making it well-suited for experiments requiring weak yet brittle characteristics.
The rock-like development with reliable repeatability enabled large-sample testing, reduced high-
capacity loading, and facilitated tunnel wall observations.
The failure mode observed in the large-scale unsupported tunnel model test was primarily influenced
by the loading conditions, whether isotropic or anisotropic. In the isotropic test, post-mortem
investigation in the longitudinal cross-section revealed shear localization and micro-fracturing,
identifying damage zones—Construction Damage Zone CDZ, Highly Damage Zone HDZ, and
Excavation Damage Zone EDZ, and spalled material—each corresponding to distinct stages on the
stress-strain curve observed in cylindrical triaxial compression (TC) tests.
Spalling was characterized as a form of shear failure with steep angles relative to minor principal
stress, challenging the notion of purely extensional failure. The theoretical log-spiral slip lines,
derived from rock friction angle and inversely related to spalling entry angles, highlighted the brittle
shear mechanisms underlying spalling. Lower confinement conditions promoted brittle responses,
with steeper rock failure envelopes yielding higher theoretical friction angles and reinforcing the
shear-driven nature of spalling.
Triaxial extension (TE) tests provided a more accurate method for predicting spalling initiation and
progression near the tunnel wall, identifying parameters such as biaxial shear strength, failure plane
angle, and spalling zone thickness that conventional tests did not capture. The biaxial shear strength
better represented the tunnel wall behavior with a consideration of both tangential and longitudinal
stresses. The TE test results showed that the entry angle of failure was smaller with higher theoretical
friction angles, suggesting a strong relationship between entry angle and material properties, further
refining the understanding of spalling initiation.
The experiments validated the instantaneous degradation characteristic of brittle materials, with
damage extending progressively from the initial failure zone. Under anisotropic stress, a more
significant extent of damage appeared near the portal, approximately six tunnel radii from the tunnel
face. Initial failure involved conjugate shear spalling at low entry angles relative to the direction of
tangential stress, yielding thin, detached slabs. As the deviatoric load increased, the newly created
geometry led to more intense rock ejection and shear debris flow.
Confinement notably influenced the transition of rock mass response around the tunnel boundary.

High tangential stress concentrations initiated pronounced spalling and rapid degradation, with an
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6.3.

entry angle a,, nearly parallel to the tangential stress direction. Further into the rock mass, the
transition from brittle-to-ductile response, as observed in the cylindrical TC tests, allowed the gradual
progression of fracturing angles. This formed characteristic V-notch or dog-earing patterns as both the
entry angle a,, and exit angle w,, widened.

The development of plastic slip lines can be explained using quadratic Bézier curves. The Bézier slip
lines required three control points and incorporated two parameters—breakout width § and damage
factor (—dependent on stress anisotropy. These Bézier curves improved the accuracy of modeling
extended tunnel damage beyond the limitations of log-spiral models with consideration of the gradual
progression of control points. The model closely resembled the widening fracturing angles further

from the tunnel wall.

Recommendations for Future Work

This dissertation has developed experimental frameworks and provided evidence addressing

fundamental issues of brittle instabilities in tunneling. While this work represents significant progress, it

also leaves certain questions unanswered or newly-raised, suggesting directions for further research.

These include:

L.

Introducing variations into the analog rock model to investigate the effects of rock mass discontinuity,
inhomogeneity, and anisotropy. The proposed TE testing methodology could serve as an initial
approach, offering a broad overview, particularly advantageous given the considerable effort required
for large-scale tunnel model testing.

Implementing mitigation strategies for brittle tunnel failure, coupled with additional monitoring
methods such as fiber optics. This would provide comprehensive damage and deformation data,
improving the understanding of ground-support interactions and enabling more accurate detection of
precursors to brittle damage and spalling onset.

Combining numerical modeling with experimental data to further validate constitutive models and
account for three-dimensional confinement. This approach would be valuable for investigating brittle
failure effects on tunnel intersections, multiple adjacent tunnel headings, and curved tunnel

alignments, where complex stress rotations occur around the boundaries.
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APPENDIX A IDENTIFYING ACOUSTIC EMISSION PRECURSORS FOR ROCK SPALLING
ONSET USING TUNNEL MODEL IN A TRUE-TRIAXIAL APPARATUS!

Al Abstract

Rock spalling is a type of brittle instability that occurs during tunnel excavation. Spalling degrades
the rock mass, reducing its load-bearing capacity and compromising tunnel safety. Identifying precursors
allows for timely mitigation measures and helps manage emerging changes during excavation and long-
term tunnel stability. This study identifies acoustic emission (AE) signals that precede brittle spalling onset
in a 51 mm diameter circular tunnel model. The tunnel was excavated in a 300 x 300 x 300 mm? cubical
analog rock specimen placed in the true-triaxial apparatus. The specimen was then incrementally loaded
under three independent anisotropic compressive loadings until spalling failure was observed. Six wideband
AE transducers were attached to the specimen to monitor seismic activity throughout the loading stage. This
research aims to address two key questions: (1) What are possible precursors for spalling onset that can be
identified from AE data? (2) Is there any strategy to improve the reliability and resolution of the precursors?
The anisotropy and stress changes within the specimen promoted V-shaped notch failure progression at the
tunnel wall characterized by extensional and shear fracturing. AE monitoring provided insights into the
spalling onset, with specific signal patterns identified as precursors through frequency domain analysis
(peak amplitude, average frequency, and rise angle) and b -value analysis. Temporal deconstruction
emerged as the key strategy for AE parametric analysis, enhancing resolution into visible spalling onset and
damage progression compared to physical observation. Both time interval analysis and moving number of
hits were showcased to demonstrate the potential of each method. Identifying AE precursors enables the
development of reliable early warning systems for brittle instabilities. This advancement enhances safety in

tunneling and other underground excavation projects.

A2 Introduction

Brittle instability affects rock mass integrity, posing substantial risks during tunnel excavations
and long-term stability. Unlike the squeezing response caused by the plastic flow of ductile rock, brittle
rock exhibits fracturing from excessively induced stress, which eventually enlarges the opening (Bradley,
1979; Egger, 2000b). These fractures can range from superficial cracks to severe spalling. Fractures can
even lead to strain bursting (Alcaino-Olivares et al., 2024; Diederichs, 2007b; Duan et al., 2019; Edelbro,
2009; Ortlepp and Stacey, 1994; Su et al., 2023). Such fractures reduce the load-bearing capacity of the

! This chapter will be submitted as a full journal paper for publication in an international peer-reviewed rock
mechanics journal.
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rock mass and render support systems ineffective (Kaiser et al., 1996; Primadiansyah, 2024). Over time,
changes in stress conditions around supported tunnels, such as those induced by nearby additional
excavations, can further compromise stability (Shen et al., 2015). This degradation poses safety hazards to
personnel involved in tunneling and underground operations and increases maintenance costs (Moss and
Kaiser, 2022).

Understanding and mitigating spalling becomes critical as tunneling projects advance into
challenging geological conditions (Zhu et al., 2019). Identifying precursors to brittle spalling enables
timely mitigation measures, helping manage changes during excavation and ensuring long-term tunnel
stability. Acoustic emission (AE) and microseismic (MS) monitoring have long been recognized as a
method for detecting precursors of rock failure (Hampton et al., 2018; Hardy, 1981; Lockner, 1993; Obert
and Duvall, 1942; Shull, 2002). Historically, underground miners intuitively understood the importance of
audible acoustic waves, evacuating mines when they heard cracking sounds from timber supports or
crackling pops from the rock. Modern monitoring techniques build on this principle, using instruments to
capture and analyze AE (high-frequency events) or MS (low-frequency events) associated with rock
fracturing (Dresen et al., 2010; L. R. Li et al., 2017; Meng et al., 2018; Moradian et al., 2016). These
efforts in capturing and analyzing acoustic events have led to predictive approaches as the basis for the
prevention and control of brittle failure hazards (Wang, 2017). The similarities between AE and MS
facilitate cross-collaborative efforts between field and laboratory, enhancing the understanding and
mitigating the rock failure process.

This research addresses these critical issues by showcasing parametric AE data analysis methods.
The explored methods will help understand brittle failure progression and visible onset in tunnel model
schematics. Data was recorded from six AE transducers mounted on a cubical analog rock specimen with
an excavated circular opening. This specimen was excavated and loaded in a true-triaxial apparatus
developed at the Colorado School of Mines (Frash et al., 2014b). The analog rock was designed to exhibit
a brittle response while having low uniaxial compressive strength (UCS) (Wibisono et al., 2023a). This
tunnel model experiment allows for detailed analysis under well-controlled and instrumented conditions,
which are difficult to replicate in the field.

The study focuses on documenting tunnel damage and spalling progression during the
incremental loading stage under anisotropic stress conditions (g, > oy > ad,). Key aspects explored
include the following: (1) parametric AE analysis for frequency domain analysis and b-value, (2)
evaluation of temporal deconstruction features extraction towards visible spalling onset, and (3)
improvements in the reliability and resolution of precursors. Ultimately, this investigation showcases
alternative pathways for developing a more robust predictive monitoring strategy for brittle failure

instabilities.
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A3 Methodology

A.3.1 Tunnel Model Experiment Loading Path

The tunnel model experiment systematically loads a cubical analog rock specimen with an
excavated opening within a true-triaxial apparatus. AE transducers monitor seismic activities during both
the excavation and loading stages. The loading schematics (Figure A.1a) show that the true-triaxial
apparatus uses circular flat jacks behind square stiff steel platens. This arrangement allows the application
of independent compressive stresses up to 13 MPa on each active side. The three far-field stresses
provided by the loading schematics are identified as the vertical stress o, intermediate horizontal stress
oy, and minor horizontal stress o;,. The magnitude and direction of these stresses determine their specific
denotation. This configuration enables the vertical tunnel to experience stress conditions similar to those

of a horizontal tunnel in the field.

Top view — open lid

1. True-triaxial apparatus body 6. Cubical rock specimen
2. Concrete backing 7. Excavated tunnel

3. Flexible membrane flat jack 8. AE transducers

4. Active platen (steel)

5. Passive platen (grout)

‘l
Until observable failure at tunnel /
max. capacity
O-'I?
=
3 o
_ " .
Exca:'ation -
) On
-
Time

Figure A.1 Experimental setup: (a) loading schematics illustration, (b) loading path, (c) actual test
assembly with opened steel top lid, showing specimen placement, loading schematics, hydraulic lines, and
AE routing.
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The setup and specimen placement are facilitated by removing the true-triaxial apparatus steel top
lid (Figure A.lc). The steel top lid allows routing of hydraulic lines and AE cables through a 63 mm
diameter circular opening for loading schematics. It also features a 75 mm diameter central opening for
excavation and tunnel observation access. The opening orientation is vertical, excavated by the mock

miniature tunnel boring machine (TBM) before the loading stage.

The specimen was then excavated until the advance reached its geometric center. The excavation
with a 51 mm diameter cutter head leaves a clearance gap between the tunnel wall and the specimen
boundary of approximately 124 mm—about five times the tunnel radius Ry. This clearance was optimized
through several trials to minimize boundary effects on the excavated tunnel. Further details regarding the
miniature TBM setup are documented in Arora et al. (2019). During the excavation, the specimen was
initially loaded (isotropic, 0.6 MPa) to ensure it remained in position. Once the designated tunnel length
was excavated, the miniature TBM was dismounted. This dismounting process allows the rock specimen to
stabilize regarding AE signals before transitioning to the loading stage (Wibisono et al., 2023b). Previous
studies on similar analog rocks, such as Gautam et al. (2023) and Moradian et al. (2024), provided extensive
AE data analysis during TBM excavation. However, AE data during excavation is beyond the scope of this

study.

The loading stage, depicted in Figure A.1b, involved several steps. The specimen was kept under initial
isotropic conditions ( 0, = gy = g, ). Subsequently, g, was held constant while g, and oy were
monotonically increased until the predetermined o was achieved. Finally, lateral stresses o3, and oy were
maintained at constant levels, and vertical stress g,, was monotonically increased. This monotonic loading
continued until significant failure was observed or the maximum capacity of the loading was reached. In
this study, the o, was oriented parallel to the tunnel axis, whereas o,, and g were applied perpendicular to

the tunnel axis.

A.3.2 Analog Rock Characterization

The material used was a specially developed analog sedimentary rock. All specimens were
molded using a mortar mixing procedure to replicate sedimentary rock with accurate constituent control.
This method ensures consistent physical and mechanical properties across various geometries. The
specimens were primarily made of Type I/l Portland cement, F-75 Ottawa sand, and distilled water. In
addition to the 300 x 300 x 300 mm? cubical specimen for the tunnel model experiment, additional
cylindrical specimens were prepared for material characterization. This characterization included a series
of physical properties, unconfined compression tests (UCT), Brazilian splitting tests (BST), and triaxial
compression tests.

Table A.1 summarizes the mechanical properties of this analog sedimentary rock. The analog
rock mix design features a 4% cement content C (relative to the total solid mass) and a 1.2 water-to-
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cement ratio w/cm. Several engineering treatments were applied to the standard analog sedimentary rock
to enhance brittle behavior while reducing its UCS. These weak and brittle characteristics minimize the
need for a high-capacity loading apparatus, allowing for larger specimen geometry. The engineering
treatments included (1) using fine-uniformly graded aggregate usage, (2) reducing cement content, (3)
shortening curing time, (4) adding air-entraining admixtures, (5) subjecting the specimen to saturation and
freeze exposure, and (6) applying thermal exposure (Wibisono, 2024). According to the International
Society of Rock Mechanics (1978), this analog rock is categorized as “very weak” with a UCS of 1.68
MPa. The improved analog sedimentary rock was evaluated to have more brittle responses while lower in
UCS. Further details regarding the development of the analog sedimentary rock are documented in

Wibisono and Gutierrez (forthcoming).

Table A.1 Summary of laboratory characterization results of the analog sedimentary rock mix.

Properties Value
Average UCS ays ycr (MPa) 1.68
Average Elastic Modulus Es (GPa) 0.76
Average Brazilian splitting strength g, (MPa) 0.19
Poisson’s ratio, v 0.22

A.3.3 AE Monitoring and Processing Framework

The AE system monitors the acoustic events associated with rock damage within the loaded
specimen (Ishida et al., 2017; Zhang et al., 2016). The monitoring in this experiment included a six-
channel board and a control system, both supplied by the MISTRAS Group and programmed using the
AEwin software. This configuration allowed six wSa AE transducers usage with a frequency response
ranging from 100 to 1000 kHz and a resonant frequency of 125 kHz. These transducers were mounted
within prefabricated housings integrated into the loading steel plates attached to the cubical specimen
(Figure A.1c). To improve AE data quality, a cover plate and a buffer of open cell packing foam were
used to maintain tight contact between the rock and transducers. Additionally, a thin layer of vacuum gel
served as the coupling agent. The quality of AE transducer installation was tested prior to complete
assembly using auto-sensor tests (AST), a functionality of the AEwin software. A hit is recorded when a
signal surpasses the threshold, and an event is recorded when four or more transducers detect a hit. For
this experiment, a threshold of 35 dB and a pre-amplification gain setting of 40 dB were set.

During the loading stage, the parametric AE data were processed to obtain AE frequency domain
signatures and b-values. These outputs were temporally deconstructed throughout the loading stage based
on time intervals. This deconstruction aimed to identify potential AE precursors in the damage
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progression and the visible onset of spalling. An emerging strategy was attempted to enhance the
reliability of the precursors by proposing advanced deconstruction with the moving number of hits. Figure
A.2 illustrates the different approaches of temporal deconstruction used in this study. Based on time
intervals, the first approach considered any number of hits within designated time sampling windows,
resulting in varying numbers of sample hits. Initially, a discrete sampling approach was used (Figure
A.2a), but it provided rough deconstruction trends. A smooth overlap of 25% backward and forward
(Figure A.2b) was then applied to improve resolution and continuity. Based on the moving number of hits,
the second approach defined specific time sampling windows based on the running number of hits (Lei et
al., 2004). The counting also adopted smooth steps to enhance resolution and continuity.

In contrast to the first approach, this method, with a designated number of hits and steps, made
the precursor identification more stable overall. Notably, all AE data processing in this study included
filtering to exclude records with durations of 0 us and energy of 0, which could disrupt average frequency

calculations. The Python codes to perform these analyses are available in the Supporting Information.

a. Time intervals - discrete 100s
0-100s 100-200s

r——

b. Time intervals - smooth 100s with + 25%
0-125s 75-225s

p—— — ]

c. Hit# intervals - 1000 #hits with 25% steps

0-75s
# 0-1000
Emm + EEEEm '
# 250-1250
16-149s
Figure A.2 Temporal deconstruction methods examples for AE analysis during the loading stage: (a)

time intervals using discrete 100-second windows, (b) time intervals with smooth overlapping windows (£
25%), and (c) moving number of hits, using windows with 1,000 hits and 25% steps.

AE frequency domain signatures

There were two evaluated AE frequency signatures: (1) average frequency AF with peak
amplitude AMP and (2) average frequency and rise angle (AF /RA). The AF refers to the ratio of the AE
ring count and duration (Ohno and Ohtsu, 2010). AMP is the maximum AE signal excursion during an
AE hit. RA is the ratio of rise time to peak amplitude, where rise time is defined as the duration between

AE hit arrival and peak amplitude.
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For the first signature, AF — AMP relationship was clustered. The AMP is clustered into low and
high-amplitude domains. Low-amplitude (LA) signals typically 60 dB or less and indicate pre-existing
cracks closure and microcracks initiation. High-amplitude (HA) signals correspond to the propagation of
cracks with an amplitude exceeding 60 dB, indicating a medium-to-larger scale cracking mechanism (Rao
et al., 1999). Cluster zones in the frequency domain are based on prior characterization work on identical
analog rock using cylindrical tests (Gautam and Gutierrez, 2024). These clusters are determined according
to the predominant frequencies observed at various stages of stress-strain within a series of UCTs. Four
distinct cluster zones were identified to differentiate among different frequency ranges: frequencies below
143 kHz were categorized as very low frequency (VLF), those falling between 143 and 226 kHz were
labeled as low frequency (LF), frequencies ranging from 226 to 308 kHz were designated as intermediate
frequency (IF), and frequencies between 308 and 360 kHz were classified as high frequency (HF). Any
frequency data falling outside of these defined zones were considered outliers.

Next, AF /RA signatures were also clustered to identify cracking mode. This method is widely
applied in studies of rock (Du et al., 2024; Khadivi et al., 2023; Pratomo et al., 2024; Zhao et al., 2024).
This technique uses a reference gradient line to cluster between tensile and shear cracks. Besides the
direct plotting, the moving average method of AF /RA was performed for comparison as suggested by
(Ohtsu et al., 2010). For this one, AF and RA values were plotted using a moving average of a minimum
50 AE hits. In tunnel spalling characterization, pure tensile is arguable as dilational shear cracking makes
the fractures look like extensional fractures (Gutierrez et al. 2023; Wibisono and Gutierrez forthcoming).
In this study, tensile cracking is further referred to as dilational shear cracking.

The AE parametric amplitude, measured in dB, needs to be converted back to voltage units to

calculate the RA value in ms/V. This conversion was done using the following equation:

dBsg+dBpa

Vipax = 107 20 %0.001mV (A.1)

where dB,g is the parametric AE amplitude in dB, dBp, is the pre-amplifier gain setting in dB, and V4,
is the output voltage in mV. The parametric data shows rise time in us where, if divided into mV, become
identical with millisecond per volt ms/V. AE hits with low AF and high RA generally represent the
development of shear-type cracks. In contrast, AE hits with high AF and low RA represent dilational
dominant cracking mode. The reference line to distinguish dilational and shear crack is adopted from Du et
al. (2024) based on UCTs and Brazilian tension tests on white sandstone, with AF - 110 kHz = RA X 5.57
x 1072 ms/V. This selection was based on similarities of testing and data acquisition parameters (e.g., pre-

amplifier setting of 40 dB, signal acquisition rate of 1.0 MHz).
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AE energy b-value

AE record of amplitude and hits arrival time was processed to obtain b-value. The AE energy b-
value calculation adopted the Gutenberg-Richter (GR) law, commonly employed by seismologists to
signify the correlation between earthquake magnitude and its frequency spectrum. Seismologists
frequently use this b-value for an input to improve earthquake and local seismic risk mitigation (Gulia and
Wiemer, 2019; Wesseloo, 2020). The b-value represents the log-linear slope of the power-law distribution
that indicates the correlation of the number of larger magnitudes to that of smaller magnitudes. As
described by Eq. (A.2), the GR law links the cumulative frequency of earthquake events exceeding given
magnitude N(M = m), with real, positive constants a (earthquake productivity) and b (average

earthquake size distribution) (Richter, 1958).
log1o[N(M = m)] =a—bm (A.2)

On a laboratory scale, this b-value is often related to the fracture development process of rock
(Amitrano, 2003). The fracture development corresponds to the damage progression throughout the
specimen under loading conditions, which may leave the temporal footprint of b-value. The formation of
microcracks is linked to a high number of low-amplitude events that are represented by a larger b-value.
On the contrary, macrocracks generation produces fewer low-amplitude events that proportionately
decrease the b-value (Lockner et al., 1991; Scholz, 1968). Additionally, researchers associate the
amplitude events scale with the cracking mechanism, identifying smaller amplitude signals to
shear-dominant and more significant amplitude events to tensile-dominant (Kamada et al., 1998; Rao et
al., 1999). As AMP output from AEwin is measured in decibels, the AMP is divided by 20 to produce a
comparable b-value to that reported in the seismic literature (Cox and Meredith, 1993; Sagar et al., 2012).
Eq. (A.2) is then modified as follows to comply with power law distribution of acoustic events on a

laboratory scale (Colombo et al., 2003; Rao and Lakshmi, 2005),

A
logioN(= Aqs) = a— b= (A.3)

where A;p is the peak amplitude of the AE signals in decibels (dB), b is the calculated slope of
the linear trend of the log,q N(= Agg) known as b-value, and a is a constant that exceeds the scope of
this analysis. Since the AMP is recorded in 1 dB incremental, the divided value of A5 is then rounded to
two decimal places with an interval of 0.05 (X. Liu et al., 2020a). A minimum of 50 events per bin of
magnitude is adopted in acceptance criteria for stable b-value estimation to minimize error.

This study calculated the b-value throughout the test to monitor the temporal evolution of
cracking processes during the loading stage. The trend was then evaluated as a potential precursor to be
compared to the observed spalling onset in the loaded tunnel model. Adopting Eq. (A.3), the evolution of

b-value was attempted using a developed Python code to allow temporal deconstruction in AE monitoring
164



from base b-values calculation code provided by Lapins (2021). The relevant input parameters for this
modified code were time (minute) and amplitude (dB), recorded from each AE channel. Appendix A
provides the code and sample file to automatically obtain the b-value temporal footprint that can be
customized for a different time or moving number of hits sampling methods.

The maximum likelihood method is the well-known approach for calculating the b-value of a
catalog (Aki, 1965; Bender, 1983). This method assumes that the data is exponentially distributed and that
the maximum magnitude is infinite. The latter is obviously not physically plausible, but it is generally
assumed that the sample at hand is not large enough to sample the maximum possible magnitude for a

region (Naylor et al., 2010). The mean and the uncertainty of b-value b can be estimated by (Aki, 1965):

B — logio(e)
M—(MC—AMZbin) (A4a)

~ b
o(b) = NG (A.4b)

where M is the mean magnitude, M, is the magnitude of the completeness, AM,;,, is the bin width
of the magnitude catalog, J(B ) is the standard error at a 68% confidence interval, and n is the number of
the data within the magnitude catalog. The magnitude of completeness M. defined as the point where the
frequency-magnitude distribution (FMD) deviates from the Gutenberg-Richter law (straight-line
regression).

Two methods of obtaining M, were evaluated: the maximum curvature method (MAXC) and
goodness-of-fit tests (GFT). The MAXC method determines M, at the peak of the first derivative of the
FMD curve, as described by Woessner and Wiemer (2005). The GFT method estimates M, by comparing
the observed FMD with synthetic GR distributions formulated according to Eq. (A.3). The smallest cut-
off magnitude M is determined where the residual between the observed and synthetic FMD is below a
designated threshold. The threshold was 5% of the sum of the observed cumulative number of events from
each magnitude bin, ensuring the synthetic distribution closely matches the observed data. This 5%
threshold was indirectly used to determine whether the R-values were within the 90% and 95%

confidence levels for a good fit.

A4 Results

A.4.1 Tunnel Geometry, Actual Loading Path, and Acoustic Emission Counts

Spalling generation was documented outside the tunnel portal using an ultra-high-definition
(UHD) video recorder. The high rate of 60 frames per second (FPS) ensures precise visualization of the
spalling progression. Time stamps were synchronized with AE recording and effective far-field stress,
establishing a global time reference for the loading stage (denoted by mm:ss). At intervals, video frames
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were captured to remark on the progression of spalling in areas with concentrated tangential stress,
particularly at the tunnel springlines (Figure A.3). Initial grain ejection occurred at 4:35, followed by

relatively larger ejected grains, marked with a red dashed circle, at 4:38.

_ Post-excavation (00:0) (03:28) (04:38)

(05:03) | . (05:50) " (06:17)

(08:14) (09:17) (10:50 - total specimenfailure)

Figure A.3 Progression of spalling failure documentation throughout the loading stage from the portal.
Time is shown in minutes and seconds (mm:ss) and has been synchronized with the AE data.
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Figure A.4 presents the effective far-field stress over time, superimposed with the AE counts and
cumulative AE counts throughout the loading stage. The data presented is shown for up to 12 minutes,
corresponding to the duration until the maximum applied far-field stresses were reached. At the visible
onset of spalling (mm:ss = 4:35), the effective far-field stresses were 1.6, 1.2, and 0.6 MPa for o, o, and
oy, respectively. Using the two-dimensional closed-form elastic solution (Kirsch 1898), this stress state at
spalling onset results in a maximum gy = 3 - g, — oy at the tunnel boundary of 3.6 MPa, yielding a gy /0,
ratio of 2.14. Further, AE analysis from each respective channel focused on the critical period from 3 to 6
minutes, where damage progression leading to the visible spalling onset was observed. The analysis spanned

up to 10 minutes for all channel data to observe the general trend throughout the loading stage.
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Figure A.4 Applied stress conditions on the 300 x 300 x 300 mm? specimen with a 51 mm circular
opening, along with acoustic emission (AE) monitoring data during (a) the first 12 minutes and (b) the 3-6
minute interval of the loading stage. The plot displays the effective far-field stresses (o, oy, o), AE
counts, and the cumulative AE counts from all channels. Additionally, the red cross mark highlights the
point of visible spalling onset.
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A.4.2 Temporal AE Frequency Domain Signatures and Crack Classification

Figures A.5 and A.6 present the AF — AMP clustering and AF — RA plot for every hit from all
channels during the loading stage. Both plots were somewhat challenging to interpret, so temporal
quantifications were performed. Due to similar observed trends, the approach using a moving number of

hits to define the time interval was not presented in these frequency domain signatures.

Clusters
VLF-LA

VLF-HA
LF-LA
LF-HA
IF-LA
IF-HA
HF-LA
HF-HA

[ 80

4:35 Visible spalling initiation

[ ON NON NON )

70

3
Amplitude (dB)

50

30

Figure A.5 Average frequency and peak amplitude clustering during loading stage with time remark
on visible spalling initiation (4:35). The clustering limit for each category is based on a previous study of
AE characterization on an identical mix design (Gautam and Gutierrez, 2024).
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4:35 Visible spalling initiation

Reference line (Du et al. 2024) :
AF —110kHz = RA x 5.57 x 10 ?>ms/V
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Figure A.6 AF-RA plot over 10 minutes of loading stage with time remark on visible spalling

initiation (4:35).

The first quantification for AF — AMP clusters focused on minutes 3 to 6 (Figure A.7).
Percentages of AF — AMP clusters (e.g., VLF-LA, HF-HA, etc.) were temporally deconstructed using
two-bin time samplings, with 3-second and 0.6-second spans for low and high resolutions, respectively.
Superimposing visible spalling onset to the clustering quantification suggested that the dynamics of AE
event-type percentages could reveal potential precursors.

From Figure A.7, the clustering of AE event types throughout the loading stage was dominated by
VLF-LA signals, comprising over 70% of observations. In the 3-second sampling span of deconstruction
(Figure A.7a), the prevalence of VLF-LA signals overshadowed other signal types. With lower
computational demands due to fewer sampling bins, the 3-second span revealed fluctuational peaks in LA
signals that approached the visible spalling onset. This trend was consistent across all LA signals.

Conversely, for LF-HA and VLF-HA signals, distinct peaks were detected before the visible
spalling onset, indicating that large-scale cracking occurred less frequently, consistent with visual
observation. Notably, peaks in the remaining HA signals became prominent as they approached the
visible spalling onset, potentially indicating a progressive accumulation of large-scale cracking leading up

to LF-HA and VLF-HA signals at spalling initiation.
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Figure A.7 Average frequency and peak amplitude clustering during loading stage with time remark

on visible spalling initiation (4:35). The clustering limit for each category is based on a previous study of

AE characterization on an identical mix design (Gautam and Gutierrez, 2024).

The higher-resolution sampling (0.6 seconds) provided more pronounced trends than 3-second

span. Most LA signals exhibited peaks adjacent to 03:30. LF-LA and VLF-LA were already dominating

before 04:10, supporting the hypothesis of microcrack initiation and closure of cracks around the tunnel

boundary. For HA signals, the trend resembled physical observation (Figure A.7b). For instance, LF-HA

and VLF-HA signals distinctly increased at the time of visible spalling onset in the experiment. Notably,

these HA signals comprised less than 10% of observations for most loading stage but rose to 100% at the

onset of visible spalling. These LF-HA and VLF-HA signals also exhibited additional peaks after visible

spalling, suggesting macrocrack generation and spalling progression. The general observation is that an

accumulation of peaks from HA during fluctuations of LA signals may serve as a potential precursor to

spalling initiation and further violent damage.

For the second quantification, the process involved quantifying the percentages of dilational and

shear cracks from AF — RA reference line within specific time windows. Notably, the crack percentages

within each time window summed to 100%. Figure A.8 displays these percentages as diverging bar charts,
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enhanced with overlays visible spalling onset time remark. The temporal resolution was set discretely at

0.2 seconds to achieve high-resolution analysis while maintaining a minimum of 50 hits per time window.
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Figure A.8 Diverging bar charts showing the temporal evolution of tensile-shear percentage based on

the selected AF — RA reference line with 0.2 second time sampling. Two approaches were used, which
are (a) direct and (b) moving average.

The temporal deconstruction showed the percentages of each mode of cracks within a designated
sampling window. The direct plotting (Figure A.8a) demonstrated interesting shifts between dilational and
shear dominant cracking throughout the 10 minutes of the loading stage. Notably, the shear mode of
cracking spiked to 100% before the visible spalling onset. However, the moving average plotting (Figure
A.8b) showed more explicit shifts between dilational and shear for better potential precursors. This
moving average method effectively identified trends and distinguished cracking mechanisms, thereby
improving the precursor for spalling onset.

Shear was the predominant failure mechanism, consistent with the loading path under true-triaxial
confinement and increasing deviatoric stress. The dilational mode cracking exhibited intermittent spikes
of 100% prior to the visible spalling onset, followed by a temporary suppression of this cracking mode.
Subsequently, dilational cracking surged again, reaching 100% intermittently for 15 seconds as it
approached the visible spalling onset. This sudden shift suggested an additional precursor to spalling
onset. After the onset of spalling, the dominant failure mode shifted back to shear, with dilational cracking
activity observed for the first 40 seconds, and an intermittent period occurred beginning around 8:30.
Further increases in o, led to predominant shear cracking with subsequent dilational cracking, marking
the onset of total specimen failure (Figure A.3). The collected data after that point of the loading stage can
be disregarded due to compromised specimen integrity, which could affect the intercommunication

between AE transducers.

171



A.4.3 Temporal AE Energy b-Value

M, was determined individually for each AE channel (CH1-CH6) based on its specific FMD at
every sampling interval. Figure A.9a presents an example of FMD as the semi-linear relationship between
(Agp/20) and log, g N(A4p) from the test. This relationship represents the b-value’s geometry as the
slope of the regression line with GFT's M,.. Figure A.9b presents the GFT plot of the corresponding
example to define the GFT's M,.
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Figure A.9 (a) FMD plot from time interval 270s-280s with b-value calculation with goodness-of-fit
(GFT) tests method and (b) GFT plot for determining AE magnitude of completeness M. (blue vertical
dashed lines). N denoted the number of hits considered in each b-value estimation.

Figure A.10 presents the cumulative and discrete frequency distribution of events with a given
amplitude, classified per each AE transducer/channel (CH). The overall trend was found to be similar as
the cumulative frequency decreased with higher amplitude, and most AE hits observed had amplitudes
between 40 and 55 dB. However, AE CH 1 and CH 4 exhibit a 10 dB difference in peak dominant
amplitudes, with CH 1 recording 40-44 dB and CH 4 recording 50-54 dB. This disparity was attributed to
the positioning of the AE transducers, which affects the distance to the source location. Most cracking
mechanisms were expected at the springlines in this anisotropic loading condition due to the high
tangential stress concentration. Additionally, the distance and material properties allow elastic wave

attenuation that is beyond the scope of this study.

172



, 2N
wn [=2)
= S
=~ ~
T

B
(=]
=

30k

20k

10k

Cumulative number of hits

o
I

>35 >40 >45 >50 >55 >60 >65 >70 >75 >80 >85
Amplitude (dB)
. ! . 1 . 1 . 1

30.0k Attt

25.0k L

o

5o

=

=~
1

T

15.0k

10.0k

Number of hits, N

5.0k +

0.0 -

?Q\ pﬁ\ §§\ f§6 f§\ k§\ k§\ ?§\ f§\ 3§\ §§\
FFFHFFEFETESE
Amplitude (dB)

Figure A.10 Statistical relationship between AE amplitude and frequency during loading stage: (a) the
cumulative amplitude distribution and (b) the amplitude distribution.

For the first deconstruction approach, the selected time window for comparison is 10 and 20
seconds. Attempts with a 10-second time window using the discrete sampling method were omitted due to
insufficient events per bin for stable b-value estimation. For moving hits deconstruction, the selected
number of hits was 1500, with 375 steps. Figure A.11 summarizes the temporal evolution of calculated
AE b-values with selected deconstruction and sampling methods. To better represent the temporal
footprint, b-values were normalized to the maximum b-value obtained in each specific channel. Of note,
two M, methods were evaluated to identify better precursors. Figures A.11a, A.11b, A.11d, and A.11f use
the MAXC method, while Figures A.11c, A.11e, and A.11g use the GFT method. These b-value trends
are superimposed with the critical time point of observed spalling onset from the experiment (4:35). Some
channel results were not displayed to improve trend visibility. Additionally, the 10-second smooth time
interval with GFT was not included since the pattern fluctuated too much. Most of the GFT's M, with 10-

second time intervals were out of 90-95% confidence interval.
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Figure A.11 b-values assessments using multiple approaches focusing on minutes 3-6, highlighting the
onset of visible spalling. Plots (a), (b), (d), and (f) show the MAXC method for 10-second smooth interval,
20-second discrete interval, 20-second smooth interval, and 1500 hits moving window, respectively. Plots
(¢), (e), and (g) illustrate the GFT method for a 20-second discrete interval, 20-second smooth interval, and
1500 hits moving window, respectively. The trends indicate varying precursor visibility through b-value
fluctuations concerning spalling onset.
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The variations from 3:00 towards the visible initiation of spalling demonstrated interesting trends.
The 10-second interval (Figure A.11a) appeared to give the sharpest variation compared to other intervals,
attributed to varying hits. Even with the smooth sampling method, most data points showed the number of
hits between 50-500 since the time window was only 10 seconds. As expected with 20-second intervals,
the discrete method (Figure A.11b) showed more data points with fewer hits compared to the smoother
method (Figure A.11c). The trends were particularly interesting for CH3, CH4, and CH6 as the b-value
sharply decreased approaching 4:00. There was a slight increase before decreasing again towards the
onset of spalling. However, with a more stable estimation of the number of hits (Figure A.11f), the
precursors appeared more distinct on CH3 and CH6 and similarly on CH2 and CHS, with less variation
but showing the same trend.

For the GFT method, the b-value evolution over time intervals showed a decreasing trend towards
the onset of spalling. Generally, the trend from GFT appeared to fluctuate more than the MAXC method,
making precursor identification difficult. Although an overall decreasing trend was observed with GFT,
the fluctuations after the onset of spalling made the results inconclusive. However, the deconstruction
approach using a moving number of hits (Figure A.11g) demonstrated a converging decrease toward the
onset of spalling. This differed from the time interval estimations, where precursors were identified more
clearly. Ultimately, the deconstruction with a moving number of hits provided more distinct precursors,
particularly towards the onset of spalling (Figures A.11fand A.11g).

Since the provided code enabled direct plotting on time intervals of interest, Figures A.12 and
A.13 present b-value estimations before and after 4:35 (275 seconds) for a 20-second smooth interval
(GFT) and moving number of hits (MAXC), respectively. This feature facilitates a more reliable cross-
check closer to the time interval of interests, which is essential for back-analysis. With more data,

researchers can improve the early warning alerts before abrupt brittle failure.
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FMD plot with b-value (GFT) from 225.0 to 245.0
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FMD plot with b-value (GFT) from 285.0 to 305.0
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FMD plot with b-value (GFT) from 240.0 to 260.0
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FMD plot with b-value (GFT) from 270.0 to 290.0
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b-values assessments using multiple approaches focusing on minutes 3-6, highlighting the

onset of visible spalling. Plots (a), (b), (d), and (f) show the MAXC method for 10-second smooth interval,

20-second discrete interval, 20-second smooth interval, and 1500 hits moving window, respectively. Plots
(¢), (e), and (g) illustrate the GFT method for a 20-second discrete interval, 20-second smooth interval, and
1500 hits moving window, respectively. The trends indicate varying precursor visibility through b-value

fluctuations concerning spalling onset.
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FMD plot with b-value (MAXC) at mean time 241.9 s
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Figure A.13  b-values assessment closer to the time of visible spalling onset (4:35—275 seconds) using

1500 hits moving window and MAXC. The plots displayed are from CH 6 with an observation period of
240 to 300 seconds.
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The analysis further spanned up to 10 minutes for combined AE channels to observe the general
trend throughout the loading stage (Figure A.14). Similarly to per channel basis, different deconstruction
approaches and M, determinations were applied for comparison. Three resolutions were attempted for the
moving number of hits, which generally showed a similar pattern. On the other hand, the time interval
methods were attempted to its finest resolution based on the minimum capacity to get a stable estimation
of b-values (Figs 14a and b). Among all those methods, the patterns fairly aligned to each other, showing
similar rise and fall throughout the loading stage. However, Figures A.14c and A.14d demonstrate that the
moving number of hits deconstruction provided better precursors than using the time interval. The
difference in data point density allowed better classification of which cracks led to macro failure

(highlighted in pink shade before the visible spalling onset).
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Figure A.14  b-values assessment closer to the time of visible spalling onset (4:35—275 seconds) using
1500 hits moving window and MAXC. The plots displayed are from CH 6 with an observation period of
240 to 300 seconds.

Several vital observations emerged into three zones: (1) initial loading, (2) towards visible
spalling alignment, and (3) towards greater damage extent after visible spalling onset. During the initial

loading zone, the AE b-value fluctuated consistently. The fluctuations were along with narrow-range AE
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energy b-values, suggesting smaller-scale cracking within the specimen. Notably, a significant drop in AE
b-value occurred about a minute before the visible spalling onset. A pronounced decrease in AE b-value
signaled a shift toward dilational-dominant cracking and the potential for macrocrack propagation—the
shift indicating internal failure mechanisms without observable spalling onset at the tunnel boundary.
Closer to the visible spalling onset time remarks, the b-value increased and then dropped at 4:35,
coinciding with the physical observation. The delayed visible spalling onset suggested that microcrack
generation and propagation preceded microfractures' material ejection and coalescence. These occurred
within the rock mass prior to the progression of the dilational-shear fractures and eventual V-shaped
notch. The data after the spalling onset remains stable until significant fluctuation approaching 9:00. The
rise observed in minutes 8-9 was due to an intermittent delay in loading increment (Figure A.4a).
Immediately after the load change, the data point density increased with a sudden drop that indicated
macrocrack propagation. This macrocracking led to total specimen failure at the end of the loading stage
(Figure A.3). Importantly, the the b-value trend showcased the potential precursors to the observed

spalling onset and abrupt failure due to changes in boundary stress condition.

A5 Discussions

A.5.1 Uncertainties of AF/RA

Currently, the primary methods for establishing the reference line are from experimental analysis,
with additional cluster and frequency dominant analysis. Experimental analysis involves direct observation
and measurement of acoustic emission (AE) signals during controlled laboratory experiments (Du et al.,
2020; Hu et al., 2019). Cluster analysis categorizes AE signals from the experiment into groups based on
their characteristics, facilitating the identification of patterns related to different failure mechanisms (Jiao
et al., 2019; Wang et al., 2021). Frequency characteristics analysis examines the frequency content of
recorded AE signals to distinguish between various types of fractures (Zhang and Deng, 2020).

This study adopted the reference line used to differentiate between dilational and shear cracks from
Du et al. (2024), based on UCTs and Brazilian tension tests on white sandstone. Similarities, such as a pre-
amplifier gain of 40 dB and signal acquisition rate of 1.0 MHz, were considered appropriate. However, this
approach was not ideal. The AF/RA deconstruction may not be the optimal technique for defining failure
mechanisms due to more uncertainties in determining the tensile-shear reference line, as highlighted by
Dong et al. (2023). These complexities arise from various factors, including the source scale, trigger time,
and rock sample characteristics, which can significantly influence the AF/RA method for identifying rock
micro-fracture types.

Despite the challenges, the AF/RA deconstruction was applied in this study to explore alternative
approaches for identifying precursor signals. The results demonstrated good agreement with the visible

onset of spalling. The weak analog rock specimen in this study likely promoted both intergranular and
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transgranular cracking, as noted by Du et al. (2020). For instance, the specimen's low cohesion, with only
4% cementitious material (Table A.l), facilitates shear dominant failure towards compression. This
characteristic makes it a suitable setting for observing the transition between dilational and shear dominant
failures. Notably, AF/RA moving average plotting (Figure A.8b) provided valuable insights into the visible
spalling initiation on the tunnel model profile.

A.5.2 TImplications for Real-Time Monitoring

Real-time monitoring of underground excavations has significant implications for improving safety
and mitigation measures, particularly at greater depths or in seismically active areas. Unlike laboratory AE
monitoring, which is controlled and well-characterized, in situ AE monitors the initiation and extension of
microcracks in rock masses within their natural environment. AE is effective for analyzing local failures
within small rock volumes. It also helps investigate the progression of large-scale fractures from the
initiation and coalescence of small-scale cracks (Cai et al., 2007; Hardy, 1981). MS monitoring, on the other
hand, uses lower frequency signals and can detect large-scale cracks over longer propagation distances,
making it more suitable for wide-range monitoring. Despite the differences in frequency range, the
complementary nature of AE and MS monitoring techniques allows for a comprehensive understanding of
the fracturing processes in rock masses (Feng et al., 2019).

Several underground excavations have adopted b-value temporal deconstruction techniques in
back-analyzing seismic histories. For instance, coal mines in Poland (Mutke et al., 2016), the Sanhejian
coal mine in China (J. Li et al., 2017), and the Kiirunavaara Mine in Sweden (Dineva et al., 2024) have
reported the temporal assessment of b -values, showing a decreasing trend toward significant
seismic/rockburst events. Although b-values are typically used in crustal-scale earthquake studies (Chen et
al., 2023; Nanjo et al., 2023), their application to smaller AE/MS monitoring in underground excavations
provides valuable insights on predicting brittle failure instabilities.

However, it is crucial to acknowledge site-specific limitations when implementing predictive
monitoring techniques. Factors such as geological variability, sensor placement, completeness of data, and
data acquisition parameters can significantly influence the effectiveness and accuracy of real-time
monitoring systems (Feng et al., 2017; Liu et al., 2018; X. Liu et al., 2020b; Wang, 2017; Xiao et al., 2018).
Comprehensive data collection and thorough documentation are essential for back-analysis processes,
which can further refine and improve the resolution of monitoring efforts. Focusing on the quantity and
quality of data collected during excavations will enable more precise analyses and better-informed decision-
making. This approach can help identify precursor signals and understand the complex interactions leading
to rock failures, ultimately enhancing the safety and efficiency of underground excavation operations and

long-term stability.
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A.6 Conclusions

An extensive AE analysis of damage progression and spalling onset from the tunnel model
experiment was presented. This study provided alternative exploratory methods emphasizing temporal
deconstruction to identify spalling onset precursors. The following conclusions are drawn from this work:
(1) The incremental anisotropy loading applied in the tunnel model experiment reflected boundary stress

changes like those induced in an in-situ tunnel. This experimental approach helped comprehend tunnel
excavation and long-term stability, emphasizing the importance of predictive monitoring strategies.

(2) The onset identified in the experiment corresponded well with AE analysis. This alignment confirmed
the efficacy of AE monitoring in detecting early signs of brittle failure instabilities through high-
frequency events. The analysis of AE data in both the Time-frequency domain and b-value, from
individual or combined channels enhanced the understanding of damage progression and spalling onset.

(3) Different deconstruction methods, such as discrete, smooth sampling, and moving average approaches,
were explored to improve precursor identification. Achieving higher resolution with narrow time
intervals and minimal hits proved crucial for robust estimation despite requiring more computational
efforts.

(4) LF-LA and VLF-LA dominated the AE data for LA signals, comprising up to 90% of the percentage.
These signals corresponded to the crack closure and damage of microcracks. The trend resembled
physical observation for HA signals, with LF-HA and VLF-HA indicating macrocrack generation and
spalling progression.

(5) Analysis of AF — RA analysis showed a transition from dominant shear to dilation as spalling became
visible. Resolution improvements were noted with moving-average plotting.

(6) A moving number of hits in temporal b-value analysis provided more stable estimations than time-
interval-based methods. These combined efforts offer a pathway for developing timely and effective
monitoring strategies for brittle failure instabilities in tunnel excavation.

Further research is necessary to investigate long-term monitoring strategies, the effect of
heterogeneity discontinuities, and brittle behavior characterization. Implementing machine-learning
algorithms can further refine AE data processing techniques, improving the accuracy and reliability of
precursor detection in brittle failure scenarios. Albeit with limitations, more historical data in site-specific

situations could enable the development of predictive algorithms with significant potential.
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APPENDIX A - DATA FROM THE PROJECT

Table A.1 - Summary of TE and TC test results, including minor confining pressure at failure o3,
differential stress 0; — 03, measured failure plane angle .y, and depth of fracture D, 4. The last two
parameters were measured from the failed cylindrical specimens.

Minor confining pressure Differential Measured failure plane Depth of

T at failure stress angle fracture
est
type a3 01— 03 aexp Dfrac
(MPa) (MPa) ©) (mm)

TC 0 3.07 5-13° -

TC 1.5 4.86 35-38° -

TC 3.0 6.69 - -

TE 0 3.96 0-5° 10-36
TE 0.77 4.63 10-20° 21-47
TE 1.98 5.89 25-30° 25-55
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Table A.2 - Summary of TE and TC test results, including minor confining pressure at failure o,
differential stress 0, — 03, measured failure plane angle @y, and depth of fracture Ds,.q.. The last two
parameters were measured from the failed cylindrical specimens.

Minor confining

pressure at Difsff::snstial Measured failure plane Depth of
Test type failure ot o, angle fracture
(N‘I’; ) (MPa) Aexp (°) D¢ qc (mm)
TC 0 1.68 0-5° -
TC 0.6 3.88 10-15° -
TC 0.75 5.72 15-22° -
TC 1.0 7.1 20-25° -
TE 0 2.09 3-5° 6-18
TE 0.68 5.03 5-7° 35-40
TE 0.83 6.15 5-10° 40-45
TE 1.0 7.23 8-10° 46-50
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APPENDIX B - TECHNOLOGY TRANSFER ACTIVITIES
1 Accomplishments

1.1 What was done? What was learned?

This project aimed to enhance the understanding of brittle instabilities in tunnels through
laboratory experiments. The study involves (1) developing an analog brittle rock model, (2)
conducting tunnel model tests using a true-triaxial loading cell, a miniature tunnel boring machine
(TBM), and acoustic emission (AE) monitoring, and (3) proposing improved analytical and
predictive methods for brittle failure. The analog rock was designed to replicate brittle
sedimentary rock behavior while maintaining low uniaxial compressive strength (UCS). This
allowed for larger specimen sizes and compatibility with low-capacity loading equipment, making
it easier to observe progressive tunnel failure. Using the true-triaxial setup and mock TBM enabled
realistic simulations of tunneling, capturing the effects of stress unloading and face support.
Detailed post-mortem analysis revealed damage mechanisms such as surficial spalling and V-
shaped notches caused by progressive shear fracturing, reflecting a brittle-to-ductile transition. AE
sensors monitored microcracking in real-time, identifying early indicators of brittle failure. The
study also introduced triaxial extension (TE) tests to improve predictions of spalling under more
representative stress conditions compared to traditional triaxial compression (TC) tests. TE tests
better captured damage characteristics such as entry angles and fracture depth. In tunnel models,
steeply angled thin spalling suggested shear-driven fractures rather than purely extensional ones,
with fracture surfaces likely forming from shear-induced dilation and friction mobilization. A
novel aspect of the research is the use of quadratic Bézier curves to track fracturing progression
based on damage and breakout width. This method offers a more accurate depiction of tunnel
damage under anisotropic stress than traditional models relying solely on friction angle and
logarithmic spirals.The project advanced the understanding of brittle failure in tunnel excavation.
The experimental methods and models developed provide practical tools for mitigating spalling
and rockburst risks, contributing to safer and more reliable designs in brittle rock environments.

1.2 How have the results been disseminated?
Dissemination through 1 journal paper and 6 international conference presentations. Additionally,
2 journal papers have been submitted and are under review and 2 journal papers are being finalized
for submission. Furthermore, Doandy Wibisono dissertation was funded by UTC-UTI and is
archived at Colorado School of Mines Library.

2 Participants and Collaborating Organizations
Name: Colorado School of Mines

Location: Golden, CO, USA

Contribution: All research performed on campus

3  Outputs
Journal publications
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Wibisono, D.*, Gutierrez, M. and Majumder, D. (2024),” Experimental Investigation of Tunnel
Damage and Spalling in Brittle Rock Using a True-Triaxial Cell,” International Journal of Rock
Mechanics and Mining Sciences, accepted for publication.

Moradian, O., Gutierrez, M., Wibisono, D.Y. and Gautam, P.K. (2024), “TBM Performance
Evaluation Using Seismic Data During Excavation: A Comparative Examination of Clustering
Algorithms,” Proc. 5th Intl. Conf. Information Tech. Geo-Engineering (5th ICITG), Colorado
School of Mines, Golden, CO, USA August 5-8, 2024, pp. 352-361.

Wibisono, D.Y.*, Gutierrez, M., Majumder, D. and Gautam, P.K. (2023), “Development of a
Weak but Brittle Analog Sediment Rock for Experimental Study,” Proc. 57th US Rock Mechanics
/ Geomechanics Symposium, Atlanta, GA, June 2023.

Gautam, P.K., Gutierrez, M., Wibisono, D.Y. and Majumder, D. (2023), “Crack classification
during tunneling in scale model testing using acoustic emission,” Proc. 57th US Rock Mechanics
/ Geomechanics Symposium, Atlanta, GA, June 2023.

Wibisono, D.Y.*, Arora, K., Majumder, D., Gutierrez, M. (2022), “Laboratory-Scale Rockburst
Physical Model Testing Using a True-Triaxial Cell,” 2022 European Rock Mechanics Conference
(Eurock 2022), Espoo, Finland, September 12-15, 2022.

Wibisono, D.Y.*, Arora, K. and Gutierrez, M. (2022), “Laboratory Characterization of a Synthetic

Sandstone,” Proc. 56th US Rock Mechanics/Geomechanics Symposium, Santa Fe, New Mexico,
USA, 26-29 June 2022, paper no. ARMA 22-60.

Gutierrez, M., Wibisono, D.Y.* and Majumder, D. (2023), “Investigation of Tunnel Spalling
Using Scale Model True-Triaxial Experiment,” Proc. 15th International Conference on
Underground Construction (Prague 2023), Prague, Czech Republics, May 29-21, 2023.

4 Outcomes

The designed experimental setup has been successful in studying the failure behavior of tunnels
constructed in brittle ground conditions. Further, the proposed experimental procedure can be
helpful in determining and mitigating potential catastrophic failures of tunnels in brittle and
valuable for the appropriate design of appropriate tunnel supports.

S Impacts

The research contained in this report, submitted journal publications, conference presentations and
Ph.D. thesis provides the basis for the time-dependent behavior of tunnels in squeezing ground.
The new approach will allow for a more scientific, data driven, and logical evaluation of the
interaction between the tunnel support system and the squeezing ground.
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